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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
a|l national electrotechnical committees (IEC National Committees). The object of IEC is to promotednternaf
cp-operation on all questions concerning standardization in the electrical and electronic fields. To, this end
addition to other activities, IEC publishes International Standards, Technical Specifications, Téchnical Ref
blicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).

pleparation is entrusted to technical committees; any IEC National Committee interested in.the’ subject deal
ay participate in this preparatory work. International, governmental and non-governmentaliorganizations lig
ith the IEC also participate in this preparation. IEC collaborates closely with the Intefnational Organizatid
andardization (ISO) in accordance with conditions determined by agreement between' the two organizatio

The formal decisions or agreements of IEC on technical matters express, as nearly“as possible, an internaf
cpnsensus of opinion on the relevant subjects since each technical comritiee has representation fro
interested IEC National Committees.

C Publications have the form of recommendations for international_ use and are accepted by IEC Na
ommittees in that sense. While all reasonable efforts are made to ‘ensure that the technical content o
blications is accurate, IEC cannot be held responsible for the“way in which they are used or foi
isinterpretation by any end user.

nsparently to the maximum extent possible in their national and regional publications. Any divergence bet
ahy IEC Publication and the corresponding national or regioenal publication shall be clearly indicated in the |

C itself does not provide any attestation of conformity. Independent certification bodies provide confog
apsessment services and, in some areas, access-to’ [IEC marks of conformity. IEC is not responsible fo
services carried out by independent certification ‘bodies.

| users should ensure that they have the latest edition of this publication.

o liability shall attach to IEC or its direetors, employees, servants or agents including individual experts
embers of its technical committees .afd IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
ekpenses arising out of the pubtication, use of, or reliance upon, this IEC Publication or any other
blications.

tention is drawn to the Nermative references cited in this publication. Use of the referenced publicatio
indispensable for the correct application of this publication.

tention is drawn to.the possibility that some of the elements of this IEC Publication may be the subject of p
riphts. IEC shall not bg held responsible for identifying any or all such patent rights.

redline-version of the official IEC Standard allows the user to identify the chan

ising
ional
and
orts,
Their
with
ising
n for
ns.

ional
m all

ional
IEC
any

order to promote international uniformity, IEC National Committees undertake to apply IEC Publicgtions

veen
htter.

rmity
any

and
e or
and
IEC

ns is
ptent

ges
rgin

wherever,’a change has been made. Additions are in green text, deletions ar¢ in

strikethrough red text.



https://iecnorm.com/api/?name=1889bbe4a8e60be95ca6aa300213cf61

-6 - IEC TS 62903:2023 RLV © |IEC 2023

IEC TS 62903 has been prepared by IEC technical committee 87: Ultrasonics. It is a Technical
Specification.

This second edition cancels and replaces the first edition published in 2018. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) Several quantities are recognized as complex-valued quantities in the definitions and in the
ain text

b) Annex | was added to provide typical measurement ranges and to provide example
alibration results.

Theltext of this Technical Specification is based on the following documents:

Draft Report on voting

87/825/DTS 87/829/RVDTS

Fulllinformation on the voting for its approval can be found in the report on voting indicatgd in
the gbove table.

Thellanguage used for the development of this Technical ‘Specification is English.

In tHis document, the following print types are used:
o ferms defined in Clause 3: in bold type.

Thid document was drafted in accordance“with ISO/IEC Directives, Part 2, and developgd in
accordance with ISO/IEC Directives, Parfi1 and ISO/IEC Directives, IEC Supplement, availpble
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC|are
des¢ribed in greater detail at www .jiec.ch/publications.

The|committee has decided_that the contents of this document will remain unchanged unti| the
stahblility date indicated on ‘the IEC website under webstore.iec.ch in the data related to| the
speg¢ific document. At this date, the document will be
e feconfirmed,

e \ithdrawn,

o feplaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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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.

Thij document defines the relevant electroacoustical parameters for these devices |and
estdblishes the self-reciprocity measurement method for spherically curved concave)focusing
transducers.
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ULTRASONICS - MEASUREMENTS OF ELECTROACOUSTICAL

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

onic

nine
self-

eciprocity method,

c) ¢stablishes the criteria for checking the reciprocity of these transducers’and the linear rgnge

d) provides guiding information for the assessment of the overall measurement uncertainties

i) ¢ircular spherically curved concave focusing transddcers without a centric hole workirg in

ii) measurements in the frequency range 0,5 MHz\to 15 MHz, and
iii) acoustic pressure amplitudes in the focused field within the linear amplitude range.

Characterization and sensitivity calibration of hydrophones using the reciprocity method arg not
addfessed in this document but covere@in IEC 62127-2 [1]! and IEC 60565-1 [2].

2 [Normative references

Thelfollowing documents arereferred to in the text in such a way that some or all of their cortent
congtitutes requirements of this document. For dated references, only the edition cited applies.
For [undated referefices, the latest edition of the referenced document (including |any
amgndments) applies.

IEC|60050-80.1:1994, International Electrotechnical Vocabulary — Chapter 801: Acoustics|and
eledtroacaoustics, available at www.electropedia.org

3 I | dofiniti

For the purposes of this document, the terms and definitions given in IEC 60050-801:4994 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

T Numbers in square brackets refer to the Bibliography.
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average acoustic pressure
acoustic pressure averaged over the effective area of the transducer

Note

3.2

1 to entry: Average acoustic pressure is expressed in pascals (Pa).

rav(B)

average amplitude reflection coefficient

sphe

rically curved transducer of focus half-angle g, if the transducer were removeéd;“to

reference acoustic pressure p, on the effective area of the transducer in a nomsattenug

mea

3.3
G

sf

ium with negligible diffraction

’”av(/’)) = pav(ﬂ)/PO

diffraction correction coefficient
ratig quotient of the average acoustic pressure over the spherical segment surface off

foc
atte

3.4
A
effe
<tra

| plane, to the reference acoustic pressure of thé transducer in the free-field of a
nuation medium

ctive area
hsducer> area of the radiating surface of a theoretically predicted transducer with spe

field distribution characteristics that are approximately the same as those of a real transd
of the same type

Note

1 to entry: For a spherically-‘curved transducer, the theoretically predicted acoustic pressure distributig

the deometric focal plane of a tramsducer-should is expected to be approximately the same as that of the
transducer with the same geametric focal length when operating at the same frequency.

Note
radiu

Note

3.5
Male

2 to entry: The half-aperture of an effective area is also named the effective half-aperture or the effg
5.

3 to entry: /The effective area of a transducer is expressed in units of metre squared (m?).

ctor

the
the
tion

(1)

the

spherically curved transducer's virtual image at a positionkin*the distance of twice geometric
focjl length from the transducer, if an ideal reflecting mirror were located on the geom

Btric
hon-

icific
icer

n on
real

ctive

eledtroacoustic efficiency
ratie quotient of the acoustic output power to the electric input power

3.6

electroacoustical reciprocity principle
electroacoustical reciprocity theorem
principle that the-ratie quotient of the free-field voltage (current) sensitivity of a reciprocal
transducer as a receiver, to the transmitting response to current (voltage) of the reciprocal
transducer as a projector is constant

Note

1 to entry: This principle is independent of the construction of the reciprocal transducer.
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3.7

free-field

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

[SOURCE: IEC 61161:2013, 3.2]

3.8

M(/)
free-field voltage sensitivity-ef a-spherically-ecurved-transducer

rec

ehving-veltageresponseofasphericalhreurved-transduce

r

)
A=

+h

geo

for &
rem

Note
The 1
pasc
elect

3.9
geo
surf
the

Note
[SO

3.10
F,

ged
geo

b spherically curved transducer> quotient of the Fourier transform of tRe)open-circuit oy
volt@ge signal F(U(¢)) of a spherically curved transducer within the field bf'a point source 4

metric focus to the Fourier transform of the free-field acousti€pressure waveform Fi

specified frequency fand incidence on the surface of the transducer if the transducer |
bved

1 to entry: The free-field voltage sensitivity of a &pherically curved transducer is a complex-value parani
hodulus of the free-field voltage sensitivity ofigxspherically curved transducer is expressed in units of vo
bl (V/Pa). The phase angle is the argument of\thé sensitivity and represents the phase difference betwee|
ical transducer output voltage and the incident pressure. The unit of phase is the radian.

metric beam boundary
bce containing straight linés passing through the geometric focus and all points ard
beriphery of the transducer aperture

1 to entry: Applies te ultrasonic transducers of known construction.

URCE: IEC 61828:206062020, 3.64]

metric focal length

tput
tits

p(1))

vere

eter.
t per
h the

und

axis

distg@nce from the geometric focus to the-wlrasenictransducer's position where the beam

intersects the effective focusing surface

Note 1 to entry: Applies to transducers with known construction-and-is—equal-to-the radius—of curvature—of-the
o 0o,

Note 2 to entry:

Geometric focal length is expressed in metres (m).

Note 3 to entry: This definition applies only to focusing transducers.

[SOURCE: IEC 61828:2020, 3.66]
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3.1
geometric focus
point for which all of the effective path lengths in a specified longitudinal plane are equal

Note 1 to entry: TFhe-geometricfoeus-is-alse Equivalently, the spatial point for which the arrival times of all waves
from the transducer have the same delay relative to the voltage excitation of the transducer, as viewed in the
approximation of geometrical acoustics, neglecting diffraction.

Note 2 to entry: This definition applies only to focusing transducers.

3.1

LMp

pulge-echo sensitivity level
twenty times the logarithm to the base 10 of the ratio of the received open-cincuit voltage U} for

the ffirst echo signal of the spherically curved transducer when actinghas a receiver to| the
excifing voltage of the transducer U when it is transmitting a tone burst ultrasonic beam|in a

diregction perpendicular to an ideal plane reflector (» = 1) at the geometric focal plane fpr a
speg¢ified frequency

U.
Lyspe =20 l0gyg (ﬁ} dB (3)

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

3.13
G

radilation conductance
ratig quotient of the acoustic output power and the squared effective transducer input voltgge

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 jwith
"effg¢ctive" and "ratio" has been replaced with "quotient".]

3.1

are
vice

[SOURCE:-EC-6056656:2006-3-24 |IEC 60565-1:2020, 3.7]

3.15

J

reciprocity-parameter coefficient

<of a transducer>-ratie quotient of the free-field voltage sensitivity of a reciprocal transducer
as a receiver to the transmitting response to current of the transducer as a projector, or the
ratie quotient of the free-field current sensitivity of a transducer as a receiver to the
transmitting response to voltage of the transducer as a projector
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(4)

Note [ttoemtry—T fre modutus of the Teciprocity toeffictent of @ sphericatty torvedtransduceT, (=7, s gayal to
the quotient of twice the effective area of the transducer to the acoustic characteristic impedance of the medium,
i.e.

T i ©)

wherp
A ip the effective area of curved surface of the spherically curved transducer;
p ip the (mass) density of the medium;

¢ ip the speed of sound in the medium (usually water).
Note|2 to entry: The reciprocity-parameter coefficient is expressed in upits"of watt per pascal squared (W/FPa?).

3.16
Po

refefence acoustic pressure
product of the uniform normal particle velocityyon the spherically curved surface of| the
transducer and the characteristic impedance of<the medium

Note|1 to entry: Reference acoustic pressure is.expressed in pascals (Pa).

3.17
reversible transducer
tranpducer capable of acting as_a projector as well as a receiver

[SOURCE:—EC-60565:2006;+-3-26 |IEC 60565-1:2020, 3.8, modified — In the definifion,
"hyqrophone" has been «eplaced with "receiver".]

3.18
selftreciprocity method
trangducer calibration method based on the reciprocity principle that uses the received gcho
signjal from(the plane reflector that is set perpendicular to the incident beam axis of| the
trangducer

3.19
S;(7)

transmitting response to current
transmitting current response

<of a transducer> quotient of the Fourier transform of the reference acoustic pressure F(p(¢))
on the radiating surface of a transducer in the free field in the absence of interference effects
to the Fourier transform of the exciting electrical current F(I(¢)) through the electrical terminals
of the transducer for a specified frequency 1
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F(po (1))

S (N = 7(1())

Note 1 to entry: The transmitting response to current of a transducer is a complex-valued parameter. The
modulus of the transmitting response to current is expressed in units of pascal per ampere, Pa-A~". The phase
angle is the argument of the transmitting response and represents the phase difference between the acoustic
pressure at the surface of the transducer and the electric current. The unit of phase angle is the radian.

3.20
Syl

tradsmitting response to voltage
tra

smitting voltage response

<of @ transducer> quotient of the Fourier transform of the reference acoustic pressure F(p,(?))

on the radiating surface of a transducer in the free field in the absence of interference effects
to te Fourier transform of the electrical exciting voltage across the terminals of the projefptor

F(Ug(t)), for a specified frequency f

Note|1 to entry: The transmitting response to voltagé\of a transducer is a complex-valued parameter. The moflulus
of th¢ transmitting response to voltage is expressed in units of pascal per volt, Pa-V~'. The phase angle ik the
argument of the transmitting response and represents the phase difference between the reference acoustic pregsure
at the surface of the transducer and the excitigg“electrical voltage. The unit of phase angle is the radian.

4 [Symbols

a effective half-aperture, effective radius of transducer

A effectivetarea of transducer

c speed.of sound in sound propagating medium usually in water

d distance from the centre of the transmitting surface of the transducer to| the
peflecting plane of the reflector in the geometric focal plane

Jo resonant frequency

Je central frequency

Fgeo—g'e-o'rn'érm-fmngm (Fgeo- K)

G radiation conductance

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

h height (depth) at the centre of a spherical segment

1 acoustic intensity

I, I1ims exciting current amplitude, effective exciting current

Iy short-circuit current amplitude of the generator

Tocho first echo current amplitude

J reciprocity-parameter coefficient of transducer
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Jst modulus of the reciprocity—parameter coefficient of spherically curved
transducer
circular wave number (k = 27/4)

m ratio of the acoustic pressure at the geometric focus to the reference acoustic

pressure on the radiation surface of the transducer in a non-attenuating medium

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

Lype pulse-echo sensitivity level

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

Po reference acoustic pressure of a radiating surface

P acoustic output power

Py electrical input power

q ratio of the true time-average intensity 7 to the time-average derived intensity /
at the geometric focus (¢ = (1 + cosp)/2)

Onm mechanical quality factor

r amplitude reflection coefficient

7av(#) average amplitude reflection coefficient'on a plane reflector in the geomegtric
focal plane in water for a spherically clryed transducer

R radius of curvature

S; transmitting response to current

Si transmitting response at geemetric focus to current

Sy transmitting response to voltage

S transmitting response, at geometric focus to voltage

At acoustic pulse.transit time

Uy open-circuit reltage amplitude of tone burst generator

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

Uy maximum of the first echo voltage amplitude received by the transducer tp be
calibrated in self-reciprocity calibration process

Urr output voltage of the current probe-picked when picking up the exciting cufrent
of the transducer

Uledhs output voltage of the current probe-picked when picking up the first echo cufrent
of the transducer

U output voltage of the current probe—picked when picking up the short-circuit
current of the tone burst generator

Urms effective voltage

v particle velocity

ws -3 dB beamwidth on geometric focal plane

we -6 dB beamwidth on geometric focal plane

Yy electric admittance of transducer in a medium (usually in water)

Z electric output impedance of generator
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Zt electric impedance of transducer in a medium (usually in water)

a acoustic attenuation coefficient in a medium (usually in water)

focus half-angle (f = arcsin(a/R))

O electric impedance angle

p (mass) density of the sound propagating medium (usually water)
Nale electroacoustic efficiency

A wavelength

T ptise—duration

5 [General

Theltransducer characteristics include the ultrasonic field parameters and the transmission|and
recgption performance parameters.

