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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
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Measurement of fluid flow in closed conduits — Methods
using transit-time ultrasonic flowmeters

1 Sco

This Te

the measurement of the difference in transit time for volume flowrate measurement (of \fluids. It ¢

operatig
transdu

Annex A
techniq

Annex H

Annex (

2 Nor

The foll
Technic

pe
chnical Report gives guidance on the principles and main design features of ultrasoni¢flowmeter

n, performance and calibration. It primarily covers wetted transducers but briefly refers to
Cer arrangements.

of this Technical Report shows the calculation of volume flowrate by transit-time measurement
es.

covers the recommendations for use and installation.

gives a list of information to be supplied by the manufacturers.

mative references

pwing standards contain provisions which, through reference in this text, constitute provisid
pl Report. At the time of publication, the editions indicated were valid. All standards are subject

8

5 based on
pvers their
clamp-on

sing pulse

ns of this
0 revision,
ssibility of
gisters of

volumetric

and parfties to agreements based on this International Standard are encouraged to investigate the p
applying the most recent editions of the stanidards indicated below. Members of IEC and ISO maintain
currently valid International Standards.

ISO 4006:1991, Measurement of fluid:ffow in closed conduits — Vocabulary and symbols.

ISO 4185:1980, Measurement-of liquid flow in closed conduits — Weighting method.

ISO 8316:1987, Measurement of liquid flow in closed conduits — Method by collection of the liquid in a
tank.

ISO 9370:1990, Measurement of gas flow by means of critical flow Venture nozzles.

ISO 9991:1993;-Measurement of gas flow in closed conduits — Turbine meters.
Internatleral-YYeeabulary-of-Basic-and-GeneralFerms—n-Metrology——BIRMECHFEECHSOHURA
OIML, 1993.

3 Definitions

C, IUPAP,

For the purposes of this Technical Report, the definitions given in the International VVocabulary of Basic and General
Terms in Metrology (VIM), 1SO 4006 and the following definitions apply.
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3.1

transit-time difference method

time-of-flight method

method of flowrate measurement in which the average fluid velocity along the acoustic path v is determined from
the transit-time difference of two ultrasonic signals, one travelling upstream and one downstream, over the same
distance in the flowing fluid

3.2
leading-edge method
method of flowrate measurement in which the transit times of ultrasonic pulses are measured based on triggering at

a predetermirredamptittrctetevetof-therecetved-signat

See Figure 1.

Key
1  Triggef point at leading edge

Figure 1 — Principle of transit-time measurement using leading-edge method

3.3
pulse-repetition frequency method
sing-arounld method
frequency-difference method
method of| flowrate measurement used/in ultrasonic flowmeters whereby two independent streams of pujses are
transmitted in opposite directions,-each pulse being emitted immediately after the detection of the preceding|pulse in
the stream}, and the difference between the pulse-repetition frequencies in the two directions is measured

NOTE 'he difference between the pulse-repetition frequencies in the two directions is a function of the fluid velocity.

3.4
phase confrol method

lambda-log¢ked-loep method
method of
derived fro
the flowing fluid

3.5

zero-crossing method

method of flowrate measurement in which transit times of ultrasonic pulses are measured using the first (or another
predetermined) "zero-crossing” of the received signal following the first half alternance

See Figure 2.
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3.9
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NOTE
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3.10
flowrate
device f
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Figure 2 — Principle of transit-time measurement using zero-crossing method

th method
of flowrate measurement in which the average fluid velocity over a number of different paths is de

eous pulse method
of flow measurement by which the transit times and transit-time difference are determined fr
e transmitted simultaneously upstream and downstream over the same acoustic path

hift method
of flow measurement in which the average.fluid velocity along the acoustic path v is determine
hift of ultrasonic signals in a fluid flow

ic flowmeter

br which generates ultrasonic’ signals and receives them again after they have been influenced
h way that the observed result can be used as a measure of the flowrate

An ultrasonic flowmeter normally consists of the ultrasonic transducers and equipment which evaluates
ment from the emitted and received ultrasonic signals and converts these signals to a standard o
nal to the flowrate

integrator
Dr volume measurement by time-integration of volume flowrate

termined

bm signals

d from the

by the flow

the flowrate
tput signal

3.11
ultrason
element

NOTE

3.12
clamp-o

ic transducer
that converts acoustic energy into electrical signals and/or vice versa

Ultrasonic transducers used in transit-time flowmeters usually work as both transmitter and receiver.

n arrangement

arrangement by which the transducers are attached to the outside wall of the conduit in which the flowrate is to be
measured
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3.13
meter tube

©1SO

specially fabricated section of conduit containing the ultrasonic transducers and conforming in all respects to the

specification of the standard

3.14
measurement section
section of conduit consisting of the meter tube, the inlet section and the outlet section

3.15

acoustic path
actual path of the ultrasonic signal between both transducers

3.16
path length
Lp
length of acoustic path, in fluid at rest, from the faces of both transducers

See Figure 3 a) and b).

3.17
interrogatipn length
L
length of that part of the acoustic path, in fluid at rest, inside the conduit

See Figure 3 a) and b).

3.18
interrogatipn distance
d
projection pf the interrogation length on the line parallel to the axis of the conduit or of the flow

See Figure 3 a) and b).

3.19
inclination jangle

¢

angle between the axes of the ultrasonic transducers and a line parallel to the axis of the conduit
See Figurg 3 a).

