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Foreword

This European Standard has been taken over by CEN
from the work of ISO/TC 30, Measurement of fluid flow
in closed conduits, of the International Organization for
Standardization (ISO).

This European Standard shall be given the status of a
national standard, either by publication of an identical
text or by endorsement, at the latest by September
1995, and conflicting national standards shall be
withdrawn at the latest by September 1995.

According to the CEN/CENELEC Internal Regulations,
the following countries are bound to implement this
European Standard: Austria, Belgium, Denmark,
Finland, France, Germany, Greece, Iceland, Ireland,
Italy, Luxembourg, Netherlands, Norway, Portugal,
Spain, Sweden, Switzerland and United Kingdom.
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National foreword

This Section of BS 1042 has been prepared under the direction of the
Industrial-process Measurement and Control Standards Policy Committee. It is
identical with ISO 9300 : 1990 ‘Measurement of gas flow by means of critical
flow Venturi nozzles’, published by the International Organization for
Standardization (ISO).

This is Section 1.3 of a series of Sections of BS 1042 : Part 1 on pressure
differential devices, as follows:

Section 1.1 Specification for square-edged orifice plates, nozzles and Venturi
tubes in circular cross section conduits running full

Section 1.2 Specification for square-edged orifice plates and nozzles (with drain
holes, in pipes below 50 mm diameter, as inlet and outlet devices) and other
orifice plates

Section 1.4 Guide to the use of devices specified in Sections 1.1 and 1.2

Section 1.5 Guide to the effect of departure from the conditions specified in
Section 1.1

Cross-references

International standard Corresponding British Standard

ISO 4006 : 1991 BS 5875 : 1991 Glossary of terms and symbols for
measurement of fluid flow in closed conduits
(Identical)

ISO 5168 : 19781 BS 5844 : 1980 Methods of measurement of fluid flow:
estimation of uncertainty of a flow-rate measurement
(Identical)

The Technical Committee has reviewed the provisions of ISO 2186 to which
reference is made in the text, and has decided that they are acceptable for use in
conjunction with this standard.

Compliance with a British Standard does not of itself confer immunity from
legal obligations.

Ditis envisaged tha. /hen the revised edition of ISO 5168 is published, a revised edition of BS 5844
will be published.

ii



INTERNATIONAL STANDARD

1SO 9300 : 1990 (E)

Measurement of gas flow by means of critical flow

Venturi nozzles

1 Scope

This International Standard specifies the geometry and method
of use (installation in a system and operating conditions) of
critical flow Venturi nozzles used to determine the mass flow-
rate of a gas flowing through a system. It also gives the infor-
mation necessary for calculating the flow-rate and its
associated uncertainty.

It applies to Venturi nozzles in which the gas flow accelerates to
the critical velocity at the throat (this being equal to the local
sonic velocity). At the critical velocity, the mass flow-rate of the
gas flowing through the Venturi nozzle is the maximum poss-
ible for the existing upstream conditions.

This International Standard is applicable only where there is
steady flow of single-phase gases. The critical flow Venturi
nozzles dealt with can only be used within specified limits, e.g.
limits for the nozzle throat to inlet diameter ratio and throat
Reynolds number. It deals with Venturi nozzles for which direct
calibration experiments have been made in sufficient number
and quantity to enable inherent systems of application to be
based on their results and to enable coefficients to be given
with certain predictable limits of uncertainty.

The Venturi nozzles specified in this International Standard are
called ““primary devices’’. The other instruments necessary for
the measurement of the flow-rate are known as ‘‘secondary
devices”. This International Standard principally covers primary
devices; secondary devices are discussed only occasionally.

Information is given in this International Standard for cases where

a) the pipeline upstream of the Venturi nozzle is of circular
cross-section, or

b) it can be assumed that there is a large space upstream
of the Venturi nozzle.
2 Definitions and symbols

2.1 Definitions

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

2.1.1 Pressure measurement

2.1.1.1 wall pressure tapping: Hole drilled in the wall of a
conduit in such a way that the edge of the hole is flush with the

internal surface of the conduit. The tapping is achieved such
that the pressure within the hole is the static pressure at that
point in the conduit.

2.1.1.2 static pressure of a gas: Actual pressure of the
flowing gas which can be measured by connecting a pressure
gauge to a wall pressure tapping.

NOTE — Only the value of the absolute static pressure is used in this
International Standard.

2.1.1.3 stagnation pressure of a gas: Pressure which
would exist in the gas in a flowing gas stream if the stream were
brought to rest by an isentropic process.

NOTE — Only the value of the absolute stagnation pressure is used in
this International Standard.

2.1.2 Temperature measurement

2.1.2.1 static temperature of a gas: Actual temperature of
the flowing gas.

NOTE — Only the value of the absolute static temperature is used in
this International Standard.

2.1.2.2 stagnation temperature of a gas: Temperature
which would exist in the gas in a flowing gas stream if the
stream were brought to rest by an isentropic process.

NOTE — Only the value of the absolute stagnation temperature is used
in this International Standard.

2.1.3 Critical flow nozzles

2.1.3.1 Venturi nozzle: Convergent/divergent restriction
inserted in a system, intended for the measurement of flow-
rate.

2.1.3.2 throat: Section of minimum diameter of a Venturi
nozzle.

2.1.3.3 critical Venturi nozzle : Venturi nozzle for which the
nozzle geometrical configuration and conditions of use are
such that the flow-rate is critical.
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2.1.4 Flow

2.1.4.1 mass flow-rate, g,,: Mass of gas per unit time pass-
ing through the Venturi nozzle.

NOTE — In this International Standard, the term flow-rate always
refers to mass flow-rate.

