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Publication numbering

As from 1 January 1997 all IEC publications are issued with a designation in the
60000 series. For example, IEC 34-1 is now referred to as IEC 60034-1.

Consolidated editions

The IEC is now publishing consolidated versions of its publications. For example,
edition numbers 1.0, 1.1 and 1.2 refer, respectively, to the base publication, the
base publication incorporating amendment 1 and the base publication incorporating
amendments 1 and 2.

Further information on IEC publications

The technical content of IEC publications is kept under constant review by the IEC,
thus ensuring that the content reflects current technology. Information relating to
this publication, including its validity, is available in the IEC Catalogue of
publications (see below) in addition to new editions, amendments and corrigenda.
Information on the subjects under consideration and work in progress undertaken
by the technical committee which has prepared this publication, as well as the list
of publications issued, is also available from the following:

•  IEC Web Site (www.iec.ch)

•  Catalogue of IEC publications

The on-line catalogue on the IEC web site (www.iec.ch/catlg-e.htm) enables
you to search by a variety of criteria including text searches, technical
committees and date of publication. On-line information is also available on
recently issued publications, withdrawn and replaced publications, as well as
corrigenda.

•  IEC Just Published

This summary of recently issued publications (www.iec.ch/JP.htm) is also
available by email. Please contact the Customer Service Centre (see below) for
further information.

•  Customer Service Centre

If you have any questions regarding this publication or need further assistance,
please contact the Customer Service Centre:

Email: custserv@iec.ch
Tel: +41 22 919 02 11
Fax: +41 22 919 03 00
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 INTERNATIONAL ELECTROTECHNICAL COMMISSION
____________

ULTRASONICS – FLOW MEASUREMENT SYSTEMS –
FLOW TEST OBJECT

FOREWORD

1) The IEC (International Electrotechnical Commission) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of the IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, the IEC publishes International Standards. Their preparation is
entrusted to technical committees; any IEC National Committee interested in the subject dealt with may
participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. The IEC collaborates closely with the International Organization
for Standardization (ISO) in accordance with conditions determined by agreement between the two
organizations.

2) The formal decisions or agreements of the IEC on technical matters express, as nearly as possible, an
international consensus of opinion on the relevant subjects since each technical committee has representation
from all interested National Committees.

3) The documents produced have the form of recommendations for international use and are published in the form
of standards, technical specifications, technical reports or guides and they are accepted by the National
Committees in that sense.

4)  In order to promote international unification, IEC National Committees undertake to apply IEC International
Standards transparently to the maximum extent possible in their national and regional standards. Any
divergence between the IEC Standard and the corresponding national or regional standard shall be clearly
indicated in the latter.

5)  The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6)  Attention is drawn to the possibility that some of the elements of this International Standard may be the subject
of patent rights. The IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 61685 has been prepared by IEC Technical Committee 87:
Ultrasonics.

The text of this standard is based on the following documents:

FDIS Report on voting

87/202/FDIS 87/208/RVD

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.

Annexes A, C, D, E and F are for information only.

Annex B forms an integral part of this standard.

The committee has decided that the contents of this publication will remain unchanged until
2006. At this date, the publication will be

• reconfirmed;

• withdrawn;

• replaced by a revised edition, or

• amended.
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INTRODUCTION

The purpose of this International Standard is to establish a flow Doppler test object for the
acceptance testing, quality assurance testing and clinical calibration of Doppler systems,
working at a frequency between 2 MHz and 10 MHz. As the response of Doppler systems
depends on the signal level and on the spectral contents of the signal, it is desirable to test
some aspects of a Doppler system with a test object that mimics the in vivo situation. A flow
Doppler test object is particularly useful for

− testing the influence of the size and the depth of the blood vessel on the signal recorded by
a Doppler system;

− testing the response of a Doppler system with a spectrum of blood velocities typical of the
in vivo situation.

This flow test object is not intended as a phantom mimicking clinical conditions.

The basis of this International Standard is given by IEC Technical Report 61206:1993
Ultrasonics – Continuous Wave Doppler systems – Test procedures. In annex A the position of
this standard in relation to IEC 61206 and IEC 61895 is described. This standard only declares
parameters that can be measured with the test object. Measurement methods are given in
IEC 61206 and IEC 61895.

This International Standard deals only with the flow Doppler test object in a restricted sense,
i.e. the section in which the ultrasonic measurements are performed. Where the whole of the
set-up is meant, the phrase 'flow rig' is used. The prescriptions of this International Standard
define the ultrasonic properties and the flow pattern in the measurement section of the flow
test object. For other aspects of the flow rig (i.e. generating and measuring flows) standard
engineering practice has to be followed.

The flow conditions are simplified as much as possible: a steady flow through a straight tube
with a circular cross-section. Generalisation of the flow conditions to other geometries and time
dependent flows is required in order to test some instrument functions. This generalisation is
not undertaken in this International Standard.

In annex D, an example flow Doppler test object is described which complies with the
requirements of this International Standard. Compliance with this International Standard can
also be fulfilled by measuring the properties of the materials to be used, and complying with
the values given in this International Standard.

In literature [1], [2] the nomenclature about the primary measurand of Doppler systems is
confused. 'Doppler frequency' and 'velocity' occur on equal footing. In 'velocity' often a
correction for Doppler angle has been included. To avoid this ambiguity, in this International
Standard the term 'Doppler frequency' is preferred. In case a Doppler system is declared to
measure velocity, it is intended that measured values are converted to Doppler frequency,
using acoustic working frequency and, if applicable, Doppler angle.
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ULTRASONICS – FLOW MEASUREMENT SYSTEMS –
FLOW TEST OBJECT

1 Scope

This International Standard specifies parameters for a flow Doppler test object representing
a blood vessel of known diameter at a certain depth in human tissue, carrying a steady flow.

This International Standard establishes a flow Doppler test object which can be used to
assess various aspects of the performance of Doppler diagnostic equipment.

2 Normative references

The following normative documents contain provisions which, through reference in this text,
constitute provisions of this International Standard. For dated references, subsequent
amendments to, or revisions of, any of these publications do not apply. However, parties to
agreements based on this International Standard are encouraged to investigate the possibility
of applying the most recent editions of the normative documents indicated below. For undated
references, the latest edition of the normative document referred to applies. Members of IEC
and ISO maintain registers of currently valid International Standards.

