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FOREWORD

ISO (the Internatjonal Organization for Standardization) is a worldwide federation
of national standards institutes (ISO member bodies). The work of developing
International Stahdards is carried out through 1SO technical committees. Every
rested in a subject for which a technical committee has been set
up has the right §o be represented on that committee. International organizations,
governmental and non-governmental, in liaison with 1SO, also take part in the work.
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INTERNATIONAL STANDARD 1SO 3966 -1977 (E)

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

1 SCOPE AND FIELD OF APPLICATION c
orre-
This Intdrnational Standard specifies a method for the Symbol Quantity Dimengions | sponding
determingtion in a closed conduit of the volume rate of Sl unit
flow of ajregular flow (see 5.1) : H Rectangular conduit haight L m
. " . h Height of a particular point L m
— of| a df.lmd ostu:stantlglly constan'([j' de85|2t5y or above the bottam
corresponding to a Mach number not exceeding 0,25; v
p g 9 kp Blockage egqefficient of a - -
— with substantially uniform stagnation temperature cylindricalstem
across|the measuring cross-section; kg Coefficient depending of the - -
Ahose shape
— running full in the conduit; ky Coefficient of turbulence — -
. correction
— unfer steady flow conditions.
L Rectangular conduit width i m
In particdllar it deals with the technology and maintenance / Distance from a particular L m
of Pitot dtatic tubes, with the caiculation of local velocities point to the side-wall
from mepasured differential pressures and with the M Molar mass of fluid M kg
computation of the fiow rate by velocity integration. m Roughness coefficient | _
The method of measurement and the requirements-defined Ma Mach number - -
in this International Standard aim at reaching, at.the 95 % p Absolute static pressure of ML-1T-2 Pa
confidendge level, an uncertainty on flow rate~not greater the fluid
than *2|%. To attain this result it mady be necessary, qy Volume flow rate L3717 m3/s
accordingd to measurement conditions, to,take into account R Molar constant of gas ML2TPRe ! |4.mot-1.k-1
the ‘correctxons given in clau.se 1+ If any of the R Pipe radius L m
requirem *nt}s of this Interpatlonal Stanfiard are not ’ Measuring circle radius L m
fulfilled, [this method may still-be/applied in special cases
. . Re Reynolds number — -
but the upcertainty on flow rate will be larger. )
S Frontal projected area of the L1 m?2
stem inside the conduit
2 SYMHOLS AND DEFINITIONS T | Absolute temperature © K
U Discharge velocity LTy m/s
2.1 Synjbols u Mean velocity along a LT[ m/s
circumference or a measure-
ment line
Corre- v Cocal velocity of the fluid Tt m/s
Symbol Quantity Dimensions | sponding X Pipe dimension L m
St unit y Distance of a measuring point L m
R ) to the wall
A Cross-sectional area of th L m
conzisuifc onala € z Gas law deviation factor - —
aa Distance of the extreme L m @ Sualljiebranon factor of the Pitot — —
measuring point to the nearest
wall 0% Ratio of the specific heat — -
i . capacities
D Pipe diameter L m
) Ap Differential pressure measured | ML-1T-2 Pa
d Head diameter L m by the Pitot tube
d Stem diameter L m € Expansibility factor - -
d; Total pressure tapping hole L m (1—¢€) | Compressibility correction - -
diameter factor
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2.2.8 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
(for example, the centre of a circular conduit) or the
discharge velocity in the measuring section.

2.2.9 straight length : A conduit section the axis of which
is rectilinear and the surface and cross-section of which are
constant.

Corre-
Symbol Quantity Dimensions | sponding
Sl unit
A Universal coefficient for head — —
loss
M Dynamic viscosity of the fluid ML 1Tt Pa-s
v Kinematic viscosity of the fluid L2327 m2/s
£ Head loss ML T2 Pa
0 Density gi-the-fuic M3 kg/m3
v Pitot tubp inclination - —

2.2 Definitions

The definitions in the following sub-clauses are given only
for terms used with a special meaning or for terms the
meaning of whichh might be usefully recalled.

2.2.1 Pitot static tube : A tubular device consisting of a
cylindrical head attached perpendicularly to a stem
allowing measurgment of a differential pressure from which
the flow rate of the fluid in which it is inserted can be
determined. It 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 floyw direction at the tip of the axially
symmetrical nosd of the head).

NOTE — Throughqut this International Standard the expression
“Pitot tube’ is uspd without amplification to designate a “‘Pitot
static tube’’ since np confusion is possible.

2.2.2 static prejsure tapping: A group of holes'for the
measurement of tluid static pressure.

2.2.3 total presjure tapping : A hole fopr the measurement
of fluid stagnatjon pressure (the ‘pressure produced by
bringing the fluid to rest without.change in entropy).

2.2.4 differentidl pressure's’ The difference between the
pressures at the tptal and-static pressure taps.

NOTE — The shape of this section is usually circular, 'butfit may be
rectangular or annular.

2.2.10 irregularity : Any element’or configuratipn of a
conduit which makes it different from a straight length.

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

3 PRINCIPLE

3:1.“General principle

The principle of the method consists of :

a) measuring the dimensions of the measuring section,
which must be normal to the conduit akis; this
measurement is necessary for defining the arda of the
cross-section (see 3.2);

b) defining the position of the measuring points in the
cross-section, the number of measuring points having to
be sufficient to permit adequate determinatign 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 3.3) and determining the
density of the fluid in the test conditions;

2.2.5 stationary rake : A set of Pitot tubes, mounted on
one or several fixed supports, which explore the whole
diameter or measuring section simultaneously.

2.2.6 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.

