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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 liaison with 1SO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an

International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. 1ISO shall not be held responsible for identifying any or all such patent rights.

ISO 3966 was prepared by Technical Committee ISO/TC 30, Measurement of fluid flow in closed conduits,
Subcommittee SC 5, Velocity and mass methods.

This second edition results from the reinstatement of ISO 3966:1977 which was withdrawn in 2003 and with
which it is technically identical.
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INTERNATIONAL STANDARD ISO 3966:2008(E)

Measurement of fluid flow in closed conduits — Velocity area
method using Pitot static tubes

1 Scope

This International Standard specifies a method for the determination in a closed conduit of the volume rate of
flow of a regular flow:

a) of afluid of substantially constant density or corresponding to a Mach number not exceeding 0,25;

b) with substantially uniform stagnation temperature across the measuring cross-section;

¢) running full in the conduit;

d) under steady flow conditions.

In particular, it deals with the technology and maintenance of Pitot static tubes, with the calculation of local

velocities from measured differential pressures and with the computation of the flow rate by velocity
integration.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 2186, Fluid flow in closed conduits — Connections for pressure signal transmissions between primary
and secondary elements

ISO 7194, Measurement of fluid flow in closed conduits — Velocity-area methods of flow measurement in
swirling or asymmetric flow conditions in circular ducts by means of current-meters or Pitot static tubes

© 1SO 2008 — All rights reserved 1
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3 Symbols and definitions

3.1 Symbols
Symbol Quantity Dimensions Sl unit
A cross-sectional area of the conduit L2 m?2
a,d distance of the extreme measuring point to the nearest wall L m
D pipe diameter L m
d head diameter L m
d steam diameter L m
d, total pressure tapping hole diameter L m
H rectangular conduit height L m
h height of a particular point above the bottom L m
ke blockage coefficient of a cylindrical stem — —
kq coefficient depending on the nose shape — —
ky coefficient of turbulence correction — —
L rectangular conduit width L m
l distance from a particular point to the side-wall L m
M molar mass of fluid M kg/mol
m roughness coefficient — —
Ma Mach number — —
p absolute static pressure of the fluid ML-1T-2 Pa
qy volume flow rate L3T7-1 m3/s
R, molar constant of gas ML2T-1e-1 J/mol-K
R pipe radius L m
r measuring circle radius L m
Re Reynolds number — —
S frontal projected area of the stem inside the conduit L2 m?2
T absolute temperature ® K
U discharge velocity LT m/s
u mean velocity along a circumference or a measurement line LT m/s
v local velocity of the fluid LT m/s
X pipe dimension L m
y distance of a measuring point to the wall L m
Z gas law deviation factor — —
a calibration factor of the Pitot tube — —
1% ratio of the specific heat capacities — —
Ap differential pressure measured by the Pitot tube ML-1T-2 Pa
£ expansibility factor — —
(1-¢) |compressibility correction factor — —
A universal coefficient for head loss — —
1 dynamic viscosity of the fluid ML-1T-1 Pa-s
Viy kinematic viscosity of the fluid L27-1 m2/s
£ head loss ML-1T-2 Pa
P density of the fluid ML-3 kg/m3
1) Pitot tube inclination — —

© I1SO 2008 — All rights reserved
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3.2 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

3.21

Pitot static tube

“Pitot tube”

a tubular device consisting of a cylindrical head attached perpendicularly to a stem allowing measurement of a
differential pressure from which the flow rate of the fluid in which it is inserted can be determined, and which is
provided with static pressure tapping holes (drilled all around the circumference of the head at one or more
cross-sections) and with a total pressure hole (facing the flow direction at the tip of the axially symmetrical
nose of the head)

3.2.2
static pressure tapping
a group of holes for the measurement of fluid static pressure

3.2.3

total pressure tapping

a hole for the measurement of fluid stagnation pressure (the pressure produced by bringing the fluid to rest
without change in entropy)

3.24
differential pressure
the difference between the pressures at the total and static pressure taps

3.25

stationary rake

a set of Pitot tubes, mounted on one or several fixed supports, which explore the whole diameter or measuring
section simultaneously

3.2.6

peripheral flow rate

the volume flow rate in the area located between the pipe wall and the contour defined by the velocity
measuring points which are the closest to the wall

3.2.7

discharge velocity

the ratio of the volume rate of flow (integral of the axial component of local velocities with respect to the cross-
sectional area) to the area of the measuring cross-section

3.2.8

relative velocity

the ratio of the flow velocity at the considered point to a reference velocity measured at the same time and
being either the velocity at a particular point (e.g. the centre of a circular conduit) or the discharge velocity in
the measuring section

3.2.9
straight length
a conduit section, the axis of which is rectilinear and the surface and cross-section of which are constant

NOTE The shape of this section is usually circular, but it may be rectangular or annular.
3.2.10
irregularity

any element or configuration of a conduit which makes it different from a straight length

NOTE For the purpose of this International Standard, those irregularities which create the most significant
disturbances are bends, valves, gates and sudden widening of the section.

© 1SO 2008 — All rights reserved 3
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4 Principle

4.1 General principle
The principle of the method consists of;

a) measuring the dimensions of the measuring section, which must be normal to the conduit axis — this
measurement is necessary for defining the area of the cross-section (see 4.2);

b) defining the position of the measuring points in the cross-section, the number of measuring points having
to be sufficient to permit adequate determination of the velocity profile;

c) measuring the differential pressure existing between the total and static pressures of the Pitot tube placed
at these measuring points (see 4.3) and determining the density of the fluid in the test conditions;

d) determining the local velocity of the flow, from given formulae, on the basis of previous measurements
(see Clause 8);

e) determining the discharge velocity from these values;

f) calculating the volume rate of flow equal to the product of the cross-sectional area and the discharge
velocity.

Errors in the techniques described in a) to f) contribute to the error in the flow-rate measurement; other
sources of error (such as the shape of the velocity distribution and the number of measuring points) are
discussed in Clause 13.

The method of measurement and the requirements defined in this International Standard aim at reaching, at
the 95 % confidence level, an uncertainty in flow rate not greater than + 2 %. To attain this result, it may be
necessary, according to measurement conditions, to take into account the corrections given in Clause 12. If
any of the requirements of this International Standard are not fulfilled, this method may still be applied in
special cases but the uncertainty on flow rate will be larger.

This International Standard presents three types of methods for determining the discharge velocity.

4.1.1 Graphical integration of the velocity area (see Clause 9)

This method consists in plotting the velocity profile on a graph and evaluating the area under the curve which
is bounded by the measuring points closest to the wall. To the value thus obtained is added a calculated term
which allows for the flow in the peripheral zone (the area between the wall and the curve through the
measuring positions closest to the wall) on the assumption that the velocity profile in this zone satisfies a
power law.

For this method, the measuring points may be located at whichever positions are required in order to obtain a
satisfactory knowledge of the velocity profile.

4.1.2 Numerical integration of the velocity area (see Clause 10)

The difference between this method and 4.1.1 lies in the fact that the graphical velocity profile is replaced by
an algebraic curve and the integration is carried out analytically.

4.1.3 Arithmetical methods (see Clause 11)

The arithmetical methods assume that the velocity distribution follows a particular law and the mean velocity in
the conduit is then given by a linear combination of the individual velocities measured at the locations
specified by the method.

For the arithmetical methods described in Clause 11, the assumption is made that in the peripheral zone the
velocity distribution follows a logarithmic law as a function of the distance from the wall.

4 © 1SO 2008 — All rights reserved
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4.2 Measurement of the measuring cross-section

4.2.1 Circular cross-sections

The mean diameter of the conduit is taken as equal to the arithmetic mean of measurements carried out on at
least four diameters (including the traverse diameters) at approximately equal angles to each other in the
measuring section. Should the difference between the lengths of two consecutive diameters be greater than
0,5 %, the number of measured diameters shall be doubled.

4.2.2 Rectangular cross-sections

The conduit width and height shall both be measured at least on each straight line (at least four) passing
through the measuring points. Should the difference between the widths (or heights) corresponding to two
successive measuring lines be greater than 1 %, the number of measured widths (or heights) shall be doubled.

4.3 Measurement of local velocities

4.3.1 Method of exploring traverse section

It is sometimes proposed that several Pitot tubes be mounted on a stationary rake in order to explore
simultaneously the whole measuring cross-section. However, the experimental data available at the time of
publication are insufficient to allow the design of certain details (such as shape of head and of stem) which
would ensure that measurements by a rake would achieve the accuracy required by this International
Standard.

Therefore, this International Standard deals only with velocity area methods using a single Pitot tube placed
successively at each measuring point.

4.3.2 Reference measurement

Reference measurements shall be made in order to check the steadiness of flow and to correct individual
velocity measurements for slight changes in flow rate during traversing; any reference measuring device
inserted in the conduit shall be placed in such a way that there is no interaction with the traversing Pitot tube.
The reference measurement shall be made as far as possible simultaneously with each velocity measurement.

However, if only one measuring device is available, the steadiness of the flow shall be checked by repeating
measurements at the reference point after each local velocity measurement.

The shape of the velocity profile in the measuring cross-section shall remain stable and shall not be affected
by possible variations of the flow rate whilst measurements are being taken.

When the curve of reference velocity, v,, has been plotted against time, this curve is used to relate all traverse
measurements to the same reference flow rate, ¢, (preferably that which corresponds to the mean of velocity
measurements at the fixed point). For comparatively small changes of the reference velocity, the velocity, Vi
measured at any point i at time ¢ can be transposed by multiplication by the ratio of velocity, Vro» at the
reference point corresponding to flow rate, g, at velocity, vr.» at this reference point at time r.

_ Vro
Vio = Vit
Vr.t

NOTE Where the reference measurement is a quantity directly proportional to the flow rate (e.g. the rotational
frequency of a shaft driving a fan or a pump), this measurement can be substituted directly for v , and v, in the above
equation. Where the reference reading is in the form of a pressure difference (e.g. across a fixed feature of the flow circuit,
or the differential pressure of a reference Pitot tube), the square root of each reference reading can be substituted for v,
and v, , in the above equation.

© 1SO 2008 — All rights reserved 5
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However, note that velocity profile fluctuations may occur without creating flow rate fluctuations. In such a
case, the use of reference point velocity may lead to errors and it is preferable to check steadiness of flow by
means of any pressure difference device (standardized pressure difference flow meter, piezometric control on
a convergent, bend, spiral casing, peculiar pressure loss, etc.), even if it is not calibrated, provided that its
reliability and adequate sensitivity have been ascertained. In this case, the above-mentioned proportional
correction relates to the differential pressure and not to the velocity.