IEC 61206:1993, Ultrasonics – Continuous-wave Doppler systems – Test procedures

IEC 61102:1991, Measurement and characterisation of ultrasonic fields using hydrophones in
the frequency range 0,5 MHz to 15 MHz

IEC 61895:1999, Ultrasonics – Pulsed Doppler diagnostic systems – Test procedures to
determine performance

3 Definitions

For the purposes of this International Standard, the following definitions apply:

3.1
–3 dB Doppler frequency
frequency at which the power per unit frequency in the Doppler spectrum is half (–3 dB) of the
maximum value

3.2
–3 dB sample volume
volume of a region in space for which the Doppler system gives a response to a point Doppler
target that is above –3 dB from the maximal response, taking account of the effects of both
transmission and reception

Unit: cubic millimetre, mm3

3.3
–3 dB sample volume length
largest dimension of the –3 dB sample volume in the direction of the beam alignment axis
(see 3.5 of IEC 61102)

Unit: millimetre, mm
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3.4
–3 dB sample volume width
largest value of the dimension of the –3 dB sample volume along an axis which is
perpendicular to the beam alignment axis. In case the Doppler system has a scan plane, the
axes are taken in the scan plane and perpendicular to the scan plane

Unit: millimetre, mm

3.5
acoustic-working frequency
frequency of an acoustic signal based on the output observed by a hydrophone placed in an
acoustic field: it is the arithmetic mean of the two frequencies at which the amplitude of the
acoustic pressure spectrum is 3 dB below the peak amplitude

[conforms to 3.4.2 of IEC 61102]

Unit: hertz, Hz

3.6
aliasing
false indication of signal frequency as a result of sampling at too low a frequency

NOTE  The threshold for aliasing depends on pulse repetition frequency and a possible base line shift.

3.7
average frequency of the Doppler spectrum
parameter estimated by clinical Doppler systems for the short-time average in a Doppler
spectrum, ignoring the contributions from noise

NOTE  The average frequency of the Doppler spectrum is generally determined for a small time interval,
typically 2 ms to 20 ms).

Unit: hertz, Hz

3.8
axial response range
depth range in tissue over which a signal from a specific target plus noise is at least 3 dB
above the noise level

[see 2.4.1 of IEC 61206]

Unit: millimetre, mm

3.9
blood-mimicking fluid (BMF)
fluid which simulates blood acoustically and is moved at a known flow rate through the flow
Doppler test object

3.10
channel separation
ratio of the signal level in the signal channel corresponding to the movement in the test object
(the desired output voltage) and the signal level in the opposite channel (the undesired output
voltage)

NOTE  Channel separation is to be quoted in decibels as twenty times the logarithm of the desired output to the
undesired output voltage.

[see 2.6.1 of IEC 61206]

Unit: decibel, dB
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3.11

colour display spatial resolution
minimum separation in space for which two separate moving point targets or line targets can
be resolved

NOTE  The colour display spatial resolution is measured in three directions: 1) along the beam alignment axis,
2) the direction perpendicular to the scan plane and 3) the direction in the scan plane perpendicular to the beam
alignment axis.

Unit: millimetre, mm

3.12
dead zone boundary
boundary of the region close to the transducer in which the system is insensitive to movement

3.13
depth of measurement
distance from the surface of the tissue-mimicking material to the centre of the tube. In case
various attenuating materials, not being tissue-mimicking material or blood-mimicking
material, are present in the ultrasonic path, the depth of measurement is taken to be the
equivalent distance in the tissue-mimicking material, from the surface of the tissue-
mimicking material to the centre of the tube, over which the attenuation is the same as that in
the actual path in the flow Doppler test object

(see also annex B)

Symbol: M

Unit: millimetre, mm

3.14
Doppler angle
acute angle between the Doppler beam axis used for the Doppler measurement and the axis of
the tube

Symbol: θ
Unit: degree, °

3.15
Doppler angle error
difference between the measurement of the Doppler angle and its true value

Unit: degree, °

3.16
Doppler frequency –3 dB response range
frequency region in the Doppler spectrum around the frequency where power per unit
frequency is maximal, which is delimited by the nearest –3 dB Doppler frequencies

Unit: hertz, Hz

NOTE  The Doppler frequency response range at another signal level may be used in an analogous way.

3.17
Doppler frequency non-linearity error
largest frequency deviation of a data point from the least squares fitted line through the origin
in a plot of Doppler frequency versus observed velocity over the Doppler frequency –3 dB
response range

[see 2.3.2 of IEC 61206]

Unit: hertz, Hz

L
IC

E
N

SE
D

 T
O

 M
E

C
O

N
 L

im
ited. - R

A
N

C
H

I/B
A

N
G

A
L

O
R

E
FO

R
 IN

T
E

R
N

A
L

 U
SE

 A
T

 T
H

IS L
O

C
A

T
IO

N
 O

N
L

Y
, SU

PPL
IE

D
 B

Y
 B

O
O

K
 SU

PPL
Y

 B
U

R
E

A
U

.



61685   IEC:2001(E) – 9 –

3.18
Doppler frequency response
Doppler signal level (in dB) as a function of Doppler frequency

3.19
dynamic range
ratio (in decibels) between the largest Doppler signal which can be processed by the system
without generating spurious outputs and the smallest Doppler signal which can be detected

NOTE  Dynamic range is a measure of the ratio between the maximum allowable signal from clutter and the mini-
mum signal level at which flow can be detected.

Unit: decibel, dB

3.20
fixed target effect on sensitivity
change in Doppler output level (in decibels) when a strongly reflecting stationary structure (a
perfect reflector, see 2.3.3.2 of IEC 61206) is brought into the Doppler beam

Unit: decibel, dB

3.21
flow Doppler test object
physical model of blood flowing within a vessel that is embedded in soft tissue. The object is
composed of tissue-mimicking material through which blood-mimicking material is caused
to flow

3.22
frequency to colour translation table
table which describes the way in which Doppler frequencies are mapped to colours for display

3.23
highest detectable Doppler frequency
Doppler frequency corresponding to the highest observed velocity which can be determined
unambiguously (without aliasing)

Unit: hertz, Hz

3.24
inner diameter
inner diameter of the tube through which the blood-mimicking fluid flows

Symbol: D

Unit: millimetre, mm

3.25
inlet length
distance over which the tube must have a uniform cross-section in order to ensure that a well
defined velocity distribution develops which is independent of the flow conditions at the entry of
the tube

Symbol: L

Unit: millimetre, mm

3.26
intrinsic spectral broadening
width of the frequency region over which the spectral intensity is above –3 dB from its maximal
value, when the Doppler system observes a moving target having a single velocity

Unit: hertz, Hz
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3.27
lowest detectable Doppler frequency
Doppler frequency corresponding to the lowest observed velocity which can be distinguished
from noise

Unit: hertz, Hz

3.28
maximum frequency of the Doppler spectrum
parameter estimated by a Doppler system for the highest occurring frequency in a Doppler
spectrum, ignoring the contributions from noise

NOTE 1  The maximum frequency of the Doppler spectrum corresponds to the highest velocity occurring in the
sample volume at a certain time.