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

The|transmission performance parameters include the radiation conductance, the acoystic
outgut power, the free-field transmitting response to current (voltage), the electroacoustic
effigiency, and the electric impedance.

Thelreception 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|the
megdsurement of the free-field transmitting response to current (voltage), the free flield
volthge sensitivity, pulse-echo “sensitivity level, and the acoustic output power (see
Anngx E); the radiation conductance is derived from the acoustic power and the effegtive
excifing voltage; the electroacoustic efficiency is calculated from the acoustic output pqwer
and|the detected electrigal input power. Relations between these electroacoustical paramdters
are |given in Annex G."Examples of typical measurement ranges and calibration results| are
giveln in Annex |.

6 [Requirements of the measurement system

6.1 | ,Apparatus configuration

The "electrical system of the apparaius consists of a tone burst generator, a current monitor
(probe), an oscilloscope and two switches. The acoustical system consists of a water tank for
the measurements, a measurement hydrophone, fixtures, positioning and orientation systems
(for both the transducer and the hydrophone), displacement sensors or indicators, and a
stainless-steel reflector, as shown in Annex F. The apparatus for determining the effective
radius and the self-reciprocity calibration are shown in Figure F.1 and Figure F.2, respectively.

6.2 Measurement water tank

The tank shall have sufficient effective space of water bath to ensure that the maximum distance
between the hydrophone and the transducer can be achieved to meet the requirements for
fixtures, positioning and orienting the devices. The minimum dimensions of the tank for the tone
burst field measurement only should be (R + ¢t) x (2Rct + ¢2:2)12 x (2Rer + ¢212)1/2 (length x
width x height), where R is the radius of curvature, ¢ is the speed of sound in water, 7 is the


https://iecnorm.com/api/?name=1889bbe4a8e60be95ca6aa300213cf61

- 16 - IEC TS 62903:2023 RLV © |IEC 2023

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 the water temperature is indicated by a thermometer. The water
temperature should be stable within +0,5 °C during measurements and should be measured
with a thermometer of 10,2 °C accuracy. Usage of deionized and degassed water is
recommended. Procedures to prepare degassed water are given in IEC TR 62781 [3].

6.3 Fixturing Fixing, positioning and orientation systems

The transducer and the hydrophone shall be fixed on fixtures that allow positional adjustment
of the devices in three perpendicular directions as well as allowing their angles of azimuth and
eleviation to be independently and continuously being adjusted. The positioning accuracy shpuld
be RQetter than £0,1 mm in the axial direction z and £0,01 mm in the lateral directions.x and y,
while the orientation accuracy should be better than £0,05°. The resolution of the dispfacement
sengor should be 0,01 mm or less.

6.4 Reflector

Thelreflector is a thick plate or cylinder made of stainless steel. One of\the planes or ternjinal
surfaces of the reflector is used as a reflection plane that should be flatto 10 ym and shpuld
alsol show a surface finish good to £5 um. The thickness of the reflector shall be large endqugh
to epsure that the first echo from the rear surface does not interfere with that from the front
surface at the lowest frequency used. A reflector with minimum-\thickness of 60 mm is suitgble.
The|reflector diameter shall be sufficient to reflect the entirety” of the ultrasonic beam engrgy.
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 coefficlient
rav(#) 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,,(f8) 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 fimes of the frequency of the Current to be measured. The maximum detectable cu:Lrent
sholild 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 agguracy should be better than or equal to £1 %.

6.6 | Oscilloscope

The|bandwidth of the-oscilloscope should be greater than or equal to 70 MHz. The resolytion
of vpltage shouldibe better than 1 mV. The error of voltage measurement should be less than
or egual to +2/%:

6.7 | Measurement hydrophone

Thelmaximum radius g, ... of the hydrophone active element should satisfy Formula (8):

.......

A
Ahmax = a 1 +d? (8)

where [ is the distance between the hydrophone and the transducer, a is the effective half-
aperture of the transducer, and 1 is the wavelength. The hydrophone used for the procedure
does not need to be calibrated.
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Measurement of the effective half-aperture of the spherically curved

transducer

Setup

The transducer and the hydrophone are arranged in the water tank as shown in Figure F.1. A
tone burst generator is used to excite the transducer directly or using a matching network. The
hydrophone is used to detect the acoustic pressure in the field. The oscilloscope is used to
detect the exciting voltage of the transducer, the output voltages of the hydrophone and the
current monitor.

7.2

IEC
leng

Firs
max
tran

ma

puls|
the

Gen
(sed

7.3

Sca

Alignment and positioning of the hydrophone in the field

61828:2006 [4] is the measurement guideline of this section. Only the geometric f
th is used in this document.

ly, the exciting voltage and frequency of the transducer shall remain_constant. Then,
imum sensitivity direction of the hydrophone shall be aligned withcthe beam axis of

bcal

the
the

sducer to maximize the output voltage of the hydrophone. In the third step, the axial

dto

the acoustic pulse transit time Atz between the transmitted pulse and the directly recejved

dist%nce between the hydrophone and the transducer along the beam axis shall be adjustg

of the hydrophone equal to R/c, where R is the radius of transducer surface curvature
gjeometric focal length, and ¢ is the speed of sound. i.e.

AfF = Rlc.

erally, R is known by the designer or manufacturer, ¢ is the speed of sound in W
Annex D).

Measurements of the beamwidth and the effective half-aperture

hning of hydrophone along the x axis’and the y axis across the geometric focus in the f

planfe (x,y,R) allows two pairs of =3 dB and -6 dB beamwidth (w3, w3, and wg,, wg,) td

dets
calc

whe

7.4

cted, respectively. The effective half-aperture or the effective radius of the transduc
ulated from the average beamwidths ws and wg in two directions as

AR|1,62 2,22
a="= +
2n| w, Wy

e w3 = (st + W3y)/2, Weg = (st + Wey)/2

Calculations of the focus half-angle and the effective area

i.e.

9)

ater

pcal
be

Br is

(10)

Thelf

The

p = arcsin(a/R).

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

A =27R?(1-cos )

(11)

(12)
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8 Measurements of the electroacoustical parameters and the acoustic output
power

8.1 Self-reciprocity method for transducer calibration
8.1.1 Experimental procedures

The transducer and the reflector are arranged in the water tank as shown in Figure F.2. The
working frequency of the tone burst generator is set at a specified frequency f, and the output
voltage is kept constant. The pulse duration is equal to or less than 30 cycles, and the duty
cycle factor is approximately 1/30. The open-circuit voltage U, and the short-circuit current 7,
of the generator are detected using the oscilloscope and the current monitor. If Uy is very Ialrge,
I, should not be detected to avoid damage of the generator. The transducer to be measured is
then excited and the position and directions of the transducer shall be adjustedprecisely so
that|the first echo voltage U, is maximized when the beam axis is perpendicularto the reflegtor,
and|the reflector distance from the transducer d remains equal to the geometric focal length
Fyeq by keeping the pulse transit time equal to 2R/c.

Finglly, the oscilloscope and the current monitor are used to detect the-exciting voltage Uq| the
exciting current I, the phase difference 6, between Uy and I7, the echo voltage U;, and the

echo current /g¢p,-

If the signal-to-noise ratio of the echo current signal isd¢oo low to prevent excessive distortion,
then noise reduction processing is required. The roget-mean-square (RMS) echo current after
noisle reduction is equal to the square root of the difference between the mean square valye of
the fletected echo current with noise and that of the detected net background noise.

8.1.p Criterion for checking the linearity of the focused field

The| reversible properties of the transducer can easily be confirmed by the designer [and
manufacturer based on its usage and-the transfer characteristics. In the calibration proceglure
the fatio of the echo voltage to theexciting voltage U4/Ut, s Should approximately be congtant

to within +5 %. The criterion for the upper limit of the linear range of the focused field is
detgrmined empirically by increasing the excitation voltage continuously and finding the point
whefe U4/Ut,,s decreases down by 5 % or more. Because the acoustic pressure at the focus
is much greater than thation the radiating surface, the nonlinear effects occur easier in the fpcal
regipn than in the transducer itself. The upper limit of the linear working range of the transdycer
is geénerally greaterthan that of its linearly focused field. The nonlinear effects and the cavitgtion
in tHe focused field limit the application of the self-reciprocity calibration.

8.1.8 Criterion for checking the reciprocity of the transducer

Thellinearity of the transducer can be checked in an anechoic water tank by picking up| the
H P S P - P B aW'a Y 2 = < S = > cting
surface. Then, increase the exciting voltage U; continuously and determine U, and Ut
simultaneously. The checked change value of U,,/U; 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.

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


https://iecnorm.com/api/?name=1889bbe4a8e60be95ca6aa300213cf61

IEC

and

whe

rav(#) is the average amplitude reflection coefficient on the reflector for the spheri

sf

Whe

8.3

TS 62903:2023 RLV © IEC 2023 -19 -

< | pcUilc  _ou

’ V 2 A’”av(ﬁ)GstT2

_ pclUq Iy _ad
|§1|_ 2>
2 Al’av (ﬂ)GSfIT

o« | pcUqly ad

o

al 2
\ £ A4ray(P)Ggt Ut

B pclUy I _ad
|§U|_ 2"
2 Aray (B)Gss Ut

the modulus of the voltage sensitivity is given by
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[e
is the distance between the reflector and the transducer, and d = F, for a spheri
curved transducer,
is the acoustic attenuation_coefficient in water (see Annex D);

curved transducer during the self-reciprocity calibration (see Annex A);

is the diffractionicorrection coefficient of the spherically curved transducer during
free-field self-reciprocity calibration (see Annex B and Annex C).

n the exciting voltage is very high, U4/, should be replaced with Uplgcno-

Calculations of the transmitting response at geometric focus to current (voltag

cally

cally

the

e)

The

modulus of the transmitting response at geometric focus to current (voltage) is gjven

by

[N A , pCU’l]k ~od

i I”V 2Arav(ﬁ)GstT2

pclUy I
|§lf| = km 1k 2
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(17)

|§Uf|:km\/

where k,, is the ratio of the acoustic pressure at the geometric focus to the reference acoustic
pressure on the radiation surf f th hericall rved tran r =kh= — ), k

= 27/ 4, and & is the height (depth) at the centre of the spherical segment.

8.4 | Calculation of the pulse-echo sensitivity level

The|pulse-echo sensitivity level is given by

U
LMpe :20|Og10(mjd8 18)

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|pulse average output power for a tone burst wave equal to the temporal average oytput
powgr of a continuous wave with the same acoustic pressure amplitude is given by

U1 Ik eZad

Sar, (B)G, (19)

The|radiation conductance is thén’given as (see IEC 61161 [5])

G Uy I —
4rav (ﬂ)GSf UTrmS
P Uq Iy g2ad (20)

T 2
UTms 47y (B)Gst UTms

8.5.2 Measurement of the frequency response of the radiation conductance

When changing working frequency adjacent to the maximum radiation conductance frequency
Jfo, the frequency response G(f) of the radiation conductance should be measured. The

resonant frequency f; and the edge frequencies f; and f, of the —3 dB bandwidth in the G(/)
curve are detected, where f; and f, are the nearest frequencies with a half-maximum radiation
conductance values, and f, > f; > f;. Then the mechanical quality factor O, is calculated by
Formula (14), where the bandwidth is Af = 15 - f;

On = fo/&f (21)

For transducers with low Q,, where detection of the resonant frequency f is difficult, the central
frequency f; = (f; +f2)/2 should be used instead of f;.
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8.6

Measurement of the electroacoustic efficiency

8.6.1 Calculation of the electric input power

The electric input power is calculated as

F, =0,5 Uy Iy cosl,. (22)

8.6.2 Calculation of the electroacoustic efficiency

The[eTectroacoustic efficiency IS given by

8.7

Naje = PPy x100 % (23)

Measurement of the electric impedance (admittance)

A ngtwork (impedance) analyser should be used to measure the electricimpedance (admittance)
of the transducer in the free-field (in an echoless water tank) at the working frequency or wjthin

the

vorking band.

An glternative method involves the calculation of either the elggtric impedance Zy or the elegtric

admjittance Y7, as follows:

Zr =(U; /I )(cos@od jsing, ), (24)

Y =(I; JUf)(cosb, - jsing,) . (25)

When the impedance is set to be in a\frequency band, Uy, /1 and their phase difference ¢, in

Formulas (24) and (25) should be*measured over this frequency band.

9

Measurement uncertainty

Over the frequency,range from 0,5 MHz to 15 MHz, five spherically curved transducers witH the
working frequency range 0,532 MHz to 15 MHz were measured and their values of measurement
uncertainty were-evaluated. The following values represent the expanded uncertainties with a

covgrage faetor of two.

he measurement uncertainty of the radiation conductance shall be better than 17 %

hevmeasurement uncertainty of the acoustic output power shall be better than 17 %.

The measurement uncertainty of the transmitting response to voltage shall be better than
8,5 %.

The measurement uncertainty of the voltage sensitivity shall be better than 9 %.

The measurement uncertainty of the electroacoustic efficiency shall be better than 18 %.

More information on uncertainty determination is provided in Annex H.
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Annex A
(informative)

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 [6],[7]

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-A2-
The|laverage amplitude reflection coefficient on the plane interface of water-stainless gteel
in the geometric focal plane for a spherically curved transducer is expressed by Formulas (A.1)
to (A.9).
[[r(a)ds ‘_[jr(é’i)siné?i de, 1)
_ 14 = .
o ()= A 1-cos/
where 0, is the incident angle, g is the focus half-angle, and (0;) is the amplitude reflegtion
coefficient of the plane wave with an incident angle 6; on the plane reflector.
r(¢9.)::|ZZL cos® 20, + Z3{sin* 20, — Z,, | (a.2)
' |Z2L cos? 20, 4257 SIN* 20, + Z,, |
whefe 6, and 6,1 correspond to the refraction angles for the longitudinal wave and|the
trangverse wave, respectively. Z, .and Z,; correspond to the equivalent characterjstic
impédances in propagation direction-of the refraction beam in the reflection medium for| the
Ion{tudinal wave and the transverse wave, respectively. Z; is the equivalent characteifistic
impédance in the incident liquid;medium.
Oy =arcsin(cz—'-sinc9,J (A.3)
L
O = arcsin( 21 sin@,] (A.4)
L
Zy = py i [COSOy (A-5)
Zo1 = pp co1 /COSOT (A.6)
Zy = py c1/cost, (A7)

where p4, c¢qand p,, ¢y, co cOrrespond to the (mass) density, speed of sound in incident liquid

medium and reflection medium for longitudinal wave and transverse wave, respectively.