4.3.3 Checking of velocity distribution

It is recommended that the regularity of the velocity distribution be checked either by plotting or by other
means, regardless of whether or not the plotting is necessary for calculating the discharge velocity.

In the same way, when several measurements are made on the same cross-section at different flow rates, it is
recommended that the velocity profiles be plotted in a non-dimensional manner (i.e. by using the relative
velocities; see 3.2.8) to check their consistency with each other and hence to ensure that there are no
abnormal features at particular flow rates (thus, the profiles shall not change erratically as the flow rate varies
over a wide range of Reynolds numbers).

It may also be useful to plot the velocity distribution curves as indicated above in order to detect any error in
the measurement of a local velocity. The doubtful measurement shall be repeated whenever possible; when
this cannot be done, it shall be ignored and the velocity profile drawn on the basis of the previously obtained
profiles provided there are independent reasons for believing the doubtful measurement is false.

4.4 Location and number of measuring points in the cross-section

4.41 General requirements

The rules to be followed for locating the measuring points differ according to the methods of determination of
the discharge velocity as specified in this International Standard. These rules are given in Clauses 9, 10
and 11, respectively.

Whatever method is used, the distance between the axis of the head of the Pitot tube and the wall shall not be
less than the head diameter, 4.

The location of the Pitot tube shall be calculated from the actual dimension of the conduit along each traverse
line (rather than from the mean dimension) and shall be measured to:

a) = 0,005 X, where X is the dimension of the duct parallel to the measurement of the Pitot tube position; or
b) +0,05y, where y is the distance of the Pitot tube from the nearest wall, whichever is the smaller.

4.4.2 and 4.4.3 specify a minimum number of measuring points applying in particular to small dimension
conduits. As it is necessary to define the velocity profile as accurately as possible, the number of measuring
points can be advantageously increased provided that this is allowed by the operating conditions and
steadiness of the flow.

When a single Pitot tube is traversed across the duct, the distance between a reference point (from which
each position is measured) and the wall of the duct must first be obtained. This may introduce a relatively
large systematic error in all position measurements. In such instances, it is recommended that complete
diameters be traversed (rather than opposite radii on each diameter) since the systematic error will then tend
to cancel out on the two halves of the traverse.

4.4.2 Circular cross-sections

The measuring points shall be located at every point of intersection between a prescribed number of circles
concentric with the pipe axis and at least two mutually perpendicular diameters.

6 © 1SO 2008 — All rights reserved
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The measurements shall be carried out in at least three points per radius, so that there is a minimum of
12 points in the cross-section. An additional measuring point at the centre of the conduit is desirable to check
the shape of the velocity profile and is necessary for the calculation of the stem blockage correction, where
applicable (see 12.1.2).

4.4.3 Rectangular cross-sections

The minimum number of measuring points shall be 25. Unless a special layout of measuring points is required
for the use of an arithmetic method, their position shall be defined by the intersections of at least five straight
lines running parallel to each wall of the conduit.

5 Design of Pitot tubes

5.1 General description

The use of one of the types of Pitot tube described in Annex A, all of which fulfil the requirements of 5.2, is
recommended; this avoids the necessity of making several corrections to the measurements. The use of any
other Pitot tube which fulfils the requirements of 5.2 is permitted provided that its calibration is known.

The Pitot static tubes dealt with in this International Standard consist of a cylindrical head attached
perpendicularly to a stem which usually passes through the wall of a conduit. The length of the head is
generally between 154 and 25d, where d is the head diameter.

At one or two cross-sections along the head, static-pressure holes are drilled around the circumference, so
that, in the absence of leakage, the registered pressure is transferred through the head and stem to a point
outside the conduit.

A smaller tube, concentric with the head and stem, transfers the total pressure, registered by a hole facing the
flow direction at the tip of an axially symmetrical nose integral with the head, to a point outside the conduit.

An alignment arm, fitted to the end of the stem, facilitates alignment of the head when this is obscured by the
conduit wall.

5.2 Criteria to be fulfilled by the Pitot tube

The nose (including the total pressure hole) shall be designed in such a way as to comply with the following
requirements.

a) The response of the differential pressure to inclination of the head relative to the flow shall meet one of
the following two conditions according to the circumstances (in both cases it is necessary to know the
response curve of the Pitot tube):

1) if precise alignment of the Pitot tube with the conduit axis is not possible but there is no swirl, the
differential pressure should be as independent as possible of the yaw of the head in uniform flow?);

2) if precise alignment of the Pitot tube with the conduit axis is possible but swirl is present, the variation
of the differential pressure recorded by the tube in uniform flow with yaw angle, ¢, shall be
approximately proportional to cos2¢. If the head is perfectly aligned axially and if swirl is less than
+ 3°, the differential pressure shall not deviate from this relationship by more than 1 %.

It should be noted that misalignment and swirl can occur simultaneously and efforts shall be made to
minimize each of them.

1) The Pitot tubes described in Annex A allow independence of the differential pressure to within + 1,5 % up to 14° yaw
in uniform flow.

© 1SO 2008 — All rights reserved 7



ISO 3966:2008(E)

b) The calibration factors for different specimens of tubes to a particular specification shall be identical, to
within £ 0,25 %, and shall remain so for the working life of any such tube. If the user has any doubt upon
this point, an individual calibration of each Pitot tube should be made.

c) When used in a liquid, any cavitation from the nose shall not cause a significant error in the static
pressure reading of the tube.

d) The static-pressure holes shall be:
1) notlarger than 1,6 mm in diameter;

2) at least six, and sufficient in number for the damping in the static pressure circuit to be as nearly as
possible equal to that in the total-pressure circuit; if necessary, on Pitot tubes the diameter of which
is small, the orifices may be placed in two places;

3) placed not less than 64 from the tip of the nose;

4) placed not less than 84 from the axis of the stem.

e) If the stem is enlarged to a diameter &', there shall be a length of stem not less than 74’ between the axis
of the head and the commencement of the enlargement, for which the stem diameter is equal to the head
diameter.

f)  The junction between the head and stem shall be either mitred or curved to a mean radius equal to
(3+£0,5)d.

g) An alignment arm shall be fitted to the end of the stem away from the head, to ensure precise alignment
and positioning within a conduit.

Three types of Pitot tubes which are currently used and which comply with these criteria are described as
examples in Annex A.

6 Requirements for use of Pitot tubes

6.1 Selection of the measuring cross-section

6.1.1 The cross-section selected for measurement shall be located in straight pipe length and shall be
perpendicular to the direction of flow. It shall be of simple shape, e.g. circular, rectangular. It shall be located
in an area where the measured velocities fall within the normal working range of the apparatus used (see
6.3.2).

6.1.2 Close to the measuring cross-section, flow shall be substantially parallel to and symmetrical about the
conduit axis and contain neither excessive turbulence nor swirl; the measuring cross-section shall thus be
chosen far enough away from any disturbances that could create asymmetry, swirl or turbulence (see 6.1.4).

The length of straight pipe that may be required to achieve these conditions will vary with the flow velocity,
upstream disturbances, level of turbulence and the degree of swirl, if any.2)

6.1.3 Although measurements with the Pitot tube in oblique or converging flow should as far as possible be
avoided, these may, however, be carried out provided that the maximum flow deviation with respect to the
Pitot tube axis does not exceed 3°.

2) For guidance, it is normally assumed that to comply with these conditions there should be a length of upstream
conduit between the beginning of the working section and any significant upstream irregularity (see 3.2.10) of at least 20
diameters of a circular cross-section (or 80 times the hydraulic radius of a conduit of any cross-section shape). Similarly
there should be at least 5 diameters of a circular cross-section (or 20 times the hydraulic radius of a conduit of any cross-
section shape), between the measuring cross-section and any significant downstream irregularity.

8 © 1SO 2008 — All rights reserved
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For guidance, it can also be considered that a swirl is small enough not to increase the confidence limits given
in this International Standard on the measured flow rate if the resulting gradient of local velocities to the pipe
axis is less than 3°.

6.1.4 Preliminary traverse tests shall be made to ascertain the regularity of flow.

If these traverses show that flow is not satisfactory, this can sometimes be remedied using one of the devices
described in 6.2.

Once these devices are in place, check that the flow complies with the requirements of this International
Standard. If not, a more detailed traverse of the measuring cross-section is necessary.

6.2 Devices for improving flow conditions

6.2.1 If swirl is present in the flow, it can often be suppressed by means of an anti-swirl device consisting
either of several adjacent pipes parallel to the flow direction or of a honeycomb with square or hexagonal cells.
Whichever type is used, the whole device shall be rigorously symmetrical and the following requirements shall
be met:

a) the maximum transverse dimension, a, of a channel shall be less than 0,25 D, where D is pipe diameter;
b) length shall be greater than 10 4.

6.2.2 If the velocity distribution is unacceptably irregular, it can often be remedied by means of a profile
developer consisting of, for example, one or more screens, grids or perforated plates. Note, however, that
such devices are only effective at the price of a rather high head loss.

6.2.3 The devices described in 6.2.1 and 6.2.2 shall be located at the greatest possible distance upstream
of the measuring cross-section and in any case at a distance of at least five diameters of a circular cross-
section (or 20 times the hydraulic radius of a conduit of any cross-section shape). Furthermore, they shall not
be located immediately downstream of a disturbance.

6.2.4 If the velocity distribution is unacceptably irregular or if the flow is not parallel enough, but if it has
been possible to check that no swirl is present, it is sometimes possible to remedy the situation by means of a
provisional guiding installation. The latter consists of a slightly converging entrance, connected in such a way

as to ensure that no separation occurs, to a straight pipe length, the length of which shall be at least twice the
larger dimension of the conduit.

6.3 Limits of use

6.3.1 Nature of the fluid

The fluid shall be a continuous single-phase fluid or shall behave as if it were such a fluid. Liquids shall be
newtonian and shall not exhibit anomalous viscosity or thixotropic behaviour.

6.3.2 Range of velocities

Pitot tubes shall not be used with flow velocities less than the velocity corresponding to the lower limit of the
Reynolds number (see 8.1) or greater than the velocity corresponding to a Mach number of 0,25.

6.3.3 Nature of the flow

The expressions given (see 8.1 and 8.2) are accurate only for steady flow without transverse velocity gradient
or turbulence. In practice, both are always present in closed conduits. Clause 12 and Annexes B and C give
indications of the magnitude of the corresponding errors.

© 1SO 2008 — All rights reserved 9
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6.3.4 Dimensional limitations

The ratio d/D of the Pitot tube diameter d to the conduit diameter D shall not exceed 0,02 with a view to
keeping negligible the error on the rate of flow resulting from the velocity gradient and from the stem blockage
effect (see Clause 12). In difficult flow conditions, a ratio of up to 0,04 may be admissible provided that the
necessary corrections for blockage effect and velocity gradient are made; this limit value may indeed be
necessary to avoid vibration of the tube in very high velocity flows. On the other hand the requirements
mentioned in Clause 5 shall be satisfied.