2.2.7 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.

d) determining the local velocity of the flow, from
given formulae, on the basis of previous measurements
(see clause 7);

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 12.
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This International Standard presents three types of
methods for determining the discharge velocity :
Graphiic
(see clause 8

-

This method consists in plotting the velocity profile on a
graph and evaiuating 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
betwepn—the—wal—-and—the—curve-through-the—measd+g
positipns 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
satisfdctory knowledge of the velocity profile.

Numetical integration of the velocity area
(see clpuse 9)

The difference between this method and the previous
one lies in the fact that the graphical velocity profile is
replaged by an algebraic curve and the integration is
carriedl out analytically.

Arithinetical methods (see clause 10)

The grithmetical methods assume that the velocity
distrigution follows a particular law and the mean
velocity in the conduit is then given by a lifear
combination of the individual velocities measured at’the
locatipns specified by the method.

For the arithmetical methods described\in clause 10, the
assumption is made that in the peripheral zone the
velocity distribution follows a/togarithmic law as a
function of the distance from the wall.

3.2 Meafurement of the measuring cross-section

3.2.1 Circular cross-sections

The meaf diameter of the conduit is taken as equal to the
arithmetical_mean of measurements carried out on at least

I1ISO 3966 -1977 (E)

3.3 Measurement of local velocities

3.3.1 Method of exploring traverse section

It is sometimes proposed that several Pitot tubes be
mounted on a stationary rake in order to expiore
simultaneously the whole measuring cross-section.
However, the experimental data at present available are
insufficient to allow the design of certain details (such as
hape of head and o em)—which—waguld ensure that
measurements by a rake would achieye the accuracy

required by this International Standard!

Therefore, this International.-Standard @eals only with
velocity area methods using\'a single Pitot tube placed
successively at each measuring point.

3.3.2 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 measureent.

However, if only one measuring device [is available, the
steadiness of the flow shall be check¢d by repeating
measurements at the reference point 3fter each local
velocity measurement.

It is essential that the shape of the veloc(ty profile in the
measuring cross-section remains stable angl is not affected
by possible variations of the flow rate whilst measurements
are being taken.

When the curve of reference velocity variation v, has been
plotted against time, this curve is used to felate all traverse
measurements to the same reference| flow rate g,
(preferably that which corresponds to the ean of velocity
measurements at the fixed point). For comparatively small
changes of the reference velocity, the velocjty v; ; measured

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.

3.2.2 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.

atamny poimt 7Tat time ¢ Ta betransposed by multiplication
by the ratio of velocity v, , at the reference point
corresponding to flow rate g, at velocity V.t at this
reference point at time t :

Y0

Vio = Vit X
Vr,t

NOTE — Where the reference measurement is a quantity directly
proportional to the flow rate (for instance, the rotational speed of a
shaft driving a fan or a pump), this measurement can be substituted
directly for v, 5 and v, ; in the above equation. Where the reference
reading is in the form of a pressure difference (for instance 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, o and v, ; in the above equation.
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However, it must be noted 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 itis
not calibrated, provided that its reliability and adequate
sensitivity have been ascertained. In this case the above-
mentioned proportional correction will relate to the dif-

Sub-clauses 3.4.2 and 3.4.3 prescribe a minimum number
of measuring points applying in particular to smail
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 wali of the duct must first be

ferential pressure.and nat to the velocity

3.3.3 Checking pf velocity distribution

It is recommended that the regularity of the velocity dis-
tribution be che¢ked either by plotting or by other means,
regardless of whpther or not the plotting is necessary for
calculating the discharge velocity.

In the same way|, when several measurements are made on
the same cros§-section at different flow rates it is
recommended tHat the velocity profiles be plotted in a non-
dimensional marner (i.e. by using the relative velocities;
see 2.8) to che¢k their consistency with each other and
hence to ensurel that there are no abnormal features at
particular flow fates (thus, the profiles shall not change
erratically as tHe flow rate varies over a wide range of
Reynolds numbeys).

It may also be uspful to plot the velocity distribution curves
as indicated abgve in order to detect any error in the
measurement of| a local velocity. The doubtful measure-
ment 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 indepgndent reasons for believing the-doubtful
measurement is false.

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

3.4.1 General rgquirements.

The rules to be followedfor locating the measuring points

differ according
discharge veloc
Standard. Thes

to«the methods of determination of the
ty~as specified in this International

obtained. This may infroduce a relatively Targe,systematic
error in all position measurements. In such Jnstahces it is
recommended that complete diameters be traversed (rather
than opposite radii on each diameter) since‘the systemetic
error will then tend to cancel out on(the’two halJes of the
traverse.

3.4.2 Circular cross-sections

The measuring pointy’ shall be located at every [point of
intersection betweény“a prescribed number of circles
concentric with @he "pipe axis and at least two mutually
perpendicular diameters.

The measurements shall be carried out in at lepst three
points \per radius, so that there is a minimum qf twelve
points\in the cross-section. An additional measuring point
at_the centre of the conduit is desirable to check fhe shape
of the velocity profile and is necessary for the c{culation
of the stem blockage correction, where applicable
(see 11.1.2).

3.4.3 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 arithmetical method, their position shall
be defined by the intersections of at least five strdight lines
running parallel to each wall of the conduit.

4 DESIGN OF PITOT TUBES

] H H ] Q (o} d-10
TareS—are— given— i Craasts— o, o atta— o

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 d.

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

+ 0,005 X, where X is the dimension of the duct parallel
to the measurement of Pitot tube position, or

+0,05 y, where y is the distance of the Pitot tube from
the nearest wall, whichever is the smaller.

4.1 General description

The use of one of the types of Pitot tube described in
annex A, all of which fulfii the requirements of 4.2, 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 4.2 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 15 and 25 times the head diameter.
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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

se 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
pogsible of the yaw of the head in uniform flow1)

2) | if precise alignment of the Pitot tube with“the
cofduit axis is possible but swirl is present, the
varfation of the differential pressure recorded by the
tube in uniform flow with yaw angle ¢ shall be
approximately proportional to cos2g: If the head is
pefffectly aligned axially and if-swirl is less than + 3°,
theg differential pressure shall\not deviate from this
law by more than 1 %.