2.1.4.2 throat Reynolds number, Re;: Dimensionless
parameter calculated from the gas velocity, the gas density at
the nozzle throat and the gas dynamic viscosity at nozzle inlet
stagnation conditions. The characteristic dimension is taken as
the throat diameter at working conditions. The throat Reynolds
number is given by the formula

49,
ndug

Red =

2.1.4.3 isentropic exponent, x: Ratio of the relative vari-
ation in pressure to the corresponding relative variation in
density under elementary reversible adiabatic (isentropic) trans-
formation conditions :

k=2 a_p) _ec
p \d/s p

where

p is the absolute static pressure of the gas;
o is the density of the gas;
¢ is the local speed of sound;

the subscript S means ‘‘at constant entropy”’.

For an ideal gas?), k is equal to the ratio of specific heat
capacities y and is equal to 5/3 for monatomic gases, 7/5 for
diatomic gases, 9/7 for triatomic gases, etc.

2.1.4.4 discharge coefficient, C: Dimensionless ratio of the
actual flow-rate to the ideal flow-rate that would be obtained
with one-dimensional isentropic flow for the same upstream
stagnation conditions. This coefficient corrects for viscous and
flow field curvature effects. For the nozzle design and instal-
lation conditions specified in this International Standard, it is a
function of the throat Reynolds number only.

2.1.4.5 critical flow: Maximum flow-rate for a particular
Venturi nozzle which can exist for the given upstream con-
ditions. When critical flow exists the throat velocity is equal to
the local value of the speed of sound (acoustic velocity), the
velocity at which small pressure disturbances propagate.

2.1.4.6 critical flow function, C,: Dimensionless function
which characterizes the thermodynamic flow properties of an
isentropic and one-dimensional flow between the inlet and the
throat of a Venturi nozzle. It is a function of the nature of the
gas and of stagnation conditions (see 3.2).

2.1.4.7 real gas critical flow coefficient, Cr: Alternative
form of the critical flow function, more convenient for gas mix-
tures. It is related to the critical flow function as follows:

Cgr = C,Z12

2.1.4.8 critical pressure ratio, r,: Ratio of the absolute
static pressure of the gas at the nozzle throat to the absolute
stagnation pressure for which the gas mass flow-rate through
the nozzle is a maximum.

2.1.4.9 back-pressure ratio: Ratio of the absolute nozzle
exit static pressure to the absolute nozzle upstream stagnation
pressure at which the flow becomes critical.

2.1.4.10 Mach number, Ma, (at nozzle upstream static con-
ditions) : Ratio of the mean axial fluid velocity to the velocity of
sound at the inlet of the Venturi nozzle.

2.1.4.11 compressibility factor, Z: Correction factor
expressing numerically the deviation from the ideal gas law of
the behaviour of a real gas at given pressure and temperature
conditions. It is defined by the formula

M
ORT

where R, the molar gas constant, equals 8,314 3 J/(mol.K).
2.1.5 uncertainty: Estimate characterizing the range of values
within which the true value of a measurand lies, at 95 % probability.

In some cases, the confidence level which can be attached to
this range of values will be greater than 95 %, but this will be so
only where the value of a quantity used in the calculation of
flow-rate is known with a confidence level in excess of 95 % in
such a case, reference should be made to 1ISO 5168.

2.2 Symbols

The symbols used in this International Standard are specified in
table 1.

3 Basic equations

3.1 State equation
The behaviour of a real gas can be described by the formula

plo = (RIM) TZ

3.2 Flow-rate under ideal conditions

For ideal critical flow-rates to exist, three main conditions are
necessary :

a) the flow is one-dimensional;
b) the flow is isentropic;

c) the gas is perfect (i.e. Z = 1and k = y).

1) In real gases, the forces exerted between molecules as well as the volume occupied by the molecules have a significant effect on the gas
behaviour. In an ideal gas, intermolecular forces and the volume occupied by the molecules can be neglected.



Table 1 — Symbols
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Symbol Quantity Dimensions! Si unit
Ay Cross-sectional area of Venturi nozzle exit L2 m2
A, Cross-sectional area of Venturi nozzle throat L2 m2

C Discharge coefficient dimensionless
Cr Real gas critical flow coefficient (for one-dimensional flow of a real gas) dimensionless
C, Critical flow function (for one-dimensional flow of a real gas) dimensionless
C.i Critical flow function (for one-dimensional isentropic flow of a perfect gas) dimensionless
D Diameter of upstream conduit L m
d Diameter of Venturi nozzle throat L m
E Relative uncertainty dimensionless
e Absolute uncertainty 2)
M Molar mass M kg kmol -1
Ma, Mach number at nozzle inlet static conditions dimensionless
P Absolute static pressure of the gas at nozzle inlet ML-1T-2 Pa
Do Absolute static pressure of the gas at nozzle exit ML-1T-2 Pa
Do Absolute stagnation pressure of the gas at nozzle inlet ML-1T-2 Pa
D, Absolute static pressure of the gas at nozzle throat ML-1T-2 Pa
D.i Absolute static pressure of the gas at nozzle throat for one-dimensional isentropic flow ML-1T-2 Pa
of a perfect gas
(p2/ Po)i Ratio of nozzle exit static pressure to nozzle inlet stagnation pressure for one- dimensionless
dimensional isentropic flow of a perfect gas

am Mass flow-rate MT-1 kg-s-1
q mi Mass flow-rate for one-dimensional isentropic flow of an inviscid gas MT-1? kg-s-1
R Universal gas constant ML2T-20-1 J-kmol-1 K-1
Re, Nozzle throat Reynolds number dimensionless

re Radius of curvature of nozzle inlet L m

r, Critical pressure ratio p./p, dimensionless

Ty Absolute stagnation temperature of the gas at nozzle inlet (C)

T, Absolute static temperature of the gas at nozzle inlet [©) K

T, Absolute static temperature of the gas at nozzle throat ®

v, Throat sonic flow velocity; critical flow velocity at the throat LT-1 m-s-!
Z Compressibility factor dimensionless

s Diameter ratio d/D dimensionless

y Ratio of the specific heat capacity at constant pressure c,, to the specific heat capacity at dimensionless

constant volume ¢,

K Isentropic exponent dimensionless

Ug Dynamic viscosity of the gas at stagnation conditions at nozzle inlet ML-1 T Pa-s
u, Dynamic viscosity of the gas at nozzle throat ML-1 T-1 Pa-s
Qo Gas density at stagnation conditions at nozzle inlet ML-3 kg-m-3
0. Gas density at nozzle throat ML-3 kg-m-3

1) M = mass; L = length; T = time; ® = temperature.