3.20
phase angle
phase posiftion of afnoscillation

3.21
propagatign velocity

c
velocity of acoustic signals relative to an observer at rest

3.22
velocity of sound

Co
velocity of acoustic signals in the fluid at rest

3.23

average fluid velocity along the acoustic path

v

fluid velocity in the plane which is formed by the acoustic path and the direction of flow


https://standardsiso.com/api/?name=5e36e2d231de1b103c0f3afbc7e72875

©1SO ISO/TR 12765:1998(E)

3.24

mean axial fluid velocity

Va

ratio of the volume flowrate (qy) [the integral over a cross-section of the meter tube of the axial components of the
local fluid velocities (V)] to the area of the measurement cross-section (A)

3.25
velocity distribution correction factor

Kn

ratio of the mean axial fluid velocity v, in the meter run to the average axial flow velocity v along the acoustic path

3.26
ultrasonijic pulse
signal generated by finite-duration electrical excitation of an ultrasonic transducer

3.27
continugus-wave ultrasound
signal generated by continuous electrical excitation of an ultrasonic transducer

3.28
transit time
t
time ne¢ded by an ultrasonic pulse to traverse the acoustic path

3.29
transit-time difference
At
differenge between the transit times of the ultrasonic signals\propagated upstream and downstream
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Key
1 Receier/emitter
2 Emittef/reeeiver

a) Diagonal-direct beam meter

Figure 3 — Arrangements of single-path beam meter (wetted transducers)
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b) Diagonal-reflected indirect beam meter

Figure 3 — Arrangements of single-path beam meter (wetted transducers)
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4 Symbols and subscripts

Table 1 — Symbols

©1SO

Quantity Symbol Dimensions 1 | Corresponding

Sl unit

Cross-sectional area A L2 m?2

Propagation velocity in the flowing fluid c LT-1 m/s

Velacity of sound in fluid at rest Co LT-1 m/s

Ingide diameter of pipe D L m

Interrogation distance d L m

Fréquency f T1 s1

Rdlative uncertainty E 2)

Absolute uncertainty e 3)

Integer i 2)

Velocity distribution correction factor K, 2)

Interrogation length L L m

Path length Lp L m

Integer m 2)

Integers (1, 2, 3, ...) n 2)

Vdume flowrate dy L37-1 m3/s

Rdynolds number (related to D) Rey 2)

Tr11nsit time t T S

Trelmsit-time difference At T S

Logal velocity of the fluid v LT-1 m/s

Average fluid velocity along'the acoustic path v LT m/s

Megan axial fluid velocity Va LT1 m/s

Weight of measurenjent W, 2)

Phase angle y 2) rad

Wavelength.ef an ultrasonic oscillation A L m

Inglination angle 0 2) rad

Cyceticfreqtency w =1 reres=1

Density of the fluid p ML-3 kg/m3

1)
2)

M = mass, L = length, T = time.
Dimensionless quantity.

3) The dimension of this parameter is the dimension of the quantity to which it relates.

Table 2 — Subscripts

1

upstream

2

downstream
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5 General principles of measurements

The basic principle used by the ultrasonic flowmeters described in this Technical Report is that sound travelling with
the fluid flow will travel faster than sound travelling against the flow. The transit times and the time difference are
functions of the fluid velocity. The measurement can be made either by measuring transit times directly or by using
frequency or phase measurement. Ultrasonic flowmeters are inherently bidirectional.

Volume flowrate (q,) is determined by the product of the cross-sectional area (A) and the mean axial fluid velocity

Vs

5.1 Ge

The ult
(e.g. us

Piezoelg
applied
fluid. Sd
piezoele

The aca
the con
transdu

neration of ultrasonic signals

asonic signals required for the flow measurement are generated and received by ultrasonic t
ng piezoelectric crystals).

bctric transducers employ crystals or ceramics which are sent into vibration when alternating
to their terminals. The vibrating element thus generates longitudinal pressureiwaves (sound wa
und waves incident on such piezoelectric elements will produce electric signals at their termin
ctric effect is reversible.

ustic properties of the transducer (beam pattern, resonance frequency, bandwidth, etc.) depend

Cer is shown in Figure 5.

ansducers

voltage is
ves) in the
als, as the

strongly on

struction of the transducer. Figure 4 shows a possible transducer design, and the beam pattern of a
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Possible pressure seal

Mounting flange
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The transducer housing material can be metal, plastics etc. depending on the application.

Figure 4 — Possible design of a piezoelectric transducer

©1SO
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OO

Yo

0

NOTE 1| The transducer employs a matching layer as in Figure 4.
NOTE 2| One division of the radial scale in the_polar diagram corresponds to 10 dB.

Figure 5 — Measured beam-pattern of a transducer with an outer diameter of 2 cm at an operating
frequency of 162 kHz

5.2 Transit-time method

5.2.1 Qirect transit-time method

The propagation velocity ¢ will be the sum of the velocity of sound ¢, and the fluid velocity component v ¢os ¢ in the
direction of the acoustic path [see Figure 3 a) and b)].

C=Cy £ VCOS¢o (D)

If ultrasonic transducers are mounted flush with the inside of the meter tube [see Figure 8 b)], ultrasonic signals can
propagate downstream and upstream in the flowing fluid. The upstream and downstream transit times of the
ultrasonic pulses in the fluid flow are given by

