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

The procedures used to develop this document and those intended for i irther ma
descrjbed in the ISO/IEC Directives, Part 1. In particular, the different approval criteriamn

Any t
const

rights. ISO shall not be held responsible for identifying any or all such patent righ
htent rights identified during the development of the document will be'in the Intrody
e [SO list of patent declarations received (see www.iso.org/patents).

Fade name used in this document is information given for the convenience of users
tute an endorsement.

intenance are

beded for the
nce with the

he subject of
ts. Details of
ction and/or

and does not

For an explanation of the voluntary nature of standards;'the meaning of ISO specific terms and

expre
Worlg
iso/fa

ssions related to conformity assessment, as well as information about ISO's adhg
Trade Organization (WTO) principles in the Techmical Barriers to Trade (TBT), see ¥
reword.html.

This
condy

This {
revisq

Hlocument was prepared by Technical Comimittee ISO/TC 30, Measurement of fluid f
its, Subcommittee SC 5, Velocity and mass methods.

hird edition cancels and replacesthie'second edition (ISO 3966:2008), which has beeg
pd.

The n|

A

lain changes compared to the previous edition are as follows:
11 the mathematical formulae have been numbered;

he essential Formul@4 has been corrected from Ap/p to Ap/p;
he related Table?2 is corrected likewise;

rence to the

yww.iso.org/

low in closed

n technically

he last sentence in 8.2 “for selected values of g and the Ap/p.....” was corrected accordlingly;

11.2:2"in the 2"d paragraph ef is corrected by e or f.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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RNATIONAL STANDARD ISO 3966:2020(E)

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

1 S

cope

This document specifies a method for the determination in a closed conduit of the volume rate of flow
ofa rngn]ar flaxaz

a) o
b) W

c r

f a fluid of substantially constant density or corresponding to a Mach number npt exd
ith substantially uniform stagnation temperature across the measuring cross-sectio

inning full in the conduit, and

d) under steady flow conditions.

In pa
of loc
veloc

2 N

The f
const
undat

ISO 2
and s¢

3 1

3.1

For th
ISO a
— I

]

rticular, it deals with the technology and maintenance of Pitotstatic tubes, with th
nl velocities from measured differential pressures and with<he computation of the
ty integration.

ormative references

bllowing documents are referred to in the text in such a way that some or all of
tutes requirements of this document. For'dated references, only the edition cited
ed references, the latest edition of the referenced document (including any amendmg

eeding 0,25,

1,

e calculation
flow rate by

their content
applies. For
ents) applies.

186, Fluid flow in closed conduits — £onnections for pressure signal transmissions betyeen primary

condary elements

erms, definitions and'symbols

Terms and definitions
e purposes of this’document, the following terms and definitions apply.
1d IEC maifitain terminological databases for use in standardization at the following

O Onlife browsing platform: available at https://www.iso.org/obp

CElectropedia: available at http://www.electropedia.org/

addresses:

3.1.1
Pitot

static tube

"Pitot tube”
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)

3.1.2

static pressure tapping
group of holes for the measurement of fluid static pressure
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3.1.3

020(E)

total pressure tapping
hole for the measurement of fluid stagnation pressure (the pressure produced by bringing the fluid to

rest without

3.14
differential

change in entropy)

pressure

difference between the pressures at the total and static pressure taps

3.1.5

stationary rake

set of Pitot

3.1.6
peripheral
volume flow|
measuring p

3.1.7
discharge v
ratio of the v

cross-sectional area) to the area of the measuring cross-section

3.1.8

relative velgcity

ratio of the
and being eit
velocity in th

3.19
straight len,

conduit section, the axis of which is rectilinearand the surface and cross-section of which are con

Note 1 to entr]

3.1.10
irregularity
any element

Note 1 to en

rate in the area located between the pipe wall and the contour defined by the ve
bints which are the closest to the wall

elocity
olume rate of flow (integral of the axial component of locakvelocities with respect

low velocity at the considered point to a reference velocity measured at the sams
her the velocity at a particular point (e.g. the centre of a circular conduit) or the disc
e measuring section

cht

ly: The shape of this section is usually circular, but it may be rectangular or annular.

br configuration of@a-conduit which makes it different from a straight length

ry: For the purpose of this document, those irregularities which create the most sign

locity

to the

time
harge

stant

ficant

disturbances are bends, valyés;gates and sudden widening of the section.
3.2 Symbols
Symbol Quantity Dimensions SI unit
A cross-sectional area of the conduit L2 m?
a,a distance of the extreme measuring point to the nearest wall  |L m

D pipe diameter L m
d head diameter L m
d stem 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
ky, blockage coefficient of a cylindrical stem — —
kg coefficient depending on the nose shape — —
k, coefficient of turbulence correction — —
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Symbol Quantity Dimensions SI unit
L rectangular conduit width L m
| 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
ay volume flow rate L3T-1 m3/s
R, molar constant of gas ML2T-19-1 J/mol-K
R pipe radius L m
- measuring circle radius L m
Re Reynolds number — —
3 frontal projected area of the stem inside the conduit L2 m?
¥ absolute temperature 0 K
J discharge velocity LT m/s
f mean velocity along a circumference or a measurement line LT-1 m/s
g local velocity of the fluid LT-1 m/s
) ¢ pipe dimension L m
b4 distance of a measuring point to the wall L m
)4 gas law deviation factor — —
i calibration factor of the Pitot tube — —
ratio of the specific heat capacities — —
Ap differential pressure measured by the Pitot tube ML-1T-2 Pa
3 expansibility factor — —
(1t+¢€) |compressibility correction factor — —
\ universal coefficient for headdoss — —
f dynamic viscosity of the fluid ML-1T-1 Pa-s
vy kinematic viscosity-of-the fluid L2T-1 m2/s
3 head loss ML-1T-2 Pa
D density of the fluid ML-3 kg/mp
D Pitot tub€inclination — —

4 Principle

4.1 (General principle

The principle of the method consists of:

a) measuring the dimensions of the measuring section, which shall 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);
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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 document 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
in special caj

This documgd

4.1.1 Grag

This method
which is bou
calculated td
curve throug
in this zone s

For this met
obtain a sati

4.1.2 Num

The differen|
replaced by 3

4.1.3 Arithmetical methods (see Clausé 11)

The arithme
velocity in th
locations sp4q

For the arith
zone the veld

hny of the requirements of this document are not fulfilled, this method may still be-aj
es but the uncertainty on flow rate will be larger.

nt presents three types of methods for determining the discharge velocity.

hical integration of the velocity area (see Clause 9)

consists in plotting the velocity profile on a graph and evaluating\the area under the

rm which allows for the flow in the peripheral zone (the atea between the wall ay
h the measuring positions closest to the wall) on the asstimption that the velocity
atisfies a power law.

nod, the measuring points may be located at whichever positions are required in or
sfactory knowledge of the velocity profile.

erical integration of the velocity area (see’Clause 10)

ce between this method and 4.1.1 lies-in the fact that the graphical velocity pro
n algebraic curve and the integratieiris carried out analytically.