~

It shopld be noted that misalignment and swirl can occur
simulfaneously and efforts shall be made to minimize
each gf them.

b) Tihe 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 ‘sich tube. If the user has any doubt upon this

ISO 3966 -1977 (E)

d) The static-pressure holes shall be :
1) not larger 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 planes;

3) placed not less than six head-diameters from the
tip of the nose;

4) placed not less than eight/head-diameters from
the axis of the stem.

e) If the stem is enlarged to ‘ddiameter|d’, there shall be
a length of stem not less(than 7 d’, between the axis of
the head and the commencement of thelenlargement, for
which the stem-diameter is equal to the head-diameter.

f) The junction between the head amd stem shall be
either mitred(or curved to a mean |radius equal to
3+ 0,5 times the head-diameter.

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

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

5 REQUIREMENTS FOR USE OF PITOT TUBES

5.1 Selection of the measuring cross-sectign

5.1.1 The cross-section selected for measyrements shall be
located in a straight pipe length and shall pe perpendicular
to the direction of flow. It shall be of simple shape, for
example either circular or rectangular. It shall be located
in an area where the measured velocitie§ fall within the
normal working range of the apparatus ysed (see 5.3.2).

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.

5-1:2—Ctose—to—the—measurimg—crosssection, 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 5.1.4).

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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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
1)

any.

5.1.3 Although measurements with the Pitot tube in
obligue 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°.

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.

5.2.4 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

For guidance, it|can also be considered that a swirl is small
enough not to ihcrease the confidence limits given in this
International Standard on the measured flow rate if the
resultigg gradienft of local velocities to the pipe axis is less
than 3".

5.1.4 Preliminaly traverse tests shall be made to ascertain
the regularity of [flow.

If these traverseq show that flow is not satisfactory, this can
sometimes be rdmedied using one of the devices described
in5.2.

Once these devides are in place it shall be checked that the
flow complies With the requirements of this International
Standard. |f not| a more detailed traverse of the measuring
cross-section is rjecessary, and reference shall then be made
to a separate document which will be published later.

5.2 Devices for|improving flow conditions

5.2.1 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 honeycdmb with square or hexagonal/€ells. Which-
ever type is uded the whole device shall be rigorously
symmetrical and the following requirements shall be met :

— the maxijnum transverse dimension a of a channel
shall be less than 0,25 D;

— length shall be greater than 10 a.
5.2.2 If the velcity distribution is unacceptably irregular,

it can often be|remedied by means of a profile developer
consisting of, forexample, one or more screens, grids or

guiding installation. The latter will consist o & slightly
converging entrance, connected in such a way as to ensure
that no separation occurs, to a straight_pipe' lepgth, the
length of which shall be at least twice the larger dimension
of the conduit.

5.3 Limits of use

5.3.1 Nature of the fluid

The fluid shall be a<€entinuous single-phase fluid or shall
behave as if it weresuch a fluid. Liquids shall be Newtonian
and shall not exhibit anomalous viscosity or thjxotropic
behaviour.

5.3.2 .Range of velocities

Pitotitubes shall not be used with flow velocities|less than
the~ velocity corresponding to the lower limit of the
Reynolds number (see 7.1) or greater than the velocity
corresponding to a Mach number of 0,25.

5.3.3 Nature of the flow

The formulae given (see 7.1 and 7.2) are accuratd only for
steady flow without transverse velocity gradient or
turbulence. In practice both are always present [in closed
conduits. Clause 11 and annexes B and C give irldications
of the magnitude of the corresponding errors.

5.3.4 Dimensional limitations

The ratio d/D of the Pitot tube diameter d to th¢ conduit
diameter D shall not exceed 0,02 with a view tp keeping
negligible the error on the rate of flow resulting[from the
velocity gradient and from the stem blockage effect (see
clause 11). In difficult flow conditions, a ratio [of up to

perforated plates. IT must be noted, however, that such
devices are only effective at the price of a rather high head
loss.

5.2.3 The devices described in 5.2.1 and 5.2.2 shall be
located at the greatest possible distance upstream of the

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 4 shall be
satisfied.

1) 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 2.2.10) 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.

6
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5.3.5 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

I1SO 3966 -1977 (E)

5.4.3 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 0,75 times the pipe radius from the wall. Never
theless, for measurements in a compressible fluid where the

Detailed| study of the turbulence correction is given in
annex C

5.4 Performance of measurements

5.4.1 Measurement of differential pressure

The delice 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).

5.4.2 [ifferential pressure fluctuations

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

a) that the differential pressure fluctuationsbe damped
by applying to the measuring apparatus the minimum
dampfing allowing easy reading ,without concealing
longef-term fluctuations. The damping of the apparatus
shall pe symmetrical and linear; this can be achieved by
meanf 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 timewintérvals. A sufficient number of readings
is redched when suppressing any one of them (except
those| which present an abnormally high error and are
exclutded—automatica does—not-modi he-mean-b
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 (for example ten maximum and ten
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.

ratio of the maximum differential pressurg to the absolute
static pressure in the plane of the traverge is greater than
0,01, the procedure described in 7.2'and |n E.3 of annex E
shall be followed.

5.5 Inspection and maintenance of the Pitot tube

The Pitot tube doés ot require any spegial maintenance,
but it shall be ensured, before and after the measurements,
that the tube_used complies with the criteria specified in
clause 4.