_ L

tl_—co—\"/cosq) (2
_ L

2= Co + Vcosé (3

11
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1 1 2vcos
1_1_2vcosp . (4)
t, t L
where
d
COS¢ = — .5
9=1 )
2
y=— A 0
264t
At=t] —t, -(7)
If the trangducers are set back from the pipe wall, the interrogation length (L) is replaced by, thepath length (Lp).
The transif times (t;) and (t,) are defined as the signal transit times over Lp_
Lt
v=—Ft _At .(8)
dtgty
Equation (8) compensates directly the time which the signal spends in the packets, under the assumption|that the
velocity of sound in the stationary fluid is the same as in the flowing fluid (sé€ annex A.3).
The followjng equations (10), (14) and (15c) are for flush-mounted transducers. For retracted transducers| L shall
be changef to L, [see equation (8)].
5.2.2 Pulge repetition method (sing-around method)
Instead of|the direct transit times (t;) and (t,) above, iin“the case of the pulse-repetition frequency method the
frequencies (f;) and (f,) are measured. The frequencies occur when an ultrasonic pulse reaching the |receiver
triggers a pew signal at the emitter.
1 1 At
f2_11:—_—:— (9)
b 4 fut
Instead of pquation (7) it follows that
\7-£—(f -f) (20)
Zd 2 1 PR
5.2.3 Phase shift metheds
5.2.3.1 Phase difference methods
Instead of thesdirect measurement of the signal transit times, the phase angles y; and y, of two continuoug signals
with the cycIic frequency
w=2nf .(11)
can be used to determine t; and t, (see Figure 6):
1=ot =2nfty . (12)
7/2:a)t2:21tft2 (13)

12
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BV AVAYAY
Positionsin-acoustic path, L
Key

1 Sig:l:al upstream

2 Sig

From ed

5.2.3.2
The con
control
(m prefe

In this ¢

t]_:

Instead

1t yi-7,

al downstream

Figure 6 — Phases of the ultrasonic signals,upstream and downstream

uations (12) and (13) and equation (6) it follows-that

d Y172
Phase control method

stant frequency (f) can be feplaced in both directions by variable frequencies (f;) and (f,). Thro
t is possible to have signals in both directions with constant wavelengths at identical phase y;

... (1)

ugh phase
Yo =21m

... (15)

V=

rably an integer).
hse the transit times will be
m m At 1
— thE=r —==(f,-f
o254 (2= 1)
of-equation (6) it follows that
L2
—(f, - f
o d( 2~ f)

Since the "lambda-locked-loop" sets A = L/m, it follows that

AL

\7=2—d(f2 - f)

... (15a)

... (15b)

The wavelength A depends on the instantaneous velocity of sound in the fluid at rest (cy) as well as the flow velocity.
Even if the "lambda-locked-loop" is broken (e.g. by loss of signal or change in the direction of signal transmission),

13
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the loop may be re-established with a different number of gycles, i.e_. a different m. Provided m is the same in both
transmission directions, A can be determined from A =c,/f where f=(f; + f,)/2.

Thus

V=" (f, - f) ... (15c)

5.3 Calculation of volume flowrate q,

5.3.1 Usirlxg diametrical paths only

The volumg flowrate ¢, is determined by
Qv = AWa ... (16)

In the transit time method, only the average fluid velocity along the acoustic path V is determined.

In order to determine the mean axial fluid velocity v, over the cross-section (A), and therefore the volume [flowrate

(ay), the velocity distribution correction factor (k,) must be known. The factor k; is a result of the velocity profile in
the meter fube and is given by

| =1

— A
kn =1 ...(17)

thus leading to
oy = K, Av ... (18)

The value|k,, is a function of the Reynolds number«(Rg, ) (see Figure 7) and can be calculated approximpately for
fully develpped velocity distribution in an axi-symmetric nonswirling flow (see annex A.4). k, cannot be|defined
without anpbiguity for the transition from laminar to turbulent flow. Diametrical meters employing dynamigc profile
correction frequire values for bore roughness, diameter and viscosity to be assumed in order that Rgy and hence k;,
can be evgluated on the basis of the measured v.

If the condjtions deviate from abovej aflow calibration would be necessary (see 7.2).

5.3.2 Usig multiple paths in-parallel planes

When v is measured ‘in-different parallel planes (using multi-path arrangement of acoustic paths) v, |can be
evaluated [using suitable integration techniques over the cross-sectional area A (see 6.2.2 and annex A.4). For
example, With a set\of transit times (t;;) and (t,;) measured upstream and downstream in n parallel planes|and the
resulting V4 the volume flowrate may be calculated using

o =AY WY ... (19)

where the velocities v; are measured at the planes i (i =1 to i =n) and w; depends on the integration technique
used (see annex A.4).

Multi-path arrangements help to reduce the errors in the estimation of flow velocity due to flow profile.

14
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The present status of ultrasonic flowmeters is characterized by the following features.

a) Meter tube and ultrasonic transducers (primary device) with specified arrangement of acoustic paths and

specified method for attaching the transducers to the conduit;

b) control unit (secondary device) for signal processing, which comprises all or part of the necessary electronics.
The control unit comprises the electronic equipment required to operate the transducers and make the
measurements, means for processing the measured data, and for the display, output and/or recording of the

respits:
Key
1  Cirdular cross-section
2 Redtangular cross-section
3  Lanpinar flow
4 Turbulent flow

6.1 Ulfrasonic transducer

‘% 1
0,9 é /
3 L
08 %
‘ 0,75 %
) 07 |//
0,66 }A
A
0,6 | /ll | | |
23 L5 6 7 8

Figure 7 — Approximate value for

k, depending on Re&,

6.1.1 Arrangement of the transducers

A minimum of two ultrasonic transducers are applied in an ultrasonic flowmeter using the transit-time method.

The transducers will be either inserted into the conduit in contact with the fluid or, for liquid measurements only,
attached to the outside wall of the conduit (clamp-on arrangement) (see Figure 8).

Ultrasonic transducers inserted into the conduit are mounted either at an oblique angle or normal to the conduit wall.
In any case the angle between the axial flow direction and the straight line(s) running between the transducers is
never 90°. The transducers may protrude into the conduit or be set back into the conduit wall.