2) The dimension of this parameter is the dimension of the quantity to which it relates.
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Under these conditions, the critical flow-rate is given by

A.C.ipo
Ui = [(RIM) Tg) 172
or
Gmi = A.C,i(pgog) /2
where

2 \+0/20p-1
C..= yi12
i y+1

3.3 Flow-rate under real conditions

For flow-rates under real conditions, the formulae for critical
flow-rates become

_ A.CC.pg
Im = (RIM) Tg) 72

or

gm= A,CCRrlpgog) /2
since

Cr = C,Zy1/2

where Z is the value of the compressibility factor at stagnation
conditions at nozzle inlet:

ZO = poM/QoR TO

It should be noted that C, and Cg are not equal to C,; because
the gas is not perfect, C is less than unity since the flow is not
one-dimensional and a boundary layer exists owing to viscous
effects.

4 Applications for which the method is
suitable

Each application should be evaluated to determine whether a
critical flow Venturi nozzle or some other device is the most
suitable. An important consideration is that the flow through
the Venturi nozzle be independent of the downstream pressure
(see 7.6) within the pressure range for which the Venturi nozzle
can be used for critical flow measurement.

Some other considerations are as follows.

For critical flow Venturi nozzles the only measurements re-
quired are the gas pressure and the gas temperature or density
upstream of the critical Venturi nozzle since the throat con-
ditions can be calculated from thermodynamic considerations.

The velocity in the critical Venturi nozzle throat is the maximum
possible for the given upstream stagnation conditions, and
therefore the sensitivity to installation effects is minimized
except for those of swirl which shall not exist in the inlet part of
the Venturi nozzle.

When comparing sonic Venturi nozzles with subsonic pressure-
difference meters it can be noted that in the case of the critical

nozzle, the flow is directly proportional to the nozzle upstream
stagnation pressure and not, as in the case of the subsonic
meter, to the square root of a measured differential pressure.

The maximum flow range which can be obtained for a given
critical Venturi nozzle is generally limited to the range of inlet
pressures which are available above the inlet pressure at which
the flow becomes critical.

The most common applications to date of critical flow Venturi
nozzles have been for tests, calibration and flow control.

5 Standard critical flow Venturi nozzles

5.1 General requirements

5.1.1 The Venturi nozzle shall be inspected to determine that
it conforms with the requirements of this International Stan-
dard.

5.1.2 The Venturi nozzle shall be manufactured from material
suitable for the intended application. Some considerations are
that

a) it should be possible to finish the material to the re-
quired condition; some materials are unsuitable owing to
the inclusion of pits, voids and other inhomogeneities,

b) the material, together with any surface treatment used,
shall not be subject to corrosion in the intended service, and

c) the material should be dimensionally stable and should
have known and repeatable thermal expansion charac-
teristics (if it is to be used at a temperature other than that at
which the throat diameter has been measured) so that the
appropriate throat diameter correction can be made.

5.1.3 The throat and toroidal inlet up the conical divergent
section of the Venturi nozzle shall be smoothly finished so that
the arithmetic average roughness R, does not exceed
15 x 10-64.

5.1.4 The throat and toroidal inlet up the conical divergent
section shall be free from dirt, films or other contamination.

5.1.5 The form of the conical divergent section of the Venturi
nozzle shall be checked to ensure that any steps, disconti-
nuities, irregularities and lack of concentricity do not exceed
1% of the local diameter. The arithmetic average roughness R,
of the conical divergent section shall not exceed 10-4d.

5.2 Design
There are two designs of standard Venturi nozzles, i.e. the

toroidal throat Venturi nozzle and the cylindrical throat Venturi
nozzle.

5.2.1 Toroidal throat Venturi nozzle

5.2.1.1 The Venturi nozzle shall conform with the specifi-
cations shown in figure 1.
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Inlet plane

1d min.

i

D >4d
2,5d

Intersection of toroidal
surface and divergent section

In this region the arithmetic

r=18dto 2,24

1) P, pressure measurement.

2) In this region the arithmetic average roughness R, shall not
exceed 15 x 10-6d and the contour shall not deviate from
toroidal form by more than + 0,001d.

average roughness R, of the
surface shall not exceed 10 ~4d

Inlet surface shall lie
within the hatched zone

Figure 1 — Toroidal throat Venturi nozzle

5.2.1.2 For purposes of locating other elements of the Venturi
nozzle critical flow metering system, the inlet plane of the
Venturi nozzle is defined as that plane perpendicular to the axis
of symmetry which intersects the inlet at a diameter equal
to 2,6d + 0,1d.

5.2.1.3 The convergent section of the Venturi nozzle (inlet)
shall be a portion of a torus which shall extend through the
minimum area section (throat) and shall be tangential to the
divergent section. The contour of the inlet upstream of the inlet
plane (see 5.2.1.2) is not specified, except that the surface at
each axial location shall have a diameter equal to or greater
than the extension of the toroidal contour.

5.2.1.4 The toroidal surface of the Venturi nozzle located
between the inlet plane and the divergent section (see figure 1)
shall not deviate from the shape of a torus by more than
1 0,001d. The radius of curvature r,, of this toroidal surface in a
plane in which the axis of symmetry lies shall be 1,84 to 2,2d.

5.2.1.5 The divergent section of the Venturi nozzle
downstream of the point of tangency with the torus shall form
a frustum of a cone with a half-angle between 2,5° and 6°. The
length of the divergent section shall be not less than the throat
diameter.

5.2.2 Cylindrical throat Venturi nozzle

5.2.2.1 The Venturi nozzle shall conform with the specifi-
cations shown in figure 2.

65.22.2 The inlet plane is defined as that plane which is
tangential to the inlet contour of the Venturi nozzle and perpen-
dicular to the nozzle centre-line.