6.3.5 Influence of turbulence

Turbulence has a twofold influence in the case of an exploration by means of a Pitot tube, i.e.:
a) on the total pressure reading;

b) on the static pressure reading.

Turbulence of flow leads to an overestimation in the determination of velocity, which is a function of the
degree of turbulence.

Detailed study of the turbulence correction is given in Annex C.
6.4 Performance of measurements

6.4.1 Measurement of differential pressure

The device chosen for the measurement of differential pressure shall be capable of measurement of a steady
differential pressure equal to the maximum value recorded during the traverse with an uncertainty not
exceeding 1 % (at 95 % confidence level).

6.4.2 Differential pressure fluctuations

In order to obtain, from the measurements, time-averaged values which are representative in spite of random
fluctuations of the flow rate, it is necessary:

a) that the differential pressure fluctuations be damped by applying to the measuring apparatus the
minimum damping allowing easy reading without concealing longer-term fluctuations — the damping of
the apparatus shall be symmetrical and linear; this can be achieved by means of a capillary tube located
in the manometric limb in accordance with the requirements of Annex D;

b) that readings at each measuring point shall be repeated a certain number of times, preferably at unequal
time intervals — a sufficient number of readings is reached when suppressing any one of them (except
those which present an abnormally high error and are excluded automatically) does not modify the mean
by more than + 1 %.

However, if damping condition a) has been satisfied sufficiently well so that the instantaneous readings of
differential pressure do not fluctuate by more than + 2 % of the mean differential pressure over a sufficiently
long period of time (e.g. 10 maximum and 10 minimum values to be observed), then a visual averaging of the
measurement is permissible.

NOTE The final tolerance applicable to the rate of flow on account of random fluctuations of the readings will be a
function of the total number of readings made during an exploration. Consequently if the total number of measuring points
is high, the number of readings at each point may be comparatively small.

6.4.3 Determination of fluid density

The fluid density shall be determined in such a way as to ensure that the uncertainty in the value obtained
does not exceed + 0,5 % (at 95 % confidence level).
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When the fluid density is obtained from the absolute static pressure and static temperature, these quantities
may generally be taken from single readings made at a point located at a distance 0,75R, where R is the pipe
radius, from the wall. Nevertheless, for measurements in a compressible fluid where the ratio of the maximum
differential pressure to the absolute static pressure in the plane of the traverse is greater than 0,01, the
procedure described in 8.2 and in Clause E.3 shall be followed.

6.5 Inspection and maintenance of the Pitot tube

The Pitot tube does not require any special maintenance, but it shall be ensured, before and after the
measurements, that the tube used complies with the criteria specified in Clause 5.

The following points in particular shall be checked:
a) the pressure sensing holes and their connecting tubes are not blocked;

b) there is no leakage between the chambers inside the Pitot tube which receive the total pressure and the
static pressure;

c) the tube has not been strained, or its nose damaged;
d) the tube is clean;
e) the head of the Pitot tube is truly perpendicular to the supporting stem.

Furthermore, since the determination of the velocity is related to the differential pressure, it shall also be
checked that:

f)  the connections to the pressure gauge are as short as possible;
g) the connections are absolutely leak-tight (porous or cracked rubber tubes, etc., are not permissible);
h) they are in general in accordance with ISO 2186;

i)  where damping of the differential pressure gauge is necessary, it is symmetrical and linear (see Annex D).

7 Positioning of Pitot tube

The axis of the Pitot tube head shall be set parallel to the pipe axis; an alignment arm shall be provided to
assist in doing this.

The Pitot tube shall be rigidly fixed during the measurements.

The Pitot tube shall be positioned in the pipe in accordance with the requirements of 4.4.1 and Clause 9 or
Clause 11.

The device which holds the Pitot tube in the pipe shall be such that no leak can occur into or out of the pipe.

8 Velocity computation

8.1 Verification of conditions for a measurement

Provided that the Reynolds number based on the diameter of the total pressure hole of the Pitot tube is in
excess of 200, and that the local Mach number (for measurements in a compressible fluid) does not exceed
0,25, the local velocity may be calculated. However, Annex E gives indications on the method of carrying out
velocity measurements in the case of a compressible fluid at a higher Mach number.
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The first condition is equivalent to a requirement that Ap is never less than

2
2x104 M
P ad

where
Ap is the differential pressure measured by the Pitot tube;
p is the density of the fluid;
4 is the dynamic viscosity of the fluid;

d, is the diameter of the total pressure hole of the Pitot tube;

a is the calibration factor of the Pitot tube: to be taken as 1 for this calculation.

The second condition requires that, for measurement in a compressible fluid, the ratio of the differential
pressure to the absolute value of the pressure recorded by the static pressure tapping of the Pitot tube shall
never exceed a limiting value, which varies with y (the ratio of the specific heat capacities of the gas)
according to Table 1.

Table 1

b4 1,1 1,2 1,3 1,4 1,5 1,6 1,7

(Aap/p)

0,035 0,038 0,042 0,046 0,048 0,052 0,054

max.

8.2 Equations for velocity computation

The local velocity of a fluid in a steady flow without transverse velocity gradient or turbulence at Reynolds
numbers, v, based on the internal diameter of the total pressure tapping, greater than 200 is given by the
expression

v:a(1_5)\/%

in which (1 — &) is a compressibility correction factor. In a liquid, £¢= 0 so that no compressibility correction is
required, but in a compressible fluid at low Mach numbers the factor (1 — &) may be determined by the
relationship

57172
1-gz[1—iA—p+7—_1[A—p] ]
2y p 6y2\ p
where
y is the ratio of specific heat capacities;
p is the local density of the fluid;

Ap is the differential pressure indicated by the Pitot tube;

a is the calibration factor of the Pitot tube (under the above-mentioned conditions and for Pitot tubes
described in this International Standard, it is practically equal to 1,00).
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The density, p, of the compressible fluid is determined from the following equation:

p is the local static pressure;

R, is the molar constant of gas, 8,314 3 J/mol-K;

M is the molar mass of fluid, in kilograms per mole, having a value 0,028 95 kg/mol for air;

Z is the gas law deviation factor — it is insignificantly different from unity for air at absolute pressures
less than 10 times atmospheric and temperatures between 273 K and 373 K [it should be

distinguished from (1 — &), the compressibility correction factor];

T s the local static temperature given by the equation3)

T_o:|:1+7/__1A_p:|
T

T

o being the total temperature measured on the axis of the duct using an ideal total temperature

probe. The effect of using any non-ideal temperature probe is discussed in Annex E.

For selected values of yand Ap/p values of (1 - &), together with 7/T,, are shown in Table 2.

Table 2

Aplp 11 1,2 1,3 1,4 15 1,6 1,7

T/To (1 — g) T/TO (1 — g) T/TO ('] — g) T/TO (1 — g) T/TO (1 — g) T/To (1 — g) T/To (1 — g)

0,01 0,999 | 0,998 | 0,998 [ 0,998 | 0,998 | 0,998 | 0,997 | 0,998 | 0,997 | 0,998 | 0,996 | 0,998 | 0,996 | 0,999
0,02 | 0,998 | 0,996 | 0,997 | 0,996 | 0,995 | 0,996 | 0,994 | 0,997 | 0,993 | 0,997 | 0,993 | 0,997 | 0,992 | 0,997
0,03 | 0,997 | 0,993 | 0,995 | 0,994 | 0,993 | 0,994 | 0,992 | 0,995 | 0,990 | 0,995 | 0,989 | 0,995 | 0,988 | 0,996
0,04 | 0,996 | 0,991 | 0,994 | 0,992 | 0,991 | 0,993 | 0,989 | 0,993 | 0,987 | 0,994 | 0,985 | 0,994 | 0,984 | 0,994
0,05 — — — — 0,989 | 0,991 [ 0,986 | 0,991 | 0,984 | 0,992 | 0,982 | 0,992 | 0,980 | 0,993

3) This equation is an approximation which is adequately precise for the purposes of this International Standard.
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9 Determination of the discharge velocity by graphical integration of the velocity
area

The general principle of this method is specified in 4.1.

The measuring points shall be located along straight lines, and in order to determine m accurately, two
measuring points shall be placed on each straight line as close as possible to the wall (see Annex F).

The number and position of the other points shall be selected in such a manner that the velocity profile can be
determined satisfactorily. They will usually be distributed in the cross-section in such a way as to divide it into
areas, each of which has the same flow rate in order to attach approximately the same importance to all
measuring points.

Reference should be made to 4.4 when determining the number and location of measuring points, and to

Clause 12 when it is considered necessary to make some correction to local velocity measurements or to the
position of measuring points.

9.1 Circular cross-section

If v is the flow velocity at a point of polar co-ordinates, », 6, and if R is the mean radius of the measuring
section, the discharge velocity, U, is

2n 1 PV (r/R)? PP r\?
n;z .[0 j:v(rﬂ)rdrdezjoud[E] :.[0 R ud[}j +-[(rn/R)2 ud(Ej

where
u is the spatial mean velocity along the circumference of radius, 7;

r, is the radius of the circle defined by the measuring points closest to the wall.

The method used consists in:

a) taking u. (arithmetic mean of the velocities at the measuring points located on one circle of radius, r;) as
the value of ;

b) plotting u, against (r/R)? between r = 0 and r = r,, (see Figure 1)%);

c) graphically determining the value of the area below this curve (see Figure 1);

4) To facilitate plotting in the vicinity of the measuring point closest to the wall, the tangent line to the curve for » =, will
be drawn with a slope equal to:

m

[dch B -u,
dx r=ry 92 "n[»]_rnJ

denoting (+/R)? as x.

The slope of the curve is derived from Karman's conventional law for the variation of the fluid velocities in the peripheral
zone:

1/m
R-r
n
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d) adding to this value a calculated term®) corresponding to the peripheral zone and equal to:

m r2
1_ n
mrdn R2

where

u, is the value of the arithmetic mean of the velocities at the measuring points located on the circle
of radius, r, (i.e. the closest to the wall);

m is the coefficient depending on the wall roughness and on the flow conditions, the value of which
can be determined in accordance with the indications given in Annex F and is generally between
4 (rough wall) and 10 (smooth wall).