Fical methods assume that the velocity distribution follows a particular law and the
e conduit is then given by a linear combination of the individual velocities measured
cified by the method:

metical metheds-described in Clause 11, the assumption is made that in the perij

city distribution follows a logarithmic law as a function of the distance from the wall.

bplied

curve

nded by the measuring points closest to the wall. To the value thus obtained is added a

d the
rofile

Her to

file is

mean
at the

heral

4.2 Measurementof the measuring cross-section

4.2.1 Circulap 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.
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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
document.

Therefore, this document deals only with velocity area methods using a single Pitot tube placed

succepsively ateachr measuring point:

4.3.2( Reference measurement

Referpnce measurements shall be made in order to check the steadiness-af)flow and to correct
indivldual velocity measurements for slight changes in flow rate duringtsaversing; any reference
measfiring device inserted in the conduit shall be placed in such a way thdtthere is no int¢raction with
the traversing Pitot tube. The reference measurement shall be made as-far as possible sinultaneously
with ¢ach velocity measurement.

Howgver, if only one measuring device is available, the steadiness of the flow shall be checked by
repedting measurements at the reference point after each local’'vélocity 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 mgasurements are being taken.

When
trave
mean
veloc
the r:
referg

| to relate all
ponds to the
he reference
iplication by
y, V..., at this

the curve of reference velocity, v, has been-plotted against time, this curve is useq

"'se measurements to the same reference flew rate, g, (preferably that which correg
of velocity measurements at the fixed point). For comparatively small changes of
ty, the velocity, v, measured at any point, i at time, t can be transposed by mulf
tio of velocity, v, ,, at the referencépoint corresponding to flow rate, q,, at velocit
nce point at time ¢ is given by Farmiula (1):

Lt

<

e8]

NOTE Where the referénce measurement is a quantity directly proportional to the flow|rate (e.g. the

rotati
Vi in
featun

bnal frequency of &shaft driving a fan or a pump), this measurement can be substituted dired
the above formula. Where the reference reading is in the form of a pressure difference (e.g.
e of the flow-circuit, or the differential pressure of a reference Pitot tube), the square root of 4

tly for v, and
across a fixed
bach reference

reading can be substituted for v, and v, , in the above formula.

ctuations. In
such : 'k steadiness
of fl 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.

However, note that velocity profile fluctuations may occur without creating flow rate fly

| case, the use of reference point velocity may 1ead to errors and it is preferable to che

I Ao o AR EACCIEA. axran NEACCIEA

124 £ dif d faomndoadioad P2 Y PRI
AF Oy HICatrS— UT ally prossurCOrrtcT thee—aevice G tantararzCtpressurcammrCrencc

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 3.1.8) to check their consistency with each other and hence to ensure that
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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

4.4.1 Gen

The rules t
determinatid
10 and 11, re

Whatever m
not be less tH

The location
traverse line

a) +0,005-X

position
or
b)
4.4.2 and 4.

0,05y,

|

ral requirements

be followed for locating the measuring points differ according to thecrmethg
n of the discharge velocity as specified in this document. These rules are given in Clau
spectively.

bthod is used, the distance between the axis of the head of the Pitot tube and the wal
an the head diameter, d.

of the Pitot tube shall be calculated from the actual dimensiow’of the conduit along
(rather than from the mean dimension) and shall be measured to:

, where X is the dimension of the duct parallel to the ‘measurement of the Pitof

ds of
ses 9,

shall

r each

tube

where y is the distance of the Pitot tube from’the nearest wall, whichever is the smaller.

1.3 specify a minimum number of measuring points applying in particular to

dimension cd
of measuring

nduits. As it is necessary to define thevelocity profile as accurately as possible, the ny
b points can be advantageously ificreased provided that this is allowed by the ope

conditions apd steadiness of the flow.

When a sing
which each j
a relatively |
that complet
error will th

le Pitot tube is traversedacross the duct, the distance between a reference point
osition is measured) afid the wall of the duct shall first be obtained. This may intr
hrge systematic errof i all position measurements. In such instances, it is recomm
e diameters be traversed (rather than opposite radii on each diameter) since the syste
b1 tend to cancelout on the two halves of the traverse.

4.4.2 Circ

lar cross-sections

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

small
mber
rating

(from
bduce
bnded
matic

ber of

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.
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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 req

uirements 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 document 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

15d ajpd Z5d, where d 1s the head diameter.

At ong¢ or two cross-sections along the head, static-pressure holes are drilled around.the’ci
so thdt, in the absence of leakage, the registered pressure is transferred through the head
pointjoutside the conduit.

A smaller tube, concentric with the head and stem, transfers the total pressure, registei
facing the flow direction at the tip of an axially symmetrical nose integradl with the he3
outsidle the conduit.

An alljgnment arm, fitted to the end of the stem, facilitates alignmient of the head when thi
by th¢ conduit wall.

5.2 |Criteria to be fulfilled by the Pitot tube

The rose (including the total pressure hole) shall be-designed in such a way as to com
following requirements.

a) The response of the differential pressure-to inclination of the head relative to the flo
ohe of the following two conditions acgording to the circumstances (in both cases it is
kinow the response curve of the Pitottube):
1

if precise alignment of the’ Pitot tube with the conduit axis is not possible bu
swirl, the differential pressure should be as independent as possible of the yaw g
uniform flow?;

2) if precise alignment of the Pitot tube with the conduit axis is possible but swirl is
variation of the differential pressure recorded by the tube in uniform flow wit]
@, shall be approximately proportional to cos2¢. If the head is perfectly aligned
swirl is less-than +3°, the differential pressure shall not deviate from this relation|
than 1-%

I§ should:be noted that misalignment and swirl can occur simultaneously and efforts 3

"cumference,
ind stem to a

ed by a hole
d, to a point

5 is obscured

ply with the

w shall meet
necessary to

[ there is no
f the head in

present, the
h yaw angle,
hxially and if
ship by more

hall be made

tT niinimize each of them.

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 m

ade.