5.2.2.3 The convergent section of the Venturi nozzle (inlet)
shall be a quarter of a torus tangential on one hand to the inlet
plane (see 5.2.2.2) and on the other hand to the cylindrical
throat. The length of the cylindrical throat and the radius of
curvature r of the quarter of torus shall be equal to the throat
diameter.

5.2.2.4 The inlet toroidal surface of the Venturi nozzle shall
not deviate from the shape of a torus by more than + 0,001d.

5.225 The flow-rate shall be calculated from the mean
diameter at the cylindrical throat outlet section. The mean
diameter shall be determined by measuring at least four
angularly equally distributed diameters on the cylindrical throat
outlet. No diameter along the throat length shall deviate by
more than * 0,001d from the mean diameter.

The length of the throat shall not deviate from the throat
diameter by more than 0,05d.

The connection between the quarter of torus and the cylindrical
throat shall be inspected visually and no defect should be
observed. When a defect of connection is observed, it shall be
checked that the local radius of curvature in a plane in which
the axis of symmetry lies is never less than 0,54 throughout the
inlet surface (quarter of torus and cylindrical throat). The total
area of the inlet surface shall be properly polished so that the
arithmetic average roughness R, does not exceed 15 x 10-64.

The connection between the cylindrical throat and the
divergent section shall also be visually inspected and no defect
shall be observed.

5.2.2.6 The divergent section of the Venturi nozzle comprises
a frustum of a cone with a half-angle between 3° and 4°. The
length of the divergent section shall be not less than the throat
diameter.
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Inlet plane

1d min. L

D>4d
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1) In this region the arithmetic average roughness R, of the surface shall not exceed 15 x 10-6d and the contour shall not

deviate from toroidal and cylindrical form by more than * 0,0014d.

2) In the conical divergent section the arithmetic average roughness R, shall not exceed 10-4d.

Figure 2 — Cylindrical throat Venturi nozzle

6 Installation requirements

6.1 General

This International Standard applies to the installation of critical
Venturi nozzles when either

a) the pipeline upstream of the Venturi nozzle is of circular
cross-section, or

b) it can be assumed that there is a large space upstream
of the Venturi nozzle.

For case a), the primary device shall be installed in a system
meeting the requirements of 6.2. For case b), the primary
device shall be installed in a system meeting the requirements
of 6.3. In both cases, swirl shall not exist upstream of the Venturi
nozzle. Where a pipeline exists upstream of the nozzle, swirl-free
conditions can be ensured by installing a flow straightener of the
design shown in figure 3 at a distance /; > 5D upstream of the
nozzle inlet plane.

6.2 Upstream pipeline

The primary device may be installed in a straight circular con-
duit which shall be concentric within + 0,02D with the centre-
line of the Venturi nozzle. The inlet conduit up to 3D upstream
of the Venturi nozzle shall not deviate from circularity by more
than 0,01 D and shall have an arithmetic average roughness R,
which shall not exceed 10-4D. The diameter of the inlet con-
duit shall be a minimum of 4d.

6.3 Large upstream space

It can be assumed that there is a large space upstream of the
primary device if there is no wall closer than 5d to the axis of

the primary device or to the inlet plane of the primary device, as
defined in 5.2.1.2 or 5.2.2.2.

6.4 Downstream requirements

No requirements are imposed on the outlet conduit except that
it shall not restrict the flow so as to prevent critical flow in the
Venturi nozzle.

6.5 Pressure measurement

6.5.1 When a circular conduit is used upstream of the primary
device the upstream static pressure shall preferably be
measured at a wall pressure tapping at a distance 0,9D to 1,1D
from the inlet plane of the Venturi nozzle (see figure 1). The
wall pressure tapping may be located upstream or downstream
of this position provided that it has been demonstrated that the
measured pressure can be used reliably to give the nozzle inlet
stagnation pressure.

6.5.2 When it can be assumed that there is a large space
upstream of the primary device the upstream wall pressure
tapping shall preferably be located in a wall perpendicular to the
inlet face of the primary device and within a distance of
10d + 1d from that plane. The wall pressure tapping may be
located upstream or downstream of this position provided tha
it has been demonstrated that the measured pressure can be
used reliably to give the nozzle inlet stagnation pressure.

6.5.3 For the wall pressure tapping mentioned in 6.5.1, anc
preferably also for that mentioned in 6.5.2, the centre-line o
the wall pressure tapping shall meet the centre-line of the
primary device and be at right angles to it. At the point of the
breakthrough, the hole shall be circular. The edges shall be fre«
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18010220
[2 >0 050 to11 D, Nozzle inlet
) 2) o plane
|
|
3) |

%4

L=5D

\ Vane thickness to be adequate
to prevent buckling

1) P, pressure measurement.
2) T, temperature measurement.

3) In this region the surface roughness shall not exceed 10-4D.

Figure 3 — Installation requirements for an upstream pipework configuration

from burrs, and shall be square or lightly rounded to a radius
not exceeding 0,1 times the diameter of the wall pressure tap-
ping. It shall be confirmed by visual inspection that the wall
pressure tappings comply with these requirements. When an
upstream pipeline is used the diameter of the wall pressure tap-
ping shall be less than 0,08 D and preferably less than 12 mm.
The wall pressure tapping shall be cylindrical for a minimum
length of 2,5 times the diameter of the tapping (see figure 4).

dfé 0{280 (< 12 mm preferably)

J

1)

>2,5dt

/)
V1L

1) Edge of hole flush with internal surface of conduit, burr-free and
square to a radius not exceeding 0,1d,.

Figure 4 — Detail of a wall pressure tapping when
an upstream pipeline is used

6.5.4 The downstream pressure shall be measured to ensure
that critical flow is maintained. This pressure shall be measured
by using a conduit wall pressure tapping located within 0,5
times the conduit diameter of the exit plane of the divergent
section.