15
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//
/
A

a) Transducer in contact with the fluid (retracted)

- 7

¢) Transducer mounted outside the conduit (clamp-on arrangement)

&

—_—

d) Transducer intruding into flow path

Figure 8 — Typical transducer arrangements

©1SO
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6.1.2 Single-path arrangement

The acoustic transmission between the transducers can be either direct or indirect. Using the inner conduit wall as a
reflector [see Figure 9 a), b) and c¢)] helps to increase the acoustic path length.

This implies that the transducers are mounted either on the same or "opposite" sides of the conduit [see Figure 9 a), b)
and c)].

In a single-path meter with direct transmission, the transducers can be located along a tilted diameter or a tilted
chord [see Figure 9 d) and e)]. For small conduits, the transducers may be mounted axially as shown in Figure 9 f).

o\

a) Direct transmission

o \\\\L/Z L;Z//

b) Indirect transmission  (reflected by the conduit wall) (V-path)

\\\\L/h L/V/

¢) Indirect transmission  (reflected by the conduit wall) (W-path)

~_ C

d) Tilted diameter

17


https://standardsiso.com/api/?name=5e36e2d231de1b103c0f3afbc7e72875

ISO/TR 12765:1998(E)

e) Tilted chord

©1SO

N\
] 0

8 j))) (P

f) Axially mounted transducers
Figure 9 — Single-path arrangements

6.1.3 Mulji-path arrangement

A multi-path meter is normally based on direct transmission‘along two or more tilted chords or diamets
transducefs can be arranged in many different ways in ordento minimize the sensitivity to swirl and other d

flow profilgs. Examples [see Figure 10 a) to d)] include:
O singletplane arrangement;

O symmietric criss-cross arrangement;

O asyminetric criss-cross arrangement;

O twin-pair arrangement.

The criss-fross arrangement.eases the mechanical arrangement in configurations employing a large ny

paths.

A multi-path meter canalso be based on a spaced acoustic path network (see annex A.6).

N\ A

N

L/

ers. The
isturbed

mber of

12,34

a) Single plane
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135 2,4 23

b) Symmetric criss-cross

X IR

1.3 2,4

¢) Asymmetric criss-cross
N N 12

d) Twin-pair
Figure 10 — Multi-path arrangements
6.1.4 Design oftransducuers

The follcrwing Criteria are, among others, significant in the design of the transducers:

O acoustic and mechanical adaption to the conduit as well as the fluid;

O for transducers in contact with the fluid, selection of a mechanical mounting with a minimum acoustic coupling

from the transducers to the conduit wall;

0 for clamp-on arrangements, good acoustic coupling from the transducers to the conduit wall;

0 possibility of mounting and removal under operating conditions;
O suitability for the required temperature and pressure ranges;

0 moisture protection;

19
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O corrosion protection;
O safety requirements.

The transducers are critical components in a flowmeter and their performance affects the accuracy of the ultrasonic
flowmeter.

If the physical characteristics of transducers change with time, the signal-to-noise ratio could deteriorate. The
transducers should undergo strictly quality control in the manufacturing process. Indications of possible changes in
performance of the transducers should be provided by the manufacturer.

6.1.5 Intefconnecting cables

Any intercpnnecting cable length between the transducer and the control units is an important consideragon, and
both the maximum length and data to determine the resulting time delay (see 6.2.4) in such Cables should be
defined by|the manufacturer.

6.2 Control unit
6.2.1 Opagration of transducers

Paired trapsducers may be excited simultaneously or alternately with one or miore transmissions in each direction.
The acougtic frequency, pulse length and pulse repetition rate may vary ,mainly depending on the flowing fluid
and path Ilength (L,). Each transducer pair in a multi-path configuration may operate independently, or multiplexed
operation fnay be used.

In a multi-path meter, transit-time measurements for each path are performed before the mean axial fluid|velocity
V, Is detefmined.

6.2.2 Progessing of data

The procegssing section, in addition to estimating.tbe volume flowrate from measured transit times, should be
capable of rejecting invalid measurements, noiseletC. The indicated volume flowrate may be the result of one or
more indiv|dual fluid velocity determinations.

6.2.3 Displays and outputs
Most ultragonic flowmeters have several outputs available, either as standard or optional features. Displays may
show flowlfate, integrated fluid velurme and/or directions of flow, and may be analog or digital. Signal outputs may

include ong or more of the following: current, voltage, digital output and a pulse rate proportional to flowrate¢. These
outputs may or may not be electrically isolated. Control units may also include alarms and diagnostic facilitiels.

7 Uncertainty of measurement

The sourcgs of uhcertainty include:
O the u%mmmmmmwm—weight of

measurement (w;);

O the uncertainties associated with geometrical parameters of the meter tube;

0 the uncertainties associated with the time measurement.
7.1 Calculation procedure
7.1.1 Measurement of volume flowrate using single-path arrangement

The measured average fluid velocity along an acoustic path is given by equation (7). The volume flowrate is given
by equation (18). Combining both for a conduit of inner diameter D, with A = tD2/4 leads to
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T L2 At
=k — D? . (20)
4 2d tl ts
The relative uncertainty in g, is obtained by determining the total differential of the equation and dividing it by g,

5&:6_kh+26_D+2&_ﬁ+;(t%6tl—t%5t2) (21)

Oy kn D L d (t-t)yt

The squares of the components are added to obtain

1

E2|=Ef +4Eb+4 B + B+—— (5 EZ + 1] E2) ... (22)
(t1 —t)
where
Eqv is the relative uncertainty in the measured volume flowrate;
E, | is the relative uncertainty in the velocity distribution correction factor:

Ep | is the relative uncertainty in the pipe diameter (area);
Eq4 | is the relative uncertainty in the interrogation distance;
E, | is the relative uncertainty in the interrogation length;
E,| is the relative uncertainty in the transit time t,;

E,| is the relative uncertainty in the transit time t,.