NN

AN >
N
O\

AN

Figure 1 — Computation of the discharge velocity in a circular conduit —
Graphical integration in the area explored by the Pitot tubes

5) This simplified expression omits the other term

(m+ 1)_(r;m +1) “n (1 - %’]2

in the result of the integration (within the peripheral zone) derived from Karman's conventional law: this latter term only
represents about

1_(rn/R)

4m + 2

times the flow in the peripheral zone.
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9.2 Rectangular cross-sections

The computation of the discharge velocity requires a double integration across both dimensions of the conduit.
Measurement shall be started either on the vertical lines or on the horizontal lines®). The computation is
developed here starting with horizontal line measurements.

The equation for the discharge velocity is:

L4

L is the conduit width in the measuring cross-section (arithmetic mean of the widths measured on at
least each horizontal measuring line);

H is the conduit height in the measuring cross-section (arithmetic mean of the heights measured on at
least each vertical measuring line);

[ is the distance from a particular point to the side-wall chosen as origin;
h is the height of a particular point above the bottom.
The method used consists in:

a) plotting the variation curve of the velocity on each horizontal line between the extreme measuring points,
as a function of the relative distance //L (see Figure 2)7);

b) determining graphically the value of the area below this curve between the extreme measuring points
(see Figure 2);

c) adding to this value two terms corresponding to the peripheral zones, both being equal to

(e

(the sum so obtained is the mean velocity, u;, on the horizontal measuring line concerned);

6) Throughout this subclause, a “vertical line” will mean a line parallel to the conduit height and a “horizontal” line will
mean a line parallel to the conduit width.

7) To facilitate plotting in the vicinity of the extreme measuring points, the tangent line to the curve at each of them will
be drawn with a slope the absolute value of which is equal to

v, L

ma

where

v, isthe velocity at the considered extreme measuring point (at a distance a from the nearest wall);

m is a coefficient depending on the wall roughness and on the flow conditions, the value of which can be
determined in accordance with the indications given in Annex F and is generally between 4 (rough wall) and
10 (smooth wall).

The slope of this curve is derived from Karman's conventional law, for the variation of the fluid velocities in the peripheral
zone:

1/m
X
a
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d) plotting the variation curve of u; between the extreme horizontal measuring lines as a function of the
relative height, 4/H, of the corresponding horizontal line (see Figure 2)8);

e) graphically determining the value of the area below this curve between the extreme horizontal measuring
lines;

f) adding to this last value two terms, corresponding to the peripheral zones, in order to obtain the discharge
velocity. Both terms are equal to:

()

where u,, is the mean velocity on the horizontal measuring line closest to the wall (at a distance a’ from
the wall).

10 Determination of the discharge velocity by numerical integration of the velocity
area

The general principle of this method is specified in 4.1.

The equations proposed below are derived from interpolations between successive pairs of measuring points
along third-degree curves in (#/R)? for a circular cross-section conduit, or in //L or h/H for a rectangular cross-
section conduit. The separate individual arcs combine to form a continuous curve with a continuous derivative.
In the peripheral zone, the same law as indicated in Clause 9 is applied.

For the number and position of measuring points, reference shall be made to the indications of Clause 9 and

4.4. Reference shall be made to Clause 12 when it is considered necessary to apply certain corrections to
local velocity measurements or to the position of measuring points.

10.1 Circular cross-sections

If v, is the velocity at the conduit centre, and u4, us, ..., u, are the mean velocities [calculated as indicated in
9.1 a)] along the circumferences with increasing relative radii 'y, r*,, ..., ", (with #";=r/R, where R is the
radius of the cross-section), the discharge velocity in the cross-section, U, is given by the equation:

r*3 r*3

U=vq —ir’éz +ir’1‘2 +i—1— + Uy 11’%‘2 +gr§2 —ir’éz —up | —— |+
12 12 12 15 6 3 12 12r 7%

+—r*c-= +—
12m(1-r32) 127 "3 (1) T12" (n-2)

2
m (1_r*2)+[r" _r("—1)} 7 2 2 .2 1 .2 1)

8) To facilitate plotting in the vicinity of the peripheral zones, the same procedure shall be followed as in determining the
mean velocity along each horizontal line [see 9.2 a)].
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Figure 2 — Computation of the discharge velocity in a rectangular conduit —
Graphical integration in the area explored by Pitot tubes
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NOTE When n = 4, the summation term is evaluated only for i = 2.

When n = 3, the summation term disappears and Equation (1) simplifies to:

%3 %3
U=v0[—1lr’2’2+£r*2+l}’;J+u1[lr}‘2+2r52—l *2J+u2[_ 1r] _Erfl‘z +l *2+lr§2]+

1 r3 PrY r2
2 12 12 r% 6 3 12 12r5 3 12 2
2
%2 %2
(1 *2) (r3 _r2) 7 2 2,2 1 .2
u3 —r +—2+—}"3 7_"'2 +_r1
m+1 12m(1_r§ ) 12 3 12

10.2 Rectangular cross-sections
In the following equation, U represents:

— either the mean velocity along a measuring line, in which case v4, v,, ..., v, are the velocities measured at
points located at distances /4, /5, ..., [, from the reference wall; L is the distance between the two walls on
the considered line:

Iy
Y1 —?yz 7 Y T YVn+1) = 7

_12_11 * ln_l(n_1) * L_ln

— or the discharge velocity in the measuring cross-section, in which case v4, v,, ..., v, represent the mean
velocities u4, u,, ..., u, along the measuring lines located at distances %4, h,, ..., h, from the reference
wall; H is the height of the measuring cross-section:

i=3

Slm ot T 1

et ) T e a2t T )
NOTE When n = 5, the summation term is evaluated only for i = 3.

11 Determination of the discharge velocity by arithmetic methods
The general principle of these methods is specified in 4.1.

For each method the measuring cross-section is divided into a small number of section elements. The
measuring locations are predetermined for each section element from:

a) an assumption of the mathematical form of the velocity distribution law in the section element concerned;

b) a choice of the weighting coefficients.
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The various curves corresponding to each section element do not need to constitute a continuous curve with a
continuous derivative.

In the peripheral zone, a logarithmic law is assumed for velocity distribution with respect to the distance from
the wall. In the arithmetical methods described hereafter, the weighting coefficients have been chosen to be
equal in the case of circular cross-sections and the section elements have areas proportional to the number of

measuring points in the element concerned; reference shall be made to Clause 12 when it is considered
necessary to make certain corrections to local velocity measurements or to the positions of measuring points.

11.1 “Log-linear” method
By hypothesis, the mathematical form of the velocity distribution law for each element is:

u=Alog y+By+c

where
y is the distance to the wall;
A, Band C  are any three constants (except for the external ring element where B is zero).

11.1.1 Circular cross-sections

The location of the measuring points corresponds to the values of the relative radius, #/R;, or of the relative
distance to the wall, y/D;, shown in Table 3.

Table 3

Number of measuring IR, yID
points per radius !

i

0,3586+0,0100
0,7302+0,0100
0,9358 £ 0,003 2

0,320 7 £0,0050
0,1349+0,0050
0,0321+0,0016

0,2776+0,0100
0,5658 +0,0100
0,6950+0,0100
0,847 0+ 0,007 6
0,962 2 +0,0018

0,3612+0,0050
0,217 1+ 0,005 0
0,1525+0,0050
0,076 5+ 0,003 8
0,018 9+ 0,000 9

The mean velocity on each radius is taken as equal to the arithmetic mean of the velocities determined at the
measuring points located on the radius concerned, and the discharge velocity is equal to the arithmetic mean
of the mean velocities on each radius. The discharge velocity is therefore given by the arithmetic mean of
local velocities.

11.1.2 Rectangular cross-sections

Different layouts may be developed to apply the log-linear method in a rectangular cross-section, using a
variety of numbers of measuring points. This International Standard is limited to the method using 26 points,
for which the location is given in Figure 3.

In addition to the location of the measuring points given by //L and h/H, Table 4 gives the weighting
coefficients for each measured velocity.
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The discharge velocity, U, is equal to the weighted mean of the measured local velocities:

U k; v;
>k;

1

For the method using 26 points Zk; = 96.

_—1 L -
| Il 11l v
)i( - - )i( A
X X
X X X
X X
) X
N
r Ry
MRy R} R}
<] o | |
\ \ \ Y X X X X
[ 0,092L
E § -t
g3 0,367 5L
B L/2 X

Figure 3 — Location of measuring points in a rectangular cross-section conduit for the log-linear
method using 26 points

Table 4 — Log-linear method in a rectangular cross-section —
Location of measuring points and weighting coefficients

L
hlH | Il 1] I\
0,092 0,367 5 0,632 5 0,908

0,034 2 3 3 2
0,092 2 — — 2
0,250 5 3 3 5
0,367 5 — 6 6 —
0,500 6 — — 6
0,632 5 — 6 6 —
0,750 5 3 3 5
0,908 2 — — 2
0,966 2 3 3 2
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11.2 Log-Chebyshev method

By hypothesis the mathematical form of the velocity distribution law as a function of the distance from the wall
is logarithmic in the outermost elements of the section and polynomial in the other elements.

11.2.1 Circular cross-sections

The position of the measuring points corresponds to the values of the relative radius, 7/R;, or of the relative

distance to the wall, y/D;, shown in Table 5.

As the weighting coefficients have been chosen to be equal, the discharge velocity is equal to the arithmetic

mean of the measured local velocities.

Table 5

points per radius

Number of measuring

rIR;

yID,

1

0,3754+0,0100

0,3123 +£0,0050

0,847 2 £ 0,007 6
0,962 2 £ 0,001 8

3 0,7252+0,0100 0,1374 £ 0,005 0
0,9358 £ 0,003 2 0,032 1 +0,0016
0,3314+0,0100 0,334 3 +0,0050

4 0,6124+0,0100 0,193 8 £ 0,005 0
0,8000+0,0100 0,100 0 £ 0,005 0
0,952 4 £ 0,002 4 0,023 8 £ 0,001 2
0,286 6 +0,0100 0,356 7 + 0,005 0
0,5700+0,0100 0,2150+0,0050

5 0,6892+0,0100 0,1554 + 0,005 0

0,076 4 £ 0,003 8
0,018 9 £ 0,000 9

11.2.2 Rectangular cross-sections

A number, e, of traverse straight lines, at least equal to five, are selected parallel to the smaller side of the
rectangle; on each of them a number, f, of measuring points, at least equal to five, are located. (See Figure 4.)

NOTE For the example chosen, f=5 and e = 6.

The positions of ef measuring points (abscissa X; and ordinate Y; in relation to the centre of the section) are
defined from Table 6. '

As the weighting coefficients have been chosen to be equal, the discharge velocity is equal to the arithmetic
mean of the measured local velocities at the various measuring points.