The follewing points in particular shall be ghecked :

— " the pressure sensing holes and their[connecting tubes
are not blocked;

— there is no leakage between the chstmbers inside the
Pitot tube which receive the total pressure and the static
pressure;

— the tube has not been strained, or |ts nose damaged;
— the tube is clean;

— 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 shal] also be checked
that :

— the connections to the pressure gayge are as short as
possible and that they are absolutely lpak-tight (porous
or cracked rubber tubes, etc., are hot permissible);

— they are in general in accordancel with 1SO 2186,
Fluid flow in closed conduits — Conneg¢tion for pressure
1 SSi ee j and secondary

drig d [MISSIOnN PEeIWN [] prirmdg
elements,

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

6 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.
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The Pitot tube shall be positioned in the pipe in accordance
with the requirements of 3.4.1 and clause 8 or 10.

The device whic

h holds the Pitot tube in the pipe shall be

such that no leak can occur into or out of the pipe.

7 VELOCITY COMPUTATION

7.1 Verification of conditions for a measurement

Provided that th
of the total pre
200, and that t
in a compressib|
velocity may

indications on

e—Reyrolds—humberbased-en—the-diameter
e Retes

numbers, based on the internal diameter of the total
pressure tapping, greater than 200 is given by the
expression

v=a(1—¢€) 3‘3’1
\' o)

in which (1 —€) is a compressibility correction factor. In a
liguid, e =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

sure hole of the Pitot tube is in excess of
ne local Mach number (for measurements
e fluid) does not exceed 0,25, the local
be calculated. However, annex E gives
the method of carrying out velocity

measurements in| the case of a compressible fluid at a higher

Mach number.

The first condi
Ap is never less ]

where

Ap is the d
tube;

p is the dens|

ion is equivalent to a requirement that
han

2x104 M 2
p ad;

fferential pressure measured by the Pitot

ty of the fluid;

M is the dyngmic viscosity of the fluid;

d; is the dia
tube;

eter of the total pressure hole of thelPitot

a is the calijbration factor of the Pitot tube: to be

taken as 1 for]

The second con

this calculation.

dition requires that, for measurement in a

compressible fluid, the ratio of the-differential pressure to

the absolute va
pressure tappin
limiting value, W

ue of the pressuré)recorded by the static
of the Pitot tube shall never exceed a
hich varies-with v (the ratio of the specific

heat capacities off the gas)\aceording to table 1.

TABLE 1

_ 1/2
oL A_pu_l(%)z
p

where
v is the ratio of specific heat capacities;
p is the local statio pressire;
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 Pitdt tubes
described in this International Standard, it is pfactically
equal to 1,00).

The density of the compressible fluid is determimed from
the following equation :

_ M
P~ ZRT
where
R=8,3143J-mo|'1-K'1, the molar masy being
expressed in kilograms per mole and having a value

0,028 95 for air;

Z is the gas law deviation factor; it is insignificantly
different from unity for air at absolute presqures less
than ten times atmospheric and temperatures|between
273 and 373 K (it should be distinguished from (1 —¢),
the compressibility correction factor);

T is the local static temperature given by the fprmulat)

Y

1.1 12 (131411516 |17

B

0,035 |0,038 (0,042 0,046 | 0,048 |0,052 {0,054

7.2 Formulae for velocity computation

The local velocity of a fluid in a steady flow without
transverse velocity gradient or turbulence at Reynolds

T

I ' ]
L 1-}__.7 i
T Y P

T, 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 D.

For selected values of y and Ap/p, values of (1—¢),
together with T/T,, are shown in table 2.

1) This formula is an approximation which is adequately precise for the purposes of this International Standard.
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TABLE 2
% 11 1,2 1,3 1,4 1,5 1,6 1.7
Ap
—_ TITg | (1—¢) TITg | (1—¢€) TITg | (1—¢) TITy | (1—¢) TITg | (1—¢) TITg | (1—¢) TITg | (1—¢)
P

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 0996 | 0997 | 0996 | 0,995 | 0,996 | 0,994 | 0,997 | 0,993 | 0,997 | 0,993 | 0,997 0,992 0,997
0,03 0,997 0993 | 0995 | 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 | 0992 | 0,982 | 0,992 | 0,980 | 0,993

8 DETERMINATION OF THE DISCHARGE VELOCITY
BY GRAPHICAL INTEGRATION OF THE VELOCITY
AREA

The genefal principle of this method is specified in 3.1.

The meaduring points shall be located along straight lines,
and in ofder to determine m accurately, two measuring
points sHall be placed on each straight line as close as
possible tp 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
determingd satisfactorily. They will usually be distributed
in the crss-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 3.4 when determining the
number gnd location of measuring points, and to clause 11
when it ip considered necessary to make some correction to
local veldcity measurements or to the position ofimeasuring
points.

8.1 Circllar cross-section

(rn/R)2 A2 1
= ud<—> +
Jo R/ Miir)2

where

4

u is the spatial mean/velocity along the circumference

of radius r;

I'n
points clgsest to the wall.

The method used consists in :

a)

the value of u;

taking u. (arithmetical mean of the
measuring points located on one circlg

is the padius of the circle defined By the measuring

velocities at the
of radius r.) as

b) plotting u. against (r./R)? between r=0 and

r=ry, (see figure 1)1);

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

d) adding to this value a calculated te
ing to the peripheral zone and equal to

of the included

m2) correspond-

mean of the
l on the circle of

m rn2
If v is tHe flow velocity at a point ©f,polar co-ordinates r n up <1 —_Rz)
and 6, and if R is the mean radius/of the measuring section, m+1
the dischprge velocity is where
1 2m MR 1 r\2 u, is the value of the arithmeticdl
U= — v(r,0) rdrdf = u d(;) velocities at the measuring points locate

fFR“Jo Jo 0 radius r,, (i.e. the closest to the wall);
1) To fadjlitate ptetting in the vicinity of the measuring point closest to the wall, the tangent line to the curve for 7 = rj, will be drawn with a
slope equa| to#

[dug)

—Up

e

denoting (r/R)? as x.