In the derivation above it is assumed, that all parameters are independent and hence their uncertainties may be
squared and added to obtain the square of the resulting relative uncertainty.

7.1.2 Measurement of volume flowrate using-multi-path arrangement

The volyime flowrate (g,) can be obtained by measurements on several paths by approximate integratiof, given by
equatiom (19). In this case the comhination of equation (19) with equation (7) leads to

N[00 /
T Lf Haat O
had 0 ... (23
MK Z d%HJjIZiD (23)

The reldtive uncertainty in g, is obtained by determining the total differential of equation (23) and dividing |t by q,:

2 2
50]_ 25D Z |15W| +2 04 5 di + (t2i 5t]j -t 5t2§ )D . (24)
Qv 4 B Wi L d (t—t) (g ta) 8
The squares of the components, assumed independent, are added to obtain
2 = 0o 2 2 O
& =4Ep ZEEW+4EL| Ec21+—2(t2iE2+t1j E, )0 ... (25)
& ty ~ ta)) b7 hig

where the components of the relative uncertainties are defined in the same way as stated in 7.1.1 and EW are the
relative uncertainties in w;.
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7.2 Influence factors

7.2.1 Factors related to disturbed flow

Disturbed flow causes uncertainty in measurement of v and calculation of v,.

The uncertainty is influenced by:

O flow around the transducer;

istence of transverse flow compaonents (swirling flow).

©1SO

O thee

O thesh
0 pulsat
The uncer
O incred
O using
O using

ape of the axial velocity profile;

ons.

ainty can be reduced by:

sing the length of upstream and downstream straight pipes;
flow conditioners;

multipath meter with integration techniques suited for the actual conditions;

O carryipg out flow calibrations under conditions similar to actual conditions.

7.2.2 Fac

Errors in [0
percentagg

ors related to geometry

D and L cause constant percentage error in the volume flowrate and velocity, respectively, of t

percentage error in d.

The uncer
O methd
0 meas
0 expan
The uncer
0 aprof
O precig

O use of

ainty is influenced by:

d of determination of D and roundness;

Irement accuracy;

sion of measurement section due to pressure and temperature.
ainty can be reduced-by:

er method fot determining D (see 8.1.1);

e machining of the roundness of the meter tube;

accurate devices for geometrical measurements;

ice the

b error in D and L. Errors in d cause constant-percentage error in velocity of the same valug¢ as the

O compensation for measurement section expansion due to temperature and pressure effects;

O carrying out flow calibration under conditions similar to actual conditions.

7.2.3 Factors related to signal detection

Velocity measurements can be influenced considerably when the acoustic signal gets corrupted. The signal
detection then becomes increasingly difficult, which can lead to errors in transit-time measurement and hence to
reduction in the accuracy of measurement. It can also lead to inconsistencies in the recognition of the correct timing
point due to changes in received amplitude, distorted waveform or noise. Corrupted signals, however, may be
rejected using appropriate validity tests. The following three sources of signal corruption can be encountered:
electrical problems, flow-induced problems and acoustic problems.
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More specifically:

electrical noise;

secondary flow (cross- and swirling flow):

multiple phases in the measurement section;

contaminants on the transducers and around the transducer area;

reme density gradients in the measuring section:

essive turbulence;
essive environmental noise (flow-generated or from external sources such as control yalves);

-generated noise;

insfallation close downstream of supercritical valves.

y the problems are best identified by sufficient self-diagnostics, self{ehécking features and al
ns. Flow-induced problems are best overcome with careful location 6f the measurement section
onditions.

problems are best solved by providing a high signal-to-noise fatio. Random background noise
Liced, acoustic) will generally average out. Self-generated noise may be more difficult to detect a
out, thus causing timing errors in transit-time measurements.

actors relating to measurement and processing of time

ertainties in ty, t, and At are influenced by:

sigmal detection technique;

hod of time measurement (transit time, frequency shift);
e resolution;
-fluid time estimates, including time delay along cables, electronics, transducers and pipewall;

rnal computational precision;

inflience of ambient’condition on electronics;

d

d

a

a

O ext
0 exd
0 exd
O self
a

General
indicatig
of fluid ¢
Acousti
flow-ind
average
7.2.4 H
The ung
d

g me
O tim
0 nor
O intg
d

O flov
O tim

-induced.timing errors (turbulence, swirl and pulsation);

b delays in transducer pockets.

arm status
hnd control

(electrical,
hd may not

The uncertainties can be reduced by:

O

O

insulating meter tube to avoid temperature gradients;

zero checks at actual operating conditions.
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8 Calibration

8.1 Dry calibration

8.1.1 Geometrical parameters

©1SO

For high accuracy, the value of D should be the mean of the internal diameter over the length of meter tube. The
internal mean diameter should be the arithmetic mean of measurements of at least twelve diameters, namely four
diameters positioned at approximately equal angles to each other, distributed in each of three cross-sections evenly
distributed over the length of meter tube containing all transducers. No diameter shall differ by more than 0,3 %

from the a
8.1.2 Tim
The time d

One meth
accurately

flow condition is present.

NOTE

to change i orientation or change in transducer frequency.