6.5.5 In some applications the outlet pressure can be deter-
mined without the use of a wall pressure tapping. For example,
the Venturi nozzle may discharge directly into the atmosphere
or other region of known pressure. In these applications the
outlet pressure need not be measured.

6.6 Drain holes

The conduit may be provided with the necessary drain holes for
the removal of condensate or other foreign substances that
may collect in some applications. There should be no flow

through these drain holes while the flow measurement is in pro-
gress. If drain holes are required they shall be located upstream
of the nozzle upstream wall pressure tapping. The diameter of
the drain holes should be smaller than 0,06 D. The axial distance
from the drain hole to the plane of the upstream wall pressure
tapping shall be greater than D and the hole shall be located in an
axial plane different from that of the wall pressure tapping.

6.7 Temperature measurement

The inlet temperature shall be measured using one or more sen-
sors located upstream of the Venturi nozzle. When an
upstream pipeline is used the recommended location of these
sensors is 1,8 to 2,2 D upstream of the inlet plane of the Ven-
turi nozzle. The diameter of the sensing element shall be not
larger than 0,04D and the element shall not be aligned with a
wall pressure tapping in the flow direction. If it is impracticable
to use a sensing element of diameter less than 0,04D, the
sensing element shall be so located that it can be demonstrated
that it does not affect the pressure measurement. The sensor
can be located further still upstream provided that it has been
demonstrated that the measured temperature can be used
reliably to give the nozzle inlet stagnation temperature.

Particular care has to be exercized in the selection of the
temperature sensor and the insulation of pipework if the
stagnation temperature of the flowing gas differs from that of
the medium surrounding the pipeline by more than 5 K. In
these cases the sensor selected shall be insensitive to radiation
error and the pipework shall be well lagged to minimize heat
transfer between the flowing gas and the surrounding medium.
If the temperatures of the flowing gas and the pipe wall differ
significantly it is extremely difficult to measure the gas
temperature accurately.

6.8 Density measurement

For some applications, it may be desirable to measure directly
the gas density at the nozzle inlet, for instance when the molar
mass of the gas is not known with a sufficient accuracy.

When a densitometer is used, it shall be installed upstream
of the nozzle and of the upstream pressure and temperature
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tappings. To achieve correct measurement of the inlet gas
density, particular attention shall be given to the following
points.

a) The installation of the densitometer shall not disturb the
pressure and temperature measurements.

b) When the densitometer is located outside the main
upstream pipe, checks shall be carried out to ensure that the
gas in the device is the same as the gas flowing in the main
conduit.

c) The pressure and temperature conditions at the den-
sitometer should be as close as possible to the nozzle inlet
conditions in order to avoid corrections. If necessary, the

inlet density shall be computed from the measured density
using the equation of state:

by 70 T Z
0 4 ps Ty Zo

where the subscript d indicates ‘‘relative to the den-
sitometer”’.

7 Calculation methods

7.1 Mass flow-rate

The actual mass flow-rate shall be computed from one of the
following equations:

R 1/2
dm = A,CC,pO M To

qdm = A‘CCR (poQo)”z

or

7.2 Discharge coefficient

7.2.1 The discharge coefficient depends largely on the shape
of the Venturi nozzle and it shall be noted that at small values of
the throat diameter the nozzle geometry is very difficult to con-
trol and measure.

7.2.2 The discharge coefficient for the Venturi nozzle may be
obtained from the following equation:

C=a-5»>b Red_”
The coefficients a, b and n are given in table 2 for each type of

Venturi nozzle for the range of throat Reynolds number over
which they may be used.

7.2.3 The relative uncertainty in the discharge coefficients
obtained from the equation specified in 7.2.2is + 0,5 %, at the
95 % confidence level, for both types of nozzle.

Values of the discharge coefficient are given in annex A.

7.3 Critical flow function

The value of C, used to calculate the gas mass flow-rate may
be computed using any method of demonstrable accuracy.
Values of C, for various gases are given in annex B.

7.4 Real gas critical flow coefficient

The value of C,g used to calculate the gas mass flow-rate may
be computed using any method of demonstrable accuracy. A
method of computation of Cg for natural gases is given in
annex C.

7.5 Conversion of measured pressure and
temperature to stagnation conditions

The inlet stagnation pressure p, may be determined from the
relationship

— N —1)
Po_ (1 4+ £21 pa )™
P1 2

The inlet stagnation temperature T, may be determined from
the formula

Ty K =1
— =1+

Ma?

Table 2 — Coefficients a, b and n

Toroidal throat Venturi Cylindrical throat Venturi
nozzle nozzle
= 0,9887
3,5 x 105 < Re,; < 2,6 x 108 a
= 0,9935 b=n-=
105 < Re, < 107 =1,5250 a=1

n=20,5 2,6 x 106 < Re; < 2 x 107 b =02165

n=20,2
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7.6 Maximum permissible downstream pressure provided that it can be verified that the flow is critical. The

pressure ratio p,/pg is not significantly affected by extending
For Venturi nozzles operating at throat Reynolds numbers the cone length such that the exit area is greater than four
greater than 2 x 105 and having exit cones longer than d the times the throat area, i.e. beyond seven diameters for a cone
maximum permissible downstream pressure is determined from half-angle of 4°.

the relationship

(ol Po)max = 0.8 [(Da/po); — 1.] + r 8 Uncertainties in the measurement of
flow-rate
where . . . o
Useful general information on this subject is given in ISO 5168.
2 K/lk—1)
re= K+ 1 8.1 General
The value of (py/py); is determined from the isentropic ideal gas 8.1.1 The uncertainty in the measurement of the flow-rate
relationships as a function of the area ratio of the divergent sec- shall be calculated and shall be reported under this name
tion. Values of (po/pg)max May be determined from figure 5. whenever a measurement is claimed to be in conformity with
Higher back-pressure ratios than those shown may be used this International Standard.
09

P2 )
Po /' max
x
1}
-
w

1

o
o
T

Maximum permissible back-pressure ratio, (

o
3
T

|

L 1

1 2 3 A 5 '

Area ratio, A,/A,

NOTE — The area ratio A,/ A, is related to the Venturi nozzle dimensions by the
following formulae :

a) for toroidal throat Venturi nozzles

2
ﬂ = | 2end + E"— (1 —cosf) + 1]
A, d d
b) for cylindrical throat Venturi nozzles
A 2
a2 _ (thane + 1)
A, d
where

[ is the length of the divergent;

6 is the half-angle of the divergent.