NOTE 2  Clinical Doppler systems generally determine the maximum frequency of the Doppler spectrum for a
small time interval (typically 2 ms to 20 ms).

Unit: hertz, Hz

3.29
observed velocity
component of the velocity of a scatterer that is directed towards or away from the transducers

[definition 1.3.10 of IEC 61206]

3.30
parabolic velocity profile
axisymmetrical flow distribution in a cross-section of the tube, in which the velocity decreases
in proportion to the square of the distance from the tube’s axis, and the velocity at the tube
wall is zero

3.31
penetration depth
maximum depth in tissue-mimicking material from which a Doppler signal can be detected
from noise

Unit: millimetre, mm

3.32
sample volume position error
difference between the centre of the sample volume on the image and its true position

Unit: millimetre, mm

3.33
tissue-mimicking material (TMM)
material whose pertinent ultrasonic properties (sound velocity, attenuation and scattering) are
similar to those of soft tissue

3.34
tube
conduit which carries the blood-mimicking fluid (BMF) flow

NOTE  The word tube also applies to the case of a hole in the tissue-mimicking material.

3.35
volume flow measurement error
100 times the absolute value of the difference between the Doppler measurement of a
particular volume flow rate and its true value, divided by the true value

NOTE  The volume flow measurement error has a sign and is reported as a percentage.
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3.36
wall thickness
thickness of the wall of the tube

NOTE  In the case of a hole in the tissue-mimicking material, the value of the wall thickness is zero.

Symbol: w

Unit: millimetre, mm

3.37
working distance
distance between the transducer and a specific target in tissue-mimicking material when the
signal is maximal

Unit: millimetre, mm

3.38
zero-velocity noise level
r.m.s. voltage of the signal (in dB) on the Doppler output connector under the condition that the
moving portion of the Doppler test object is stopped

Unit: decibel, dB

NOTE 1  Generally the zero-velocity noise level is the sum of the system noise level and the clutter noise level.

NOTE 2   Zero-velocity noise level is reported as dB with respect to 1 mV r.m.s.

4 List of symbols

c = velocity of sound

cw = velocity of sound in the wall material

ct = velocity of sound in the tissue-mimicking material

cb = velocity of sound in the blood-mimicking fluid

D = inner diameter of tube

f = acoustic-working frequency of the investigated equipment

h = path length in TMM

L = inlet length

M = depth of measurement *

q = flow rate of blood-mimicking fluid

Re = Reynolds number *

v = local velocity of blood-mimicking fluid

vavg= velocity averaged over the cross-section of the tube *

vmax= the highest velocity occurring in a cross-section of the tube *

w = wall thickness of tube

Z = characteristic acoustic impedance *

α = attenuation coefficient of sound

η = viscosity of a blood-mimicking fluid

θ = Doppler angle

ρ = density of material

σ = differential scattering cross-section in the backward direction per unit volume, also called
backscatter coefficient

NOTE  For quantities marked with an asterisk, formulae are given in annex B.
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5 General outline of flow Doppler test object

An example showing the place of the flow Doppler test object in a complete measurement
system (flow rig) is shown in annex E.

The flow Doppler test object consists of a block of material which mimics the ultrasonic
properties (sound velocity, attenuation and scattering) of soft tissue. In a straight cylindrical
conduit flow a blood-mimicking fluid (BMF) represents flowing blood. The arrangement of
tissue-mimicking material (TMM) and conduit is such that the Doppler transducer can
observe the BMF flow through a range of depths in tissue. Three different forms of a flow
Doppler test object exist:

− the conduit is made of a tube above which a triangular block of TMM is present (figure 1a);

− the conduit is made of a tube lying inside the TMM (figure 1b);

− the conduit is a cylindrical hole inside the TMM (figure 1c).

Hereinafter, the term tube shall be used to refer to all types of conduit.

A flow Doppler test object may have a number of conduits with different diameters. In that
case, the requirements of this International Standard apply to each conduit separately.

The blood-mimicking fluid (BMF) has rheological properties resembling those of whole blood
in large arteries (of diameter >0,5 mm). Under such circumstances, the effect of non-
Newtonian flow can be neglected. The backscatter coefficient of the BMF is similar to that of
blood in vivo. For this purpose some solid particles are added to the fluid.

θ

h

D

w h

D

θ
D

h w

θ

(Optional)

Doppler
transducer

IEC   1068/01

Figure 1a) Figure 1b) Figure 1c)

Figure 1 – Three configurations for Doppler flow test objects

6 Specification of the flow Doppler test object

6.1 General

Examples of suitable measuring methods can be found in annex F.

Unless otherwise indicated, the specified values shall be valid at 22 °C. The flow Doppler test
object is intended for use in the temperature range 19 °C to 25 °C.
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The flow Doppler test object is intended for use with a steady (non-pulsatile) flow. The
maximum instantaneous deviation of the flow rate from its average value shall be measured
and reported for any particular application.

The velocity of the BMF averaged over the cross-section of the tube shall be known with an
uncertainty not larger than 5 % (95 % level of confidence).

6.2 Blood-mimicking fluid (BMF)

The properties of the blood-mimicking fluid (BMF) shall be similar to blood in vivo.

The concentration of particles shall be sufficiently high that at least 1 000 particles are present
in the smallest sample volume of the Doppler system at a given instant in time.

The rheological properties of the BMF, when flowing in tubes with a diameter of at least
0,5 mm, shall be those of a Newtonian fluid.