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;

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.
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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 6d from the tip of the nose;

4) placed not less than 8d from the axis of the stem.

e) Ifthe stemis enlarged to a diameter d’, there shall be a length of stem not less than 7d" between the
axis of the head and the commencement of the enlargement, for which the stem diameter is equal to
the head diameter.

al to

f)

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 pf Pitot tubes which are currently used and which comply with these eriteria are desqribed
as examples jn Annex A.

6 Requinements for use of Pitot tubes
6.1 Selectiion of the measuring cross-section

6.1.1 Location of the measuring cross-section (of selection)

The cross-sgction selected for measurement shall be {ocated in straight pipe length and shall be
perpendiculgr 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 appdratus
used (see 6.3.2).

6.1.2 Avoidance of asymmetry, swirl and turbulences

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

The length df straight pipe-that may be required to achieve these conditions will vary with th¢ flow
velocity, upsfream distirbances, level of turbulence and the degree of swirl, if any?2).

6.1.3 Maximum/flow deviation

A]though mdasurements with the Pitot tube in nh]ir}np or r‘nn‘mrging flow should as far as pncci le 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°.

For guidance, it can also be considered that a swirl is small enough not to increase the confidence limits
given in this document on the measured flow rate if the resulting gradient of local velocities to the pipe
axis is less than 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.
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6.1.4 Preliminary traverse tests
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 document. If
not, a more detailed traverse of the measuring cross-section is necessary.

6.2 Devices for improving flow conditions

6.2.1| Anti-swirl device

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

a) tre maximum transverse dimension, a, of a channel shall be lesssthan 0,25 D, wh¢re D is pipe
diiameter;

b) lgngth shall be greater than 10 a.

6.2.2| Profile developer

If the| velocity distribution is unacceptably irregularit can often be remedied by meanf of a profile
develpper consisting of, for example, one or more-Screens, grids or perforated plates. Note, however,
that sjuch devices are only effective at the price ofa rather high head loss.

6.2.3| Positioning/Location of devices

Therﬂevices described in 6.2.1 and 6.2.2 shall be located at the greatest possible distancejupstream of
the measuring cross-section and in any case at a distance of at least five diameters of a cifrcular cross-
sectign (or 20 times the hydraulic'radius of a conduit of any cross-section shape). Furthermore, they
shall hot be located immediately downstream of a disturbance.

6.2.4 Provisional guiding installation

If the velocity distribution is unacceptably irregular or if the flow is not parallel enough, butjif it has been
possible to checkthat no swirl is present, it is sometimes possible to remedy the situation hy means of a
provipional guiding installation. The latter consists of a slightly converging entrance, connpcted in such
a way as te-ensure that no separation occurs, to a straight pipe length, the length of whi¢h shall be at
least fwice 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.
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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 shall give indications of the magnitude of the corresponding errors.

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 th i i i —thig limit
value may injdeed be necessary to avoid vibration of the tube in very high velocity flows. On/hé|other
hand the requirements mentioned in Clause 5 shall be satisfied.

6.3.5 Inflyence of turbulence

Turbulence Has a twofold influence in the case of an exploration by means of a Pitottube, i.e.:
a) on the tdtal pressure reading;

b) on the stlatic pressure reading.

Turbulence df flow leads to an overestimation in the determination.ef ¥elocity, which is a function jof the
degree of tuibulence.

Detailed studly of the turbulence correction is given in Annex'C:
6.4 Performance of measurements

6.4.1 Meapurement of differential pressure

The device ¢hosen for the measurement of.differential pressure shall be capable of measur¢ment
of a steady differential pressure equal to.the maximum value recorded during the traverse with an
uncertainty hot exceeding 1 % (at 95 %-confidence level).

6.4.2 Diffgrential pressure fluctuations

In order to optain, from the hteasurements, time-averaged values which are representative in spite of
random flucfuations of the flow rate, it is necessary:

a) that the|differenfial pressure fluctuations be damped by applying to the measuring appdratus
the minijmum _damping allowing easy reading without concealing longer-term fluctuations 1 the
damping of<the apparatus shall be symmetrical and linear; this can be achieved by meang 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 can be comparatively small.
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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).

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

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

The fpllowing 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 tg¢tal pressure
ahd 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 te:the supporting stem.

Furthermore, since the determination of the velpgity is related to the differential pressurg, it shall also

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;

here damping of the-differential pressure gauge is necessary, it is symmetrical and linear (see
nnex D).

> =

7 PBositioningof Pitot tube

The afxis of the'Pitot tube head shall be set parallel to the pipe axis; an alignment arm shal} be provided
to asqist intdoing this.

The Piitot' 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
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exceed 0,25, the local velocity may be calculated. However, Annex E shall give indications on the method
of carrying out velocity measurements in the case of a compressible fluid at a higher Mach number.

The first condition is equivalent to a requirement that Ap is never less than
2
2x10% [ u
— (2)
p od,

where

Ap is the differential pressure measured by the Pitot tube;

p s the density of the fluid;
u is the dynamic viscosity of the fluid;

d.

1

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 differgential
pressure to the absolute value of the pressure recorded by the static pressure tapping of the Pitof tube
shall never exceed a limiting value, which varies with y (the ratio ofthe/specific heat capacities pf the
gas) according to Table 1.

Table 1 — Ratio of the differential pressure varying with y

y 1,1 1,2 1,3 1,4 1,5 1,6 1,7
(AP/P)max | 0,035 | 0,038 | 0042 | 0046 | 0,048 | 0,052 | 0,054

8.2 Formulae 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 Formula (3)

v=a(1-F) /@ (3)
p

in which (1 |- €) is a compressibility correction factor. In a liquid, € = 0 so that no compressjbility
correction ig required, \but in a compressible fluid at low Mach numbers the factor (1 - €) mjay be
determined by the rélationship given in Formula (4):

Dip y-1( P
1-e=|1 t

where
y  is the ratio of specific heat capacities;
p isthelocal 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 document, it is practically equal to 1,00);

p isthelocal static pressure (or absolute static pressure).
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The density, p, of the compressible fluid is determined from Formula (5):

pM

PR T
)
where

p isthelocal static pressure;
R, is the molar constant of gas, 8,314 3 ]/mol-K;
M
Z| isthe gaslaw deviation factor — it is insignificantly different from unity forair.at

To be
The e

For s¢

T —_—
T

lute pressures less than 10 times atmospheric and temperatures between 273K a
[it should be distinguished from (1 - €), the compressibility correction fa¢tor];

is the local static temperature given by the formula.

NOTE This formula is an approximation which is adequately, precise for the purp
document.

ng the total temperature measured on the axis of the duct using an ideal total tempe
ffect of using any non-ideal temperature probe isdiscussed in Annex E.