Figure 5 — Maximum permissible back-pressure ratio for critical flow Venturi nozzles
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8.1.2 The uncertainty may be expressed in absolute or relative
terms and the results of the flow measurement may then be
given in any one of the following forms:

am * elgp)
dm [1 * E(Qm)]

g, within E(q,,)

where the absolute uncertainty elq,,) shall have the same dimen-
sions as g, and the relative uncertainty Elg,,) = elq,)/qy, is
non-dimensional.

8.1.3 The uncertainty in the flow measurement as defined in
this International Standard (see 2.1.5) is equivalent to twice the
standard deviation. As for the standard deviation, the uncer-
tainty is obtained by combining the partial uncertainties of the
individual quantities which are used in the calculation of the
flow-rate, assuming them to be small, numerous and indepen-
dent of each other. Although for a single measuring device,
and for the coefficients used in one test, some of these uncer-
tainties may in reality be the result of systematic errors (of
which only an estimation of their maximum absolute amount is
known), their combination is permitted as if they were random
errors having a distribution conforming to the Laplace-Gauss
normal law.

8.2 Practical computation of uncertainty

8.2.1 The basic formula for the computation of the mass rate
of flow q,, is either

R \12
dm = A*CC-pO 1\_4 TO

dm = A‘CCR (pogo)”z

or

In fact, the various quantities which appear on the right-hand
side of these formulae are not independent and so it is not
strictly correct to compute the uncertainty in g, directly from
the uncertainties in these quantities. (For example, C, and Cgr

10

are functions of py and Ty, and C is a function of d, uy and
am-)

However, it is sufficient for most practical purposes to assume
that the uncertainties in the terms on the right-hand side of the
equations are independent of each other.

8.2.2 The practical working formula for calculating the
relative uncertainty in the mass flow-rate g, is

El(q,,) = [EZ(C,) + E2(C) + E2(A,) + E2(pgy) +
1 1 1/2
+ - E2M) + 4 EATy)

or

1
Elg,) = [Ez(CR) + E2(C)+ E2(A,) + 7E2(go) +
1 1/2
+ TEZ(po)]

When the inlet gas density is not directly measured but is com-
puted from the equation given in 6.8 c), the uncertainty relative
to oq is given by

) 0Z Pd 2
Elog) =4 E2 1-(Z5) 29| k2
(00) { (Qd)+[ (ap)d Zd] (pg) +

which often simplifies to
E(gy) = [Ez(.Qd) + E2(py) + E2(pg) + E2(T4) +

+ E2(Tp)] "2



Annex A
(normative)

Venturi nozzle discharge coefficients

Table A.1 — Toroidal throat Venturi nozzle
discharge coefficients

Reynolds number Discharge coefficient
Re, C
1 x 105 0,988 7
2 x 105 0,990 1
3 x 105 0,990 7
5 x 105 0,991 3
7 x 108 0,991 7
1 x 106 0,992 0
2 x 106 0,992 4
3 x 106 0,992 6
5 x 106 0,992 8
7 x 108 0,992 9
1 x 107 0,993 0

Table A.2 — Cylindrical throat Venturi nozzle
discharge coefficients

Reynolds number

Discharge coefficient

Re, C
3,5 x 105 to 2,6 x 106 0,988 7
5 x 106 0,990 1
7 x 108 0,990 7
1 x 107 0,991 4
2 x 107 0,992 5

1SO 9300 : 1990 (E)
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Tables of values of the critical flow function C, for various gases

Annex B
(normative)