The critical angles on the liquid-solid interface for the longitudinal wave and transverse wave
in turn are
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and

23 -

O =arcsin(cy /ey )

Oco =arcsin(cy /cat)

(A.8)

(A.9)

Formula (A.2) is the expression of the amplitude reflection coefficient »(¢;) for a plane wave. If
the incident angle 6; is greater than the second critical angle 6, the full inner reflection happens

(r(&i

A

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

. p CiL CaL Cor Ocy Oc2
Medium
(10° kg/m?®) (103 m/s) (103 m/s) (108 m/s) () ©)
staipless steel 7,910 - 5,790 3,100 14,93 28,77
watpr 1 1,492 - - — -

Thelcalculated values of the amplitude reflection coefficient: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 r(6;) on a plane interface
of water-stainless steel for plane wave-vs-the for various incident angles ¢,

Indident angle Reflection Incident angle Reflection Incident angle Reflection
coefficient coefficient coefficient
o, (°) (0) 4N°) (0) 9, (°) (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 05937 19 0,909 34 1
5 0,936 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
U U,J900 £9 U,9T19 “4U I
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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Figure A.1 — Relation curve of the amplitude reflection coefficient r(¢;) on the
interface of water-stainless steel for a plane wave with the incident angle 0,

The values of the average amplitude reflection coefficient for different focus half-angles are
listed in Table A.3 and shown in Figure A.2.
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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 for various focus half-angles g

Focus Average Focus Average Focus half- Average
half-angle amplitude thalf)-angle amplitude angle amplitude
reflection reflection reflection
coefficient coefficient coefficient
B (%) ray(B) B(°) ray(B) B () Tay(B)
1 0,937 16 0,941 31 0,695908
2 0,937 17 0,936 32 0,6414882
3 0,937 18 0,933 33 0,589825
4 0,937 19 0,930 34 0,567830
5 0,937 20 0,928 35 0,429837
6 0,937 21 0,927 36 0,359844
7 0,937 22 0,926 37 0,293851
8 0,937 23 0,926 38 0,235858
9 0,937 24 0,925 39 0,485865
10 0,937 25 0,925 40 0,1442871
11 0,937 26 0,924 41 0,444877
12 0,937 27 0,924 42 0,099882
13 0,937 28 0,924 43 0,406887
14 0,938 29 0,894926 44 0,427892
15 0,940 30 0,776928 45 0,454897
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Figure A.2 — Average amplitude reflection coefficient r,,(#) on the plane

interface of water-stainless steel in the geometric focal plane of
a spherically curved transducer-vs- plotted against the focus half-angle g
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Annex B
(informative)

Diffraction correction coefficient Gsf in the free-field
self-reciprocity calibration method for circular spherically
curved transducers in water neglecting attenuation [7],[8],[9]

In self-reciprocity calibration, G¢; (R/1,4) is the function of the ratio of the radius of curvature to
the wavelength R/ and the focus half-angle of the radiation surface of the transducer. The

the T atati U G
is derived in Annex C. By interpolation of the data provided in Table B.1, the suitable.valye of
G4s Fan be obtained. The beamwidth of the main lobe (diameter of Rayleigh speckle) on| the
geometric focal plane of the spherically curved transducer 1,22 RA/a shall be smaller than the
halfifaperture a of the transducer (the minimum beamwidth of the circular planar pigton
trangducer with the same half-aperture) for focusing, i.e. R < 0,81a2/4 or in{1,22 4Ry
p > @rcsin(1,22 2/a). The Rayleigh integral is applicable for the calculation'of ‘G for g < 457.
NOTE The values of G in Table B.1 are with slight oscillations in both directiops_ of"R/A and g, which leads fo an
unceftainty in the interpolation (see Table H.2). The empty spaces in the low fecus half-angle region in the ftable
show| where the focusing condition is not satisfied. Transducers with much™greater R/A and f are limited by the
effectiveness of the Rayleigh integral and by manufacture.
Table B.1 — Diffraction correction coefficients Gg; of a circular spherically
curved transducer in the self-reciprocity calibration method [7],[8],[9]

] RIS,

C) 268 | 335 | 504 | 536 | 670 | 8,04~ 840 | 10,1 | 10,7 | 11,8 | 13,4 | 1p.1

5 — — — — — — — — — — — -

10 - - - - - - - - - - - -

15 - - - - N - - - - - - -

20 - - - - - - - 0,739 | 0,741 | 0,755 | 0,791 | 0,B14

25 - - - 5 - 0,773 | 0,785 | 0,816 | 0,814 | 0,807 | 0,821 | 0,B42

30 - - 0,750 \_0,763 | 0,816 | 0,810 | 0,808 | 0,838 | 0,845 | 0,841 | 0,853 | 0,860

35 - - 0,820 | 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

451 0,797 | 0,827-| 0,853 | 0,848 | 0,870 | 0,878 | 0,882 | 0,891 | 0,888 | 0,898 | 0,904 | 0,p09

) RIA.

C) £46,75 | 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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i 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 |10,p52
40 0,937 | 0,940 | 0,941 0,943 | 0,946 | 0,948 | 0,949 | 0,950 | 0,952 0,953 | 0,954\ /,0,058
45 0,944 | 0,946 | 0,948 | 0,950 | 0,952 | 0,954 | 0,955 | 0,956 | 0,958 | 0,959 | 0,960 | 0,063
B RIZ
¢ 107,2 | 117,3 | 120,6 | 125,6 | 134,0 | 150,8 | 160,8 | 167,5 | 175,900 201 | 209,4 | 244,5
5 - - — - - - 0,736 | 0,738 | 0,743 | 0,773 | 0,784 | 0,807
1 0,836 | 0,847 | 0,852 | 0,857 | 0,857 | 0,864 0,872 | 0,8717\0,871 0,881 | 0,881 | 0,889
14 0,890 | 0,897 | 0,896 | 0,899 | 0,902 | 0,906 0,911 0/9M 0,915 | 0,920 | 0,920 | 0,p26
2 0,918 | 0,921 | 0,922 | 0,924 | 0,926 | 0,930 0,932 0,933 | 0,935 | 0,939 | 0,940 | 0,p44
24 0,934 | 0,937 | 0,938 | 0,939 | 0,941 0,944 0,946 | 0,947 | 0,948 | 0,952 | 0,952 | 0,p55
3 0,945 | 0,947 | 0,948 | 0,950 | 0,951 | 0,954 0,955 | 0,956 | 0,957 | 0,960 | 0,961 | 0,p63
31 0,954 | 0,955 | 0,956 | 0,957 | 0,958 | 0,961 0,962 | 0,963 | 0,964 | 0,966 | 0,967 | 0,p63
4 0,960 | 0,962 | 0,962 | 0,963 | 0,964 | 0,966 0,967 | 0,968 | 0,968 | 0,971 | 0,971 | 0,p73
41 0,965 | 0,966 | 0,967 | 0,968 | 0,968%\0,970 0,971 | 0,972 | 0,973 | 0,974 | 0,975 | 0,p76
B RIZ
) 251,3 268,0 | 293,1 301.5 | 3350 | 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 | 0,84 71
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 ~0y933 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 07968 | 0,960 | 0,960 | 0,963 | 0,963 | 0,966 | 0,968 | 0,969 | 0,971 | 0,972 | 0,973
NOTE p=_arcsin(a/R), h = R (1 - cosp), 4 = clf, ¢ = 1492 m/s in water at 23 °C, f is the frequency, ang the
approximation and focusing conditions are 45° 28> aresin{221R}"2} g > arcsin(1,224/a).
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Annex C
(informative)

Calculation of the diffraction correction coefficient Gsf(R/A,B)
in the free-field self-reciprocity calibration in a non-attenuating
medium for a circular spherically curved transducer [7],[8],[9],[10]

The coordinate system with the origin point (0,0,0) at the focus of the self-reciprocity method
for a C|rcular spherlcally curved concave transducer is shown in F|gure C.1whereRis the rad|us

3 : : 2 6 is
the [focus half-angle. 4 is the area of radiation surface of the concave spherical seghient.
Suppose there is a spherical segment area 4’ of the transducer's virtual image at the_posjtion
of two times of the geometric focal length from centre of the transducer surface on the bpam
axis|z, which is symmetrical about the geometric focal plane (x,y,0) as a perfect-plane reflgctor
with|the transducer.

yﬂ

Ny

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)

Geometric acoustics’supposes that the field is symmetrical about the geometric focal plan¢ for
mirrpr effect, see’[6] and IEC 61828 [4], so 4 = A'. The wave front is convergent in front of the
geometric focus O (0,0,0) and becomes divergent beyond the focus, while it is almost a p|ane
wavge at the.focus. The average acoustic pressures on 4 and A’ are identical (neglegting
diffraction)effects in a non-attenuation medium). This is because the radius of curvature |R is
much gréater than the wavelength and the spherical wave field is 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 G for the acoustic medium.

The diffraction correction coefficient is the ratio of the free-field average acoustic pressure
Pav(R) on 4’ to the reference acoustic pressure py = pcvg = p,,(-R) on 4 in a lossless medium,

where v is the amplitude of the uniform normal particle velocity on 4, i.e.

Gst :|Pav (R)/p0| (C.1)

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 [10] for Gi; whose approximate conditions
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are that the depth 7 of the concave surface of the radiator and the wavelength A both be small
compared with the radius a; the value of i/4 is not restricted. The approximation theory is based
on the Rayleigh integral. Research has shown the applicability of the Rayleigh integral and the
result depends on the position in the field [11],[12],[13]. 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.

pevy e/l e ke pevy €7 a—xz e/kf R
—/ OJ ”A £ s =7 0} I I —x2 V/Rz_kz_yz drdv (C.2)
R ! !
Mores I fﬁpﬁ‘” -
Pav (R (L.3)

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

¢ is the speed of sound in medium;

vp i the amplitude of uniform normal particle velocity on thesGrface of the transducer;
A is the wavelength;

dS is the element area on concave spherical segment 4;

dS’ is the element area on mirror image surface 4%

&= /(x—x’)z Jr(y—y’)2 Jr(z—z’)2 is the distancé between (x,y,z) on dS and (x’,y’,z) on dS’.

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

[
Q
3

Theldiffraction correction coefficient becomes

2 —j2né/A
R R/ Jem
Gsf:|Pav( )|: (R/7) i sing’ sin@dpdH do’ (F-4)
| o | 1-cos 8 /A
whefe
E= I?A/(qinﬁr‘n':ga—qinﬁ)'\z +(sindsing)? + (cosl + casd' (C.5)
LAY 7 N ™7 < 7 N

¢ is the azimuth angle in the spherical coordinates (R,8,¢);
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 ¢ <(0,2n), 0 (0,8), 6'<(0,4) 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.
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A detailed list of G4¢(R/4,B) values is given in Annex B. The needed value of G4 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

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

In tHe temperature range from 15 °C to 35 °C, the speed of sound in water is expréssed ag

NOTE

Valyes of speed of sound in water dependent on temperature,are given in Table D.1.

Speed of sound for propagation in water [14]

c=1404,3+4,7{T}-0,04{T}? (

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

Table D.1 — Dependence of speed of sound in*water on temperature

D.1)

Tgmperature Speed-of sound Temperature Speed-of sound Temperature Speed-of solind
5 1427 16 1470 27 1502
6 ek 17 e 28 SLhs
7 1435 18 1476 29 1507
8 el 19 R 36 R
9 1444 20 1483 31 1512
10 1448 21 1486 32 1514
11 1452 22 el et 1516
12 1455 23 1492 34 1518
e e 24 S el e
14 1483 25 1497 36 1522
= Es 26 SShn 37 e
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Temperature Speed of sound Temperature Speed of sound Temperature Speed of sound

(°C) (m/s) (°C) (m/s) (°C) (m/s)

15,0 1 465,8 20,5 1483,8 26,.0 1499,5

15,5 1467,5 21,0 1485,4 26,5 1 500,8

16,0 1469,3 21,5 1486,9 27,0 1502,0

16,5 1471,0 22,0 1488,3 27,5 1 503,3

17,0 1472,6 22,5 1489,8 28,0 1 504,5

17,5 1474,3 23,0 1491,2 28,5 1 505,8

18,0 1475,9 23,5 14927 29,0 1507,0

18,5 1477,6 24,0 1494,1 29,5 1,508 1

19,0 1479,2 24,5 14954 30,0 1599,3

19,5 1480,7 25,0 1 496,8 30,5 1510,4

20,0 1482,3 25,5 1498,1 31,0 1511,6
D.3| Acoustic attenuation coefficient for propagation in water
The|value of « in the megahertz frequency range is proportional to'f2 and should be taken from
the following polynomial fit as a function of temperature T (valid in the range 0 °C to 60| °C)
(taken from [15], simplified):

d/f2 = (56,85 - 3,025 {T} + 1,174 x 1071 {1}2 - 2,954 x 1073 {1}3 + 3,970 x 1075 {7}* b.2)
- 2,111 x 1077 {T}%)® 10~ 15 Hz2m™1 '

NOTE ({7} denotes the numerical value of the temperature.in*°C.
If the amplitude attenuation coefficient in m™\is to be given in dB m~1, its numerical value-ghal}

mus|t be multiplied by 20 log4y(e) = 8,69.

Vald

es of a /f2 in water dependent©n temperature are given in Table D.2.