The actual
"upstream
measurem
cables, etd

This meth
velocity of
errors in th
for testing

NOTE
linear meas

Another m
requires a

erage of the twelve aiameteTrs:.
ng and time delay
elays can be measured for a certain set of electronics and transducers.

bd among others is to mount two transducers in a test cell. The distance between the transd
measured. The test cell is filled with a fluid in which the velocity of sound is known. In this test ce

A\ change in delay time does not cause a zero error, but an exchange of transducers can introduce a zero

(t;) and "downstream” (t,) signals are equal (zero-flow) @nd can thus be calculated. The u
ent system gives the transit times (t;") and (t,") that include.the time delay in the electronics, tran
. These time delays are easily calculated from the difference oft;" —t; and t,” — t,.

bd requires accurate knowledge of the velocity of\sound in the fluid filling the test cell. Any erro
sound affect the flowmeter performance. This gauses a systematic shift of the performance cury
e velocity of sound cause a systematic offsetiin the applied time delays. The same method can
fransducers and in the field as a check oncthe initial calibration.

t should be stated that this test requiresthermal equilibrium, a very well known fluid (especially for gases
urement, etc.

ethod for determining the timé:delay in the electronic cables and transducers is given below. The
setup where the transit times/of a pair of transducers can be measured at two different path leng

and (L)
path lengt
delay, t .

tb, =1

still conditions. The measurements should be performed under the same ambient conditions
s. The USM will measure the transit times (t,") and (t,) that include for both equal lengths an eq

a+td

b g

ucers is
| a zero-

error due

transit time of the signals in the fluid can be calculated by the©guations (2) and (3). The transit fimes for

trasonic
sducers,

rs in the
e, since
be used

) precise

method
ths, (L)
for both
ual time

... (26)

.27

The transi

times (i) and (1,) In the Tuld are equal 10 L,/Cy and L,,/Cqy. Frovided ne distances L, and Ly ar

e known

accurately, equations (27) and (28) have two unknowns, namely ¢, and ty. This set can be solved explicitly so that
the time delay ty and ¢, can be calculated using:

- (tb’ La _ta’ Lb)

t
T (La-Ly
— (La B Lb)
(' ~t)

This method does not require the knowledge of the velocity of sound in the fluid, since it is calculated.
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8.1.3 Velocity distribution

8.1.3.1

k,,-factor

The k,-factor can be calculated, based on the Reynolds number, the assumed flow profile and the integration
technique used. However, errors in the correction factor may cause nonlinearity and/or systematic error. These
errors are not considered in dry calibration.

8.1.3.2

Weight of measurement

In a multi-path arrangement, the number of chords, chord positioning and the integration technigue used reduce the

measur
8.2 FIq

In some
a degre
principal

O lab

bment uncertainty considerably and also the effect of changes in the flow profile (see Table A2).

w calibration

cases a flow calibration is dictated by application, requirements or legal metrology./Any flow cali

e of uncertainty, depending on the fluid, methods of calibration and the type ,oflcalibration fa
methods of flow calibration are used to test meter performance:

pratory flow calibration;

O field flow calibration (not commonly used for gases).

A flow ¢

Usually
meter o
test res
referend

8.2.1 L

To imp

plibration can be used to reduce uncertainties still prevailing aftera dry calibration.

the flow calibration results in a set of systematic errors, as\function of flowrates, that can be useq
Litput. The calibration should be performed in such a way-to ensure that the test rig does not inf
ilts and at conditions as close as possible to the enyisaged installation. As a minimum, the mar
e to the installation conditions shall be observed.

pboratory flow calibration

ove the accuracy, the calibration should be conducted according to good laboratory pract

accordance with methods recognized by . International Standards (e.g. 1SO 4185, ISO 8316, I1SO 9

calibrati
see ISO

The cali
the volu

8.2.2 H
The effq

properly
close as

bn should be made over a statistically significant number of runs and over a range of flowrates
9951).

pration accuracy of the flowmeter is determined by the random and systematic errors in the meas
me flowrate and by the-ranidom and systematic errors associated with the measurements in the |

eld flow calibration

cts of the actual installation in the field on the meter factor can be corrected with a field calibr
simulateekfield conditions in a laboratory. The calibration should be performed at a Reynolds
possiblesto the Reynolds number encountered in the actual application.

bration has
\cility. Two

to correct
luence the
ufacturer's

ce and in
300). The
(for gases

urement of
hboratory.

Ation or by
humber as
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Annex A
(informative)

Calculation of volume flowrate by transit-time measurement using pulse

techniques

Al Trahsit-time measurement techniques

It is neces
transduce
directions,

Direct mea
basic pring
into the de

Pulse tech

and meas|iring the time between pulse emission and pulse reception. Figure’A.1 illustrates the emitted and

pulses, as
emitted pu
all the det
pulse. This
pulse by th

A widely u
first subse
detecting §
transient p
average of

is required to serve both as an emitter and a receiver if the transit time is to be~measured
i.e. downstream and upstream.

)surement of acoustic transit times can be carried out in different ways in thelflowmeter electron
iples are, however, common to all the techniques and will be summarized\in-the following witho
fails of how the detection techniques are incorporated using various elegtranic design strategies.

hiques employed for direct transit-time measurement are based on emitting and receiving acousti

an example where the transit time is taken as the time intefval between the third zero-crossin
se and third zero-crossing in the received pulse. The problem; which in essence is addressed by
pction techniques, is to identify one or several predetermined zero-crossings or periods in the

is not straightforward due to the limited bandwidth of ¢he acoustic transducers and the modulatic
e flowing fluid.

sed technique is to trigger on a predetermined<@mplitude level of the received pulse and then de
fuent zero-crossing, as shown in Figure A/1. This technique may be refined by using a longer p
everal zero-crossings in the more stablevpart of the pulse, see Figure A.2. In this way one aV
art of the pulse where the pulse period varies. Further, for every pulse the transit time is compute
the individual transit times corresponding to each zero-crossing.

1

N

©1SO

sary to measure the transit time for an acoustic pulse travelling from an emitter to,a receive¢r. Each

in both

ics. The
ut going

C pulses
eceived
g in the
virtually
eceived
n of the

btect the
Ise and
oids the
bd as an

Key

3 Time

#=0 t=t,
3 t=t
-
1  Trigger level
2 First zero-crossing
a) Emitted pulse b) Received pulse

NOTE 1 Pulse transit times = t; or t,
NOTE 2 The transit time is given as the time interval between the 3rd zero-crossing in the received and emitted pulses.