Table 1 – Typical ranges of parameters for blood at 37 °C,
where f  is the acoustic-working frequency in hertz

Sound velocity (1 570 to 1 595) m s–1 [3][4]

Density (1 050 to 1 055) kg m–3 [5]

Characteristic acoustic impedance (1,65 to 1,68) × 106 kg m–2 s–1

Backscatter coefficient 4,0 × 10–31 × f 4 m–1 Hz–4 sr–1  [6]

Attenuation (0,15 to 0,22) × 10–4 × f dB m–1 Hz–1 [3][4]

Viscosity (1,7 to 4,4) × 10–3 Pa s [5]

Derived from table 1, the following parameters for the BMF are chosen:

Table 2 – Specification of blood-mimicking fluid (BMF)

Sound velocity (1 570 ± 30) m s–1

Density (1 050 ± 40) kg m–3

Characteristic acoustic impedance Follows from sound velocity and density

Backscatter coefficient (1 to 10) × 10–31 x f 4 m–1 Hz–4 sr–1

Attenuation <0,1 × 10–4 × f dB m–1 Hz–1

Viscosity (4 ± 0,4) × 10–3 Pa s

As an alternative to measuring the absolute value of backscatter coefficient, it is allowed to
make a relative measurement to flowing human blood of the following composition: plasma
replaced with 0,9 % saline, haematocrit within the normal range 40 %-48 %.

See clause C.2 for the rationale of the chosen values.

The backscatter coefficient shall be known with an uncertainty not greater than a factor of 2,0
(3 dB).
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6.3 Tube

6.3.1 Inner diameter

The inner diameter of each tube shall have one of the following diameters: 0,5; 1,0; 2,0; 4,0;
8; 16; 32 mm. The diameter shall be realised with a deviation of less than ±10 % from the
nominal value.

For calculation of BMF velocity from BMF flow (see annex B), the actual cross-section of the
tube shall be used. Uncertainty in the tube cross-section shall be taken into account in the
calculation of the uncertainty of the velocity. For thin-walled elastic tubes, it may be necessary
to use a pressure-dependent value of the cross-sectional area.

6.3.2 Inlet length

In order to ascertain well-known flow conditions at the measuring point, the tube shall be
straight and of uniform inner diameter D. Upstream of the measuring point, the inner area of
the tube shall be uniform over an inlet length L. The inlet length, as well the outlet length,
should not include any connector that disturbs the flow by changes in cross-sectional shape or
area. In case the flow profile at the beginning of the inlet length is flat, L is for laminar flow
(Re < 2 000) given by

L = 0,03 D Re.

Using this condition, the axial flow velocity in the tube deviates less than 5 % from the value
calculated from a parabolic velocity profile [7].

NOTE  The above statement is true for pure fluids; the applicability to suspensions of particles is still under study.

For turbulent flow (Re > 4 000) L shall be larger than 40 D.

In the region 2 000 < Re < 4 000 the flow pattern depends on details of the experimental set-
up, and cannot be used without external calibration [8].

Alternative methods to reach a parabolic velocity profile may be used, provided these
methods are validated.

6.3.3 Wall

The tube wall can distort the ultrasound by reflection, refraction and attenuation [9]. The
longitudinal velocity of sound of the wall material of a tube should be chosen as close as
possible to that of the TMM to avoid total reflection at small Doppler angles [10], [11], [12]. For
a hole in the TMM (zero wall thickness), the boundary between BMF and TMM may act as a
lens and a reflector. These effects depend on the Doppler angle.

In the following, the effects of a two-way passage of the ultrasound through the tube wall are
considered.

The distortion shall be such that the tube wall reduces the signal level by an amount which is
less than the reduction in signal level caused by a layer of TMM having a thickness equal to
the vessel inner diameter.

For a parabolic velocity profile in the tube, which is uniformly insonicated, the spectral
distortion shall be such that the intensity of the signal from blood flowing at velocities near zero
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shall not be reduced more than 3 dB compared to the intensity of the signal of blood flowing at
the highest velocity. Allowance should be made for the frequency response of the instrument
measuring the spectral distortion.

6.4 Tissue-mimicking material (TMM)

The TMM should have values for acoustical quantities as specified in table 3 (see also
clause C.6).

Table 3 – Parameters of tissue-mimicking material (TMM)

Sound velocity (1 540 ± 15) m s–1

Attenuation (one-way passage) (0,5 ± 0,05) × 10–4 × f dB m–1 Hz–1

Attenuation alternative (see clause C.6) (0,75 ± 0,05) x 10–4 × f dB m–1 Hz–1

Characteristic acoustic impedance (1,60 ± 0,16) × 106 kg m–2 s–1

Backscatter coefficient (1 to 4) × 10–28 × f 4 m–1 Hz–4 sr–1

6.5 Geometry

In the flow Doppler test object, the angle between the surface, at which the transducer is
applied, and the vessel shall be 0°, 30°, 45° or 60°.

It is recommended that mechanical means be provided to hold a transducer such that the
Doppler angle can be reproduced with an uncertainty of less than 1° (95% confidence).

It is recommended that the flow Doppler test object be made such that the minimal depth of
measurement which can be obtained is less than two tube diameters. However, this depends
also on the construction (width) of the Doppler probe.

It is also recommended that a signal attenuation (one way) by the TMM of at least 25 dB can
be obtained. This means that the flow Doppler test object shall provide a maximum depth of
measurement in metres, at a frequency f in hertz, greater than

(500 × 103 m Hz) × f–1

or

(330 × 103 m Hz) × f–1

depending on which value of the attenuation of the TMM is chosen from table 3.

7 Precautions to prevent changes in the composition of the blood-mimicking
fluid (BMF)

It is essential that the backscatter coefficient of the BMF does not change. The following
precautions shall be taken to ensure that the backscatter coefficient is constant.

1) The flow circuit shall be made in such a way that no depositions of the scattering
material are present during use. This task is facilitated by using particles which are
small and have a density close to that of the BMF. Depending on the kind of particles, it
is necessary to provide sufficient mixing of the BMF by circulation or stirring. A time
switch on the pump, causing it to operate for 15 min at regular intervals (ranging from
2 h to 14 days), may be used to avoid particle settling and clumping when the test
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object is not being used. For some systems, vigorous pumping before use may be
sufficient.

 NOTE  These precautions are required because changes in the backscatter coefficient may result from
separation of the scattering particles from the BMF, scatterer attrition or clustering of particles.

2) Introduction of foreign solid particles shall be minimised. A closed circuit is
recommended.

3) The BMF shall be free from gas bubbles. This may be achieved by:

− degassing of the fluid by boiling or exposing to a low pressure before use;

− avoidance of splashing;

− mounting a filter with small pores (25 µm – 40 µm) upstream of the test section;

− inclusion of a bubble trap;

− avoidance of cavitation resulting from a combination of high flow rates and rapid
changes of diameter in the flow circuit;

− keeping the fluid everywhere in the circuit under positive pressure with respect to the
atmosphere, or making connections air-tight.