The slope of the curve is derived from Karman's conventional law, for the variatinn nf the flyid velocities in the peripheral zone :

2) This simplified expression omits the other term
-m

——
(m+ 1)(2m + 1)

times the flow in the peripheral zone.

4m + 2

R-—r

u=up
R

-rp

>1/m
n 2 +
'|.___
n R

in the result of the integration (within the peripheral zone) derived from Karman’s conventionat law :
1—(rp/R)

this latter term only represents about
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m is a coefficient depending on the wall roughness and The formula for the discharge velocity is :
on the flow conditions, the value of which can be

determined in accordance with the indications given 1T A\ !
in annex F and is generally between 4 (rough wall} and U= ( ‘ Vd<ﬁ d <——Z>
10 {smooth wall). Jo Jo

where
u

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

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

A

[ is the distance from a particular(point to the|side-wall
chosen as origin;

N

h is the height of a particular point above the|bottom.
The method used consists in :

a) plotting the valtiation curve of the velocity| on each

=
Ny
NN

/ // % »> horizontal line.between the extreme measuring points,
1 as a function of the relative distance [/L (see figure 2)2);
r 2 r 2 b) determining graphically the value of the |included
R R area bélow this curve between the extreme measuring
points\(see figure 2);
FIGURE 1 — Conpputation of the discharge velocity in a circular c) vadding to this value t_wo terms correspondig to the
conduit — Grpphical integration in the area explored by peripheral zones, both being equal to
the Pitot tubes
m \ a
- (Va)

m+1)\L

8.2 Rectangular|cross-sections (the sum so obtained is the mean velocity ¢; on the

. . . . horizontal measuring line concerned);
The computatign of the discharge velocity ‘requires a

double integratign across both dimensions of'\the conduit. d) plotting the variation curve of u; between the
Measurement shall be started either on the ‘vertical lines?) extreme horizontal measuring lines as a functign of the
or on the horizdntal lines?). The matter\is/ developed here relative height h/H of the corresponding horizgntal line
starting with hor|zontal line measurements. (see figure 2)3);

N

11 Throughout th{s sul-clause, a ““vertical line’” will mean a line parallel to the conduit height and a “’horizontal’’ line will mean a lihe parallel
to the conduit width,

2) 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
siope the absolute value of which is equal to

val

ma
where
vg is the 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.
/x\‘ /m
Vx = Vg _‘/
\a
3) 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 8.2 a)).

10
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e) graphically determining the value of the included
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 cbtain the discharge

"

1SO 3966-1977 (E)

velocity. Both terms are equal 10 :

m\i'(
m+1)H ua')

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

0 /% /j\/ A
2 ;,‘A
/ S
| /I// / 3 W AEA s
1 V7 o] T 3
o LI~ // // 4
e
e T .
| ‘ AR
SN sy, AR
Wl vosss ;
== > .
/// - <
/ - //// ~ ) N
0 4 _ // - N -

FIGURE 2 — Computation of the discharge velocity in a rectangular conduit —
Graphical integration in the area explored by Pitot tubes

11
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9 DETERMINATION OF THE DISCHARGE VELOCITY
BY NUMERICAL INTEGRATION OF THE VELOCITY
AREA

The general principle of this method is specified in 3.1.

The formulae proposed below are derived from inter-
polations between successive pairs of measuring points
along third-degree curves in (r/R)2 for a circular cross-
section conduit, or in I/L or h/H for a rectangular
cross-section conduit. The separate individual arcs combine

When n = 3, the term on the fourth line of the equation above
disappears and the formula is simplified as follows :

1 5 113
U = v, 7-—/52 ﬁr‘qz 1
12 12 12 r
2
M1 1
»2 2 .
+uq—r -
e 2 12 3}

2 1 1
R 2 *2 *2
+u + -
2 2y 30 Tz *2’3}

to form a contifiToUs TUTVE Wit g CoOntnuous derivative.

In the peripherdl zone the same law as indicated in the
preceding clause |s applied.

For the number and position of measuring points, reference
shall be made [to the indications of clause 8 and 3.4.
Reference shall pe made to clause 11 when it is considered
necessary to apply certain corrections to local velocity
measurements dr to the position of measuring points.

9.1 Circular crogs-sections

If v, is the velocilty at the conduit centre, and u,, u,, ..., u,
are the mean velocities [calculated as indicated in 8.1 a)]
along the circum{erences with increasing relative radiirT,r;,
r,’; (with rf ¥ ri/R, where R is the radius of the cross-
section), the disgharge velocity in the cross-section is given
by the formula:

*»Z2 _ 22\ 2
lr3€-r39) l,~2_2,»2 1 .2

+ug —_— 4+
12m(1-r3?) 123 32 [ 921

9.2 Rectangular cross-sections
In the following formula, U represents :

— either the mean velocity)along a measuring line, in
which case vq, vy, ..., #, are the velocities medsured at
points located at distances /4, /5, ..., [, from the feference
wall; L is the distance between the two wall$ on the
considered line/t