Table 6
eorf Values of X,/L or Y]./H
5 0 +0,212 + 0,426
6 + 0,063 + 0,265 +0,439
7 0 +0,134 +0,297 + 0,447
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Figure 4 — Position of the measuring points in a rectangular conduit in the case
of the log-Chebyshev method

12 Corrections of local velocity measurements

The measurement of local velocity is affected by errors which are due in particular to the blockage effect, to
the velocity gradient, to turbulence and to the head loss which would require corrections whose amount is
unfortunately not always exactly known. These corrections are in fact only applied when very accurate
measurement is required or if errors are very large.

The following subclauses give indications of the values which can be expected from these corrections. The
theoretical bases of the estimation are given in Annexes B and C.

12.1 Correction for stem blockage

When a Pitot static tube is used in an infinite stream, the calibration factor takes account of the stem influence
on the pressure readings at static pressure tappings.

When the tube is used in a conduit, the velocity increase when the flow passes between the stem and the

walls causes a decrease in the recorded static pressure without affecting the total pressure. The differential
pressure Ap shall therefore be reduced to take account of the stem blockage effect.

12.1.1 Case where the correction can be neglected
When the ratio d/D is less than or equal to 0,02 as specified in 6.3.4, and when the Pitot tube is consecutively
introduced into two diametrically opposite insertion holes in such a way that traverse only occurs across one

radius, the correction for blockage effect can be neglected. In the other cases, the correction to be made shall
be estimated before it is determined whether or not it can be neglected in view of the required accuracy.

12.1.2 Estimation of the correction of local velocity measurement
The correction for each individual measurement, Ap, is given by:
5(8p) =~ 0,7k, (5/4) App
where
Ap is the recorded value of the differential pressure;
Apmax 18 the corresponding value on the conduit axis;

S is the frontal projected area of that portion of the stem inside the conduit;
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A is the cross-sectional area of the conduit;
ki is the blockage coefficient of a cylindrical stem (see Figure 5).

The value of 0,7 is an average (0,65 to 0,75) of the ratio of the mean value to the maximum value of the
squared velocity in the conduit cross-section.

ko A

1,0

0,7

0,6
N\

0.5 \

0.4 N

0,3

0,2 -
0 0,1 0,2 0.3 04 0,5 0,6 0,7 0,8 XA

A  cross-sectional area of conduit
k, blockage coefficient of a cylindrical stem
x  distance from plane of static holes to axis of Pitot-stem

Figure 5 — Variation of blockage constant with distance ahead of cylindrical stem in a closed conduit
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12.1.3 Estimation of the overall correction of the flow-rate value (application to arithmetic methods)

The relative error caused in ignoring the correction of local velocity for the point situatefl at a distance, y, from
. X 1/m
the wall can be calculated as follows for a velocity profile of the shape, v/vay =(y/R) " :

5(v/Vmax) __(m+2) (m +1) -
(Vvmax) o (R/y)?"" ko () 4)

If the result is applied to each point, the position of which is predetermined by arithmetic methods (Clause 11),
the overall corrections for flow rate are practically identical for all arithmetic methods. Their values are given in
Figure 6.

% A
-1,0
nd
) N\ ]
|

1 |

—08 5
0 =

- 0,6

/ n=16 )
-04

3 n=8
-0,2
n=12
/
n=16
0 |
0 0,01 0,02 0,03 0,04 d/D
Key
1 static holes
2 one insertion hole/diameter
3 two insertion holes/diameter
d  head diameter

d/D ratio of head diameter to pipe diameter
n  number of measurements
nd distance of the total pressure tapping to the plane of static pressure tappings

Figure 6 — Overall correction to be added to volume flow rate to allow for Pitot-stem blockage
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12.2 Correction for transverse velocity gradient

The stagnation pressure recorded by a Pitot tube in a fluid flow with a transverse velocity gradient is always
slightly overestimated. Interaction between the nose of the Pitot tube and the fluid flow causes a small
displacement of the approaching streamlines, so that the tube brings to rest a streamline originating in a
higher velocity region ahead of the plane of measurement. Annex B gives a few justifications of how the
corrections indicated below are evaluated.

This influence can be taken into account in two ways, either by integrating the velocity area on the basis of the

corrected position of the measuring points (see 12.2.1) or, for arithmetic methods only, by keeping the
predetermined position and making an overall correction for flow rate (see 12.2.2).

12.2.1 Correction for measuring point position

12.2.1.1 Case of graphical or numerical integration

Measurements of differential pressure, Ap, recorded at real distances, y, from the wall are considered for
calculation as being carried out at distances, y + Ay, where Ay is the fictitious displacement of the measuring
point which can be calculated using the following equation:

A 0495k, | L1 !
d 0 *ly 10,24 | ( v)?
1+ ’ (]
kg )\d

If the value k, has not been determined once for all for any particular nose shape, k, can be taken as
0,10 + 0,02 for all Pitot tubes meeting the requirements of 5.2. Table 7 can be used for displacement
evaluation of Pitot tubes with k; = 0,10 and for a certain range of distance from the wall.

Table 7

y/d 0,50 0,67 0,75 1,0 1,5 2 3 4 s

Ay/d | 0,069 | 0,075 | 0,077 | 0,082 | 0,088 | 0,091 | 0,094 | 0,095 | 0,100

Do not forget the correction for displacement when m is determined in accordance with the requirements of
Annex F.

12.2.1.2 Case of arithmetical methods
When measuring positions are calculated in accordance with Tables 3, 4, 5 and 6, the corresponding y

distances shall be reduced by Ay as calculated above to obtain the real position y; to be used for
measurements.

12.2.2 Overall correction of flow rate
Figure 7 gives an indication of the corrections to be made to the flow-rate value in a circular conduit when a

Pitot tube with £, = 0,10 is used for the measurements. For measurements with slightly different k values, it is
permitted to correct the values of the figure with a ratio of kg/0,10.
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Figure 7 — Overall correction to be added to volume flow rate to allow for Pitot-displacement
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12.3 Correction for turbulence
It may be assumed that, for approximately 10 % turbulence, the correction of the local velocity value is about

-0,5 % to —2 % according to the nose shape of the Pitot tube used and the Reynolds number of the fluid flow
(see Annex C).

12.4 Correction for head loss

Since the static pressure tapping is located at a distance downstream of the local pressure tapping, the
pressure measurement is affected by an error which is equal to the friction head loss in the conduit over this
distance. The measured differential pressure is therefore slightly overestimated.

This correction is generally negligible, but if it is considered necessary to take it into account, the differential
pressure at each measuring point shall be reduced by the head loss, &

ind) U?
: —(T]fT

where
A is the universal coefficient for head loss;

nd is the distance of the total pressure tapping to the plane of static pressure tappings.

13 Errors

This clause defines a number of fundamental statistical terms which are used in this International Standard
and describes the method employed to assess the accuracy of the volume flow-rate measurement from a list
of error sources involved in local velocity measurement and flow-rate calculation.

An example of calculation of the overall uncertainty is given in Annex G with the sole purpose of illustrating the
described method of calculation, but it does not give typical values of the various errors. Each particular case
should therefore be studied carefully.

13.1 Definition of the error

The error in the estimate of a quantity is the difference between that estimate and the true value of the
quantity.

No measurement of a physical quantity is free from uncertainties arising either from systematic errors or from
the random dispersion of measurement results. Systematic errors cannot be reduced by repeating
measurements since they arise from the characteristics of the measuring apparatus, the installation, and the
flow characteristics. However, a reduction in the random error may be achieved by repetition of
measurements, since the random error of the mean of » independent measurements is \n times smaller than
the random error of an individual measurement.
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13.2 Errors in the estimation of the local velocity
13.2.1 Random errors

13.2.1.1 Error in the measurement of differential pressure
The measurement of differential pressure is necessarily affected by a random error g, which is due at the
same time to the pressure gauge, to the connecting pipes between the Pitot tube and the pressure gauge and

to the operator. This error does not include, however, some disturbances, such as fluctuations, which are
considered separately in the following subclauses.

13.2.1.2 Error due to slow velocity fluctuations
A random error, &, is incurred if the measuring period is not long enough for a correct integration of slow

fluctuations of the flow velocity to be made. This error decreases when the number and duration of the
measurements at a given point are increased.

13.2.1.3 Error in density
An error, 5p, is incurred in the measurement of density because of inaccuracies in the temperature and

pressure measurements and of the degree of cleanliness of the fluid. This error varies in importance
according to the nature of the fluid and conditions.

13.2.1.4 Error in the calculation of the compressibility correction

A random error, J,, is incurred in the calculation of the correction factor for compressibility (1 — ) according to
the indications of 8.2 and Annex E.

13.2.2 Systematic errors
It is assumed in the following that the corrections mentioned in Clause 12 for blockage, velocity gradient,
turbulence and head loss have not been applied. If they have been, a systematic error will nevertheless be

made because of the noticeable uncertainty of these corrections, but this systematic error can be either
positive or negative and its absolute value is obviously far less than in the first case.

13.2.2.1 Error in the Pitot tube calibration

Any error in the calibration factor of a Pitot tube systematically affects the measured velocity and introduces
an error, e.

13.2.2.2 Error due to turbulence

The error increases with the increasing degree of turbulence of the measured fluid flow and is always positive,
i.e. the measured velocity value is always greater than the actual flow velocity. Indications on the estimation of
this error are given in 12.3 and Annex C.

The resulting error, ¢, in the measured velocity is the same for all measurements at one and the same point

and at the same velocity although errors vary with flow rate on the one hand and the measuring position on
the other.

13.2.2.3 Error due to the transverse velocity gradient

The error, e,, depends on the diameter of the Pitot tube. It is always positive. Indications on the estimation of
this error are given in 12.2 and Annex B.
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13.2.2.4 Error due to conduit blockage

This error, e, increases with increasing blockage of the conduit by Pitot tubes and their supports. It is always
positive. Indications on the estimation of this error are given in 12.1.

13.2.2.5 Error due to the inclination of the Pitot tube with respect to the flow direction
This error, e, increases with the inclination angle and depends on the Pitot tube used. It is always positive

when inclinaﬁon remains within the limits given in 6.1.3. Indications on the estimation of this error are given in
Annex A.

13.2.2.6 Error due to the head loss between total and static pressure tappings

This error, e, increases with increasing spacing of pressure tappings and with the conduit roughness. It is
always positive. Indications on the evaluation of this error are given in 12.4.

13.3 Errors in the estimation of flow rate
13.3.1 Random errors

13.3.1.1  Error due to local velocity measurements
The errors in the local velocity measurements are not truly random, as they in part depend on the position of
the measurement across the duct. However, the error on each measurement is different, and the major

contributions to each error are random in nature, so that the overall error, &, contributed to the estimation of
flow rate may be regarded as random.