Table D.2~Dependence of « /f2 in water on temperature

Tdmperature alf? Temperature alf? Temperature alf?
(°C) 10- iz 2m"" (°C) 10~15Hz 2m"" (°c) 10~ "5Hz"2m[!
15,0 29,77 20,5 24,97 26,0 21,28
15,5 29,27 21,0 24,60 26,5 20,98
16,0 28,79 21,5 24,24 27,0 20,69
16,5 28,32 22,0 23,88 27,5 20,40
70 2786 225 23753 280 2011
17,5 27,42 23,0 23,19 28,5 19,84
18,0 26,98 23,5 22,86 29,0 19,56
18,5 26,56 24,0 22,27 29,5 19,29
19,0 26,15 24,5 22,21 30,0 19,03
19,5 25,75 25,0 21,89 30,5 18,77
20,0 25,36 25,5 21,58 31,0 18,51
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Annex E
(informative)

Principle of reciprocity calibration for spherically
curved transducers [7],[8],[9],[16],[17]1,[18],[19]

Principle of reciprocity calibration for an ideal spherically focused field
a transducer

In ggometric acoustics, suppose that an ideal concave spherically curved transducer excite
a cyrrent /7 transmits the sound wave in a non-attenuating medium without diffraction. effg

whefe the normal velocity v over its radiation surface is uniform. On the other side, imagine
a pqint source at the geometric focus of the transducer transmits a divergent spherical W
whoke wave front reaches and coincides with the space surface of the transduger.with the s

free
reci
amp
the
Whe
surf

Acc
by 4

For

idedl plane reflector, the reference “acoustic pressure on the radiating surface of

tran
the
surf
p=
the
the
forc
tran
ares
half

field normal velocity as if the transducer were removed. Theoretically, in ideal
procity calibration where the tone burst generator excites the transducebwith pulse cun
litude /7 and an ideal plane reflector with amplitude reflection coefficient of 1 is place
jeometric focal plane, the reflected echo field is just the field of-the’imagined point soy
n the surface of the transducer as a receiver is blocked, the total acting force over
hce in the echo field is F and the open circuit voltage is U.

brding to the-eleetroacoustical electromechanical reciprocity-prineipte condition satig
reciprocity transducer, Formula (E.1) is applicable],see [20]:

ideal symmetry of a spherical wave-in a non-diffracting and non-attenuation field an

sducer pg = pev is approximately equal to the acoustic pressure amplitude averaged
surface p,,, i.e. pg= p,,. Ihe free-field echo acoustic pressure p, on the former sf
hce of the transducer in-the field of the imagined point source is also uniform and equ
cv = p,, if the transducer were removed. The output power is equal to the power thrg

eceiving surface where the acoustic pressure and the particle velocity are in phase beca
radius of curvature R is much greater than the wavelength. The scalar sum of the ag
b components ‘ndrmal to and on the element areas over the blocked rigid surface of
sducer F istdouble that of the free-field echo acoustic pressure multiplied by the sur
A, i.e. F=2p,4 = 2pcvA, where 4 = 2aR?(1 - cosp) is the effective area and £ is the f¢

angle

of

d by
cts,
that
ave
ame
self-
rent
] on

rce.
the

fied

E.1)

l an
the
bver
ace
al to
ugh
use
ting
the
face
cus

Sub

titute previous relation into Formula (E.1) and consider the free-field transmit

ting

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

see

I[EC 62127-2:2007/AMD2:2017, Annex K:

M UL Fv 24

o 51 p2 (pcv)2 pc

M| U Fv 24

I === - (E.

|§[| p2 (pcv)2 pc
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IT Jsf
U
M (E-3)
It Jgt
AL IU Jsf
G
|
M| = |V st (E.4)
It
Principle of reciprocity calibration of a real spherically-focused field of|a
transducer
diffraction effect shall be taken into account in real self-reCiprocity calibration. A tern] G4
named diffraction correction coefficient is introduced to calculate the influence of diffraction.
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 of| the
metric focal length from the transducer, supposing an ideal reflection mirror on| the

geo
geo
of th
geo
Figy
of c

The
amp
calik

the

voltage U’ of the transducer as a receiver also drops equal to UrGSfe‘Z“d (< U) proportion

i.e.
the
real

spherically*curved transducer is still 24/(pc).

e transducer in a free-field of a non-attenuating medium: Gg; = po,,/pg, With pg = pev.

metry of the transducer surface area 4 and its virtual image surface area 4’ is show
re C.1, where the radius of curvature R.s equal to the geometric focal length. The o
bordinates is at the geometric focustand xy plane is in the geometric focal plane.

attenuation coefficient o in a.mMedium (usually water), the diffraction in the field, and
litude reflection coefficientz (< 1) of a real reflector all need to be considered in
ration simultaneously. Therefore, the real free-field average acoustic pressure p'5,

receiving spherical segment area 4’ drops equal to pOerfe‘Z“d. Then the real open ci

) = U'e2d](rGye) Where d = F4e0 = R is the geometric focal length, i.e. the distance betw
eflector and the transducer. From definitions |S,| = po/IT, |M| = U'lp'y,, = Ulpg, therefore
free-field /reciprocity-parameter coefficient Ji in the self-reciprocity calibration f

E.3

metric focal plane, to the reference acoustic pressure p, on transmitting surface arg¢a 4

The
n in
Figin

the
the
, on
rcuit
ally,
een
the

pr a

olforeci . librati ‘ hericall I I

Substituting U = U’eZ“d/(erf) into Formulas (E.3) and (E.4), the following formulas are derived:

[ I U I U! ~ad

VITJsf V]TJserst

|§1|=\/ = =\/ T gud (E.5)
It Jgt It Jgst r Ggg
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A IUJi — , U'JLUad
V I, \I;rG,
| = UJst _ | U'Jst gaa (E.6)
- ]T IT ’"Gsf

The free-field reference acoustic pressure on the radiation surface of the transducer is

(ol 4 U,ITIOC ad

yo—u/iT—VzArGSf €

/U'IT PC ad
=S/ [t = |[————e .
Po |_I| T 2AFGSf (

The| free-field transmitting voltage response S, is defined as’the—ratie quotient of| the
refeJ:'ence acoustic pressure p, on the radiation surface ofsthe transducer to the excjting
voltage on its electric terminal:
o 1 [U'1, 2O e
U\ 2406,
"I
ISy | =5 [T L e d E.8)
UT 2 Ar GSf
Theltrue intensity at the geometric focus was derived as follows as in [10],[21]:
I =gl =%(1+cos/§')pc(khv)2 (E.9)
where
g = ({1+cosp)/2yis*the ratio of the true temporal-average intensity 7/ to the derived temporal-
average(ntensity Iy (plane-progressive-wave intensity) at the geometrical focus;
q = pcRé(v/p) = cos b, is also the real part of the specific acoustic admittance multiplied by the
hatacteristic impedance pc, and the factor cosd, similar to the power factor cos{, in

0

a

electrics;

is the phase difference of the particle velocity and the acoustic pressure at the geometric

focus;

Iy = pc(khv)?2/2 is also the plane wave intensity;

kh
h
k
B

v

pc

is the geometric focal gain;

is the depth of the spherical segment surface of transducer;
is the circular wave number;

is the focus half-angle;

is the velocity normal to and on the transducer surface;

is the characteristic acoustic impedance of the medium.
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Rtand

O'N
with
whe
z ax
his
inn
the

mulfiplied by ge~2¢% as follows:

whe

of th
nea
0, a

The
foc
foc

e
1glected attenuation medium [10], but he neglected ¢. Without neglecting these paramet

hd the acousticpressure distribution Jinc(kasin ) [21],[22].

]

A
Y

IEC
Figure E.1 — Spherical coordinates

bil [10] derived the true intensity in the r direction at points in the spherical segment sur
the constant polar angle 6 and the constant radius R in the spherical coordinates (R,
re the origin is at the centre of the transducer surface O (0,0,0) and the beam axis is
s, see Figure E.1. In a certain region enclosing the centralpart of the geometric focal pl

sult is based on the approximation similar to the far field directivity of a flat circular pi

rue intensity /5 in the » direction at the points in the\spherical segment surface is this re

face
,0),
the
ane,
s5ton
ers,
sult

R

Ip %qe'zn’Rpc(vaFo | 27R)?

fe Fy =Jinc(kasing) = 2d;(kasind) /(kasind); J, is the Bessel function of the first kind

e first order; ¢ is assumed to be constant in the focal region rationally as the wave fr
and in the geometric focal plane are approximately planar with the same phase differe

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

(2

10)

and

bnts
nce

ptric
ptric

whe

Gfra

0
B (0) = [ Ir27R *sin0do = %Apcvze*Z“RGfra(e) (E

0

re

0
Grra(0) = q(k* A1 2m)[ F§ (kasin0)sing do = 2
0

0 2/
J—J1 (ka fsme)secﬁ d(kasin®)
0 ki

asind

is approximately equal to the fraction of the total power transmitted through the pa
the geometric focal plane within a circle of radius Rtané.

A1)

rt of
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If 6 is very small and approximately equal to zero, i.e. sec 8 = 1, the following approximate
formula is valid:

[Z
Gfra = Gy = 2_[
0

ka

J2 (ka'sin6)

sing

d(kasin6) = 1— J3(kasing) — J? (kasind)

where J; is the Bessel function of the first kind and of the zeroth order.

(E.12)

In fgetvTsgreater tham zero, 8- Sec v =+, SO that G5 = Ga.

0,8

0,6

0,4

0,2

A

~

\
\

Gy (x)

1

2
Fo=7d1 ()

G, ()= % [} Fo? () el

=1-J? () = J2 (v)

N\
N P S

ey

9

10

x=kasiné

IEC

Figure E.2 — Function G, (kasing), diffraction pattern Fy(kasing) and
Foz(kasina) in the geometric focal plane [10]

G, i$ approximately equal to-or less than the fraction G;, of the total power transmitted thrqugh

the part of the geometric\focal plane within a circle of radius Rtané corresponding to x = kasipé =
congtant [10]. The curve of G,(kasind) function is shown in Figure E.2. The values x (= kagin0)

relafive with the typical values G,(x) are listed in Table E.1. For example, when G, = 0,94; (,95;
0,94; 0,97; 0,985°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 f < 45°

where x = kgsing (according to O'Neil [10])

X

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

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 Gg = 1, Py = Py, = Apev’e 2*R . The total acoustic output power is [23],[24],[25]
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2 '
A I
p:pfmezl"R :PO_:U—TeZad (E.13)
2pc  4rGg

where pg is the reference acoustic pressure pcv; d = R.
For the given G,4(x) 2 constant such as 0,95, 0,96, 0,97, etc., the following inequality should be

satisfied for calculating the fraction Py ,(0) of the special spherically curved transducer if the
Rayleigh integral is used:

02 HGa = arcsin (x/ka) = arcsin(x/kRsing) = arcsin[x/(2nR/A)sinf].

whefe 6 is the minimum upper limit of the integral in Formula (E.12) for the fraction Gy, more
thar the given G; x is the relative variable kasing of the given G,, see Tablg E.

Thig is the requirement that ensures the accuracy of the power calgulation for a given ¢,(x)

using the Rayleigh integral. Because ka of transducers is much greater than 1 in general apd 8
is SJnaII, the integral of G, converges fast with increasing 6. For.example, when 6 2 6 5 =

arcgin(12/ka), G, 2 0,95.

In-depth study has shown that the Rayleigh integral can be used in the geometric focal plJane
up tp a limiting tand value that in the case of g < 45° for.calculation of G is given by 1/(2ginp)

[11]][12],[13], i.e. when 8
calculating P;(6), for example 6,5, = 35,3° for f=745°.

= arctan(1/(2sing)).2 ‘9@, the Rayleigh integral is applicable for

max

Thefefore, the valid conditions of Formulas (26), (27), (E.13), (E.14), (G.3) to (G.7), (G.9), (&.10)
and|(H.1) should be 6,5, 2 9Ga for thelgiven G4(x), i.e. arctan(1/(2sing)) 2 arcsin[x/(2aR/A)3ing]

and|p < 45°.

The[(R/%)mn values dependént on g within the limiting conditions 6., = 6, for different gjven

values of G, are listed in\Table E.2.

Table'E.2 — The (R/2),;, values dependent on g when 6., 2 6, and
p << 45° for G, = 0,94; 0,95; 0,96; 0,97; 0,98; 0,99

# A}
“a 5 10 15 20 25 30 35 40 45
G, 0,94 18,5 9,70 6,92 5,64 4,93 4:506 4722 403 390
0,95 222 T 834 677 592 540 5,07 4,84 4,68
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(RIZ) min
Ca B ()
5 10 15 20 25 30 35 40 45
0,94 18,5 9,70 6,92 5,64 4,93 4,50 4,22 4,03 3,90
0,95 22,2 11,7 8,31 6,77 5,92 5,40 5,07 4,84 4,68
0,96 28,7 15,1 10,7 8,74 7,65 6,98 6,55 6,25 6,05
0,97 39,2 20,6 14,7 19,9 10,5 9,54 8,96 8,55 8,27
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 25,9 2510
NOTE  (R/A)p, = x/{2nsing-sin[arctan(1/(2sinf))]}, x = kasing = 10; 12; 15,5; 21,2; 31,4; 64,1 in turp,for G, = P,94;
0,95;|0,96; 0,97; 0,98; 0,99, respectively.

The

acoyistic power and the radiation conductance. The value of Gj,lccan be obtained
polation in data of Table E.2 using the known values of g and{R/1). The G, value may be

inte
see
exa

froni
(19)

The

In th
ave
be s

Tab
tran
tran
the

+Zq
of th
shor
As t

G, values should be the reference for the evaluation of measurement uncertainty of

as an accuracy index of the acoustic power calculation based on Rayleigh integral.
ple, for a 1,92 MHz transducer with g = 10,3° and R/A =545, G, 2 0,98 can be obta

2 2 = 2
UTms\ UT 27 Gg Ut

e measurement when the incident spherically focused beam is normal to the reflector
rage amplitude reflection coefficient »,,(f) as the function of the focus half-angle sh

ubstituted for » in the_previous formulas. The value of r,,(8) may be picked up 1

e A.2 by interpolation or/ calculated by Formula (A.1). Because the cable end pair of
sducer is connected, with the tone burst generator to act as the electric load of
sducer when detecting the open-circuit voltage U’, the real detected output echo voltag
ransducer is its cable end-loaded echo voltage U, rather than U’, and then U; = U’ |Z
)| where Z, is-thie inner electric impedance of the generator and Zt is the electric impeda

e transducer in water. The exciting current of the generator is I1 = Uy/|Z; + Z7|, and

or (E.13) is within the effective applicable range of,the’Rayleigh integral.
radiation conductance is [23],[24],[25]
G = P =2_P_ U'lr eZad (H.

the
by

For
ned

Table E.2. It means that more than 98 % of the total acoustic power calculated by Formula

14)

the
buld
rom
the
the
e of
1(Z;
nce
the

t circuitcurrent is I, = Uy /|Z;|, where Uy is the open-circuit output voltage of the generator.
he/detected first echo current I, is equal to U|Z; + Z1|, U'l; = U4l = Uplgepo 1S Valid.