Figure
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A.1 — Pulse detection by triggering on a predetermined amplitude level subsequent detection
of first zero-crossing
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NOTE 1

NOTE 2
pulses.

Another|
relativel

A some
digital r
determi
determi

In a sin
alternat

In a mu
once fo

ger level
D-crossings in stable part of pulse, t=0
-crossing in stable part of pulse, t; =tort=t,

a) Emitted pulse b) Received pulse

Mz

- 1
Pulse transit times t; = ™M

1 M
tli or t2 :Mthi
=1

The transit time is given as the mean of the time intervals between the zero crossings in the received

1

Figure A.2 — Pulse detection by triggering on a predetermined amplitude level and detection
of zero-crossings in thezstable part of the pulse

method of identifying a given zere-crossing or pulse period is to shape the pulse or to make
y fixed amplitude pattern in the transient part of the pulse.

Wwhat different approach is to\use a correlation technique, e.g. to cross-correlate the received p
bpresentation of the excitation waveform used (see Figure A.3). The transit time is then cal
hing the peak of the cross-correlation function. In a variation of this method, the transit time d

jle-path meter; the upstream and downstream transit times have to be measured either simulta
Bly.

Iti-path_meter, the two transit times for each path, e.g. upstream and downstream, are usually
allpaths before the transit time velocity measurement for any of the paths is performed.

hed directly by cross-correlating the upstream received pulse with the downstream received pulsel

Aand emitted

use of the

llse with a
culated by
fference is

neously or

measured

A.2 Calculation of mean transit time

Based on a set of n upstream and n downstream measured transit times, the mean upstream and downstream

transit ti

mes (t;) and (t,) are to be calculated.

The transit times should be checked for spurious values, which should be discarded from the data set. A number of
alternative methods are possible. The values should always be checked to ensure that the velocity of the fluid and

the velo

city of sound which these values suggest are possible.
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3 Pulse fransit time

Figure A.3 — Transit-time measurementby a correlation technique

The mean|of t; and t, and the standard deviation o of the n transit times may be computed:

1 n
=St
1 niZlJJ

n

1
t:—zt-
2 ni:12|

O 1 0 2D1/2
o(ty) f DT1 (=t

-l H

£ i n ZDJJZ
U(tZ)_ L A (fLi _fc) [

PIETE

The mean and the standard deviation of the velocity of sound can be computed according to:

2 12
2 2 2 cin?
o = 55— (s +12)° cos’p+ (4 - t5)” sin’g
12
_1lg
Co—ﬁizlcou
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Based on the mean and the standard deviation of the transit times and the mean and standard deviation of the
velocity of sound, a suitable filtering technique may be established. For example, transit times leading to unrealistic
estimates of the velocity of sound may be rejected. Similarly, transit times outside a specified interval around the
mean transit times may also be rejected. Such a procedure will apply to unimodal transit-time distributions only.

The me

n transit times and the mean velocity of sound are then calculated using the filtered set of transit

times.

A3 H
A3.1

A forma
flowing
downstr

ty

xtented theory for the transit-time flowmeter
The wave equation

solution of the wave equation can be obtained for the case of transducers at the pipe wall and
fluid. This gives the following more rigorous alternatives to equations (2) and (3) for the ups
Fam transit times.

L
(cg -v? sin2¢)1/2 - Vcos¢

L

t5 1

These €
A.3.2

In the fg
Figure A

| (C(Z) -v? sin2¢)1/2 +VCcos¢
quations, however, still lead to the same equation(7) for the fluid velocity v.
Transducers set back from the pipe wall

llowing, the configuration is studied in which the transducers are set back clear of the fluid flow, a
.4, which defines the axes and shows'many of the symbols.

h uniformly
tream and

... (A8)

... (A.9)

s shown in
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Key

1 Transducer

2 Fluid flow, where L, = X2 + Y2, L, = AB; D/Y = d/X
3 lllustragive distribution

4 Fluid velocity zero except in the flow

Figure A.4 — Transit-time flowmeter with transducers set back

Consider an ultrasonic pulse leavingtransducer A at an angle ¢, to the pipe axis, with the fluid flowing|in the x
direction with a velocity v(y). Resolving the distance travelled by the pulse in the time 7 in a fluid with vglocity of
sound c,, ve get, in the y directiqn,

y=gfsing, T .1.(A.10)

and for x thhe increment

dx = [[ cosg + V(Y] dr 1. (A1)

After the transittime t,
Y= ks ... (A12)

and if the pulse is to arrive at B, it must travel a distance X in the x direction in transit time t,, so

X t

X :‘gdx:‘c[[co cos@, + V(Y| dr ... (A.13)
)