13.3.1.2 Error due to graph in graphical integration technique
When the graphical integration technique is used, an error, ¢, is introduced in drawing the velocity profile and

evaluating the area under the central portion of the graph; this is random in nature, and the magnitude
depends both on the operator and on the shape of the velocity distribution.

13.3.1.3 Error due to evaluation of power law index, m

If the power law index, m, is calculated by the graphical method given in Annex F then the error, §,,, from this
source is random in nature.

13.3.1.4 Error due to positioning Pitot tubes
If the errors associated with the position of the Pitot tubes are independent of each other (i.e. no large

common systematic error is present, see 4.4.1) then the overall effect is to introduce a random error, 8, into
the flow-rate estimation. However, provided the conditions of 4.4.1 are met, this error is negligible.

13.3.2 Systematic errors

13.3.2.1 Error due to measurement of duct dimensions

Although the area, 4, of the plane of flow-rate measurement is evaluated from the mean of several
measurements of the duct dimensions (see 4.2), a systematic error, e, still remains in the calculated flow rate.

13.3.2.2 Error due to numerical or arithmetic integration techniques
The techniques given in Clauses 10 and 11 either approximate the velocity distribution or assume a velocity

distribution. For a given velocity distribution, there is therefore a systematic error, ¢;, introduced in the
calculated flow rate.
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13.3.2.3 Error due to number of measuring points

If the velocity distribution curve is not perfectly smooth, the number of measuring points may not be sufficient
to define it adequately, and systematic error, €ps results.

13.4 Definition of the standard deviation®

13.4.1 If a variable, X, is measured several times, each measurement being independent of the others, then
the standard deviation, oy, of the distribution of » measurements, X, is:

X is the arithmetic mean of the n measurements of the variable X

X, is the value obtained by the ith measurement of the variable X;

n is the total number of measurements of X;

For brevity, oy is normally referred to as the standard deviation of X.

13.4.2 |If repeated measurements of a variable X are not available or are so few that direct computation of the
standard deviation on a statistical basis is likely to be unreliable and if the maximum range of the
measurements may be estimated, the standard deviation may be taken as 1/4 of this maximum range (i.e. as
1/2 of the estimated uncertainty above or below the adopted value of X).

13.4.3 If the various independent variables, the knowledge of which allows computation of the flow rate, are
Xy, Xy, ..., X;, then the flow rate ¢, may be expected as a certain function of these variables:

ay = f (X1, Xo,. X))

If the standard deviations of the variables X3, X5, ..., X}, are oy, oy, ..., 0}, then the standard deviation o,  of
the flow rate is defined as:

2 2 2
0 0 0
o |[22 0| o[B8 0| B0,
vl ax, 0X ox,

oqy  Oqy oqy

where , y ey
0Xq1 0Xo 0X},

are partial derivatives.

9) The standard deviation as defined here is what is more accurately referred to as the “standard deviation estimation”
by statisticians.
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13.5 Definition of the tolerance

13.5.1 For the purposes of this International Standard, the tolerance in a measurement of a variable is
defined as twice the standard deviation of the variable. The tolerance shall be calculated and quoted under
this appellation whenever a measurement is claimed to be in conformity with this International Standard.

13.5.2 When partial errors, the combination of which gives the tolerance, are independent of one another,

are small and numerous, and have a gaussian distribution, there is a probability of 0,95 that the true error is
less than the tolerance.

13.5.3 Having estimated the standard deviation, o, , of the flow-rate measurement, ¢y, the tolerance, ¢, , is
given by:

= +
Oqy =% 20,,

The relative tolerance é’qV is defined by

sqV =+ 2 O-qV
qy qy

4 p—
5!11/ -

The result of a flow measurement shall always be given in one of the following forms:

a) flowrate =g+ S (at the 95 % confidence level);

b) flowrate=gq, (1* 5’qV) (at the 95 % confidence level);

c) flow rate = g} within + 100 5’qV% (at the 95 % confidence level).

13.6 Calculation of standard deviation

13.6.1 Standard deviation on local velocity measurement

The standard deviation, ¢, associated with a measurement of local velocity, v, is obtained by combining the
standard deviations of errors arising from the sources described in 13.2. Although “systematic” errors have
been distinguished from “random” errors, the probability distribution of the possible values of each systematic
component is essentially gaussian. The combination of the random and systematic errors may therefore be
treated as though all were truly random, and the standard deviation for the systematic components can be
obtained by calculating a value for their standard deviations in the manner described in 13.4.2. Thus the
standard deviation of a particular systematic component is * v, ,,/2, where v is uncertainty, on that
component.

The coefficient of variation of the local velocity measurement is then the square root of the sum of the squares

of the coefficients of variation arising from the sources listed in 13.2. Thus the result of the local velocity
measurement is:
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at a 95 % confidence level, where

Op

» is the standard deviation arising from the error on differential pressure;

o, s the standard deviation arising from the error in density;
o; is the standard deviation arising from slow velocity fluctuations;

o, is the standard deviation arising from compressibility;

= is the standard deviation arising from the Pitot tube calibration;

o; is the standard deviation arising from high-frequency velocity fluctuations and turbulence;
g is the standard deviation arising from the velocity gradient;

o, is the standard deviation arising from the inclination of the Pitot tube to the flow direction;
o, is the standard deviation arising from the uncertainty in the correction for blockage;

o is the standard deviation arising from head loss.

[T

13.6.2 Standard deviation on flow-rate measurement

Once again the possible values of the systematic errors which are listed in 13.3.2 have a probability
distribution which is essentially gaussian, so that all errors may be treated as random for the purpose of
estimating the standard deviation on the flow rate; the standard deviations on the systematic components are
obtained in the same way as in 13.6.1.

The coefficient of variation of the flow-rate measurement is then the square root of the sum of the squares of
the coefficients of variation arising from the sources in 13.3. Thus the result of the flow rate measurement is:

o, )2 o 2 o 2 o 2 o 2 o 27" o
qyy1+2 {—vj + [—'] +[—m] +[—l] + ...+(—Aj +| & =gyl 1221
v qy qy qy A qy qy

at the 95 % confidence level, where

o, Iis the standard deviation on local velocity measurements, calculated as described in 13.6.1;
o, is the standard deviation arising from the use of the integration technique;

o, is the standard deviation associated with the estimation of the value of m;

o; is the standard deviation arising from Pitot tube positioning;

o, is the standard deviation on the evaluation of the measuring cross-section area'0);

o, is the standard deviation arising from the number of velocity measuring points.

10) It should be noted that the coefficient of variation in the evaluation of the measuring cross-section area is twice the
coefficient of variation on the length measurements from which the area is calculated.
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Annex A
(normative)
Pitot tubes
A.1 Different types
A
.|<—
- 16d 1 8d N
 m— 0.84 ,{?6
Q\,
/_% ~ ¢ : \ w4
D ) i : 7 >y
AV
/ 2 3
i<— s
A
3
.
1
A/
R
——
i 2
/
gnz
| otd

Key

1 inner tube
2 outer tube
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Figure A.1 — AMCA type
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Figure A.3 — Profile definition of the ellipsoidal head
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Nose profile:

Two quarter-ellipses with major semi-axes 2d, minor semi-axes 0,5 (d — d;), separated by distance d;.

Diameter, d:

Shall not exceed 15 mm.

Total-pressure hole:

Diameter, d;, within range 0,104 < d; < 0,354 11). This diameter shall not change within 1,54; from tip.

Static-pressure holes:

Diameter dg shall not exceed 1 mm; depth of hole not less than 0,5d; number of holes not less than six; plane
of holes at distance 84 from tip of nose.

Stem:

Diameter constant and equal to d; junction curved with mean radius 3d + 0,54, or mitred; axis of stem to be nd
from plane of static-pressure holes, where n > 8.

Calibration factor (defined in 8.2):

Values within £ 0,002 given in Table A.1.

Table A1
n 8 10 12 14 16 0
Curved junction 1,0015 | 1,0015 1,001 1,001 1,000 5 0,998
Mitred junction 1,003 1,002 1,001 5 1,001 1,000 5 0,998

A.2 Sensitivity of Pitot tube to inclination

When the axis of the head of a Pitot tube under use is not aligned with the mean flow direction but forms an
angle ¢ with it, the differential pressure recorded, Ap , is different from the true differential pressure, Ap,,.

However, some shapes of tip (and this is the case for the three types described above) may reduce the value
(Ap,— Apy) within a wide range of values of angle, . Figure A.5 gives the values of (Ap, — Ap,)/Ap, for these
three types of tube.

NOTE The values given by the curves below depend slightly on the value of the Reynolds number of the flow related
to the outer diameter, d, of the Pitot tube, Re,. This variation, which arises from the response of the static pressure tap, is
practically identical for the three Pitot tubes under consideration.

11) The larger diameter holes are intended to be used with tubes of small diameter, to extend the lower velocity range
without introducing viscous effects in the hole.
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Figure A.4 — CETIAT type
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ISO 3966:2008(E)

Correction to the measuring position of Pitot tubes

used in a transverse velocity gradient

B.1 Determination of the displacement of a measuring point

Provided that the measuring position is not too close to a wall, the magnitude of the displacement of
streamlines due to the velocity gradient on the Pitot tube (see 12.2) is constant for a given tube, regardless of
the magnitude of the velocity gradient; it is, moreover, proportional to the head diameter. Given that the
magnitude of this displacement is not directly measurable, theoretical studies of the phenomenon of
displacement have led to the conclusion that this displacement is proportional to the effective drag coefficient

of the nose.

As the measuring position approaches a wall, the magnitude of the displacement is progressively reduced, but
not eliminated, as the result of an entirely different process caused by the proximity of the tube to the wall.
This proximity displacement is calculable and is also proportional to the diameter of the tube and the effective

drag coefficient of the nose.

The velocity gradient displacement therefore takes the form

(Avy )/d = kg
where
d is the head diameter;

k

9 is a constant dependent on the nose shape.

The wall proximity displacement is:

a is a constant dependent on the nose shape;

y is the distance of the axis of the head from the wall.