1+'}/__1£
Y p

Table 2 - Examples of values

lected values of y and Ap/p values of (1 - g),‘together with T/T, are shown in Table 2|

(5)

or air;

abso-
hd 373 K

bses of this

(6)

fature probe.

Ap/p

Y

1,1 1,2 1,3 1,4 1,5 1,6

1,7

T/To |(A-¢)| T/Ty (A T/To ((A-8)| T/To |(1-8)| T/T [(1-8)| T/Tp [(1-¢)

T/To |(1-¢)

0,01
0,02
0,03
0,04
0,05

0,999
0,998
0,997
0,996

0,998
0,996
0,993
0,991

0,998
0,997
0,995
0,994

0,998
0,996
0,994
0,992

0,998
0,995
0,993
0,991
0,989

0,998
0,996
0,994
0,993
0,991

0,997
0,994
0,992
0,989
0,986

0,998
0,997
0,995
0,993
0,991

0,997
0,993
0,990
0,987
0,984

0,998
0,997
0,995
0,994
0,992

0,996
0,993
0,989
0,985
0,982

0,998
0,997
0,995
0,994
0,992

0,996
0,992
0,988
0,984
0,980

0,999
0,997
0,996
0,994
0,993

9 [
velol

The g

etermination of the discharge velocity by graphical integration of t

ba |

he

city are

eneral 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 in accordance
with 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.
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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, r, 6, and if R is the mean radius of the measuring
section, the discharge velocity, U, is
n
%]
. [y

] udLEJ T J’ ud(%J (7)

0

- A
U=—-+ (r,0)rdrd@=|ud| —
[ frorsmot]

o "—1<:U

u is th[ spatial mean velocity along the circumference of radius, r;

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

n

The method pised consists in:

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

b) plottinglu. against (r./R)% between r = 0 and r = r,, (see Eigure 1);

NOTE To facilitate plotting in the vicinity of the measuring point closest to the wall, the tangent |ine to
the curvd for r = r, will be drawn with a slope equal to:

(d_ul . S

o “n 2mri 1—rl
R R

denoting|(r/R)? as x.

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

1
R-r ym
u=u
R-r
n

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

d) adding tp this value a calculated term corresponding to the peripheral zone and equal to:

2
m r
u | 1--1 (8)
m+1 R?
where
u, isthe 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).
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NOTE This simplified expression omits the other term

r OV
-m
—un 1_1
(m+1)(2m+1) R
in the result of the integration (within the peripheral zone) derived from Karman's conventional law: this latter
term only represents about

4m+2

times fthe flow in the peripheral zone.

u

(o)1 ()

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

9.2 |Rectangular cress-sections

The domputationof\the discharge velocity requires a double integration across both djmensions of
the cgnduit. Medsurement shall be started either on the vertical lines or on the horizontdl lines3). The
compjtation is.developed here starting with horizontal line measurements.

The formula for the discharge velocity is:
u={1 [tva[ L Ja[ T 9
K LHJ LL ©)

where

3) 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.
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L  isthe 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);

| isthe 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) plottinglthe variation curve of the velocity on each horizontal line between the extreme meagquring
points, afs a function of the relative distance I/L (see Figure 2);

NOTE To facilitate plotting in the vicinity of the extreme measuring points, the tangentdine’to the|curve
at each of them will be drawn with a slope the absolute value of which is equal to

v L

a

ma

where

is the velocity at the considered extreme measuring point (ata distance a from the nearest wall);

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

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

b) determining graphically the valué of the area below this curve between the extreme meaquring
points (gee Figure 2);

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

Lo

(the sun] so obtaihed is the mean velocity, u; on the horizontal measuring line concerned);

d) plotting|theyvariation curve of u; between the extreme horizontal measuring lines as a functjion of
the relative Neight, /1/H, of the corresponding Norizontal line (see Figure 2J4;

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:

N

4) To fascilitate 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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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

velo

city area

The general principle of this method is specified in 4.1.

The formulae proposed below are derived from interpolations between successive pairs of measuring
points along third-degree curves in (r/R)? for a circular cross-section conduit, or in I/L or h/H for a

recta
with

ngular cross-section conduit. The separate individual arcs combine to form a continuous curve

h continuous derivative.

In thg peripheral zone, the same law as indicated in Clause 9 is applied.

For t

Clausk 9 and 4.4. Reference shall be made to Clause 12 when it is consideredfecessary to
correftions to local velocity measurements or to the position of measuring points.

10.1

If v, is

in9.1

the rg

=)

+

+
~

Circular cross-sections

a)] along the circumferences with increasing relative radivr*,, r*,, .., r*, (withr*;=r;

*3

*3
1 « 5 *2 1 rl 1 *2 2 *2 1 *2 r1
=V0 ——rz +—r1 +——* +Ll1 —r'l +—r'2 ——r3 llz —
12 12 12 r, 6 3 12 12r,

_nz_z _ir*z +Er*2 _zr*z +ir*2 " lr*Z +ir*2 _zr*z +ir*2
< Y; 12 (+2) "3 (i+1) T3 (iF1) 4 (i-2) Un-1) 21 12 (n1) 3(n=2) 12 (n-
i=
|:r*2 r*Z j|2
m *2 n (n—1) 7 2 2 1 «
1- +——+—r  —T +—r
(-57) 12m{pr?) 1273 (1) " 12 (n-2)

he number and position of measuring points, reference shall be madeCto the ipdications of

hpply certain

the velocity at the conduit centre, and uy, u,, ..., u, are themean velocities [calculated as indicated

R, where Ris

dius of the cross-section), the discharge velocity in the)cross-section, U, is given by Fprmula (12):

|
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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 Formula (1) simplifies to:

*3 *3
1 2 5 2 11 1 2 20 1 o n
U=v,|—-——r, +—r +— +u, | —r, +—r, —r. u,| —
0 * 1 6 1 3 2

122 12' 12 -

tu, | —(-r, |[+=—————+—r ——r, +—r,

12r.