= Cp th cos@, +J-V(Y) dr ... (A.14)
0
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YO wy) O
= Cg tp cosgy + [ F———d ... (A.15)
$ Fo SiNgz 0
Since the fluid velocity is zero outside the flow and has a mean of v over the flow section width D, then
Y
J'v(y) dy=VvD . (A.16)
0
Thus
vD
X 3 t, OS¢y + ———— . (A7
Co tp COSP3 & sing, (A.17)
vD
3 Co ty COSP,H + 2 ... (A.18)
Since DfY = d/X, the above equation can be rearranged to give
X vd
COS@)y = — — — . (A.19
Co £OS¢, L, X (A.19)
where dlis the projection of the part of ABin the flow in the x direction.
From (A.12) and (A.19) with sin2¢2 + c052¢2 =1
2 2 9242 ooy OL.  odlf o2.42° o2 42
olLY X  ved® 2vd_=49p vd vido ved
CQFzt etV T T ‘—ﬁ Y - (A-20)
B X tr o Lp X Ly
where Lp is the transducer separation and Lg =~'X? + Y2, Thus
2
L.| O G242 G242 DU 2
—"=§:€—V§' +ng O ... (A21)
ty X L3 H OLp
Considgr pulses travelling from B to A, with transit time t;, and leaving B at an angle ¢, to the pipg axis. The
equatioms corresponding'to’(A.9), (A.12) and (A.19) above are
y =G 1y Singy ... (A.22)
X vd
COS=— + — ...(A.23
o bosb (A.23)
2
i_DZ_VZdZ VZdZEU_\—/_d
= %o > . 3 .. (A24)
1 X L P
Subtracting (A.24) from (A.21) and rearranging gives:
Ly (t; -t
gzt t) ... (A.25)
2dy t,
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It can be seen that this equation involves only quantities which can be measured, namely the spool dimensions Lp
and d shown in Figure A.4, and the transit times (t;) and (t,). There are no empirical constants involved.

However, it is assumed that the velocity of sound in the stationary fluid (c,) is the same as in the flowing fluid, i.e.

that the flu

id is isothermal.

A.4 Calculation of mean axial fluid velocity A

For single-path meters, the mean axial fluid velocity v, averaged over the cross-sectional area of the conduit can

be computEdaccording 1o

VA = KV
For a single-path meter of diametric type, k, may be calculated according to
1
kn = 112 - 0,011lg Rey
for a fully developed turbulent flow, and
ky = 0}75
for laminar flow.
For a single-path meter of the chordal type, i.e. the acoustic path-s along a tilted chord, where the lateral pd
the ultrasopic transducers from the centreline is r, k, may be calculated as follows:
v
kn (Rep) = T/?)
where V(r) is the average axial flow velocity at r.Calculating v, and v(r) for the power law velocity distributi
1
v(r, Rgy) =V =g @,—LFE”
1
. =0)250 - 0,023 Ilg Re,
for r = R/2 [ the average value of k;, for Reynolds numbers in the range 104 to 108 is 0,996.

For this particularlateral path position, the variation of k;, is less than 0,4 % over the specified Reynolds

range. For,

chordaltype meters, the recommended lateral position of the transducers is atr = R/2.

. (A.26)

L (A27)

. (A.28)

sition of

. (A.29)

. (A.30)

. (A.31)

number

Since the

assumed-conditions—for the calculation of k. are \V7=1aVi seldom flllfillnd, a—flow calibration sH

ould be

performed

For a circu

on a test rig or at the final installation if this can be arranged.

lar pipe, the theoretical expression for v, is given by

R R
Uy = @%@JRD(r)V(r) dr = @%@JR(RZ — Y2 y(rydr .

where V(r) is the average flow velocity along the chord D(r) having a lateral position r, and A is the cross-sectional
area of the pipe.
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In a multi-path meter V(r) is calculated for a set of discrete values of r. By applying a suitable numerical integration
technique, v, can be computed based on the calculated v for each path. Thus, Vv, may be computed e.g. by the

Gaussian integration technique with

U = Q%Qélwi % (5)

where w; are weighting factors depending on the applied integration technique, and r; are the lateral positions of the

ultrasonic transducers.

This is

multi-pal

As exan
techniqt

Tab

... (A.33)

h widely used technique for numerical integration. This method has been implemented in vario
th ultrasonic flowmeters.

ples, Table A.1 shows weight of measurement and lateral transducer positions for twg-Gaussian
es with weighting function f (r) = 1 (Gauss) and f (r) = (R2 — r2)/2 (Gauss-Jacobi).

e A.1 — Examples for normalized transducer positions and weight of measufement for Gaussian

IS ways in

integration

integration with weighting functions f(r) = 1 (Gauss) and f (r) = (R? — r2)Y2(Gauss-Jacobi), respegtively
, 0 o’
Below H; is defined as: F, = R°[I1- g—' 0
5 “R-H
Integration 2 paths 3 paths 4 paths
technique
rI r| rI
- Wi = Wi - Wi
R R R
Gayss -0,5774 F; <0,774 6 0,555 5F; -0,8611 0,349 F,
0,577 4 F, 0,000 0 0,888 8 F; -0,3400 0,654 1 F,
0,774 6 0,5555F; 0,3400 0,654 1 F,
0,861 1 0,341 9 F,
Gayss-Jacobi -05 0,785 4 R? -0,8090 0,2171 R2
0,5 0,785 4 R2 -0,3090 0,569 3 R2
0,3090 0,569 3 R2
0,8090 0,2171 R2
NOTE Gauss-Jacobi method is applied to configurations with even numbers of paths.

In additi

integrati

on, ¥, may also be computed by fitting a polynomial to the calculated velocities v for each path
g-the fitted polynomial to obtain v,

, and then

A.5 Calculation of volume flowrate

The volume flowrate is calculated from

Qv = A

... (A34)
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A.6 Path configurations
Basically there are three types of multipath flowmeters, based upon their configuration:
O the diagonal-path flowmeter;

O the parallel-path flowmeter;

O the reflecting-path flowmeter.

ted with

the mean Yalue of the individual velocity measurements.

The parall¢l-path flowmeter employs a number of paths (generally no more than five) parallel to eachother| For the
positioning of the paths and calculation of the flowrate, applying weighting factors for the different flow velocities,
numerical |[ntegration methods (e.g. the Gauss integration method) are used.

The matriyq flowmeter employs reflecting acoustic-path networks (see Figure A.5). These{networks of acoustic paths
give additipnal information on velocities and flow distortions.

The mean]axial fluid velocity, and thus the volume flowrate, are processed by €ombining the different information
received from the different paths.

Figure A.5 — Matrix configuration of acoustic paths
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