4) The fulfilment of conditions specified in 1), 2) and 3) shall be specified by the
manufacturer. The degree of fulfilment can be monitored by measuring the signal level
from a Doppler system monitoring the flow in the tube.

NOTE  Short duration deviations more than 3 dB above the mean value point to significant disturbing isolated
particles. Large numbers of disturbing particles are difficult to detect: they give a generally increased signal level. If
the disturbing particles separate physically from the main fluid (such as gas bubbles sticking to the wall), their
presence can often be detected by changes in signal level some time after a change from a very low to a high flow-
rate.

8 Specifications for labelling

The manufacturer of a flow Doppler test object shall specify values, if possible with upper
and lower limits, on the following:

− life of the TMM, under specified conditions of use;

NOTE  Destruction of TMM by using an incompatible BMF has been reported; a water-based fluid will dissolve
gel-based materials.

− sound velocity, attenuation, characteristic acoustic impedance and backscatter coefficient
of the TMM;

− inner diameter of tube;

− tube wall density, sound velocity and attenuation;

− wall thickness of tube;

− fractional change in tube inner diameter with transmural pressure;

− surface/vessel angle;

− life of the BMF, under specified conditions of use;

− measures to avoid gas bubbles;

− scatterer material in the BMF, size and number density;

− sound velocity, density, backscatter coefficient and the method by which it was determined,
attenuation and viscosity of the BMF;

− permitted temperature range for storage and for use with required accuracy.

Values for attenuations and backscatter coefficients shall be specified as a function of the
frequency over the frequency range for which the flow Doppler test object is intended.
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Annex A 
(informative)

Rationale concerning the position of this standard

The basis of this International Standard is given by IEC Technical Report 61206:1993.
Clause 2 of IEC 61206 gives a general description for overall tests of complete continuous
wave Doppler systems, specified for several parameters such as frequency response and
spatial response. Clause 3 describes six different Doppler test objects with test procedures to
measure these parameters.

These test objects are:

− string Doppler test object;

− band Doppler test object;

− disk Doppler test object;

− piston Doppler test object;

− small ball test object;

− flow Doppler test object.

Besides these, electronic or acoustic injection techniques can be used.

This International Standard gives specifications and a description for one of these test objects,
the flow Doppler test object. However, whereas IEC 61206 is restricted to the testing of
continuous wave Doppler systems, this standard is also applicable to the testing of pulsed
Doppler and colour flow imaging systems. Table A.1 gives an overview of the parameters
specified in clause 2 of IEC 61206. Table A.2 gives a similar overview of additional parameters
relating to pulsed Doppler systems. IEC technical reports for these systems have been
published (IEC 61895) or are under development1. The second column of both tables lists the
suitability of a flow Doppler test object containing one tube to measure these parameters,
and is considered the best that can be achieved using flow Doppler test objects. For some
parameters wide tubes, and for other parameters small tubes, are required. No judgement is
given on the usefulness of other Doppler test objects.

___________

1 Ultrasonics – Colour flow mapping systems – Test procedures to determine performance (under consideration).
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Table A.1 – Parameters concerning CW Doppler

Parameter
Suitability of a flow
Doppler test object

Reference to
subclause of

IEC 61206

Working distance good 2.2.3

Zero-velocity noise level good 2.2.4

Doppler frequency response 2.3

Doppler frequency –3 dB response range fails a 2.3.1

Doppler frequency non-linearity error moderate b 2.3.2

Large-signal performance 2.3.3

Dynamic range moderate 2.3.3.1

Fixed target effect on sensitivity moderate c 2.3.3.2

Intermodulation distortion

(Particular test of dynamic range )

fails d 2.3.3.3

Spatial response 2.4

Axial response range good 2.4.1

–3 dB sample volume width moderate e 2.4.2

Acoustic-working frequency not applicable 2.5

Flow direction separation 2.6

Channel separation good 2.6.1

Simultaneous flow test fails f 2.6.2

Response to Doppler spectrum 2.7

Volume flow measurement error good 2.7.1

Maximum frequency of the Doppler spectrum good 2.7.2

Penetration depth moderate g –

a This test requires a test object giving a narrow band Doppler signal of variable centre frequency or a
known broad spectrum signal covering the whole frequency range of the instrument.

b For this test a test object with a single velocity is preferred.

c Depends on construction of test object.

d This test requires two narrow band Doppler signals.

e Depends on tube diameter.

f This test requires two targets.

g This test requires stability and reproducibility of those test object parameters which determine the
Doppler signal level. These are primarily TMM attenuation, tube wall attenuation, and the backscatter
coefficient of the BMF. At present it is not known if a reasonable stability of BMF backscatter
coefficient is achievable.
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Table A.2 – Additional parameters concerning pulsed Doppler and colour flow

Parameter Suitability of a flow
Doppler test object

Pulsed Doppler

Highest detectable Doppler frequency  moderate a

Average frequency of the Doppler spectrum  good b

Maximum frequency of the Doppler spectrum  good

Doppler angle error  good

–3 dB sample volume length  moderate

–3 dB sample volume width  moderate c

Sample volume position error  moderate c

–3 dB sample volume  fails

Dead zone boundary  good

Intrinsic spectral broadening  moderate a

Colour flow mapping

Frequency to colour translation table  good

Colour display spatial resolution  moderate a

Highest detectable Doppler frequency  moderate a

Lowest detectable Doppler frequency  moderate a

a For this test a test object with a single velocity is preferred.

b Depends on wall thickness.

c Depends on tube diameter.
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Annex B 
(normative)

Formulae relating various quantities

Reynolds number is given for a flow rate of blood-mimicking fluid (BMF), q, in a tube of
diameter, D, by

Re = 4 q ρ / ( π D η )

where

η is the dynamic viscosity of the BMF;

ρ is the density of the BMF.

The velocity averaged over a cross-section of the tube is:

vavg = 4 q / ( π D2 ).

In case of a parabolic velocity profile the axial velocity is:

vmax = 2 vavg

and
vmax = 8 q / ( π D2 ).

The characteristic acoustic impedance, Z, in a specified medium is given by:

Z = ρ c

where

ρ is the density of the medium;

c is the velocity of sound in the medium.