2

ISO 3966:2020(E)

2 2 1 2 1 2

-=r +—r. r.
* 3 1 12 2 2 3

{ m [%*2 _rz*z]z 7 2 1 w
( *2‘ *2 *2 *2

”[m+1\ - 12m(1-r;" ) 7o 3 T2 *
10.2 |Rectangular cross-sections

In thq following formula, U represents:

— e
af points located at distances Iy, I, ..., [, from the reference wall; L j§-the distance bety
walls on the considered line:

I L—I L=l L-1
*—i * 2 1 * n (n 1) * _ n
yl_L'yZ_ L "“’yn_ L 'y(n+1)_ L

— of the discharge velocity in the measuring cross-section, in which case vy, vy, ..., v, 1
njean velocities uy, u,, ..., u, along the measuring{lines located at distances hy, h, ...

reference wall; H is the height of the measuringitross-section:

h h,—h by =h H-
«_ M s BT x_n (n-1) h,
Y1 ZE,J’ZZ H s Yy ZT"Y("H):T

U=v t——V,———Y; [tV
V1?1 12m yet1272 1273 [

*2
+
1

2

i=n—-2

1 .

*2
B LS S S AN B,
n e 2 ) om 1277 1270
Y(n+1)
NOTE Wilen n =5, the summation term is evaluated only fori = 3.

ther the mean velocity along a measuringline, in which case vy, v,, ..., yyare the velocit

Tor 7 o1 s
CAEVEERRTEL

+ 2 Vi {E[Y(mﬁyi ]‘E[J’(m)+y(i—1)]}+"(n—1) It Vi) T Vi)
i=3

11 Determination of the discharge velocity by arithmetic methods

The general principle of these methods is specified in 4.1.

es measured
veen the two

(13)

epresent the

h,, from the

(14)

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) achoice of the weighting coefficients.

The various curves corresponding to each section element do not need to constitute a continuous curve

with a continuous derivative.
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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 given by

Formula (15):

u=Alog y+By+c (15)
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 Circuilar cross-sections

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

Table 3 — Number of measuring points versus relative radius and relative distance

Number of measuring

points per radius r/R; y/D;

The mean ve

0,358:6+ 0,010 0

0,3207+0,0050

0,847 0+0,007 6
0,962 2 +0,0018

3 0,7302+0,0100 0,1349+£0,0050
09358+ 0,003 2 0,0321+0,0016
0,2776 £0,0100 0,3612+0,0050
0,5658+0,0100 0,2171£0,0050
5 0,6950+0,0100 0,1525+0,0050

0,076 5+ 0,003 8
0,0189 +0,0009

locity on{each radius is taken as equal to the arithmetic mean of the velocities deter

ined

at the measyring _points located on the radius concerned, and the discharge velocity is equal to the

arithmetic nj
arithmetic n

ean of local velocities.

ean of the mean velocities on each radius. The discharge velocity is therefore given by the

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 document 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 I/L and h/H, Table 4 gives the weighting
coefficients for each measured velocity.

20
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The discharge velocity, U, is equal to the weighted mean of the measured local velocities, following

Formula (16):

Yk.v,
y=—1=1 (16)
Sk
For the method using 26 points Xk; = 96.
L
I I 1] v
,i\ X X ,i\ )
X X
X X
X
X X ha
)
§ T X X X
=l x
|8 \ N3 N3
°| e | |
Y X X X X Y
[
0,092¢
| = -
~N ey
| 3 0,367 5L
o o >
1/2 N
Figure 3 — Location of measuring points in a rectangular cross-section conduit fqr the log-
linear method using 26 points
Table 4 — Log-linearymethod in a rectangular cross-section — Location of measurjing points
and weighting coefficients
I/L
h/H [ I1 I11 v
0,092 0,367 5 0,6325 0,908
0,034 2 3 3 2
0,692 2 2
0,250 5 3 3 5
0,367 5 — 6 6 —
0,500 6 — — 6
0,6325 — 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, r/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

aanaofthemoacuradlacal valacitiac
-0+ eeaSHtHea1oea—YeroeHes-

11.2.2 Rect]

A number, e,
the rectangle

Figure 4.)
NOTE Fo

The position
section) are

As the weig

Table 5 — Correspondence between r/R values and measuring points

Number of measuring
points per radius

r/R;

1

y/D;

0,3754+0,0100
0,7252+0,0100
09358+ 0,003 2

0,3123+0,0050
0,137 4 £ 0,005 0
0,032 1 0,001 6

0,3314+0,0100
0,6124+0,0100
0,8000+0,0100
0,952 4+0,002 4

0,334,3 £ 0,005 0
0,193 8 £ 0,005 0
0,100 0 £ 0,0050
0,0238+0,0012

0,286 6+0,0100
0,570 0 £ 0,010°0
0,689 2 +0,010 0
0,847-2.+0,007 6
09622 +0,0018

0,3567+0,0050
0,2150+0,0050
0,1554+0,0050
0,076 4 £ 0,003 8
0,0189 £0,0009

angular cross-sections

of traverse straight lines/at least equal to five, are selected parallel to the smaller g
p; on each of them a.humber, £, of measuring points, at least equal to five, are located

[ the example,choesen, f=5and e = 6.

s of e o f)ymeasuring points (abscissa X; and ordinate Y; in relation to the centre
lefinedfrom Table 6.

hting' coefficients have been chosen to be equal, the discharge velocity is equal t

ide of
. (See

bf the

o the

arithmetic

22

ean of thre measured focal velocities at the varfous measuring points.

Table 6 — Positions of measuring points

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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Whern
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EX— X ——X—X——
EX— X ——X—X——
EX— XXX
N

rure 4 — Position of the measuring points in a rectangular conduit in the case ¢
Chebyshev method

heasurement of local velocity is affected by errors which ‘are due in particular to

to the velocity gradient, to turbulence and to the head loss which would require
b amount is unfortunately not always exactly known:"These corrections are in fact
very accurate measurement is required or if errors/are very large.

pllowing subclauses give indications of the valites which can be expected from thesg
heoretical bases of the estimation are given'in Annexes B and C.

Correction for stem blockage

nce on the pressure reading$:at'static pressure tappings.

the tube is used in a cohduit, the velocity increase when the flow passes between
alls causes a decrease,in the recorded static pressure without affecting the total p
ential pressure Apshall therefore be reduced to take account of the stem blockage ef]

I Case where'the correction can be neglected

the ratio)d/D is less than or equal to 0,02 as specified in 6.3.4, and when the
cutively introduced into two diametrically opposite insertion holes in such a way

only
the c

l)rrection to be made shall be estimated before it is determined whether or not it can

ccurs across one radius, the correction for blockage effect can be neglected. In the

if the log-

the blockage
b corrections
only applied

corrections.

a Pitot static tube is used in ansinfinite stream, the calibration factor takes accounit of the stem

'he stem and
ressure. The
fect.

Pitot tube is
that traverse
other cases,

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:

)

(Ap)==0,7ky, (S/A)Ap;.x
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where

Ap is the recorded value of the differential pressure;

Ap..x s the corresponding value on the conduit axis;

S is the frontal projected area of that portion of the stem inside the conduit;

A is the cross-sectional area of the conduit;

ky ik 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-~yvalte pf the
squared velocity in the conduit cross-section.