For the case of the plane-ended Pitot tube, experiments show that a/kg =0,195.
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Because both effects depend on the effective drag coefficient of the nose, and because a is much smaller
than k, the combined velocity gradient and wall proximity displacement of other tubes may also be written, with
sufficient accuracy for the present purpose, in the form:

Ay d 1
7:kg 0,195 k4 (—] 1-

RS0

B.2 Determination of the overall correction for flow rate in a circular conduit

In the case of arithmetic methods, instead of applying a correction to the position of the measuring points, it
can suffice to calculate an overall correction for the volume rate of flow taking account of the various
displacements due to the velocity gradient and the wall proximity. From the total displacement of a particular
measuring point calculated as mentioned above, assuming a velocity profile of the form:

Ymax R
the effect of the velocity gradient is expressed by a relative variation of the measured velocity in each
measuring point:

8(V/Vmax) _ 1 (AY/d)(d/D)
(V/Vmax) m (y/D)

The variation of the discharge velocity is the mean of individual variations in each prescribed measuring point:

8[ U j_liliAy/d %

Vmax ) M D i /D Vax

The discharge velocity is given by:

The relative variation of the measured flow rate is therefore:

Zl:Ay/d v
Sqy _1d 5 Y/D Vinax
qy mD Loy

1 Vmax

This expression was used to derive Figure 7 (see 12.2.2).
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Annex C
(normative)

Study concerning turbulence correction

C.1 Influence of turbulence on the total pressure tap

C.1.1 Pressure probe insensitive to orientation

If a pressure probe which is insensitive to orientation is placed in a turbulent flow, this probe will at all times
receive the total pressure p;; given (see Figure C.1) by:

1 2
Pt =pit 5PV

where

p; is the instantaneous static pressure;
is the instantaneous velocity;

p is the fluid density.
V=V + Z + E + E

in which

!

vy, vy and Z are the components of the velocity fluctuation;

v is the mean velocity.

Figure C.1

This is not, however, the value which, in general, it is desired to obtain.

If the damping achieved by the ducts and the pressure gauge is correct, a p; value is obtained, such that:

with

=D +%p72+—p(v;(2+v'yz+v'22j (C.1)
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The correct determination of v, which is a necessary step in the rate of flow calculation, demands:

a) knowledge of the mean pressure, p, at each measuring point;

2 2
y and v,

b) knowledge of the values v’2 V!

C.1.2 Pressure probe sensitive to orientation
In the case where the total-pressure tapping nose is sensitive to orientation, flow turbulence introduces an

error into the measurement read at the total-pressure tap even when the Pitot tube is parallel to the conduit
axis.

C.2 Influence of turbulence on the static-pressure tap
The influence of turbulence in this case is a very much more complex problem.

Up to now, it has always been assumed that there is a relationship in the form of:

- = 22

P =5+ ks o 42 ) 2)
where

DPm is the mean measured pressure;

p is the mean actual pressure;

k. is a factor of the order of 1/4.

S

It has, however, been proved that in most cases we have a relationship in the form of:
P =5~k 2o + ) (€3)

where £, is a factor of the order of 0,6 for a conventional cylindrical probe of diameter, d, relatively small in
comparison with a correlation length, L, characterizing the turbulent flow under study. This is nearly always the
case for industrial types of flow.

Combining Equations (C.1) and (C.3) gives:

1 -2 1 , 2 2 7,
EPV = Dt _Ep(vxz +Vy2 +Vz) — ky ,0( +V22j

C.3 Evaluation of errors for an exploration with a Pitot tube

Some evaluations of the errors have been made by using the values \/vx , \/v'2 \/v’2 , corresponding to
steady flow in a long conduit.
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For this estimation, it has been erroneously assumed that one had the relation p,, = p + kg p(v&,z + v'zzj with
ks = 0,25, which minimizes the error on the determination of the mean local velocity.

Some authors state for

Rep, = Y2 — 40 000

v

Agqylq, = 0,54 % (this positive error seems underestimated for the reasons mentioned above).

For the same Reynolds number, these authors computed the error resulting from the use of a Pitot tube
situated at a distance (v,)z, - 40 0og = 0,235 (D/2) from the wall (three-quarter radius flow meter, the distance
at which the measured velocity should be equal to the mean flow velocity), i.e.

A
=~ 0,50 %
qy

As this result closely approximates the previous result relating to a more complete computation, these authors
assume that the error thus calculated is characteristic for the entire range of Reynolds numbers under
consideration; they provide the following table:

Re 4 x10% | 7x10% 10° 2x105 | 5x10° 108 3 x 108 107 3x107

(AV/V)(ym)Re ~Aqy [qy 0,0050 | 0,004 3 | 0,0040 | 0,0035 | 0,0029 | 0,0026 | 0,0022 | 0,0018 | 0,0015

These limits of error actually seem to be rather low in view of the accepted type of correction regarding static
pressure probes, and values given in 12.3 seem to be more realistic.

© 1SO 2008 — All rights reserved 43



ISO 3966:2008(E)

Annex D
(normative)

Damping of pressure gauges

It is often necessary, in order to facilitate reading the pressure gauge, that the differential pressure random
fluctuations shall be damped without, however, concealing longer term fluctuations or falsifying the time
average of the fluctuating pressure. The damping of the apparatus shall therefore be symmetrical and linear.
When a sudden change in pressure is applied, the pressure indicator shall register 99 % of that change in not
more than 60 s. Damping shall not be used to conceal regular pulsations of the pressure which render the
measurement beyond the scope of this International Standard.

D.1 Damping procedure

Damping of the apparatus shall be effected using a resistance which is linear (i.e. proportional to the velocity)
and symmetrical. Thus every precaution shall be taken to avoid bending or pinching the rubber connecting
pipes. Asymmetric nozzles, needle valves or gate valves, shall not be inserted between the Pitot tube and the
pressure gauge.

A capillary tube of adequate length (e.g. 1 mm in diameter and 100 mm in length if water is used as a
manometric fluid) shall be incorporated preferably in one of the manometer limbs (to ensure complete
tightness of the connection) or in one of the leads close to the manometer and care shall be taken to avoid
any sudden reduction or expansion of the connecting pipe which would involve an appreciable head loss in
comparison with the loss due to the capillary tube.

D.2 Balancing of the damping

When the time constant of the pressure gauge is of the same order of magnitude as those of the two
connecting circuits (from the static-pressure tapping to the pressure gauge on the one hand and from the
total-pressure tapping to the pressure gauge on the other), it is necessary to balance the damping of the two
circuits and it may therefore be of interest to use the device described in Reference [1].

When the time constant of the pressure gauge is sensibly higher than those of the two circuits, the damping
balancing is not compulsory.

D.3 Checking of the damping

To try to make sure that the pressure gauge resistance is linear (i.e. its operation then corresponds to a flow in
the connections which is laminar), check that the observed fluctuations correspond (for sinusoidal pulses) to a
maximum fictitious Reynolds number well under 2 000. This fictitious Reynolds number is equal to

mS Ah d
S t VkV
where

S is the surface area of the meniscus;
s is the minimum section of the capillary tube used to damp the pressure gauge;

d is the diameter of the capillary tube;
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Ah s the peak-to-peak magnitude of a fluctuation of the meniscus level;
t is the period of this fluctuation;

Vv s the kinematic viscosity of the fluid.

In order to check the damping more rigorously, a controllable source of fluctuating pressure (which can cause
a sinusoidal pressure difference of sufficient amplitude and of zero mean value) shall be used. The mean
position of oscillation of the meniscus then corresponds to the rest position (in the absence of driving
pressure) if the resistance is actually symmetrical and linear.
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Annex E
(normative)

Measurements with a Pitot tube in a compressible fluid

E.1 General

As pointed out in 8.1, the equations for velocity calculation given in 8.2 are valid for a compressible fluid only if
the velocity is rather low and more precisely if the Mach number is less than 0,25.

When the speed of a fluid is great enough to cause compressibility to sensibly affect the total pressure
indicated by the Pitot tube, the isentropic flow equations should be used. Pitot static tubes as described in this
International Standard cannot generally be used at Mach numbers greater than about 0,8 and for best
accuracies should be calibrated under the conditions in which they will be used. At Mach numbers between
0,9 to 1,0 most tubes of this type show anomalous behaviour, so measurements cannot be made. In addition,
these types of tubes are then more sensitive to misalignment with the flow direction so that it becomes more
important that the swirl of the stream be minimized and that the transverse static pressure distribution be
uniform to ensure axial flow. In supersonic flow, these types of instruments should not be used to determine
velocity. In this case, the pressure should be measured with a probe which indicates true local pressure, and
the determination of the total pressure requires the use of the normal shock relationships to evaluate the
measurements with the Pitot tube.

E.2 List of subscripts used in this annex
o stagnation conditions

¢ at stream centreline

w  at the wall

E.3 Determination of velocity calculation

In compressible flow, the relationship
1/2
- a(zﬂj (E.1)

does not apply without a compressibility correction factor.

Assuming no losses, the true velocity, v, of a stream of a compressible fluid in a uniform flow remote from a
boundary surface is given by Equation (E.2):

1/2

v=a [2—73] {&]7—1 (E.2)
r=1p)|Up
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which may be written in the form

1/2
y= a[zﬂj (1-¢) (E3)
el

or alternatively

1/2
v=a (1 - 5)(%] (E4)

in which 1-¢ is a compressibility correction factor which can be evaluated using several equivalent
expressions, e.g. Equation (E.5):

Y1 12

1—g-= [Lij [£+1j7—1 (E.5)
p

or approximated by the series expressions,

1_8{14[%}“_”(&}2 R ] 6

2y p) 672\ p 2453 p

or alternatively,

~1/2
2 _ 2 - 3-2
1_g= 1+Ma +2 Y va® s MMCZG-F_, (E.7)
4 24 192
in which
Lo 1/2
Ma=]-2 (£+1J 74 (E.8)
y=1{p

To determine the velocity from Equation (E.4), Ap and p are measured directly and the remaining unknown is
the local static temperature, 7. The static temperature generally cannot be measured directly by any
instrument introduced into the flow. The interaction of the flow with the probe causes some of the kinetic
energy of the stream in the immediate vicinity of the probe to be converted into thermal energy; but special
shielded stagnation thermometers are available which indicate 7, with only a small error. This can be
corrected to true stagnation temperature by applying the predetermined calibration factor. Any other
equilibrium temperature probe, calibrated to determine its recovery factor, could likewise be used to determine
stagnation temperature; but since the recovery factor of any such instrument is a function of velocity, this can
be done only by some iterative process. After the true stagnation temperature has been determined, the local
static temperature, T, can be computed using Equation (E.9).

To 4,720 02 (E.9)
T 2

To eliminate the difficult computations indicated by these expressions, Ma, T/T,, and 1 — ¢ are tabulated in
Table E.1, with Ap/p as the argument and y as a parameter.
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For the best accuracy in determining velocity, the stream temperature should be determined at each
measuring point, but if no heat transfer occurs, the temperature profile can be approximated with temperature
measurements only at the conduit centreline and the wall. Equations (E.10) and (E.11) then apply:

T-T,

= K (Apc — Ap) (E.10)
in which
Tw — T,
K="W_"C (E.11)
TwApe

E.4 Operating procedure

To determine the velocity profile in a closed conduit with compressible flow, the following procedure shall be
used:

Measurements

1) Measure Ap at each measurement point.