The depth of measurement, M, is given by:

M = h + (w αw /α t+D / 2) / sin(θ)

where (see figure 1)

αw is the attenuation coefficient of the wall material;

α t is the attenuation coefficient of the TMM;

h is the path length in the TMM;

D is the inner diameter of the tube;

w is the wall thickness;

θ is the Doppler angle.

NOTE 1  This formula is valid if the transit time of the ultrasound passing through the wall is very much less than
that in the TMM.

NOTE 2  In case the TMM is covered by a protecting foil with thickness d and attenuation coefficient α f a term
d α f / α t is added to M .
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Annex C 
(informative)

Rationale for the numerical values chosen in this standard

NOTE  This rationale provides justification for a number of choices made in this draft. The numbering in the titles
of the clauses refers to the clauses of the main document.

C.1 General

In this International Standard requirements are given for parameters concerning the different
parts of the flow Doppler test object, the blood-mimicking fluid (BMF), the tube, the
tissue-mimicking material (TMM) and the geometry of the flow Doppler test object. The
chosen ranges of values are in the ranges which occur in vivo. In these choices two opposite
interests have been considered:

•  the range has to be as wide as possible to make it easy to implement a flow Doppler test
object;

•  the range has to be so narrow that tests on various flow Doppler test objects will give
essentially the same outcome. As the results of Doppler measurements are generally of a
qualitative nature, the error margin is set to ±5 % for velocities and to ±3 dB for signal
levels.

The frequency range is limited from 2 MHz to 10 MHz. The lower limit is natural, as there exist
no diagnostic instruments working with a lower frequency. Diagnostic Doppler systems using
frequencies higher than 10 MHz are coming into use. Here the limitation is set by a lack of
knowledge about the properties of materials which could be used to construct a flow Doppler
test object.

The requirements for the flow Doppler test object cannot be separated completely from the
properties (particularly the ultrasonic frequency) of the Doppler system tested. At this moment
it is not known whether it is possible to make a single flow Doppler test object which fulfils
the requirements for all frequencies. Upon change of the ultrasonic frequency it may therefore
be necessary to change the composition of the flow Doppler test object.

C.2 Clause 6.1: Blood-mimicking fluid (BMF)

The values given in table 1 represent blood at 37 °C.

The ultrasonic scattering of blood in vivo may vary considerably according to its composition
and flow conditions [13]. It was considered not realistic to specify a range. The values given in
table 1 are therefore somewhat arbitrary. The chosen values [6] are for a well stirred
suspension of human erythrocytes at a haematocrit of 40 %. Herein, the effect of red cell
aggregation which may increase the scattering coefficient is absent. It is believed that these
values are in the range of values occurring for arterial blood flowing in vessels larger than
0,5 mm diameter. A rather wide range of acceptable backscatter coefficient is chosen in order
to facilitate the preparation of a BMF. The actual value should be known to within a factor of
two. With this margin the backscatter coefficient contributes ±3 dB to the uncertainty in the
signal level of the reflected signal. As absolute measurement of backscattering is difficult, it is
allowed to refer the backscattering of BMF to a blood preparation comparable to that cited in
the literature [6]. (A narrower margin is desirable, but has not yet been realised.) The
uncertainty in backscattering of the BMF influences the measurement of penetration depth. As
most Doppler systems can cope with a signal attenuation of 40 dB, it follows that an
uncertainty of 3 dB in the backscattering contributes an error smaller than ±7 % to penetration
depth. At present this is acceptable.

The allowable range of sound velocities of BMF is such that either a close representation of
blood or a condition of no refraction with respect to TMM can be chosen.
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The frequency dependence of the attenuation of blood is somewhat stronger than the value
indicated in table 1 [3], [4]. For BMF, the attenuation should be low (table 2), in order to
minimise inhomogeneity of the sound field inside the tube. In any case, the attenuation in BMF
is much smaller than in the TMM.

The viscosity is on the high side of the values for blood in vivo. The higher viscosity of the
BMF compared to blood promotes laminar flow, and therefore reproducible conditions.

The number density of particles in the BMF has to be chosen large enough that the discrete
structure of the particles does not show up in the Doppler spectrum. The sample volume of a
Doppler system can be calculated as the product of the –3 dB beam area and the effective
length of the sample volume. Note that the effective length of the sample volume is limited by
the ultrasound path within the tube when this is less than the sample volume length. The
smallest sample volume which occurs presently is 0,1 mm3; therefore a BMF for general use
should contain at least 1013 particles per m3. It has been shown [14] that the statistics of
Doppler spectra obtained from human blood and from a glycerine-water mixture with
SephadexTM particles (estimated concentration ranging from 2 × 1011 to 1013 per m3) were
equal for this particular (CW) Doppler system with an estimated sample volume of 50 mm3.

C.3 Clause 6.3.1: Inner diameter

The range of diameters of the tube is limited on the lower side (0,5 mm) by the non-Newtonian
nature of blood flow in smaller vessels [5]. The largest diameter (32 mm) represents the aorta.
Succeeding diameters differ by a factor of two. Thus measurements on vessels of all sizes
which occur in the body can be modelled with the flow Doppler test object. By prescribing
certain preferred diameters the exchange of results obtained with different flow Doppler test
objects is promoted.

C.4 Clause 6.3.2: Inlet length

The rules for the inlet length for laminar flow are well established [7]. The upper limit of the
allowable Reynolds number is arbitrary. With very smooth tubes flow will stay laminar up to
high Reynolds numbers. As the damping influence of the wall diminishes with increasing
Reynolds number, small disturbances will have large effects. The development of turbulent
flow is very gradual for Re > 2 000, until at Re = 4 000 the turbulent flow pattern is fully
developed [8].

It is well known that flow obstacles downstream of the measuring point have much less
influence on the flow profile than obstacles up-stream. Downstream obstacles which are more
than two tube diameters away from the point of interest can be ignored.

C.5 Clause 6.3.3: Wall

A flat spectrum of Doppler velocities has been obtained with a polyethylene tubing [15],
indicating that in this case spectral distortion was not significant.

C.6 Clause 6.4: Tissue-mimicking material (TMM)

A rather large amount of knowledge is available about TMMs [16], [17]. The attenuation and
backscatter coefficient of the TMM are in the range of liver tissue, thereby conforming to the
values in use for scanning test objects. To make it possible to build relatively compact flow test
objects for low frequencies a higher attenuation (0,75 dB cm–1 MHz–1) may be used as an
alternative. The sound velocity is important, although the use of a tissue-mimicking material
having a slightly different velocity is possible. In this case, for a sound velocity outside the
range specified in table 3, one can scale the test object either to the time of flight of the
ultrasound pulses, or to focusing of the sound beams, but not to both.
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Annex D 
(informative)

Description of an example flow Doppler test object

D.1 Introduction

The following example is derived from the results of European Community project MAT-CT
940091 [12, 22-25]. For rationales, details and variations the reader is referred to these
reports.