Key

Ky

1

09

0,8

0,7

0,6

0,5

0,4

0,3

0,2

\\
\\\
\\
\\
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 x/VA

A cross-sectional area of conduit

ky, 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
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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 situated at a distance,
y, from the wall can be calculated as follows for a velocity profile of the shape, v/v,..=(y/R)Y/™:

s(v/v, (m+2)(m+1)

o max)):— S (R/ YY"k (5/4) (19)

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.
Theirvaluesare givemrim Figure 6:

%

-1 nd

. _‘J[‘_d

-0,6 /
/
/

-0,4

]
)

A\Y

n=12

N
|

n=16

\\\

ySln
0.2 n=12
n=16
0
0 0,01 0,02 0,03 0,04 d/D

Key
sfatic holes

one insexrtion hole/diameter
tyvo ifisertion holes/diameter
hlead’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

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
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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

Measuremen
for calculatiq
measuring p

If the value
0,10 + 0,02 f]
evaluation of

0,195k a3 L
sl 10,24 2
1+ — A
)

Table 7 — Exemplary values for the displacement evaluation of Pitot tubes

ts of differential pressure, Ap, recorded at real distances, y, from the wall are consi
n as being carried out at distances, y + Ay, where Ay is the fictitious displaceméent
pbint which can be calculated using the following formula:

' has not been determined once for all for any particuldrose shape, k, can be tal
pr all Pitot tubes meeting the requirements of 5.2. Table 7 can be used for displace
Pitot tubes with kg = 0,10 and for a certain range of'distance from the wall.

0,50 0,67 0,75 1,0 1,5 2 3 4 o0

y/d

0,069 | 0,075 | 0,077 | 0,082-1 0,088 | 0,091 | 0,094 | 0,095 | 0,100

Ay/d

Do not forg
requirement

12.2.1.2 Ca
When measu

y distances
measuremer

12.2.2 Ovel

Figure 7 giv¢
when a Pitot

et the correction for displacement when m is determined in accordance wit
5 of Annex F.

5e of arithmetical methods

ring positions arescaleulated in accordance with Tables 3, 4, 5 and 6, the correspo
hall be reduced-by“Ay as calculated above to obtain the real position y; to be us
ts.

all correction of flow rate

s an indication of the corrections to be made to the flow-rate value in a circular cd

dered
pf the

(19)

[(en as
bment

h the

nding
bd for

nduit
Ferent

tube with k, = 0,10 is used for the measurements. For measurements with slightly dif

k values, it is
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permitted to correct the vatues of the figure witiraratio of 70716
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%
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X
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-0,6 A
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/ A0
o
A0
-ﬂ,A //
. /) /
0,2 v
0
0 0,01 0,02 0,03 0,04d/D
a) 3 points/radius, log-linear, log-Chebyshev
%
-0,8
13
A
-0,6 4 be‘
’L+
3
A0
o
0,4 ) / A0
-0,2 7 /
7
0
0 0,01 0,02 0,03 0,04d/D

b) 5 points/radius, log-linear, log-Chebyshev

Figure 7 — Overall correction to be added to volume flow rate to allow for Pitot-displacement

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).
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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
D

A

UZ
2

Jp

(20)

where

A isth

nd isth

13 Errors

e universal coefficient for head loss;

le distance of the total pressure tapping to the plane of static pressure tappings.

This clause dlefines a number of fundamental statistical terms which ate used in this documer

describes thg
of error sour

An example
illustrating t
Each particu

13.1 Defini

The error in
quantity.

No measure
errors or frd
by repeating
installation,
repetition of]
times smalle

13.2 Error

method employed to assess the accuracy of the volume flow-rate measurement from
ces involved in local velocity measurement and flow-rate‘ealculation.

of calculation of the overall uncertainty is given,in Annex G with the sole purp
he described method of calculation, but it does not'give typical values of the various e

lar case should therefore be studied carefully.

tion of the error

the estimate of a quantity is the difference between that estimate and the true value

ment of a physical quantity\is free from uncertainties arising either from syst¢
m the random dispersion_of measurement results. Systematic errors cannot be re
measurements since they arise from the characteristics of the measuring apparaty
hnd the flow characteristics. However, a reduction in the random error may be achiey
measurements, sincé the random error of the mean of n independent measurements
I than the random’error of an individual measurement.

5 in the €stimation of the local velocity

t and
a list

bse of
ITOTS.

of the

matic
Huced
s, the

ed%

is

13.2.1 Ran1iom errors

13.2.1.1 Error in the measurement of differential pressure

The measurement of differential pressure is necessarily affected by a random error §,, 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, 6, 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.
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13.2.1.3 Error in density

An error, 6p, 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, 6,, is incurred in the calculation of the correction factor for compressibility (1 - &)
according to the indications of 8.2 and Annex E.

13.2.7 Systematfic errors

It is assumed in the following that the corrections mentioned in Clause 12 for ‘blockpage, velocity
gradient, turbulence and head loss have not been applied. If they have been, acsystematic error will
neverftheless be made because of the noticeable uncertainty of these correctiéns; but this systematic
error{can be either positive or negative and its absolute value is obviously farless than in the first case.

13.2.2.1 Error in the Pitot tube calibration

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

13.2.2.2 Error due to turbulence

The efrror increases with the increasing degree of turbulence of the measured fluid flow gnd is always
positive, i.e. the measured velocity value is always_greater than the actual flow velocity. Indications on
the eqtimation of this error shall be given in 12.3.@nd Annex C.

The rpsulting error, e,, in the measured velocity is the same for all measurements at one and the same
pointfand 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 4grror, e,, depends on_the’ diameter of the Pitot tube. It is always positive. Indications on the
estimjation o%this error shall be given in 12.2 and Annex B.

13.2.2.4 Error due toconduit blockage

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

13.2.2/55 Error due to the inclination of the Pitot tube with respect to the flow directipn

This error, ey, increases with the inclination angle and depends on the Pitot tube used. It is always
positive when inclination remains within the limits given in 6.1.3. Indications on the estimation of this
error shall be 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.

© IS0 2020 - All rights reserved 29


https://standardsiso.com/api/?name=41c6a3246ec59cd5ba28376deed5a205

ISO 3966:2020(E)

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 erro

T, S,

1%

the estimation of flow rate may be regarded as random.