Table B.1 — Values of C, for nitrogen

Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 0,5 1 2 3 4 5 6 7 8 9 10
-50 06848 | 06878 | 06908 | 0,6970 | 0,7035 | 0,7102 | 0,7171 | 0,7243 | 0,7315 | 0,7389 | 0,746 2 | 0,753 6
-25 06848 | 0689 { 06891 | 06934 | 06978 | 0,7023 | 0,7069 | 0,7115 | 0,716 1 | 0,7208 | 0,7254 | 0,7299
0 06848 | 06863 | 06879 | 06910 | 06941 | 0,6972 | 0,7004 | 0,7035 | 0,7067 | 0,7097 | 0,7128 | 0,7158
25 06848 | 06859 | 0,6870 | 06893 | 06915 | 06938 | 0,6960 | 0,6982 | 0,7004 | 0,7025 | 0,7046 | 0,706 6
50 06847 | 0,6855 | 0,6864 | 0,6880 | 0,6896 | 0,6913 | 0,6928 | 06944 | 06959 | 0,6974 | 0,6989 | 0,700 3
75 06846 | 0683 | 0,6859 | 0,687 1 06882 | 0,6894 | 06905 | 0,6916 | 0,6927 | 06938 | 0,6948 | 0,6958
100 0,6845 | 06850 | 06854 | 06863 | 0,687 1 | 0,6880 | 0,6888 | 0,6895 | 0,603 | 0,6910 | 0,6917 | 0,692 4
Table B.2 — Values of C, for oxygen
Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 0,5 1 2 3 4 5 6 7 8 9 10
-50 06846 | 0,6886 | 0,6927 | 0,7013 | 0,7104 | 0,720 1 0,7304 | 0,7413 | 0,7528 | 0,7650 | 0,7779 | 0,791 4
-25 06845 | 0,6875 | 06905 | 0,6966 | 0,7030 | 0,7096 | 0,7164 | 0,7234 | 0,7307 | 0,7381 | 0,7457 | 0,753 5
0 06844 | 06866 | 06889 | 06934 | 0,698 1 0,7028 | 0,7076 | 0,7125 | 0,7175 | 0,7225 | 0,7276 | 0,732 6
25 06842 | 0689 | 0,6876 | 0,691 1 | 06946 | 0,698 1 0,7016 | 0,7062 | 0,7087 | 0,7123 | 0,7159 | 0,7194
50 06839 | 06852 | 06865 | 06892 | 0,6919 | 06945 | 0,6972 | 0,6999 | 0,7025 | 0,7051 | 0,7078 | 0,7103
75 0,6835 | 06845 | 0,6855 | 06876 | 0,6897 | 0,6917 | 0,6938 | 0,6958 | 0,6978 | 0,6998 | 0,7017 | 0,7037
100 06829 | 0,6837 | 06845 | 06861 | 06877 | 06893 | 0,6909 | 0,6925 | 0,6940 | 0,6955 | 0,6970 | 0,698 4
Table B.3 — Values of C, for argon
tj::g::;:ﬁ:e C, for the following values of stagnation pressure (MPa)
°C 0 0,5 1 2 3 4 5 6 7 8 9 10
-50 0,7262 | 0,7310 | 0,7358 | 0,7460 | 0,7567 | 0,7679 | 0,7797 | 0,7922 | 0,8053 | 0,8191 | 0,8335 | 0,848 4
-25 0,7262 | 0,7297 | 0,7333 | 0,7407 | 0,7482 | 0,7560 | 0,7639 | 0,7720 | 0,7803 | 0,7888 | 0,797 5 | 0,806 2
0 0,726 2 | 0,7289 | 0,7316 | 0,7372 | 0,7427 | 0,7484 | 0,7540 | 0,7598 | 0,7655 | 0,7713 | 0,777 2 | 0,783 0
25 0,7262 | 0,7283 | 0,7304 | 0,7347 | 0,7389 | 0,7432 | 0,7474 | 0,7517 | 0,7559 | 0,760 1 | 0,764 3 | 0,768 4
50 0,7262 | 0,7279 | 0,7295 | 0,7329 | 0,7362 | 0,7395 | 0,7427 | 0,746 0 | 0,7492 | 0,7523 | 0,755 5 | 0,758 5
75 0,726 2 | 0,7275 | 0,7289 | 0,7315 | 0,7342 | 0,7367 | 0,7393 | 0,7418 | 0,7443 | 0,7467 | 0,7491 | 0,751 5
100 0,726 2 | 0,7273 | 0,7284 | 0,7035 | 0,7326 | 0,7347 | 0,7367 | 0,7387 | 0,7406 | 0,7426 | 0,744 4 | 0,746 3
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Table B.4 — Values of C, for methane
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Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 0,5 1 2 3 4 5 6 7 8 9 10
- 50 06726 | 06798 | 0,6875 | 0,7048 | 0,7254 | 0,750 6 0,7827 | 0,8249 | 0,8824 | 0,9576 | 1,0418 | 1,179
-25 06719 | 0,6771 | 06825 | 0,6943 | 0,7075 | 0,7223 | 0,739 0 0,7581 | 0,7799 | 0,8047 | 0,8324 | 0,862 3
0 0,6708 | 0,6747 | 06787 | 0,6872 | 0,6963 | 0,706 1 | 0,716 7 0,7281 | 0,7404 | 0,7536 | 0,7676 | 0,782 3
25 06694 | 0,6724 | 06754 | 06817 | 0,6884 | 0,6953 | 0,702 6 0,7102 | 0,7182 | 0,726 6 | 0,7352 | 0,744 1
50 0,6678 | 0,6701 | 0,6724 | 0,6772 | 0,6822 | 0,6873 | 0,692 5 0,6980 | 0,7036 | 0,7093 | 0,7151 | 0,721 1
75 06659 | 0,6677 | 06695 | 0,6732 | 0,6770 | 0,6808 | 0,684 8 06888 | 06929 | 0,6970 | 0,7012 | 0,705 4
100 06639 | 06653 | 06667 | 0,6696 | 0,6725 | 0,6755 | 0,678 4 06815 | 06845 | 06876 | 0,6907 | 0,6938
Table B.5 — Values of C, for carbon dioxide
Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 0,5 1 2 3 4 5 6 7 8 9 10
- 50 0,673 9 — — — - - — — - — — —
-25 0,671 3 | 0,686 4 — — — — — - — — — -
0 0,6689 | 0,6797 | 0,6918 — — — — — — — — —
25 06668 | 06748 | 06834 | 0,7032 | 0,727 7 — - - — — — —
50 0,6649 | 0,6709 | 0,6774 | 0,6915 | 0,707 7 0,726 7 | 0,7497 | 0,7783 | 0,816 2 — — —
75 06632 | 06679 | 0,6728 | 0,6833 | 0,694 9 0,7078 | 0,7222 | 0,7386 | 0,7575 | 0,779 5 0,8056 | 0,836 9
100 06616 | 06653 | 0,6692 | 0,6772 | 0,6859 0,692 | 0,7053 | 0,7163 | 0,7282 | 0,741 2 0,755 | 0,771 3
Table B.6 — Values of C, for air
Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 1 2 3 4 5 6 7 8 9 10
-50 06850 | 06945 | 0,6994 | 0,7069 | 0,7148 | 0,723 0 0,7316 | 0,7407 | 0,7497 | 0,7588 | 0,767 5
-25 0,685 0 0,690 0 0,695 2 0,700 4 0,705 9 0,711 3 0,716 8 0,722 4 0,728 1 0,733 6 0,739 1
0 0,685 0 0,688 7 0,6925 | 0,696 2 0,700 0 0,703 8 0,707 6 0,711 3 0,7150 0,7187 0,722 4
25 06850 | 0,6876 | 0,6904 | 0,6927 | 0,6958 | 0,6982 | 0,701 1 0,7037 | 0,7062 | 0,7087 | 0,711 1
50 0,684 9 0,687 0 0,688 9 0,691 0 0,693 0 0,694 9 0,696 8 0,698 7 0,700 5 0,7022 | 0,703 9
75 0,6848 | 0,686 3 0,687 8 0,689 3 0,690 7 0,692 1 0,693 5 0,694 9 0,696 1 0,697 4 0,698 5
100 06847 | 06858 | 0,6869 | 0,6880 | 0,6890 | 0,690 0 06910 | 06920 | 06928 | 0,6937 | 0,694 6
Table B.7 — Values of C, for steam
Stagnation C, for the following values of stagnation pressure (MPa)
temperature
°C 0 1 2 3 4 5 6 7 8 9 10
100 06735 | 0,6795 | 0,6855 | 0,6918 | 0,6985 | 0,7056 | 0,712 9 — — — —
150 0,672 1 0,676 8 0,681 1 0,685 6 0,690 2 0,695 2 0,699 3 0,703 0 0,711 9 0,719 2 0,726 1
200 06712 | 0,6743 | 0,6776 | 0,681 1 0,684 6 0,688 2 0,691 9 0,695 6 0,699 7 0,704 2 0,708 8
250 0,670 0 0,6725 0,675 2 0,677 7 0,680 3 0,683 0 0,685 7 0,6885 | 0,6917 0,694 8 0,698 0
300 0,668 9 0,671 2 0,673 1 0,675 2 0,677 2 0,679 3 0,681 6 0,683 7 0,686 1 0,6884 | 0,690 7
350 0,667 9 0,670 2 0,6718 | 0,6735 0,675 0 0,676 8 0,678 5 0,680 1 0,682 0 0,683 7 0,685 5
400 0,666 7 0,669 1 0,6704 | 0,6718 | 0,6732 0,674 5 0,676 0 0,677 6 0,6788 | 0,6802 | 0,6816
450 0,665 7 0,6679 | 0,669 1 0,670 2 0,671 3 0,672 4 0,673 4 0,6745 | 0,6756 0,676 8 | 0,679 4
500 06647 | 06665 | 06674 | 0,6684 | 0,669 3 0,670 2 0,671 0 0,671 9 0,672 9 0,6738 | 0,6748
550 06639 | 06648 | 0,6657 | 0,6665 | 0,6673 | 0,667 9 0,6686 | 0,6694 | 0,670 1 0,6708 | 0,6717
600 06630 | 06629 | 0,6636 | 0,6618 | 0,65619 | 0,660 2 06662 | 06668 | 0,6673 | 0,6680 | 0,668 6
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Annex C
(normative)