For this flow Doppler test object, the following are described:

− intended use;

− construction of the flow Doppler test object;

− properties of the flow Doppler test object;

− stability of the flow Doppler test object;

− examples of applications.

NOTE  The properties of a flow Doppler test object depend on the materials used; brand names can be found in
[22-24].

D.2 Intended use

Intended uses of this flow Doppler test object are: acceptance testing, quality assurance,
system breakdown evaluation, education of users and system set-up preventing human
exposure to sound radiation.

This flow Doppler test object allows performance of tests for working distance, range gate,
relative measurements of penetration and further tests for peak velocity and angle correction
software accuracy [1].

This flow Doppler test object offers a steady, parabolic flow pattern in a rather wide TUBE
(diameter 8 mm), embedded in ultrasound absorbing TMM. The TMM carries on top a fluid with
the same composition as the fluid components of the TMM (see figure D.1).
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Figure D.1 – The main elements of a flow test object

The basic flow Doppler test object as described can be varied to satisfy specific needs. By
introducing small or double vessels a large number of the tests mentioned in IEC 61206 can be
executed. To keep the description concise, hereunder only the flow Doppler test object with a
single 8 mm vessel is described. One should be aware of the fact that results for five
realisations of one design of the test object are presented. Slight differences do exist. Larger
differences exist between the flow rigs (flow circuit, pump, flowmeter). Data for backscattering
may contain systematic differences between laboratories, and can only be used for relative
comparisons.

D.3 Construction of the flow Doppler test object

D.3.1 Preparation of the tube

The flow conduit is made from C-flex tubing [12] with a circular cross-section. Nominal sizes of
the tube are: internal diameter 8,0 mm, wall thickness 1,6 mm. The tube is glued into the
tank under slight axial tension [18]. The inlet length (see Annex E) depends on the achievable
flow rate and varies between 300 mm and 500 mm.

D.3.2 Preparation of the tissue-mimicking material (TMM)

A mixture is made from the following materials (weight % pure components):

82,96 % water;

11,21 % glycerol;

3,00 % agar;

0,94 % aluminium oxide powder 3,0 µm;

0,88 % aluminium oxide powder 0,3 µm;

0,53 % silicon carbide powder 400 grain;

0,46 % benzalkoniumchloride.

For more details, see [12].
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The mixture is stirred and heated to 96 °C, left at that temperature for one hour and cooled
down. At 42 °C it is poured into the tank containing the tube. After cooling down the test
object, a shallow layer of coupling fluid is applied on the top of the TMM. This fluid is made by
mixing water, glycerol and benzalkoniumchloride in the same ratio as in the TMM. Regularly
the Doppler transducer is applied from the top. The side walls of the container are made of
plastic.

D.3.3 Preparation of the blood-mimicking fluid (BMF)

A mixture is made from the following materials (weight % pure components):

83,86 % water;

10,06 % glycerol;

3,36 % dextran (molecular weight 100 kDa-200 kDa);

1,82 % Orgasol (copolyamide 6/12) particles 5 µm;

0,90 % synperonic N detergent surfactant.

For more details, see [12].

The materials are mixed, starting with water, surfactant and Orgasol. Gas is removed by
placing under reduced pressure. The final mixture is sieved through a sieve with openings of
30 µm.

NOTE  To obtain a neutrally buoyant BMF, small amounts of water (1 %) or glycerol (0,2 %) can be added,
depending on whether the Orgasol particles float or sink respectively. This adjustment should not be made until the
Orgasol particles are 48 h in the fluid. Some of the fluid diffuses into the Orgasol particles.

D.4 Properties of the flow Doppler test object

D.4.1 Blood-mimicking fluid (BMF)

The values as required in table 1 were measured at a temperature of 22 °C and are as follows,
where the figures given in brackets are the temperature coefficients for the range (22 ± 5) °C:

− sound velocity: 1 548 m s–1 (+5 m s–1 °C–1);

− density: 1 037 kg m–3 (–0,22 kg m–3 °C–1);

− characteristic acoustic impedance: 1,61 × 106 kg m–2 s–1;

− backscatter coefficient: see figure D.2;

− attenuation: see figure D.3;

− viscosity: 4,0 × 10–3 Pa s (–0,11 × 10–3 Pa s °C–1).

All properties are found to be sufficiently stable to fulfil the requirements of table 2. An
exception has to be made for the backscattering. It was found that backscattering is sensitive
to clustering of the Orgasol particles. This clustering is influenced by subjecting the fluid to
shear stress, either by circulating it in a flow circuit or by sieving it. The backscatter coefficient
can vary as a result of these effects. The backscattering was made equal to that of flowing
blood, with plasma replaced with 0,9 % saline and haematocrit in the normal range (42 % –
48 %). This is blood in which no aggregation of red cells occurs.
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NOTE  The error bars indicate ranges of values obtained. The points without bars were obtained in one sample.

Figure D.2 – Backscattering coefficient of BMF as a function of frequency
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NOTE  Drawn lines represent the target value for TMM, respectively the upper limit for BMF.

Figure D.3 – Attenuation of TMM (�) and BMF ( { ) as a function of frequency

As particles and fluid have the same density and the particles are small, separation of the
particles does not occur during use. After standstill a separation is visible, but adequate mixing
is obtained after a short time of circulation at maximal speed. The fluid has been in use for
several months in closed circuits without visible changes. The addition of an anti-fungal
component is advised.

The occurrence of gas bubbles can be prevented by circulating the fluid regularly or by
exposing it to a low pressure before use. The first measure was taken in one flow rig:
circulating the fluid during 10 s every 10 min resulted in disappearance of bubbles after one
week. At the maximum flow rate in this rig (30 ml s–1) no bubbles were observed. In another
flow rig half of the fluid was exposed to a low pressure (1 kPa) and stirred for 1 h prior to use.
In this case a bubble-free flow of 80 ml s–1 was obtained.
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D.4.2 Tube

The tube needs support to keep it straight and under tension. The tube is slightly elliptic, the
difference between largest and smallest diameter was 10 % of the largest diameter. The cross-
sectional area was found to be equal to 0,47 cm². This is equal to that of a virgin tube.
Applying pressure inside the tube causes expansion, less for a tube inside TMM than in a free
tube. In order to keep changes in cross-section below 1 % the applied pressure has to be less
than 16 kPa (tube in TMM) or 6 kPa (free tube).