» contributed to

13.3.1.2 Eri

When the g
profile and e
magnitude d

13.3.1.3 Erl

If the power
from this sot

13.3.1.4 Eri

If the errors
common sys
into the flow|

13.3.2 Systs

13.3.2.1 Eri

Although the
measuremern
flow rate.

13.3.2.2 Erl

The techniqyies given in“Clauses 10 and 11 either approximate the velocity distribution or as

a velocity d

introduced i the calculated flow rate.

‘or due to graph in graphical integration technique

aphical integration technique is used, an error, §,, is introduced in drawing the ve

ppends both on the operator and on the shape of the velocity distribution.

or due to evaluation of power law index, m

law index, m, is calculated by the graphical method given in Ahnex F then the err
rce is random in nature.

‘'or due to positioning Pitot tubes

associated with the position of the Pitot tubes aredndependent of each other (i.e. no
ematic error is present, see 4.4.1) then the overall effect is to introduce a random er1
Lrate estimation. However, provided the conditions of 4.4.1 are met, this error is negl

pmatic errors

for due to measurement of duct dimensions

e area, A, of the plane of flow-rate measurement is evaluated from the mean of s¢

‘or due to numevFical or arithmetic integration techniques

stributionyYFor a given velocity distribution, there is therefore a systematic err

locity

valuating the area under the central portion of the graph; this is random ip.Hature, and the

r,

m’

large
or, 4y,
gible.

bveral

ts of the duct dimensions.(see 4.2), a systematic error, ey, still remains in the calcylated

sume
or, e;,

13.3.2.3 Eri

'ordue 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, e

30

p’ results.
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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 n measurements, X;, is:

i=n 1/2

X isthe arithmetic mean of the n measurements of the variable X;
Xt is the value obtained by the ith measurement of the variable X;

n| isthe total number of measurements of X.

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

13.4.2 Ifrepeated 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 maximunj range of the
measyirements may be estimated, the standard deviation‘tnay be taken as 1/4 of this maximum range
(i.e. a$ 1/2 of the estimated uncertainty above or below thie adopted value of X).

13.4.3 If the various independent variables, thecknowledge of which allows computation of the flow
rate, gre Xy, X, .., X, then the flow rate g, may be\éxpected as a certain function of these variables:

L= (X, Xy, X)) (22)

X

If the[standard deviations of the variables X3, X, ..., X, are 0y, 0y, ..,, 0}, then the standard fleviation o,
of the{ flow rate is defined as:

1/2

d, Y (24 ¥ (9a, Y

vV |4 vV

o, =||—o, | +|&=—0, | +..+| —0O 23
aq, o )

wher¢ Ty , i o, Ty , are partial derivatives.
oX; dX, X,

13.5 |Definition of the tolerance

13.5.1 For the purposes of this document, 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 document.

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.

5) The standard deviation as defined here is what is more accurately referred to as the “standard deviation
estimation” by statisticians.
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13.5.3 Having estimated the standard deviation, Oqv of the flow-rate measurement, gy, the tolerance,

8,1 is given by:

=+
6qV _ZGqV

The relative tolerance 8’y is defined by;

13) o
5, ==t
Vooqy ay

The result of aflow measurement shall :\I‘Amyc be given in one ofthe Fn”nvm'ng forms:

(24)

(25)

a) flowratg = qy* 6,y (at the 95 % confidence level);

b) flowrat¢ =g, (1+ S’qV) (at the 95 % confidence level);

) flow rat¢ = q, within +100 &7, % (at the 95 % confidence level).

13.6 Calculation of standard deviation

13.6.1 StarIiard deviation on local velocity measurement

The standar

deviation, o, associated with a measurement of localvelocity, v, is obtained by combining

the standard deviations of errors arising from the sources desgribed in 13.2. Although “systerpatic”
errors have heen distinguished from “random” errors, the probability distribution of the possible yalues
of each systgmatic component is essentially gaussian. The cambination of the random and systgmatic
errors may therefore be treated as though all were truly-¥andom, and the standard deviation fpr the
systematic components can be obtained by calculatinga value for their standard deviations In the
manner des¢ribed in 13.4.2. Thus the standard deyiation of a particular systematic compongnt is

*V,,.</2, Where v is uncertainty, on that component.

The coefficignt of variation of the local velocity*measurement is then the square root of the sum pf the
squares of the coefficients of variation arising from the sources listed in 13.2. Thus the result pf the

local velocityf measurement is:
2 2 2 2 2
o o O. o o o
plaea| 3 22 | | 20 | 2T | [ % | e | o S
4| Ap v 4\ p 1% 1% 1%
2 ) 5 1/2
o o O. o
+ £ +(—b] s :v(liZ—"]
v 1% 1% 1%
ata 95 % confidence level, where

2

(26)

O'Ap

p

o, isthe standard deviation arising from the error in density;

o; isthe standard deviation arising from slow velocity fluctuations;

is the standard deviation arising from compressibility;

is the standard deviation arising from the Pitot tube calibration;

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

o, isthe standard deviation arising from high-frequency velocity fluctuations and turbulence;

32

o, isthe standard deviation arising from the velocity gradient;
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direction;

o, isthe standard deviation arising from the inclination of the Pitot tube to the flow
o, isthe standard deviation arising from the uncertainty in the correction for blockage;
oy isthe standard deviation arising from head loss.

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

comp

The d
squar
meas

X

at the

pnents are obtained In the same way as 1n 15.6.1.

oefficient of variation of the flow-rate measurement is then the square root(of‘th
es of the coefficients of variation arising from the sources in 13.3. Thus the result of

NEREIR )

95 % confidence level, where

> 172

O;

ay

Om

4y

o
Ay

%
4y

%a

oaf

v

O
{142

_<

€

=qy | 12

\% v

is the standard deviation arising from the use-of'the integration technique;

is the standard deviation associated withsthe estimation of the value of m;

is the standard deviation arising from Pitot tube positioning;

is the standard deviation on the(evaluation of the measuring cross-section area;

NOTE It should be noted,that the coefficient of variation in the evaluation of the
cross-section area is twice the coefficient of variation on the length measuremen
the area is calculategd-

is the standard dewviation arising from the number of velocity measuring points.

is the standard deviation on local velocity measurenients, calculated as described i

e sum of the
the flow rate

measuring
F from which
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Annex A
(normative)
Pitot tubes
A.1 Different types
- 16d L 8d N
82

i

|
-
|
|
|
|
|
|
|
|
|
I

Key
1 inner tubg

2 outer tube

3 8holes of diameter 0,13d, not to exceed 1 mm diameter, equally distributed and free from burrs

Figure A.1 — AMCA type
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<
h‘ L]
\ )
2
Key
1 hpad 6  alternative curved junction
2 tqtal pressure hole 7  mitred junction
3 njodified ellipsoidal nose 8 stem
4  sfatic pressure holes 9 alignment arm
5 spacer 10 pressure tapping
a  Tptal pressure.
b Static pressure,
Figure A.2 — NPL type with modified ellipsoidal nose
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(d - di)/2I

a  Quarter-dllipse.
Figure A.3 — Profile definition of the ellipsoidal head

Nose profilg:
Two quarteriellipses with major semi-axes 2d, minor semi-axes 0,5 (d.* d,), separated by distance|d,.
Diameter, d
Shall not excped 15 mm.
Total-pressuire hole:

Diameter, d, [within range 0,10d < d; < 0,35d%). This didmeter shall not change within 1,5d, from tip.
Static-pressure holes:

Diameter d, $hall not exceed 1 mm; depth,of-hole not less than 0,5d; number of holes not less thgn six;
plane of holef at distance 8d from tip ofnose.