_11 *_12_11
V1—L,V2~ [

:l,,—l(n_” . L-1,

Y T T e

*

— or the discharge velocity in the measurifg cross-

section, in which case v4, v,, ..., v, represent the mean
1 5 ., 1 ,:3 velocities uq, uy, ..., U, along the measuring linef located
U=v, —Erz +§r1 -1—2—* at distances h4, h,, ..., h, from the reference wall; H is
L 2 the height of the measuring cross-section.
1 2 1
tuy | =ri2 Hor2 - 32 h hy —h;y
;.6 3 12 y*:—’y*:———’.__
TOHT2 H
'_,,*3
_U2 1 ’} *:hn “h(n_-” * | H_hn
12r, Y H Yin+ 1) H
i=n-2 : , ) { mo o, 1yZoa 1
L2 2 42 2 U=vy | ——= v+ — t =y =yl
Y ul R e Tyt + lm T am yr T 122 127
i=2 I 1 7 1 |
T .2 +v [L AL
L y y
+12r(/2>J 2272 "2V 1Y
i=n-2
Vw2, 1 02 2 .2 L + V{l@/* +y*>—1—(y* tyl >
—_ * . - * PN —_ * ; ; . :
Pl 5 -0 T3 -2 Y 15 (-0 “ SR FINERSUEREVAR A A R GE
%2 %2 2
m (r>c=r’=_ ) 7 1 7 1
Yu | —— (1= =V w2 V- |yt =y =yt
n[m+1 " 2ma-r? 12" o2 TR e T 02

2 1
—~-r*2 +—r*2
3 (n—1) 12 (n-2)
NOTE — When n = 4, the fourth line is evaluated only for / = 2.

12

r *2
m 1 4 7
+v, |——y/ + — — O D
" {m+1 wEN 2myr 12”7 12’/("*”}

NOTE — When n = 5, the third line is evaluated only for /i = 3.
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10 DETERMINATION OF THE DISCHARGE VELOCITY
BY ARITHMETICAL METHODS

The general principle of these methods is specified in 3.1.

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 veloc-
ity distributionlaw in the section element concerned;

I1ISO

10.1.1 Circular cross-sections

3966-1977 (E)

The location 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 3.

TABLE 3
Number
of me?suring rIR; yID;
points
per radius

b) alchoice of the weighting coefficients.

The varipus curves corresponding to each section element
do not|need to constitute a continuous curve with a
continudus 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 dircular cross-sections and the section elements have
areas prpportional to the number of measuring points in
the elempnt concerned; reference shall be made to clause 11
when it Js considered necessary to make certain corrections
to local|l velocity measurements or to the positions of
measurirlg points.

10.1 “log-linear” method

By hyppthesis the mathematical
distributjon law for each element is :

form of the velacity

u=Alogy +By+0C
where
y is the distance to the wall;

A, Bland C are any three (constants (except for the
exterpal ring element wherelB)is zero).

0,358 6 + 0,010 0
3 0,7302 + 0,0100
0,935 8 + 0,003)2

3207 + 0,005 0
1349 + 0,0050
0321 + 0,001 6

0,277 6 + 0,000
0,565 8 0,010 0
5 0,695 04-0,0100
0,847.0°t 0,007 6
0,962 2 + 0,001 8

OO0 0000 O O

3612 + 0,0050
21711+ 0,0050
1525 + 0,005 0
0765 + 0,003 8
018 9 + 0,000 9

The mean yelocity on each radius is take
arithmetical Vmean of the velocities de
measuring points located on the radius co

h as equal to the
termined at the
hcerned, and the

discharge velocity is equal to the arithmetical mean of the

méan velocities on each radius. The disc
therefore given by the arithmetical mean d

10.1.2 Rectangular cross-sections

Different layouts may be developed to ap

harge velocity is
f local velocities.

ply the log-linear

method in a rectangular cross-section, Llsing a variety of

numbers of measuring points. This Inter
is limited to the method using 26 poin
location is given in figure 3.

In addition to the location of the measurin
I/L and h/H, the table in figure 3 give
coefficients for each measured velocity.

ational Standard
s, for which the

g points given by
s the weighting

13


https://standardsiso.com/api/?name=5b2c81030b919bd8f48b02efff64a13c

1SO 3966-1977 (E)

L ._4
I 1] 11 v
( 1 1 1
N
X >|< X X
X X
X X hy
1 (i
N
N X X X X
T
©
™M Yol
oll & X 1 1 X
X X X X
NI <
3l 2 03675 L
ol o
L/2
——
1 " n v
/L
hH 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
0,6325 - 6 6 -
0,750 5 3 3 5
0,908 2 — — 2
0,966 2 3 3 2

FIGURE 3 — Location of measuring points in a rectangular cross-section conduit
in the case of the ““log-linear’” method using 26 points

The discharge velocity is equal to the weighted mean of the 10.2 ‘“’Log-Tchebycheff’” method
measured local velocities :
Zk; v; By hypothesis the mathematical form of the velocity
= E— distribution law as a function of the distance from the wall
! is logarithmic in the outermost elements of the section and

For the method using 26 points Zk; = 96. polynomial in the other elements.

14
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10.2.1 Circular cross-sections TABLES
The position of the me{asuring points correqunds ‘to the eorf Values of Xj/L or Y;IH
values of the relative radius r/R; or of the relative distance
to the wall y/D; shown in table 4. 0 +0,212 + 0,426
TABLE 4 6 + 0,063 + 0,265 +0,439
Numbe 7 0 +0,134 + 0,297 + 0,447
um r
of rne'asurmg rIR; y/D,'
points As the weighting coefficients have been chosen to be equal,
porvadius the Himhugummw-&equaun-tha-au-th:(' i ithmetic mean of the
03754 +0,0100 03123+ 0,0050 measured local velocities at the various\neasuring points.
3 0,7252 + 0,010 0 0,137 4 + 0,005 0
0,9358 + 0,003 2 0,032 1+ 0,001 6
0,3314 + 0,0100 0,334 3 + 0,005 0
. 06124 +0,0100 0,1938 + 0,005 0
0,8000 + 0,0100 0,1000 : 0,005 0
09524 + 0,0024 0,0238 + 0,001 2
02866 00100 03567 00050 11 CORRECTIONSOFLOCAL VELOC|TY MEASURE-
05700+ 00100 | 02150+ 0,0050 MENTS
] g'gjggf 8’8832 8'8322 : g'ggzg The measurement”of local velocity is affected by errors
0'962 5 . 0'001 8 0'0189 N 0'0009 which are due‘in particular to the blockage effect, to the

As the wpighting coefficients have been chosen to be equal,
the discharge velocity is equal to the arithmetic mean of the
measured local velocities.