In a test object for high flows, an inlet length of 500 mm was used. In this test object, a linear
calibration line through the origin was obtained up to Re = 2 000, the deviation being less than
±5 % of the measured value.

The density of the tube wall is 886 kg m–3.

The sound velocity is 1 556 m s–1.

The attenuation as function of frequency is given in figure D.4.
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Figure D.4 – Attenuation of ultrasound by material of tube wall, as a function of frequency
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Figure D.5 shows the calculated spectral distortion at homogeneous insonation over the full
lumen of tube and a parabolic flow profile.
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NOTE  The lines refer to operation frequencies of 2 MHz (��), 5 MHz (◊) and 10 MHz (∆). This is a result of
theoretical calculation.

Figure D.5 – Deformation of velocity spectrum of parabolic flow by attenuation due to tube wall
(wall thickness 1,5 mm)

In connection with the properties of the tube, it should be noted that this tube introduces
rather strong attenuation near the side walls. Refraction is negligible.

D.4.3 Tissue-mimicking material (TMM)

The density is 1 047 kg m–3 (–0,2 kg m–3 °C–1)

The sound velocity is 1 540 m s–1 (temperature coefficient not determined)

The characteristic acoustic impedance is 1,61 × 106 kg m–2 s–1

Figures D.6 and D.7 respectively show backscatter and attenuation. The equality of different
preparations of TMM is satisfactory, with the exception of backscatter. However, backscatter of
the TMM is not very important for a flow test object.
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NOTE  The line indicates target value.

Figure D.6 – Backscattering coefficient of two samples of TMM as a function of frequency
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NOTE  Drawn line: target values.

Figure D.7 – The quotient of attenuation by TMM (1-way passage) and frequency as
a function of frequency
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D.5 Stability of the flow Doppler test object

The following parameters are crucial to the application of the flow Doppler test object.
Therefore the (absence of) variation is documented by stating either the time interval after
which a certain change in a parameter occurs, or the time interval after which the change is
less than a detection threshold.

D.5.1 Blood-mimicking fluid (BMF)

Backscatter coefficient varies. This is ascribed to formation of clusters of Orgasol particles. On
various occasions ranges of 5 dB to 7 dB between various suppliers and methods of handling
(sieving, pumping) have been observed. This aspect is the subject of further study.

D.5.2 Tube

The tube may change length by 3,5 % in three months. Recalibration of cross-section is
recommended after two months. This subject will be studied further, as well as possible
changes in acoustic properties of the tube.

D.5.3 Tissue-mimicking material (TMM)

The TMM can be kept for at least 6 months. If the container leaks, the fluid on top has to be
refreshed regularly. Changes of acoustic properties of the TMM are not yet known.

D.6 Applications of the flow Doppler test object

One particular scanner was assessed by 5 nominally identical flow Doppler test objects and
5 observers (15 combinations, not a full matrix). A number of tests which are detailed in [1], [2]
were performed. The following measurements were executed with success:

− colour penetration depth (cf. figure D.8);

− pulsed wave Doppler penetration depth (both objective and subjective);

− sample volume position error (cf. figure D.8);

− lowest detectable Doppler frequency;

− inner diameter of tube (see note 1);

− average frequency of the Doppler spectrum (see note 2);

− maximum frequency of the Doppler spectrum (see note 2);

− volume flow measurement error(see note 2) .

NOTE 1  Interobserver variability found.

NOTE 2  Variations of 10 % to 20 % between flow Doppler test objects and observers exist.

Highest detectable Doppler frequency cannot be tested, as the maximum achievable
velocity in the flow Doppler test object is too low for the used Doppler system.

Doppler angle error measurements are too sensitive to probe placement (±2°) to be of
practical significance.
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30°

IEC   1076/01

NOTE  The Doppler transducer is moved over the flow Doppler test object until the signal from the BMF in the
tube is just discernible from the noise. The same geometry is used for assessing sample volume position error.

Figure D.8 – Testing for penetration depth
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Annex E 
(informative)

Schematic diagram of a possible flow circuit
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Key

F flowmeter

P pump

R reservoir

I inlet length

D flow Doppler test object

T transducer

Figure E.1 – Schematic diagram of a possible flow circuit,
showing the place of the flow Doppler test object
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Annex F 
(informative)

Measuring methods

Sound velocity is measured from time of flight of ultrasound pulses through the material
investigated compared to the time of flight through distilled water [11].

Attenuation is measured from the diminishing of the sound intensity after insertion of a plane
parallel sample in an ultrasound beam in water. A correction is applied for the reflection of the
ultrasound at the interfaces [11].

Density is measured by weighing a known volume of material or by floating some material in a
fluid of known density.

Characteristic acoustic impedance is calculated from the product of density and sound velocity.

The backscatter coefficient is measured by comparing intensity of signals to those of a perfect
flat reflector [19], [20].

Viscosity can be measured from the timed collection of blood-mimicking fluid (BMF) flowing
through a capillary with a diameter in the range 0,5 mm to 2 mm. Other viscometers such as
cone and plate viscometers or Couette (coaxial cylinder) viscometers may be used.

The tube cross-section can be measured by filling the tube with a known amount of fluid and
measuring the length of the column. The length of the column can be measured from X-ray
photography (using a contrast fluid) or from making a contact with an electrical conductor at
known positions. The inner diameter of the tube can be measured directly with X-ray contrast
or from an ultrasound A-scan. Measurements in at least two directions are required.

An indication of the spectral distortion by the wall may be obtained directly by insonating a
parabolic flow in the tube with a Doppler instrument with an uniform response over a sample
volume which is wider than the tube [10]. This condition can be fulfilled by placing a long water
path between tube and the Doppler transducer. Under these conditions a flat spectrum up to
the frequency corresponding with the axial velocity is expected. A correction for the spectral
response of the Doppler instrument has to be applied. This response can be assessed by the
electronic signal injection technique [21]. Deviations from the expected spectrum are ascribed
to the distortion by the wall.

The instantaneous deviation of the flow rate from its average value can be measured with an
electromagnetic or ultrasonic transit-time flowmeter. Its value can also be estimated from the
pulsatile component of the readings of a Doppler velocity system.
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