Computation of real gas critical flow coefficient for natural gases

For natural gases Cg may be obtained using the following equation
Cr=a.f+ b,
where
f is a factor related to the molar fractions X; of gas components i,
f= —O,SXN2 + Xco, + Xc,Hg + 2X¢3H6 + 3X¢4H10
a.and b, are both functions of the stagnation pressure and temperature and are determined from tables C.1 and C.2.

The recommended limits of applicability of tables C.1 and C.2 are as given below.

i X;
Methane 0,840 to 1,000
Ethane 0t0 0,110
Propane 0 to 0,020
2-Methyl propane 0 to 0,004
Butane 0 to 0,004
Nitrogen 0 to 0,023
Carbon dioxide 0 to 0,017

In addition, the condition 0 < f < 0,2 shall be satisfied and the upstream stagnation temperature shall be greater than 273,15 K

Table C.1 — Coefficient a,

Stagnation a. for the following values of inlet stagnation pressure (MPa)
temperature
°C 0 1 2 3 4 5 6
0 -0,029 3 -0,033 1 -0,037 1 —0,040 7 -0,0437 —-0,045 2 —-0,044 2
5 —-0,029 8 -0,0336 -0,037 3 —-0,040 8 —-0,043 6 —-0,045 2 —-0,0447
10 —-0,030 4 —-0,0340 -0,037 5 —-0,040 9 —-0,043 6 —-0,045 2 —-0,0450
15 —0,0309 -0,034 3 -0,0377 -0,0410 —-0,043 6 —0,0451 —0,045 2
20 -0,031 4 -0,0347 —-0,0380 —-0,0412 -0,043 6 —0,0451 —-0,045 4
25 -0,0319 -0,035 1 -0,038 3 —-0,0413 —-0,043 6 —0,045 2 —-0,045 6
30 -0,032 4 -0,0355 -0,038 5 —-0,041 4 —-0,043 7 —-0,045 2 -0,0457
35 -0,0328 —-0,0358 -0,0387 -0,0414 —-0,0437 —-0,045 2 —-0,0458
40 -0,0332 —-0,036 1 -0,0390 -0,0416 —-0,0437 —-0,0453 —-0,0459
Table C.2 — Coefficient b,
Stagnation b for the following values of inlet stagnation pressure (MPa)
temperature
°C 0 1 2 3 4 5 6
0 0,670 9 0,670 8 0,670 9 0,671 4 0,672 2 0,673 7 0,676 0
5 0,670 7 0,670 6 0,670 8 0,6713 0,672 2 0,673 6 0,6755
10 0,670 4 0,670 4 0,670 6 0,671 2 0,672 1 0,673 4 0,6733
15 0,670 1 0,670 2 0,670 4 0,671 0 0,672 0 0,673 3 0,675 1
20 0,669 9 0,669 9 0,670 2 0,670 9 0,671 8 0,673 1 0,674 9
25 0,669 5 0,669 7 0,670 0 0,670 6 0,671 6 0,672 9 0,674 6
30 0,669 2 0,669 4 0,669 8 0,670 4 0,671 4 0,672 7 0,674 4
35 0,668 9 0,669 1 0,669 5 0,670 2 0,671 2 0,672 4 0,674 1
40 0,668 6 0,668 8 0,669 3 0,670 0 0,670 9 0,672 2 0,673 8

14
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Annex D
(informative)

References from which the standard critical flow Venturi nozzle discharge
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