10.2.2 Rectangular cross-sections

A numbef (e) of traverse straight lines, at least equal to five,
are selected parallel to the smaller side of the rectangle;on

each of

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

them a number (f) of measuring points at least
equal to five, are located. (See figure 4.)

The positions of (ef) measuring pgints” (abscissa X; and

ordinate |Y

defined ffom table 5.

;7 in relation to the centre of the section) are

velocity dgradient, to turbulence and to thq head loss which

would require corrections whose amount

is unfortunately

not always exactly known. These corrections are in fact

only applied when very
or if errors are very large.

accurate measurement is required

The following sub-clauses give indications of the values

which can be expected from these dorrections.

theoretical bases of the
and C.

11.1 Correction for stem blockage

The

estimation are giyen in annexes B

When a Pitot static tube is used in an inﬂinite stream, the

calibration factor takes account of the s

em influence on

the pressure readings at static pressure tapgings.

~

et ]
y

X X X T’ X X —] A

|
L x ——>l< ! X—
. . f—x X x - | H

0 l I X

% X X X X X—
| | |

X X x——x X X Y

FIGURE 4 — Position of the measuring points in a rectangular conduit
in the case of the “log-Tchebycheff’’ method

15
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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.

11.1.1 Case where the correction can be neglected

When the ratio d/D is less than or equal to 0,02 as specified
in 5.3.4, and 1S consecutively
introduced into two diametrically opposite insertion holes
in such a way that traverse only occurs across one radius,
the correction fdr blockage effect can be neglected. In the
other cases the forrection to be made shall be estimated

before it is dete
in view of the red

11.1.2 Estimati
measurement

The correction
given by :

5 (
where

Ap is the rg
Aprnax

S is the fror
stem inside th

is th

A is the cros

k, is the b
(see figure 5).

The value of 0,]

of the mean val
velocity in the cq

11.1.3 Estimat

mined whether or not it can be neglected
uired accuracy.

bn of the correction of local velocity

for each individual measurement Ap is

Ap) = _0:7 kb (S/A) Apmax

corded value of the differential pressure;
b corresponding value on the conduit axis;

tal projected area of that portion of the
e conduit;

E-sectional area of the conduit(

ockage coefficient of a~cylindrical stem

is an average (0;65'to 0,75) of the ratio
e to the maxXimum value of the squared
nduit cross-section.

omm.of the overall correction of the flow-

rate value (applic

L ation-to-arithmetical-methods)

11.2 Correction for transverse velocity gradient

The stagnation pressure recorded by a Pitot tube in a fluid
flow with a tranverse 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 justifica-
tions of how the corrections indicated below are evaluated.

either by integrating the velocity area on the’bagi
corrected position of the measuring points (see 11.2.1) or,
for arithmetical methods only, by keeping [the pre-
determined position and making an overall corregtion for
flow rate (see 11.2.2).

11.2.1 Correction for measuring point position

11.2.1.1 Case oF
INTEGRATION

GRAPHICAL OR NUMIERICAL

Measurements of differential pressure Ap recorddd at real
distances y from the wall are considered for calcylation as
being carried out at distances y + Ay, where Ay is the
fictitious, displacement of the measuring point which can
be cal¢ulated using the following formula :

Ay d 1
— =ky—0,195 k4 <—

R T

9

If the value of kg has not been determined oncg for all,
for any particular nose shape, kg can be takenas 0,10 = 0,02
for all Pitot tubes meeting the requirements of 4.4. Table 6
can be used for displacement evaluation of Pifot tubes
with k5 = 0,10 and for a certain range of distance[from the
wall.

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

ROk

8 (VI ax) _ m+2)im+1)
W/Wmax) 2 m?2

shape

Vmax

(RIy)2/™m k. (S/A)

If the result is applied to each point, the position of which
is predetermined by arithmetical methods (clause 10), the
overall corrections for flow rate are practically identical for
all arithmetical methods. Their values are given in figure 6.

16

TABLE 6
y
—d—- 0,50 |0,67 (0,75 |1,0 |15 2 3 4 oo
Ay
—d—- 0,069/ 0,075/ 0,077|0,082(0,088{ 0,091} 0,094 0,095 0,100

The correction for displacement must not be forgotten
when m is determined in accordance with the requirements
of annex F.

11.2.1.2 CASE OF ARITHMETICAL METHODS

When measuring positions are calculated in accordance with
the tables in 10.1.1, 10.1.2, 10.2.1 and 10.2.2 the
corresponding y distances shall be reduced by Ay as
calculated above to obtain the real position y; to be used
for measurements.
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1,0 \
0,9 \

x = distance from plane of static holes to axis of Pitot-stem

A = cross-sectional area of conduit
0,8 A
0,7

b 0,6 \
0,5 \
o \\
0,3 \\
0,2
0,1 0,2 0,3 04 0,5 0,6 0,7 0,8
L LA
XINVA

FIGURE 5 — Variation of blockage constant with distance ahead of cylindrical stem in a closed conduit
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-1,0
nd
—
i \
Static ’ d
holes ‘
-0,8
_9
n
- 0,6
One insertion =12
hole/diameter / n
%
n =16 )
-04
Two insertion
holes/diameter n=28
-0,2
n=12
0
0 0,01 0,02 0,03 0,04
d/D
FAGURE 6 — Overall correction to be added to volume
flow rate to allow for Pitot-stem blockage
11.2.2 Overall cprrection ef'flow rate downstream of the local pressure tapping, the |pressure
) ) A Y. ) measurement is affected by an error which is equhl to the
Figure 7 gives ar] indication of the corrections to be made friction head loss in the conduit over this distahce. The
to the flow-rate yalde in circular conduit when a Pitot tube measured differential pressure is therefore slightly over-
with kg =0,10 is used for the measurements. For estimated.

measurements with slightly different k& values it is permitted

k
to correct the values of the figure with a ratio of 0_190.