In experiment, the real detectable electric parameters are Uy, I7, Iy, Uy, Utims @Nd Igcpo-

Uqly

or Uplgcho Should be substituted for U'l7 in the previous formulas.
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Annex F
(informative)

Experimental arrangements

Experimental arrangement for determining the effective radius of a
transducer [7],[8],[9],[24]

The scheme of the measurement apparatus for determining the effective half-aperture of a

F.1

trangducer is shown in Figure F.1.
Oscilloscope
1T 1 _ I Degassed
\ water
Tone burst Matching ; . |~
generator network AN
Water tank =
. Faeo
Focusing - Hydrophone
IEC
Oscilloscope
- — — — — | Degassed
water
T¢ne burst Matching
génerator network
Water tank
F, N
. geo
Focusing - Hydrophone
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

spherically curved transducer [8],[9],[24],[25]

The scheme of free-field self-reciprocity method applied to a spherically curved transducer
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

AN
Tone burst

generator. !

o
=

Uy
=4

Two-way switch Un.
for voltage/current
signal detection

- » Pegassed
- - ] water

7‘\\\ Water tank
Qscilloscope T~ /

Reflector

Focusing transducer

1EC]

<

Three-way switch

for open circuit/work [ead/short
circuit of the generator

Current proebe

\

echo O
Tone burst Ut m

enerator
g ' \f
I Fgeo
Two-way switch Ulecho N = Degassed

for voltage/current | water
signal detection

IT, Ik

~o Water tanlr
"Oscilloscope ~-

Reflector

Focusing transducer
IEC

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

Relationships between the electroacoustical
parameters used in this application [24]

G.1 Relationship between the free-field transmitting response to voltage
(current) and the voltage sensitivity with the radiation conductance

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

S —» Il __ LL
U 70/ | £70rms / I'rms

|§U|=p0/UT=p0rms/UTrms (5.1)

wheye, py and py,ns are the reference acoustic pressure and the effective reference acoustic
pregsure on the radiation surface of the transducer; Uy and Uy, @re the exciting voltage|and
the exciting effective voltage of the transducer.

The|radiation conductance of transducer is given by

G=P[Uss, . B.2)

whefe P is the acoustic output power of thé.transducer.
With the definition of acoustic output.power

P =Dims Af(pc), (E-3)
the radiation conductance becomes

-6—-521471(7:1-}— f :

2 -

G=|syP 4 (pe), (15-4)

and 26 .
Jsf

2G
_ _ G.5
S| ,/Jsf (G.5)

The free-field transmitting response to current of a transducer is given by
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2G

U-
18/ =[5 - =Isul|Z] (G.6)
T

Jsf

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

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

G.2

The

whe

— st — S

\M|=|S;| Jss =42 G Jg |21 (

Relationship between the radiation conductance and the electroacousti
efficiency

electroacoustic efficiency is given as

. P P G
ale = T2 T oo
Fe UTmms OT Gt

—~~

re P, is the electric input power of transducer and Gt = coséd,/|Z{| is the electric i

condluctance with 0, denoting the electric impedance ‘phase angle of the transducer in wat

G.3

G4

Relationship between the transmitting response and voltage and acous
output power

Rl pgrms foe (SU UTrms)zA

p 71

pc pc

:PgrmsA (|§U|UTrms)2A

pc pc

P

—~~

Relationship between the pulse echo sensitivity and the radiation
conductance

M, =2G|Z;| G, e (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 [26].

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

H.2/ Mathematical expression

The|radiation conductance G can be calculated by

G- Usly ; Q20R H1)
4 13y (B) Gsf(RILB) UTims

whefe

U, is the voltage of the first echo from the plane reflector-at in the geometric fpcal
plane of the spherically curved transducer;

Iy is the short current of the generater;

rav(#) is the average amplitude reflection coefficient of the reflector in water;

R is the radius of curvature oftransducer surface;

A is the wavelength in water;

B is the focus half-angle;

G4i(R/4,p) is the diffraction corrective coefficient in the self-reciprocity calibration for| the
spherically curved transducer;

Utrrhs is the effective value of the exciting voltage of the transducer;

o is thevattenuation coefficient in water.

Thelfocus half-angle is given by

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

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

(H.3)

AFy, {1, 62 2 22}
a= +
27

W3 We
where w3 and wg are the -3 dB and -6 dB beamwidths measured in the geometrical focal plane.

H.2.2 Type A evaluation of standard uncertainty

The arithmetic mean or the average value G,, in n times repeated measurements can be
calculated by
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G, =13 G, (H.4)
) i
re G, is the i-th measured value of radiation conductance.
type A standard uncertainty u,(G,,) is given by
1 n
0 (Gu) =5, (Ga)= | (6 -G, (r.5)
VIL\IL_ I}
re S,(G4,) is the positive root of the variance of the mean. To minimize u,(G,, ), n'should be
chosgen as large as possible. However, a reasonable compromise between this recommendgtion
a reasonable working load-may can be achieved for n = 6.
3 Type B evaluation of standard uncertainty
3.1 Evaluation of standard uncertainty for different input quantities
brding to the measured values of the input quantities in n-times repeated measuremgnts
the instruments used for the measurements, their combined-standard uncertainties cah be
uated.
example, the type A evaluation of standard uncertainties for the beam widths u,(w3)[and
) can be calculated by Formula (H.5), where G{was replaced with w5 or wg, respectively.
type B evaluation of standard uncertainties of wy (or wg), i.e. ug(ws) (or ug(wg)), can be
rmined from the resolution J4 (= 0,01,mm) of the displacement sensor and supposing |that
ength is described by a symmetricyrectangular and a priori probability distribution. Then,
3) (or ug(wg)) is set to be equal to (51/2«/5 (= 0,0029 mm). The type B evaluations of
dard uncertainties for other_input quantities are listed in Table H.1.
n, their combined standard uncertainty can be calculated by
2 2 2 2
Ug (W3) = \/uA (w3)” +ug(w3)” and ug(we)= \/uA (we)™ +ug (we)" - (H-6)
”y, MA, MB and MC; MA(U—I), MB(U—I) and MC(U»]), ”A(UTrms)' ”B(UTrms) and ”c(UTrms); MA [T)’
r ) andvug(I1); up(ly), ug(ly) and ug(Zy); up(f), ug(f) and u (f); up(a), ug(a) and ug(a); up(B),

MB(ﬁ

)«and u(f) can be determined by using data in Table H.1 similarly.
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Table H.1 — Type B evaluation of the standard uncertainties (SU)
of input quantities in measurement

Proposing symmetric, rectangular probability distribution,
. " Relative type B
Input c)|cuant|ty k= \/5 evaluation of SU
i . ug(x.)x.
Resolution ¢, u(x) = 5x/2\/5 BT
W, We 0,01 0,002 9 0,002 9/w,,,
(mm) 0,002 9wy,
R (mm) 0,149 2 0,043 3 0,0433 1/R,,
23 1C (transit time 0,1 ps)
Ui lUtrms 1 (oscilloscope) 0,29 0,29/U,,,
(mV) 0,29/U%\ Neav
I, 4, 1 (current monitor) 0,29 0,29/1Tav
(mA) 0,29/1,,,
S (MHz) 1074 (oscilloscope) 2,9 x 1075 2,9 x 10751,
0. () 0,1 (oscilloscope) 0,029 0,029/6,,,
c 0,001 4 4,1 x 1074 4,1 x107%/c 0,027 %
(mmp/ps) (temperature change: 0,5 °C) (23°C)
alf? 0,025 %1074 7,3 1@ 7.3 % 107 (elr?y
(MHz2cm™) 3,5x 1076 1,0 1076 e
23 1C (temperature change: 0,5 °C) 1,0 x 107%/(alf?)
0,43 % (23 °C)
Theltype B variance of effective radius is
a 2
2 4 2.2 4 a 2
uB(a):ZHciu (xi):zm(gj u?(x,) (H.7)
whefe x; (i =1, 2,'3) 4) represent R, 1, w3, wg, and ¢; denote the corresponding sensifivity
coefficients in tlirn:
Accordingsto Formula (H.3), the following-sensitive sensitivity coefficients can be derived:

oa__a
=%~

oa a
6‘2((1)2521
exla)= a _ a
6W3 W3
exler)= da _ a
owg  We
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c.(a) = oa a . a
s(a) = = ~—
Ows wy(1+ 222w, ) 2w,
1,62 w,
c,(a)= oa a a
4\a)= oW 1 2,22 wy ) 2w,
1,62,
CombinirgFormutas{H3)and{H-+)—one-ean-get
[ 1 1 1 1 1"
2 2 2/ ) 2/ A}
B R2 /12 4 :? INLEY gm e/
i2
1 1 1 1 (H-8)
ug(a)/ a= {—ZuZ(R)+—2u2(/l)+—2u2(W3)+—2u2(w6)
R w3 Ws

Ug (a)/az\/[uA (a)/a]2+[uB(a)/a}2 (H.9)
whefe ug(a) is the combined standard uncertainty of the effective radius.

H.2[3.2 Evaluation of standard uncertainty for the focus half-angle of a focusing
transducer

From Formula (H.2), the following-sensiti+e sensitivity coefficients can be derived:

ci(P) =%= - —2tanf/a

The

ug (8) = JE (B2 (a) + B(BYA(R)

= \/(Ztanﬂ'u(a)/a)z +(2sin/3tan[j’~u(R)/R)2 (H.10)

The combined standard uncertainty of the focus half-angle is given by

us (B)1 8 =\[un (8)1 8T +[ue () £ (H.11)


https://iecnorm.com/api/?name=1889bbe4a8e60be95ca6aa300213cf61

IEC TS 62903:2023 RLV © |IEC 2023 - 49 —

H.2.4 Evaluation of the combined standard uncertainty for the radiation conductance
H.2.4.1 Type B evaluation of the standard uncertainty for the radiation conductance

H.2.4.1.1 Type B, component

From Formula (H.1), the following-sensitive sensitivity coefficients can be derived:

oG G
«(G)= ou, Up’

oG G
62(G)=£=E,

c(g)_a_G__ia"ﬂJriaG_Sf G
ST T s ) Gel o ’

04(G)=8_G= za_i OGst G
R Gg | OR

e (G) oG 2G
5 = =N ,
aUTrms UTrms

e(G) :Z—g —2RG

wh

D

Oay | [9Gsi |,y Gt btained by interpolating from the data in Table A.2|and
e | — |, an ——=~ are optaine Interpolatin rom e data In |able A.Z|an
P P aR y interpotating

Table B.1, respectively. Fort,, I, and Ut the average values measured can be used.

Because the echo xoltage U, and the short current [, are dependent on the exciting voltage
Uths, the following-Correlation coefficients should be calculated:

2?21 (U1,i - U1,av )(UTrms,i - UTrms,av )
(n— 1)S(U1 )S(UTrms )

r(U,Utims) =

Z?=1(Ik,i _Ik,av)(UTrms,i _UTrms,av)
(n —1)s(1k )S(UTrms)

”(Ik7UTrms) =

where (Us; Uy ). (I~ Ikav). (Utimsi = Utmsav)- $(U1). s(1,) and s(Uy,,) are calculated
from the data of n times repeated measurements of the radiation conductance, where s(x;) =
(n)12s,,(x,).

The covariance term in the type By component of the standard uncertainty is
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25" Z 002 Wl )

i=1j= l+1 (H12)
oG 0G oG oG

=2 rUU u(Uy Ju(U +——— (U u(L, u(U
|:6U1 OUTims ( 1 Trms) ( 1) ( Trms) ol OUtrms ( k Trms) ( k) ( Trms)

oG oG oG
ug(G) = Z?_{gj u?(x )+221 121 iy ax r(xi,xj)u(xi)u(xj) (H.13)

whefe ug¢(G) is the square root of the variance of the type B, evaluation of the~standard
uncertainty, which is calculated in accordance with ISO/IEC Guide 98-3.
H.24.1.2 Type B other components and Type A of uncertainty
Type B and Type A components and typical data of the relative uncertainties are showhn in
Table H.2.
Table H.2 — Components of the standard uncertainty for'the measurement of
the radiation conductance using the self-reciprocity method
Relativg
uncertainjty
No Source of the uncertainty component Symbol ug;(G)IG or
uptG Mo,
u,(G) G
1 Type B evaluation of standard uncertainty by ‘calculation from Ug, <1,0 %
experimental data
2 Introduced by aligning the beamwidth the direction of the hydrophone Ugy 1,7 %
and scanning in measurements of the effective—+radius focus
(half-)angle
3 Introduced by calculation of thediffraction correction coefficient G in Ugs 1,4 %
Table B.1
4 Read out the G value in Table B.1 by interpolation Ugy 1,2 %
5 Introduced by calculation of r, (8) value in Table A.2 Ugs 1,2 %
6 Introduced by, adjusting the beam direction and position of the Uge 1,4 %
transducer
7 Low tatig of signal to noise in measurement of current Ugy 1,2 %
8 Calgulated G; and the acoustic output power based on Rayleigh Uugg 7,0 %
integral different to their true values, where the focus half-angle is not
gredtier indr 4o
9 Type A evaluation of standard uncertainty of measurement for G up(6,,6) <3,5%

NOTE Data given in Table H.2 are evaluated from experiments using seven transducers as a reference. These
transducers were used with frequencies of 0,53 MHz, 1,52 MHz, 1,92 MHz, 5 MHz, 5,27 MHz, 10 MHz, and 15 MHz,
respectively. The results of five transducers are shown in Table H.3.

H.2.4.2

Combined standard uncertainty

The combined standard uncertainty is given by

16 (Gav) = a2 (Gay )+ 2.2 1131 (G) (H.14)
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H.2.4.3 Expanded uncertainty

For the coverage factor k£ = 2, the expanded uncertainty is

U =2u,(G) (H.15)

Five spherically curved transducers were measured and evaluated for the measurement
uncertainty. Table H.3 lists the results of these measurements and evaluation of uncertainty.

—Table 3 =Themeasurement resutts andevatuateddata—
of uncertainty for five transducers

f R p al G G, q u(a)a | u(B)Ip | ug,/G | u G |(udG U

Ng.
(MHz) | (mm) ) (mS) |(< Ggp) % % % % % o

1 0,532 30 19,6 3,60 3,30 0,96 | 0,971 | 0,444 | 1,74 | 0,250 4~ 169 7,89 16,8
1,92 40 10,3 22,3 5,23 0,98 | 0,992 | 0,720 | 0,644 | 0,253 2,33 8,05 16,1
5,0 50 10,8 32,1 | 0,173 | 0,99 | 0,991 | 1,42 1,70 40,353 | 1,18 7,80 16,6
10,1 25 8,8 25,7 15,1 0,99 | 0,994 | 3,13 2,76\ 0,774 | 0,241 | 7,74 16,5
15,0 60 55 57,3 3,05 0,99 | 0,998 | 1,25 1543 | 0,412 | 0,988 | 7,77 16,5

a | ] |N
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Annex |
(informative)

Measurement range for power and pressure and examples of
electroacoustical parameters obtained

1.1 Measurement range of acoustic pressure and power

1.1.1 Lower limit of acoustic power

The|prescribed minimum of acoustic power measurement using the self-reciprocity m fﬁ%i for
a 1Q MHz spherically curved transducer of diameter 8 mm and curvature 25 mm v@e- edted.
The|measured result is shown in Figure 1.1 The lower limit of acoustic power is Ie;ifghan 1 mwW.