Stem:

Diameter C(;Istant and equalte d; junction curved with mean radius 3d * 0,5d, or mitred; axis of stem
to be nd fronp plane of statie=pressure holes, where n = 8.

Calibration factor (defined in 8.2):

Values withih +0,002given in Table A.1.

Table A.1
n 8 10 12 14 16 [e9)
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

6)  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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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,, - Ap,) within a wide range of values of angle, ¢.

Figurf 'S gives the values of (Ap,, - Ap,J/BP,, Tor these three types of tube.

NOTE The values given by the curves below depend slightly on the value of the Reynolds hiumber of the flow
relatefl 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.
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20d

6d 1bd

a2 The radius is only useful when the Pitot tube is used in liquids in order to avoid cavitation (see 5.2).

NOTE Static pressure taps may be limited to those indicated on section A-A, in which case section A-A shall
be placed at 6d from the tube tip.

Figure A.4 — CETIAT type
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Key
1  AMCA type Pitot tube

2 NPL type Pitot tube, Re; =17 000

3 CETIAT type Pitot tube, Re; = 8 600

Figure A.5 — Values of (Ap,, - Ap,)/Ap,
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Annex B
(normative)

Correction to the measuring position of Pitot tubes used in a

transverse velocity gradient

B.1 Detern

Provided th4
of streamlin
regardless o

mination of the displacement of a measuring point

It the measuring position is not too close to a wall, the magnitude of the displac¢ment
es due to the velocity gradient on the Pitot tube (see 12.2) is constant fot-a given|tube,
the magnitude of the velocity gradient; it is, moreover, proportional to thé-head diameter.

Given that the magnitude of this displacement is not directly measurable, theoretical studies pf the

phenomenon
effective dra

As the meas
reduced, but
tube to the v
the tube and

The velocity

(Ayy)/d

where

d isth

kg isa

The wall pro

b coefficient of the nose.

the effective drag coefficient of the nose.
oradient displacement therefore takes the form

kg

e head diameter;
constant dependent on thehose shape.

kimity displacement is:

Y y

HEE)

of displacement have led to the conclusion that this displacement'is/proportional o the

uring position approaches a wall, the magnitude of the displacement is progresgively
not eliminated, as the result of an entirely different process taused by the proximity |of the
ball. This proximity displacement is calculable and is alsé proportional to the diamdter of

(B.1)

(B.2)

a isa

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

constant dependent on the nose shape;

For the case of the plane-ended Pitot tube, experiments show that a/kg =0,195.

40
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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
7_kg 0,195k, [—

B.2

In thd

points, it can suffice to calculate an overall correction for the volume rate of flow taking a
variofis displacements due to the velocity gradient and the wall proximity. From the total ¢
of a particular measuring point calculated as mentioned above, assuming a veloc¢ity profilg

T

the efffect of the velocity gradient is expressed by a relative variation of the measured vel
measpiring point:

(o2}

d 1 1

L)

(V/Vmax)_l (Ay/d)(d/D)

The yariation of the discharge velocity is thecmean of individual variations in each
measpring point:

(=)

The diischarge velocity is given by

=

V/Vpax) M (/D)

U ]_1 dlwAy/d v

v mDi4 YID v

max

hax ! 1 Vmax

The relative variation)of the measured flow rate is therefore:
i Ay/d v
6qV _ii 1 y/D Vmax
§5 - mD YI‘ v
Vo 1%
1 “max

This expression was used to derive Figure 7 (see 12.2.2).
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nduit

case of arithmetic methods, instead of applying a correction to the position-0f tHe measuring

count of the
isplacement
of the form:

(B4)

ocity in each

(B.5)

prescribed

(B.6)

(B.7)

(B.8)
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Annex C
(normative)

Study concerning turbulence correction

C.1 Influence of turbulence on the total pressure tap

C.1.1 Pregsure probe insensitive to orientation

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

it
P =P+ PV} (C.1)

where

p; istheinstantaneous static pressure;

v, isthe instantaneous velocity;

i
p  isthe fluid density.

Vi =v +VX +v +VZ

y
in which
Z ) g dnd V_z are the components of the velocity fluctuation;
v is the mean velocity.

Figure C.1 — Pressure probe insensitive to orientation

This is not, however, the value which, in general, it is desired to obtain.
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If the damping achieved by the ducts and the pressure gauge is correct, a p, value is obtained, such that:

_ I

P.= ] pudt €2)
with

_ _ 1 5,1 (7 = =5

b, =p+Epv2 +EP(VX2 +vy2 +vzz) (C.3)
where

1 1

p—;jopidt (C.4)

The cprrect determination of v, which is a necessary step in the rate of flow calctilation, demands:

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

b) kphowledge of the values v;(_z, vy_2 and V;Z .

C.1.2[ Pressure probe sensitive to orientation

In thd case where the total-pressure tapping nose is sensitive.to orientation, flow turbulenge introduces
an eryor into the measurement read at the total-pressure tap even when the Pitot tube is parallel to the
condyit 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 assumegd-that there is a relationship in the form of:

Al =5+ksp(v'y2 +v'22) (C.5)
wher¢

H, isthe meardmeasured pressure;

Ji is themean actual pressure;

k issafactor of the order of 1/4.

It has| iowever, been proved that in most cases we have a relationship in the form of:

P =p—k, g(v'YZ +v,2 ] (C.6)

where k, 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 Formulae (C.1) and (C.3) gives:

1 5, _ 1 /=5 =5 =5\ — - 5
Spv 2=p, P (VXZ +vy2 +v, 2 )—pm —k.p (vy2 +v, 2 ) (C.7)
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