2) Measure p at each measurement point. These measurements should be examined for abnormalities.
The pressure at a given cross-section should be sensibly constant; any differences may indicate a
possible swirling or other non-uniform flow condition so that measurements at this station become
suspect.

3) Measure or determine stagnation temperature on the conduit centreline.

4) Measure or determine the interior conduit wall temperature.

Computations
1) Compute Ap/p at each measurement point.
2) Determine the Mach number at the conduit centreline.

3) Determine the free stream temperature at conduit centreline.

4) Measure or compute the free stream temperature for each measuring point using Equations (E.10)
and (E.11).

5) Determine compressibility correction factors from Table E.1 at each measuring point.

6) Compute velocity at each measurement point, using Equation (E.4).
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Table E.A
¥

Ap/p 1,1 1,2 1,3 1,4 1,5 1,6 1,7

Ma TITy | 1-¢| Ma TITy, | 1-¢| Ma TITy, | 1-¢| Ma TITy | 1-¢| Ma TITy | 1-¢| Ma TITy | 1-¢| Ma TITy | 1-¢
0,01 0,135 0,999 | 0,998 1 0,129 | 0,998 | 0,998 1 0,124 | 0,998 | 0,998 | 0,119 | 0,997 | 0,998 | 0,115 | 0,997 | 0,998 | 0,112 | 0,996 | 0,998 | 0,108 | 0,996 | 0,999
0,02 10,190 0,998 | 0,996 | 0,182 | 0,997 | 0,996 | 0,175 | 0,995 | 0,996 | 0,168 | 0,994 | 0,997 | 0,163 | 0,993 | 0,997 | 0,158 | 0,993 | 0,997 | 0,153 | 0,992 | 0,997
0,03 ]0,232]0,997 | 0,993 0,222 | 0,995 | 0,994 | 0,214 { 0,993 | 0,994 | 0,206 | 0,992 | 0,995 | 0,199 | 0,990 | 0,995 ] 0,193 | 0,989 | 0,995 | 0,187 | 0,988 | 0,996
0,04 0,267 | 0,996 | 0,991 ] 0,256 | 0,994 | 0,992 | 0,246 | 0,991 | 0,993 | 0,237 | 0,989 | 0,993 | 0,229 | 0,987 | 0,994 | 0,222 | 0,985 | 0,994 | 0,216 | 0,984 | 0,994
0,05 0,298 0,996 | 0,989 0,286 | 0,992 | 0,990 | 0,275 | 0,989 | 0,991 | 0,265 | 0,986 | 0,991 | 0,256 | 0,984 | 0,992 | 0,248 | 0,982 | 0,992 | 0,241 | 0,980 | 0,993
0,06 0,326 |0,995 (0,987 0,312 | 0,990 | 0,988 | 0,300 | 0,987 | 0,989 ] 0,290 | 0,984 | 0,990 | 0,280 | 0,981 | 0,990 | 0,271 | 0,978 [ 0,991 | 0,263 | 0,976 | 0,991
0,07 ]0,351]0,994 | 0,985 0,337 | 0,989 | 0,986 | 0,324 | 0,985 | 0,987 ] 0,312 | 0,981 | 0,988 | 0,302 | 0,978 | 0,989 | 0,293 | 0,975 [ 0,989 | 0,284 | 0,973 | 0,990
0,08 ]0,375(0,993|0,983]0,359 | 0,987 | 0,984 | 0,346 | 0,982 | 0,985 0,333 | 0,978 | 0,986 | 0,322 | 0,975 | 0,987 | 0,312 | 0,972 | 0,988 | 0,303 | 0,969 | 0,989
0,09 0,397 0,992 | 0,981]0,380 | 0,986 | 0,982 | 0,366 | 0,980 | 0,983 0,353 | 0,976 | 0,985 ] 0,341 | 0,972 | 0,986 | 0,331 | 0,968 | 0,987 | 0,321 | 0,965 | 0,987
0,10 10,417 0,991 (0,978 | 0,400 | 0,984 | 0,980 ] 0,385 [ 0,978 | 0,982 ] 0,372 | 0,973 | 0,983 | 0,359 | 0,969 | 0,984 | 0,348 | 0,965 | 0,985 | 0,338 | 0,962 | 0,986
0,20 0,578 0,984 | 0,959 0,555 | 0,970 | 0,962 | 0,535 | 0,959 | 0,965 ] 0,517 | 0,949 | 0,967 | 0,501 | 0,941 | 0,970 ] 0,486 | 0,934 | 0,971 ] 0,472 | 0,928 | 0,973
0,30 ]0,695(0,976 | 0,941 ] 0,669 | 0,957 | 0,945 ] 0,645 | 0,941 | 0,950 | 0,624 | 0,928 | 0,953 | 0,605 | 0,916 | 0,956 | 0,587 | 0,906 | 0,959 | 0,571 | 0,898 | 0,961
0,40 |0,788 0,970 0,924 10,760 | 0,945 | 0,930 | 0,734 | 0,925 | 0,935 0,710 | 0,908 | 0,940 | 0,689 | 0,894 | 0,944 | 0,670 | 0,882 | 0,947 | 0,652 | 0,871 | 0,950
0,50 ]0,867|0,964 |0,909]0,836| 0,935 (0,916 0,809 | 0,911 | 0,922 0,784 | 0,891 | 0,927 | 0,761 | 0,874 | 0,932 ] 0,740 | 0,859 | 0,926 | 0,721 | 0,846 | 0,939
0,60 — — — — — — — — — 10,848 0,874 | 0,916 | 0,824 | 0,855 | 0,921 ] 0,802 | 0,838 | 0,926 | 0,781 | 0,824 | 0,930
0,70 — — — — — — — — — — — — — — — 0,857 | 0,820 | 0,916 | 0.835 | 0,804 | 0,921

. 1/2 L =1 12
Ma = L(fmj - i_(1+”—_1Ma2J 1og=11_P (A—pmJ -
y=1p T 2 y=18 | p

(3)8002:996€ OSI



ISO 3966:2008(E)

Annex F
(normative)

Determination of coefficient m for extrapolation near the wall

F.1 Method of determination of m

To calculate the discharge velocity in the peripheral zone, coefficient, m, can be determined graphically from
the measured velocities and traverse positions, corrected for the displacement effect according to 12.2.1.1.

Plot, on log-log co-ordinates, the curve of the measured point velocities against the distance to the wall
(Figure F.1). In the zone near the wall, this curve is a straight line of slope 1/m.

logu )

DA |

oo (1)

Figure F.1

The two measuring points situated nearest to the wall shall comply with the following requirements:

— the first point shall be placed as close as possible to the wall, and in any case at a distance not greater
than 0,03/ (/ being the smallest transverse dimension of the cross-section) taking account, however, of
the minimum distance equal to the diameter of the stem, to be respected between the Pitot tube axis and
the wall;

— the second point shall be placed at a greater distance from the wall than the previous one, this distance
being, however, kept equal to or less than 0,08!/. In any case, the measured velocity at this point should
be less than 0,7 times the maximum velocity in the section.

F.2 Influence on the calculation of discharge velocity

Bad assessment of coefficient m leads to reversing of the tangent at the last measuring point, thus resulting in
partial compensation of errors on flow rate on either side of this point. On the other hand, the error rapidly
decreases with the relative importance of the peripheral zone (i.e. when the cross-section dimensions
increase or the Pitot tube dimensions decrease).

In so far as the two measuring points close to the wall allow determination of m, the error due to the selection
of coefficient m is considerably reduced and considered as negligible.
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Annex G
(normative)

Example of calculation of the uncertainty on the flow-rate measurement
by means of Pitot tubes

The values of the errors shall be estimated by the user of this International Standard for each particular case.
The calculation below is an example based on the estimations of the different errors made during a flow-rate
measurement carried out under normal conditions. The values used are for the purposes of illustration only
and shall not be regarded as typical.

On the other hand, it is assumed in the calculation that the various corrections considered in Clause 12 have
not been made.

G.1 Error on the local velocity measurement

— Standard deviation of error arising from measurement of differential pressure: for measurements made
with a good industrial quality apparatus it can be assumed for example that:

(o2
— _ 0,004
Ap

— Standard deviation arising from the determination of density:

r _0,002
P

— Standard deviation of error arising from slow fluctuations of the velocity: if the amplitude of the
fluctuations is @ = 0,01 w, it can be assumed that:

2t _ 0,001
\%

— Standard deviation of error arising from compressibility correction:

%z _ 0,001
%

— Standard deviation of error arising from calibration:

e _ 0,002

v

— Standard deviation of error arising from high-frequency fluctuations and turbulence: according to 12.3 it
can be:

9t 0,005

v
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— Standard deviation of error arising from gradient velocity: for a Pitot tube the diameter of which is equal to
1/50 of the conduit diameter, it can be, according to 12.2:

%9
—2=0,0015
\%

— Standard deviation of error arising from blockage effect: in the same conditions and according to 12.1:

b _0,0025

\4
— Standard deviation of error arising from Pitot tube inclination: for an orientation defect of 3° and according

to Clause A.2, it could be:

¢ 00015

v

— Standard deviation of error arising from head loss: assuming always d/D = 0,02 and for 4 = 0,05, it can be
approximately, according to 12.4:

O¢
—==0,002
Ap

The standard deviation on the local velocity measurement is therefore:

ﬁ:\/(%XNSJ+[%x4j+1+1+4+25+2,25+6,25+2,25+(%x4j x 1073 ~ 0,007
%
G.2 Error on the flow-rate measurement

— Standard deviation of error on the measurement of local velocities from Clause G.1:

%y _0,007
\%

— Standard deviation of error arising from the integration technique: for the minimum authorized number of
measuring points, it could not be greater than:

Zi _0,001
0%

— Standard deviation of error arising from the estimation of m:

Im _ 00005
qy

— Standard deviation of error arising from the Pitot tube positioning: if positioning tolerances given in 4.4.1
are followed, it can be assumed:

S _0,0005
0%
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— Standard deviation of error on the area measurement:
24 _ 0,002
A

— Standard deviation of error arising from an insufficient number of measuring points: if the flow conditions
given in this International Standard are followed, it can be assumed:

O
~P _0,001
qy

The standard deviation on the flow-rate measurement is therefore:

o
= J49+1+0,25+0,25+4+1x107> ~ 0,007 4
qy

and the rate of flow shall be determined with a tolerance, at the 95 % confidence level,

R —+26"V' 8 ~+15%
qy = F ,l.e. qp =T (4}
%

The final value thus obtained confirms that provided the blockage effect correction has been applied, the
tolerance on a flow-rate measurement, carried out in accordance with this International Standard, is generally
less than + 2 %.
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