90 F » . . < » . . < N a
80
70
60
50
40

P (mW)

30
20
10

0

4
$\ T2rms (V2) IEC

N

Figure 1.1 — The acqg@tic power as the function of the excitation

voltage squared 10 MHz spherically curved transducer with

backinQ\ diameter 8 mm and curvature 25 mm

The|measured results ofta 5 MHz focusing transducer with a diameter of 19 mm (0,75 inch){and
focal length of 50 y both basic measurement methods has shown that the minimum
medsured acoustic(power was 6,85 mW with the self-reciprocity method and 7,24 mW with the
radigtion force nce. The radiation conductance for the measurement is around 1,39 [mS,
the maximumﬁg{jation for self-reciprocity is 4,9 % and for radiation force balance is 5,4 %.

Theldiffrac i@ orrection is the main uncertainty source for focusing transducers within the gelf-
reciprocj chnique. The overall uncertainty with self-reciprocity is estimated to be within 8 %.
Thello imit of pressure measurement is dependent on the noise of the measurement sydtem

corrg nding to an acceptable signal-to-noise ratio.

1.1.2 Upper limit of pressure [27]

The measured results of a 1 MHz focusing transducer with a diameter of 60 mm and focal length
of 75 mm by the self-reciprocity method are shown in Figure [.2. The measured maximum
pressure and acoustic intensity are up to 5,58 MPa and 1,02 kW/cm?2 at the geometric focus,
respectively. The radiation conductance for the measurement is around 13,2 mS. The upper
limit of the pressure measurement is dependent on the nonlinear distortion effect at the focus
corresponding to a local distortion parameter og < 0,5.
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a) The fitting line of the focal acoustic pressure p; b) The fitting line of acousti¢ power P plotted
plofted against the effective exciting voltage Uy, against the exciting voltagesquared Uy, 2
of a transducer at 1 MHz frequency
Figure 1.2 — Results of a 1 MHz focusing transducer with a diaméter of 60 mm and folcal
length of 75 mm measured using the self-reciprocity method
1.2 Calibrated example of electroacoustical pafameters
1.2.1 1 MHz focusing transducer with air backing of diameter 80 mm and focal length
200 mm
Figyre 1.3 shows the parameters obtained ingldding radiation conductance G, voltage sensifjivity
|M], |transmitting response at geometric focus to current |S;|, and electroacoustical efficigncy
1,/e |Plotted against frequency.
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Figure 1.3 — Frequency responses of G, |Syl, [M|, n,, for a1 MHz
spherical transducer of diameter 80 mm and focal length 200 mm
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1.2.2 5 MHz focusing transducer with air backing of diameter 20 mm and focal length
20 mm

Figure 1.4 shows the parameters obtained including radiation conductance G, voltage
sensitivity [M|, transmitting response at geometric focus to current |[S; and

electroacoustical efficiency 7, plotted against frequency.

50 ; r . ; ; . T 260
| M

E3ot ]
O

N
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o
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240 | AN
20 |
10 L— : : : : : : 230 L— : : : : ) :
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Figure 1.4 — Frequency responses of G, |Sy|, [M|, n,, for a 5 MHz
spherical transducer of diameter 20 mm and focal length 20 mm
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This edition includes the following significant technical changes with respect to the previous
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a) Several quantities are recognized as complex-valued quantities in the definitions and in the
main text.

b) Annex | was added to provide typical measurement ranges and to provide example
calibration results.
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text of this Technical Specification is based on the following documents:
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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.

Thij document defines the relevant electroacoustical parameters for these devices |and
estdblishes the self-reciprocity measurement method for spherically curved concave)focusing
transducers.
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ULTRASONICS - MEASUREMENTS OF ELECTROACOUSTICAL
PARAMETERS AND ACOUSTIC OUTPUT POWER OF SPHERICALLY
CURVED TRANSDUCERS USING THE SELF-RECIPROCITY METHOD

eciprocity method,

c) e¢stablishes the criteria for checking the reciprocity of these transducers’and the linear rg

2) measurements in the frequency range 0,5 MHz\to 15 MHz, and
3) a@coustic pressure amplitudes in the focused field within the linear amplitude range.

Chafracterization and sensitivity calibration of hydrophones using the reciprocity method arg
addfessed in this document but coveredin IEC 62127-2 [1]! and IEC 60565-1 [2].

2 [Normative references

Thelfollowing documents arereferred to in the text in such a way that some or all of their con
congtitutes requirements of this document. For dated references, only the edition cited app
For [undated referefices, the latest edition of the referenced document (including
amgndments) applies.

IEC|60050-80%, "International Electrotechnical Vocabulary — Chapter 801: Acoustics
elecftroacaustics, available at www.electropedia.org

onic

nine
self-

nge

ties

gin

not

tent
ies.
any

and

3 I | dofiniti

For the purposes of this document, the terms and definitions given in IEC 60050-801 and
following apply.

the

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

T Numbers in square brackets refer to the Bibliography.
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average acoustic pressure
acoustic pressure averaged over the effective area of the transducer

Note

3.2

1 to entry: Average acoustic pressure is expressed in pascals (Pa).

rav(B)

average amplitude reflection coefficient

sphe
reference acoustic pressure p, on the effective area of the transducer in a nomsattenug

mea

3.3
G

sf

diffraction correction coefficient

quo

foc
atte

3.4
A
effe
<tra

field distribution characteristics that are approximately the same as those of a real transd
of the same type

Note

the geometric focal plane of a transducer is expected to be approximately the same as that of the real trans

with

Note
radiu

Note

3.5
Male

eleqtroacoustic efficiency

rically curved transducer of focus half-angle g, if the transducer were removéd;“to

ium with negligible diffraction

rav(ﬂ) = pav(ﬂ)/PO

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

| plane, to the reference acoustic pressure of thé transducer in the free-field of a
nuation medium

ctive area
hsducer> area of the radiating surface of a theoretically predicted transducer with spe

1 to entry: For a spherically-‘curved transducer, the theoretically predicted acoustic pressure distributig
he same geometric focal length when operating at the same frequency.

2 to entry: The half-aperture of an effective area is also named the effective half-aperture or the effg
5.

3 to entry: /The effective area of a transducer is expressed in units of metre squared (m?).

ron

the
the
tion

(1)

the

spherically curved transducer's virtual image at a positionkin*the distance of twice geometric
focjl length from the transducer, if an ideal reflecting mitror were located on the geom

Btric
hon-

icific
icer

n on
ucer

ctive

quotient of the acoustic output power to the electric input power

3.6

electroacoustical reciprocity principle
electroacoustical reciprocity theorem
principle that the quotient of the free-field voltage (current) sensitivity of a reciprocal
transducer as a receiver, to the transmitting response to current (voltage) of the reciprocal
transducer as a projector is constant

Note

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

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

[SOURCE: IEC 61161:2013, 3.2]

3.8
M()
free-field voltage sensitivity
receivi
<of @ spherically curved transducer> quotient of the Fourier transform of the open-circuit.odtput
voltage signal F(U(¢)) of a spherically curved transducer within the field of a point soUrceé 3at its
geometric focus to the Fourier transform of the free-field acoustic pressure waveform F(p(t))
for g specified frequency fand incidence on the surface of the transducer if the-{fransducer were
rempved
FU®)
M(f)=— (2)
(p(1))

Note|1 to entry: The free-field voltage sensitivity of a spherically curved transducer is a complex-value paranjeter.
The modulus of the free-field voltage sensitivity of a spherically curved transducer is expressed in units of vo|t per
pascal (V/Pa). The phase angle is the argument of the sensitivity and represents the phase difference betweeh the
electfical transducer output voltage and the incident pressure. THe unit of phase is the radian.
3.9
geometric beam boundary
surface containing straight lines passing throtugh the geometric focus and all points arqund
the periphery of the transducer aperture
Note|1 to entry: Applies to ultrasonic transducers of known construction.
[SOURCE: IEC 61828:2020, 3.64]
3.10
Fgec
geometric focal length
distance from the geometric focus to the position where the beam axis intersects the effegtive
focusing surface
Note|1 to entry: )Applies to transducers with known construction.
Note|2 to enfry: Geometric focal length is expressed in metres (m).
Note B+te-entr—TFhis-definitiorapplies—oniy-tefocusing-transducers-
[SOURCE: IEC 61828:2020, 3.66]
3.11
geometric focus
point for which all of the effective path lengths in a specified longitudinal plane are equal
Note 1 to entry: Equivalently, the spatial point for which the arrival times of all waves from the transducer have the

same delay relative to the voltage excitation of the transducer, as viewed in the approximation of geometrical
acoustics, neglecting diffraction.

Note

2 to entry: This definition applies only to focusing transducers.

[SOURCE: IEC 61828:2020, 3.67]
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3.12

LMpe

pulse-echo sensitivity level

twenty times the logarithm to the base 10 of the ratio of the received open-circuit voltage U, for

the first echo signal of the spherically curved transducer when acting as a receiver to the
exciting voltage of the transducer Ut when it is transmitting a tone burst ultrasonic beam in a
direction perpendicular to an ideal plane reflector (» = 1) at the geometric focal plane for a
specified frequency

Trios =20T0 [UA'\dB (3)
Mpe = g1OKUTJ

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

3.13
G
radiation conductance

quotient 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 definitien, "RMS" has been replaced jwith
"effgctive"” and "ratio" has been replaced with "quotient”.]

3.1

reciprocal transducer
linear, passive and reversible electroacoustictransducer such that the coupling coefficientq are
equal for transduction regardless of whether transduction is electrical to mechanical or |vice
verga

[SOURCE: IEC 60565-1:2020, 3.7]

3.15
J

reciprocity coefficient
<of & transducer> quetient of the free-field voltage sensitivity of a reciprocal transducer ps a
recdiver to the transmitting response to current of the transducer as a projector, or| the
quotient of the free=field current sensitivity of a transducer as a receiver to the transmitting
response to voltage of the transducer as a projector

M
J=-= (4)
S;
Note 1 to entry: The modulus of the reciprocity coefficient of a spherically curved transducer, |J|= J, is equal to

the quotient of twice the effective area of the transducer to the acoustic characteristic impedance of the medium,
i.e.

=
N
PN

(5)

=)
Y
)

where
A is the effective area of curved surface of the spherically curved transducer;
p is the (mass) density of the medium;

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

Note 2 to entry: The reciprocity coefficient is expressed in units of watt per pascal squared (W/Pa?).
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3.16

Po

reference acoustic pressure

product of the uniform normal particle velocity on the spherically curved surface of the
transducer and the characteristic impedance of the medium

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

3.17
reversible transducer
transducer capable of acting as a projector as well as a receiver

[SOURCE: IEC 60565-1:2020, 3.8, modified — In the definition, "hydrophone" has beensreplaced
with|"receiver".]

3.18
selftreciprocity method
trangducer calibration method based on the reciprocity principle that uses’the received gcho
signjal from the plane reflector that is set perpendicular to the ingident beam axis of| the
trangducer

3.19
S;(f)
transmitting response to current
transmitting current response

<of @ transducer> quotient of the Fourier transform gbthe reference acoustic pressure F(p(¢))
on the radiating surface of a transducer in the free.field in the absence of interference effects
to tHe Fourier transform of the exciting electricalcurrent F(I(¢)) through the electrical terminals
of the transducer for a specified frequency.£

F(po(1))

S;(f)= 7(1()

(6)

Note|1 to entry: The transmitting response to current of a transducer is a complex-valued parameter| The
modylus of the transmitting-response to current is expressed in units of pascal per ampere, Pa-A~". The phase
anglg is the argumentsof-the transmitting response and represents the phase difference between the acdustic
presgure at the surface“of the transducer and the electric current. The unit of phase angle is the radian.

3.20
Sulf
traqsmitting response to voltage

tranfsmitting voltage response
<of a transducer> quotient of the Fourier transform of the reference acoustic pressure F(p(¢))

on the radiating surface of a transducer in the free field in the absence of interference effects
to the Fourier transform of the electrical exciting voltage across the terminals of the projector

F(U+(t)), for a specified frequency f

Note 1 to entry: The transmitting response to voltage of a transducer is a complex-valued parameter. The modulus
of the transmitting response to voltage is expressed in units of pascal per volt, Pa-V~'. The phase angle is the
argument of the transmitting response and represents the phase difference between the reference acoustic pressure
at the surface of the transducer and the exciting electrical voltage. The unit of phase angle is the radian.
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4 Symbols

a effective half-aperture, effective radius of transducer

A effective area of transducer

c speed of sound in sound propagating medium usually in water

d distance from the centre of the transmitting surface of the transducer to the
reflecting plane of the reflector in the geometric focal plane

fo resonant frequency

Je central frequency

Fyeq geometric focal length (F,= R)

G radiation conductance

Gyt diffraction correction coefficient for spherically curved transducer’in free-field
self-reciprocity calibration

h height (depth) at the centre of a spherical segment

1 acoustic intensity

17, ffrrms exciting current amplitude, effective exciting current

Iy short-circuit current amplitude of the generator

Igch first echo current amplitude

J reciprocity coefficient of transducer

Jst modulus of the reciprocity coefficient of spherically curved transducer

k circular wave number (k = 27/4)

km ratio of the acoustic pressureat'the geometric focus to the reference acoustic
pressure on the radiation surface of the transducer in a non-attenuating medium

/ distance from the centreof receiving surface of the hydrophone to the centie of
the transmitting surface of the transducer along their common axis after
alignment

Lypé pulse-echo sensitivity level

M free-field voltage sensitivity (receiving voltage response) of a spheri¢ally
curved-transducer

Po reference acoustic pressure of a radiating surface

P acoustic output power

Py electrical input power

q ratio of the true time-average intensity 7/ to the time-average derived intensity Iy
at the geometric focus (g = (1 + cosp)/2)

Onm mechanical quality factor

r amplitude reflection coefficient

7av(B) average amplitude reflection coefficient on a plane reflector in the geometric
focal plane in water for a spherically curved transducer

R radius of curvature

S; transmitting response to current

Si transmitting response at geometric focus to current

Sy transmitting response to voltage

transmitting response at geometric focus to voltage
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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 when picking up the exciting current of the
transducer

Uleome output voltage of the current probe when picking up the first echo current of the
transducer

Uy output voltage of the current probe when picking up the short-circuiticurrent of
the tone burst generator

Urm effective voltage

v particle velocity

ws -3 dB beamwidth on geometric focal plane

we -6 dB beamwidth on geometric focal plane

Yt electric admittance of transducer in a medium (usually in water)

Z electric output impedance of generator

Zr electric impedance of transducer in a medium (usually in water)

a acoustic attenuation coefficient in a medium (usually in water)

B focus half-angle (# = arcsin(a/R))

O electric impedance angle

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

Nale electroacoustic efficiency

A wavelength

T pulse duration

5 [General

Theltransducer characteristics include the ultrasonic field parameters and the transmission|and

recgption perfermance parameters.

The|focused field performance parameters include the effective half-aperture (the effegtive

radiyis), \the beam width, the effective area, the geometric focal length, and the fgcus

halfiangle 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 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
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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. Examples of typical measurement ranges and calibration results are
given in Annex I.

6 Requirements of the measurement system

6.1 Apparatus configuration

The[electrical system of the apparatus consisis of a tone burst generafor, a current mohitor
(prope), an oscilloscope and two switches. The acoustical system consists of a water,_tank for
the measurements, a measurement hydrophone, fixtures, positioning and orientation*systems
(for |both the transducer and the hydrophone), displacement sensors or indicaters, arnd a
stainless-steel reflector, as shown in Annex F. The apparatus for determining, the effegtive
radiis and the self-reciprocity calibration are shown in Figure F.1 and Figure F.2, respectiyely.

6.2 Measurement water tank

Theltank shall have sufficient effective space of water bath to ensure_that the maximum distgnce
between the hydrophone and the transducer can be achieved to.meet the requirementg for
fixtures, positioning and orienting the devices. The minimum dimensions of the tank for the fone
burdt field measurement only should be (R + c¢t) x (2Rct +, ¢252)1/2 x (2Rctr + ¢272)1/2 (length x
width x height), where R is the radius of curvature, ¢ is the speed of sound in water, 7 ig the
pulse duration and less than or equal to 30 cycles. Considering other requirements the fank
sholild be not smaller than 0,55 m x 0,32 m x 0,38 m,(length x width x height). The tank is fjlled
with[ degassed water, and the water temperature is indicated by a thermometer. The water
temperature should be stable within £0,5 °C during measurements and should be meas{red
with] a thermometer of +0,2 °C accuracy.-Usage of deionized and degassed watefr is
recdmmended. Procedures to prepare degassed water are given in [IEC TR 62781 [3].

6.3 | Fixing, positioning and orientation systems

Theltransducer and the hydrophohe’ shall be fixed on fixtures that allow positional adjustment
of the devices in three perpendicular directions as well as allowing their angles of azimuth|and
elevjation to be independently 'and continuously being adjusted. The positioning accuracy shpuld
be Qetter than £0,1 mm in the axial direction z and +0,01 mm in the lateral directions x and y,
whilg the orientation accuracy should be better than £0,05°. The resolution of the displacement
sengor should be 0,01 ' mm or less.

6.4 ReflectorF

Thelreflector-is a thick plate or cylinder made of stainless steel. One of the planes or terminal
surfaces of the reflector is used as a reflection plane that should be flat to 10 ym and shpuld
alsol show a surface finish good to 5 um. The thickness of the reflector shall be large enqugh

t apra thot tho flect nnbo feors dhn paoe o efonn done ot tntaefarn it thot foo s th o t
0 eRstFre—thRatthe—HSteeRo—rofm—thefearSufrace—aoeshotterrere—whh—matHoem—tme—ron

surface at the lowest frequency used. A reflector with minimum thickness of 60 mm is suitable.
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
rav(B) 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,,(f) 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
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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 %.

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 a, 5 Of the hydrophone active element should satisfy Formula (8):

A
Ahmax = a 1 +ad? (8)

whefe [ is the distance between the hydrophone and the transducer, g.is)the effective half-
apefrture of the transducer, and 1 is the wavelength. The hydrophone @sed for the procedure
does not need to be calibrated.

7 [Measurement of the effective half-aperture of the spherically curved
transducer

71 Setup

Theltransducer and the hydrophone are arranged:in the water tank as shown in Figure F.[1. A
tond burst generator is used to excite the transducer directly or using a matching network.|The
hydiophone is used to detect the acoustic pressure in the field. The oscilloscope is used to
detgct the exciting voltage of the transducer, the output voltages of the hydrophone and| the
current monitor.

7.2 | Alignment and positioning(of the hydrophone in the field

IEC|61828 [4] is the measurement guideline of this section. Only the geometric focal length
is uged in this document.

Firsfly, the exciting voltage and frequency of the transducer shall remain constant. Then| the
maximum sensitivity ;direction of the hydrophone shall be aligned with the beam axis off the
trangducer to maximize the output voltage of the hydrophone. In the third step, the axial
distance between the hydrophone and the transducer along the beam axis shall be adjustgd to
makle the agoustic pulse transit time Afg between the transmitted pulse and the directly recejved

pulsie of the hydrophone equal to R/c, where R is the radius of transducer surface curvature] i.e.
the geometric focal length, and c is the speed of sound. i.e.

Atg = Rlc. (9)

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 (ws,, w3, and wg,, W6y) to be
detected, respectively. The effective half-aperture or the effective radius of the transducer is
calculated from the average beamwidths w4 and wg in two directions as
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Jl{ﬁﬂﬂ (10)

a=
2n| w, W
where w3 = (W3x + W3y)/2, Wg = (st + Wey)/2
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

p = arcsin(a/R). (11)

Theleffective area of the spherically curved transducer is given as follows:

A =27R?(1-cos §) (12)

8 |Measurements of the electroacoustical parameters and the-acoustic outpuyt
power

8.1 | Self-reciprocity method for transducer calibration
8.1.1 Experimental procedures

The(transducer and the reflector are arranged in the-water tank as shown in Figure F.2.|The
working frequency of the tone burst generator is set)at'a specified frequency f, and the oytput
voltage is kept constant. The pulse duration is egqual to or less than 30 cycles, and the duty
cycle factor is approximately 1/30. The open-circuit voltage U, and the short-circuit current 7,

of the generator are detected using the oscilldscope and the current monitor. If Uy is very Idrge,
I, should not be detected to avoid damage of the generator. The transducer to be measured 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 reflegtor,

and|the reflector distance from thé transducer d remains equal to the geometric focal length

Fyeq by keeping the pulse transititime equal to 2R/c.

Finglly, the oscilloscopeyand the current monitor are used to detect the exciting voltage Uy the
exciting current I, theyphase difference 0, between Ut and I, the echo voltage U,, and the
echo current /o pe.

If thp signal-to-noise ratio of the echo current signal is too low to prevent excessive distortion,
then noise.reduction processing is required. The root-mean-square (RMS) echo current after

noise redudction is equal to the square root of the difference between the mean square valde of
the W@ﬁm@m ' i

8.1.2 Criterion for checking the linearity of the focused field

The reversible properties of the transducer can easily be confirmed by the designer and
manufacturer based on its usage and the transfer characteristics. In the calibration procedure
the ratio of the echo voltage to the exciting voltage U4/Ur,,,s Should approximately be constant

to within +5 %. The criterion for the upper limit of the linear range of the focused field is
determined empirically by increasing the excitation voltage continuously and finding the point
where U4/Ut,, 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.
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8.1.3 Criterion for checking the reciprocity of the transducer

The linearity of the transducer can be checked in an anechoic water tank by picking up the
vibration signal Uy, from a small piece of water-proof PVDF sensor glued on the radiating

surface. Then, increase the exciting voltage Ug continuously and determine Uy, and Ut
simultaneously. The checked change value of U,,/U; 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.

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

c U, [ o
|§1|=\/ PEtk e (13)
2 Arg, (B)Ggt It

U, I
2 Arg, (B)Gs Ut

and|the modulus of the voltage sensitivity is givén by

|M|=\/ 2 AU e (15)

p cray (PGt I7

whefe

d is the distance between the reflector and the transducer, and d = F,, for a spherigally
curved transducer;

a is the acoustiC attenuation coefficient in water (see Annex D);

rov(#) is the average amplitude reflection coefficient on the reflector for the spherigally

curvedfransducer during the self-reciprocity calibration (see Annex A);

sf is the-diffraction correction coefficient of the spherically curved transducer during the

free-field self-reciprocity calibration (see Annex B and Annex C).

When the exciting voltage is very high, U,/ should be replaced with Uyl

echo-

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

The modulus of the transmitting response at geometric focus to current (voltage) is given
by

pclU;q I
|§,f|=km\/ 1 he (16)
2 Argy (B)GsIT
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cU, I
I&/f|=ka Prtk (17)
2 A’"av(,B)Gsf 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

= 2xn/A, and & is the height (depth) at the centre of the spherical segment.

8.4 Calculation of the pulse-echo sensitivity level

The[pulse-echo sensitivity level is given by

U, [
LMpe =20|Og10[m} dB 18)

8.5| Measurements of the radiation conductance and the mechanigcal quality factor(Q,

8.5.1 Calculations of the acoustic output power and the radiation conductance

The|pulse average output power for a tone burst wave equal o) the temporal average oytput
powker of a continuous wave with the same acoustic pressure amplitude is given by

P= U1 [k e2ad (19)

4r,, (PG

The|radiation conductance is then given as{(see IEC 61161 [5])

G-k Uq Iy g2ad (20)

T2 2
UTrms 47y (B)Gst UTms

8.5.2 Measurement of the-frequency response of the radiation conductance

Whegn changing working frequency adjacent to the maximum radiation conductance frequgncy
Jo, the frequency reSponse G(f) of the radiation conductance should be measured. [The

resgnant frequency-f; and the edge frequencies f; and f, of the -3 dB bandwidth in the |G(/)
curve are deteeted, where f; and f, are the nearest frequencies with a half-maximum radiation
congductance)values, and f, > fy > f;. Then the mechanical quality factor Q,, is calculategl by
Formula«14), where the bandwidth is Af'= 15 - £,

On = fo/Af (21)

For transducers with low Q,, where detection of the resonant frequency f is difficult, the central
frequency f; = (f; +/2)/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, =0,5 Ut I cosb,. (22)
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8.6.2 Calculation of the electroacoustic efficiency

The electroacoustic efficiency is given by
Naje = P/Psx100% . (23)

8.7 Measurement of the electric impedance (admittance)

A network (impedance) analyser 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 glternative method involves the calculation of either the electric impedance Z; or, the elegtric
admjittance Y7, as follows:

Zy =(U; /17 )(cos@, + jsing, ), (24)

Y; = (15 /U; )(cos8, — jsing,) . (25)

Whegn the impedance is set to be in a frequency band, U/t and their phase difference ¢, in
Formulas (24) and (25) should be measured over this ftequency band.

9 |Measurement uncertainty

Over the frequency range from 0,5 MHz to 15 ' MHz, five spherically curved transducers witH the
working frequency range 0,532 MHz to 15t8MHz were measured and their values of measurement
uncIrtainty were evaluated. The followirg values represent the expanded uncertainties with a
covgrage factor of two.

e The measurement uncertainty of the radiation conductance shall be better than 17 %
e The measurement uncertainty of the acoustic output power shall be better than 17 %.

e The measurement uncertainty of the transmitting response to voltage shall be better than
8,5 %.

e The measurement uncertainty of the voltage sensitivity shall be better than 9 %.

¢ The meastrement uncertainty of the electroacoustic efficiency shall be better than 18 %.

Morge infermation on uncertainty determination is provided in Annex H.
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Annex A
(informative)

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 [6],[7]

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-A2-
The|average amplitude reflection coefficient on the plane interface of water-stainless gteel
in the geometric focal plane for a spherically curved transducer is expressed by Formulas (A.1)
to (A.9).
IJ7(@)9s) |[” () sing do |
_l4 _ , .
(P = A 1-cosp
where 0, is the incident angle, g is the focus half-angle, and 7(0;) is the amplitude reflegtion
coefficient of the plane wave with an incident angle 6; on the plane reflector.
2 N2
I’(gi)==|ZZL cos2 204 +Z % s!n2 201 -7, | (A.2)
|Z2L COS” 260 +Z 57 SIN“ 20, +Z,, |
whefe 6, and 6,1 correspond to the refraction angles for the longitudinal wave and|the
trangverse wave, respectively. Z, .and Z,; correspond to the equivalent characterjstic
impédances in propagation direction~of the refraction beam in the reflection medium for| the
Ion{tudinal wave and the transverse wave, respectively. Z; is the equivalent characteifistic
impedance in the incident liquid ;medium.
6y =arcsin(cz—Lsin0,J (A.3)
L
Ot = arcsin(Q—Tsinﬂ,J (A.4)
L
Zo = py co [COSHy (A.5)
Zo1 = py cot [COSOyT (A.6)
Zy = p1 ey [cost (A.7)

where p4, c¢qand p,, ¢y, co cOrrespond to the (mass) density, speed of sound in incident liquid

medium and reflection medium for longitudinal wave and transverse wave, respectively.

The critical angles on the liquid-solid interface for the longitudinal wave and transverse wave
in turn are
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€C1 = arCSin(C1L/62L)

(902 = arCSin(C»”_/CZT)

(A.8)

(A.9)

Formula (A.2) is the expression of the amplitude reflection coefficient »(6;) for a plane wave. If
the incident angle ¢, is greater than the second critical angle 60, the full inner reflection happens

(r(0py="hH—TheparametersusedinmattcatcutationsaretistedimTabte At———————

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

. p 1L CaL Cat1 Ocy Oc2
Medium
(10° kg/m?) (10% m/s) (10% m/s) (103 m/s) () ©)
staipless steel 7,910 - 5,790 3,100 14,93 28,77
watpr 1 1,492 - - — -

Thelcalculated values of the amplitude reflection coefficientfor different incident angles of plane
waveg are listed in Table A.2 and shown in Figure A.1.

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

Indident angle Reflection Incident angle Reflection Incident angle Reflection
coefficient coefficient coefficient
o, (%) r(6;) a:°) r(6;) 0, () r(6;)

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 05937 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
U U,930 £O U,91Y 44U 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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Figure A.1 — Relation curve of the amplitude reflection coefficient »(6;) on the
interface of water-stainless steel for a plane wave'with the incident angle 6,

IEC

Thelvalues of the average amplitude reflection coefficient for different focus half-angleq are
listeld 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 for various focus half-angles g

Focus Average Focus Average Focus half- Average
half-angle amplitude half-angle amplitude angle amplitude
reflection reflection reflection
coefficient coefficient coefficienit
B() Fay(B) B () Fay(B) B Tay(B)
1 05937 16 0,941 31 0,908
2 0,937 17 0,936 32 0,832
3 0,937 18 0,933 33 0,825
4 0,937 19 0,930 34 0,830
5 0,937 20 0,928 35 0,837
6 0,937 21 0,927 36 0,844
7 0,937 22 0,926 37 0,851
8 0,937 23 0,926 38 0,858
9 0,937 24 0,925 39 0,865
10 0,937 25 0,925 40 0,871
11 0,937 26 0,924 41 0,877
12 0,937 27 0,924 42 0,882
13 0,937 28 0,924 43 0,887
14 0,938 29 0,926 44 0,892
15 0,940 30 0,928 45 0,897
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Figure A.2 — Average amplitude reflection coefficient r,,(#) on the plane

interface of water-stainless steel in the geomeétric focal plane of
a spherically curved transducer plotted against 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 [7],[8],[9]

In self-reciprocity calibration, G¢; (R/1,4) is the function of the ratio of the radius of curvature to
the wavelength R/ and the focus half-angle of the radiation surface of the transducer. The

the T atati U G
is derived in Annex C. By interpolation of the data provided in Table B.1, the suitable.valye of
G4s Fan be obtained. The beamwidth of the main lobe (diameter of Rayleigh speckle) on| the
geometric focal plane of the spherically curved transducer 1,22 RA/a shall be smaller than the
halfifaperture a of the transducer (the minimum beamwidth of the circular planar pigton
trangducer with the same half-aperture) for focusing, i.e. R < 0,81a2/A or > drcsin(1,22 f/a).
The|Rayleigh integral is applicable for the calculation of G for f < 45°.
NOTE The values of G in Table B.1 are with slight oscillations in both directiops_ of"R/A and g, which leads fo an
unceftainty in the interpolation (see Table H.2). The empty spaces in the low fecus half-angle region in the ftable
show| where the focusing condition is not satisfied. Transducers with much™greater R/A and f are limited by the
effectiveness of the Rayleigh integral and by manufacture.
Table B.1 — Diffraction correction coefficients Gg; of a circular spherically
curved transducer in the self-reciprocity calibration method [7],[8],[9]

] RIS,

C) 268 | 335 | 504 | 536 | 670 | 8,04~ 840 | 10,1 | 10,7 | 11,8 | 13,4 | 1p.1

5 — — — — — — — — — — — -

10 - - - - - - - - - - - -

15 - - - - N - - - - - - -

20 - - - - - - - 0,739 | 0,741 | 0,755 | 0,791 | 0,B14

25 - - - 5 - 0,773 | 0,785 | 0,816 | 0,814 | 0,807 | 0,821 | 0,B42

30 - - 0,750 \_0,763 | 0,816 | 0,810 | 0,808 | 0,838 | 0,845 | 0,841 | 0,853 | 0,860

35 - - 0,820 | 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

451 0,797 | 0,827-| 0,853 | 0,848 | 0,870 | 0,878 | 0,882 | 0,891 | 0,888 | 0,898 | 0,904 | 0,p09

) RIA.

C) £46,75 | 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 RI%
) | 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,p52
40( | 0,937 | 0,940 | 0,941 | 0,943 | 0,946 | 0,948 | 0,949 | 0,950 | 0,952 | 0,953 | 0,954\ |,0,p58
45( | 0,944 | 0,946 | 0,948 | 0,950 | 0,952 | 0,954 | 0,955 | 0,956 | 0,958 | 0,959 | 0,960 | 0,p63
A RI
¢ 107,2 | 117,3 | 120,6 | 1256 | 134,0 | 150,8 | 160,8 | 167,5 | 175,9 201 209,4 | 234,5
5 - - - - - - 0,736 | 0,738 | 0,743 | 0,773 | 0,784 | 0,B07
1 0,836 | 0,847 | 0,852 | 0,857 | 0,857 | 0,864 | 0,872 | 0,8717\0,871 | 0,881 | 0,881 | 0,889
14 0,890 | 0,897 | 0,896 | 0,899 | 0,902 | 0,906 | 0,911 | 09| 0,915 | 0,920 | 0,920 | 0,p26
2 0,918 | 0,921 | 0,922 | 0,924 | 0,926 | 0,930 | 0,932 % 0,933 | 0,935 | 0,939 | 0,940 | 0,p44
24 0,934 | 0,937 | 0,938 | 0,939 | 0,941 | 0,944 | 0,946 | 0,947 | 0,948 | 0,952 | 0,952 | 0,p55
3 0,945 | 0,947 | 0,948 | 0,950 | 0,951 | 0,954 |~0y955 | 0,956 | 0,957 | 0,960 | 0,961 | 0,p63
34 0,954 | 0,955 | 0,956 | 0,957 | 0,958 | 0,961\ 0,962 | 0,963 | 0,964 | 0,966 | 0,967 | 0,p63
4 0,960 | 0,962 | 0,962 | 0,963 | 0,964 | 0,966 | 0,967 | 0,968 | 0,968 | 0,971 | 0,971 | 0,p73
44 0,965 | 0,966 | 0,967 | 0,968 | 0,968%0,970 | 0,971 | 0,972 | 0,973 | 0,974 | 0,975 | 0,p76
B RI
© 251,3 | 268,0 | 293,1 | 3015 | 3350 | 351,8 | 402,0 | 450,0 | 500,0 | 550,0 | 603,2 | 690,0
5 0,810 | 0,808 | 0,803,4%0,804 | 0,820 | 0,830 | 0,838 | 0,840 | 0,857 | 0,856 | 0,864 | 0,4 71
10 0,893 | 0,896 | 0,902 | 0,901 | 0,906 | 0,909 | 0,914 | 0,920 | 0,923 | 0,927 | 0,929 | 0,$33
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 p=_arcsin(a/R), h = R (1 - cosp), 4 = clf, ¢ = 1492 m/s in water at 23 °C, f is the frequency, ang the
approximdtion and focusing conditions are 45° =2 g > arcsin(1 ,22/1/(1).
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Annex C
(informative)

Calculation of the diffraction correction coefficient Gy (R/4,p)
in the free-field self-reciprocity calibration in a non-attenuating
medium for a circular spherically curved transducer [7],[8],[9],[10]

The coordinate system with the origin point (0,0,0) at the focus of the self-reciprocity method
for a C|rcular spherlcally curved concave transducer is shown in F|gure C.1whereRis the rad|us

3 : : 2 6 is
the [focus half-angle. 4 is the area of radiation surface of the concave spherical seghient.
Suppose there is a spherical segment area 4’ of the transducer's virtual image at the_posjtion
of two times of the geometric focal length from centre of the transducer surface on the bpam
axis|z, which is symmetrical about the geometric focal plane (x,y,0) as a perfect-plane reflgctor
with|the transducer.

yﬂ

Ny

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)

Geometric acoustics’supposes that the field is symmetrical about the geometric focal plan¢ for
mirrpr effect, see’[6] and IEC 61828 [4], so 4 = A'. The wave front is convergent in front of the
geometric focus O (0,0,0) and becomes divergent beyond the focus, while it is almost a plane
wavge at _the.focus. The average acoustic pressures on 4 and A’ are identical (neglegting
diffraction)effects in a non-attenuation medium). This is because the radius of curvature |R is
mudh greater than the wavelength and the spherical wave field is 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 G for the acoustic medium.

The diffraction correction coefficient is the ratio of the free-field average acoustic pressure
Pav(R) on 4’ to the reference acoustic pressure py = pcvg = p,,(-R) on 4 in a lossless medium,

where v is the amplitude of the uniform normal particle velocity on 4, i.e.

Gst = |Pav (R)/ o (C.1)

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 [10] for Gi; whose approximate conditions
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are that the depth 7 of the concave surface of the radiator and the wavelength A both be small
compared with the radius a; the value of i/4 is not restricted. The approximation theory is based
on the Rayleigh integral. Research has shown the applicability of the Rayleigh integral and the
result depends on the position in the field [11],[12],[13]. 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.

t —jk¢é Jjo 2 —jk¢
pecvy e’ e’ povy € ®-* e R
= ds = dyd C.2
p=] 7 ”A - J 7 f f_/a 2 \,/Rz—ﬁz—yz ydx (C.2)

a—x R

e LI gt

A!

dy’ dx’

whefe

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

¢ is the speed of sound in medium;

vp i the amplitude of uniform normal particle velocity on thestrface of the transducer;
A is the wavelength;

dS is the element area on concave spherical segment A;

dsS’ is the element area on mirror image surface A%

&= /(x—x')z +(y—y’)2 +(z—z')2 is the distange between (x,y,z) on dS and (x’,y',z') on dS".

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

[
Q
3

The|diffraction correction coefficient becomes

|p | R//l e—jZTCgZ//l . , - li
> sind’ sinddpdo dé (£.4)
| | 1-cos &/
whefe
£ = RAV/(c.inF)r‘nqcn—e.inH')z +(~:in9<‘.inr’n)2 +(r‘nq9+(‘nqﬁ)')2 (C.5)

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

The integral ranges are ¢ €(0,2n), 6<(0,8), ¢ €(0,8) 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.
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A detailed list of G4¢(R/4,B) values is given in Annex B. The needed value of G4 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 [14]

In tHe temperature range from 15 °C to 35 °C, the speed of sound in water is expréssed ag
c=1404,3+4,7{T}-0,04{T}? (P-1)

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

Valyes 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

Tgmperature Speed of sound Temperature Speéd-of sound Temperature Speed of sound
(°C) (m/s) (°C) (m/s) (°C) (m/s)
15,0 1465,8 20,5 1483,8 26,.0 1499,5
15,5 1467,5 21,0 1485,4 26,5 1500,8
16,0 1469,3 215 1486,9 27,0 1502,0
16,5 1471,0 22,0 1488,3 27,5 1503,3
17,0 1472,6 22,5 1489,8 28,0 1504,5
17,5 14743 23,0 1491,2 28,5 1 505,8
18,0 1475,9 23,5 1492,7 29,0 1507,0
18,5 1 471,6 24,0 1494,1 29,5 1 508,1
19,0 1479,2 24,5 1495,4 30,0 1599,3
19,5 1 480,7 25,0 1496,8 30,5 1510,4
20,0 1482,3 25,5 1 498,1 31,0 1511,6

D.3 Acoustic attenuation coefficient for propagation in water

The value of a in the megahertz frequency range is proportional to /2 and should be taken from
the following polynomial fit as a function of temperature T (valid in the range 0 °C to 60 °C)
(taken from [15], simplified):

alf2 = (56,85 - 3,025 {7} + 1,174 x 10~1 {132 - 2,954 x 1073 {7}3 + 3,970 x 105 {7}* (D.2)
- 2,111 x 1077 {7}5) x 10~15 Hz 2m"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~1, its numerical value must
be multiplied by 20 log4q(e) = 8,69.
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Values of a /f2 in water dependent on temperature are given in Table D.2.

Table D.2 — Dependence of « /f2 in water on temperature

Temperature alf? Temperature alf? Temperature alf?
(°c) 10""5Hz 2m™1 (°c) 10""5Hz 2m™1 (°c) 10""5Hz2m™1
15,0 29,77 20,5 24,97 26,0 21,28
15,5 29,27 21,0 24,60 26,5 20,98
16,0 28,79 21,5 24,24 27,0 20,69
16,5 28,32 22,0 23,88 27,5 20,40
17,0 27,86 22,5 23,53 28,0 20,.M
17,5 27,42 23,0 23,19 28,5 19,84
18,0 26,98 23,5 22,86 29,0 19,56
18,5 26,56 24,0 22,27 29,5 19,29
19,0 26,15 24,5 22,21 3040 19,03
19,5 25,75 25,0 21,89 3055 18,77
20,0 25,36 25,5 21,58 31,0 18,51
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Annex E
(informative)

Principle of reciprocity calibration for spherically
curved transducers [7],[8],[9],[16],[17]1,[18],[19]

Principle of reciprocity calibration for an ideal spherically focused field
a transducer

of

In ggometric acoustics, suppose that an ideal concave spherically curved transducer excite
a cyrrent /1 transmits the sound wave in a non-attenuating medium without diffraction. effe

whefe the normal velocity v over its radiation surface is uniform. On the other side, imagine
a pqint source at the geometric focus of the transducer transmits a divergent spherical W
whoke wave front reaches and coincides with the space surface of the transduger.with the s

free
reci
amp
the
Whe
surf
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Forn
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idedl plane reflector, the reference “acoustic pressure on the radiating surface of
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p =
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half

field normal velocity as if the transducer were removed. Theoretically, in ideal
procity calibration where the tone burst generator excites the transducebwith pulse cun
litude /7 and an ideal plane reflector with amplitude reflection coefficient of 1 is place
jeometric focal plane, the reflected echo field is just the field of-the’imagined point soy
n the surface of the transducer as a receiver is blocked, the total acting force over
hce in the echo field is F and the open circuit voltage is U.

prding to the electromechanical reciprocity condition satisfied by a reciprocity transdy
hula (E.1) is applicable, see [20]:

[ (
|, 1]

ideal symmetry of a spherical wave-in a non-diffracting and non-attenuation field an

sducer pg = pev is approximately equal to the acoustic pressure amplitude averaged
surface p,,, i.e. pg= p,,. The free-field echo acoustic pressure p, on the former sy
hce of the transducer in-the field of the imagined point source is also uniform and equ
cv = p,, if the transducer were removed. The output power is equal to the power thrg

eceiving surface where the acoustic pressure and the particle velocity are in phase becs
radius of curvature R is much greater than the wavelength. The scalar sum of the ag
b components narmal to and on the element areas over the blocked rigid surface of
sducer F istdouble that of the free-field echo acoustic pressure multiplied by the sur
A, i.e. F=X2py4 = 2pcvA, where 4 = 2nR2(1 - cosp) is the effective area and S is the fq
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Sub

titlte previous relation into Formula (E.1) and consider the free-field transmit

kting

response to current of the transducer |S;| = po/I; and the free-field voltage sensitivity
|M|= Ulp, = Ulp = Ulpg, so that the reciprocity coefficient J and S; as well as the free-field
voltage sensitivity of a spherically curved transducer can be obtained as follows, see

IEC

62127-2:2007/AMD2:2017, Annex K:

M| UT F 24
SRRy

§[| p2 (pcv)2 pc
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(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 Gg¢
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_of the
geometric focal length from the transducer, supposing an ideal reflection mirrer eon| the
geofetric focal plane, to the reference acoustic pressure p, on transmitting surface arg¢a 4
of the transducer in a free-field of a non-attenuating medium: Gg; = po,,/pg, With pg = pcv.|The

geometry of the transducer surface area 4 and its virtual image surface aréa, 4’ is shown in
Figdre C.1, where the radius of curvature R is equal to the geometric focal Tength. The ofigin
of cpordinates is at the geometric focus and xy plane is in the geometricfocal plane.

Thelattenuation coefficient o in @ medium (usually water), the diffraction in the field, and the
amplitude reflection coefficient » (< 1) of a real reflector all need to be considered in| the
calipration simultaneously. Therefore, the real free-field average acoustic pressure p'5 | on

the receiving spherical segment area 4' drops equal to pOerfe‘ZO‘d. Then the real open cifcuit
voltage U’ of the transducer as a receiver also drops equal to UrGSfe‘Z“d (< U) proportionglly,
i.e. = U'e24d|(rGg) where d = Fye0 = R is the geometric focal length, i.e. the distance between
the reflector and the transducer. From definitions |S,[*= po/I1, |M| = U'lp'5,, = Ulpg, thereforg the
real|free-field reciprocity coefficient J  in the" self-reciprocity calibration for a spherigally
curvied transducer is still 24/(pc).

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

Subgtituting U = U’ezad/(erf) into-Formulas (E.3) and (E.4), the following formulas are derived:

|_1|:J v :\/ U’ wd E.5)
It Jgt It Jgt r Ggt
| |_ UJSf _ U’Jsf ad (E 6)
- [T [T I”Gsf

The =

Ult pc_aa
Po=[Si|1r \2 A7 Gy (E7)

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

electric terminal:
|§U|:L Ullr pcaa (E.8)
Ur\2 4r Gg
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