11.3 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).

11.4 Correction for head loss

Since the static pressure tapping is located at a distance

18

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 quantity :

= — X
E=" P

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.
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%

- 08 3 points/radius
log-linear,
log-Tchebycheff
N
N
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S
/

04 / / =
0 0,01 0,02 0,03 0,04
%
- 08 5 points/radius
log-linear,
log-Tchebycheff
- 06
-04
- 0,2
0 0,01 0,02 0,03 0,04

FIGURE 7 — Overall correction to be added to volume flow rate to allow for Pitot-displacement
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12 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 methd for, i i
typical values of the various errors. Each particular case
should therefore pe studied carefully.

12.1 Definition|of the error

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

No measurement of a physical quantity is free from un-
certainties arising either from systematic errors or from the
random dispersion of measurement results. Systematic
errors cannot be| reduced by repeating measurements since
they arise fronp the characteristics of the measuring
apparatus, the installation, and the flow characteristics.

However, a redu
by repetition of
the mean of n

Ction in the random error may be achieved
measurements, since the random error of
independent measurements is /n times

smaller than thd random error of an individual measure-
ment.

12.2 Errors in the estimation of the local velocity
122.1 Random errors

12.2.1.1 ERRR IN THE MEASUREMENT OF DIF-
FERENTIAL PRESSURE

The measuremegnt of differential pressure is necessarily
affected by a rgndom error 8 o o which is due at the same
time to the presjure gauge, to the eonnecting pipes between
the Pitot tube apd the pressire.gauge and to the operator.
This error does|not include) ‘however, some distrubances,
such as fluctuations, .which are considered separately in
the following sub-clauses.

12214 ERROR |IN THE CALCULATION OF THE
COMPRESSIBILITY CORRECTION

A random error 6. is made in the calculation of the
correction factor for compressibility (1 —¢) according to
the indications of 7.2 and annex E.

12.2.2 Systematic errors

It is assumed in the following that the corrections
i i ity 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 cofrections
but this systematic error can be either positive or|negative
and its absolute value is obviously far{ess than in|the first
case.

12221 ERROR IN THE PITOT TUBE CALIBRATION

Any error in the calibration factor of a Pifot tube
systematically affects the measured velocity and inftroduces
an error e...

12.22.2 . ERROR DUE TO TURBULENCE

The etror increases with the increasing degree of tyrbulence
of the measured fluid flow and is always positivg, i.e. the
measured velocity value is always greater than the actual
flow velocity. Indications on the estimation of this error
are given in 11.3 and annex C.

The resulting error e, in the measured velocity wlll be the
same for all measurements at one and the same goint and
at the same velocity although errors vary with floy rate on
the one hand and the measuring position on the other hand.

12223 ERROR DUE TO THE TRANSVERS$E VEL-
OCITY GRADIENT

The error e depends on the diameter of the Pitot tube. It
is always positive. Indications on the estimatiop of this
error are given in 11.2 and annex B.

12.2.2.4 ERROR DUE TO CONDUIT BLOCKAQE

122.1.2 ERROR DUE TO SLOW VELOCITY FLUCTU-
ATIONS

A random error 64 is made 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.

12.2.1.3 ERROR IN DENSITY

An error 6, is made 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 be fluid nature
and conditions.

20

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
givenin 11.1.

122.25 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
inclination remains within the limits given in 5.1.3.
Indications on the estimation of this error are given in
annex A.
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12226 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
givenin 11.4.

12.3 Errors in the estimation of flow rate

I1SO 3966-1977 (E)

12.3.2.2 ERROR DUE TO NUMERICAL OR ARITH-
METICAL INTEGRATION TECHNIQUES

The techniques given in clauses 9 and 10 either approximate
the velocity distribution or assume a velocity distribution.
For a given velocity distribution there is therefore a
systematic error e; introduced in the calculated flow rate.

12.3.23 ERROR DUE TO NUMBER OF MEASURING
POINTS

12.3.1

.
Rardorrerrors

123.1.1| ERROR
MEASUREMENTS

DUE TO LOCAL VELOCITY

The errors in the local velocity measurements will not be
truly rarjdom, as they will in part depend on the position
of the measurement across the duct. However, the error
on each| measurement will be different, and the major
contributions to each error will be random in nature, so
that the| overall error §,; contributed to the estimation
of flow rpte may be regarded as random.

12.3.1.2| ERROR DUE TO GRAPH
INTEGR|ATION TECHNIQUE

IN GRAPHICAL

When the graphical integration technique is used, an error
&, will Be introduced in drawing the velocity profile and
evaluating the area under the central portion of the graphy
this is rgndom in nature, and the magnitude will depend
both on| the operator and on the shape of the.velocity
distributfon.

123.1.3| ERROR DUE TO EVALUATION' OF POWER
LAW INPEX, m

If the power law index m is calculated by the graphical
method |given in annex F then_the error §, from this
source Will be random in nature.

123.14| ERROR DUE/FO POSITIONING PITOT TUBES

If the efrors assoGiated with the positioning of the Pitot
tubes ar¢ indepéfident of each other (i.e. no large common
systemafic efrof is present, see 3.4.1) then the overall effect
will be [téintroduce a random error §; in the flow-rate
estimatior. i Tt ‘ .
met, this error is negligible.

12.3.2 Systematic errors

12.3.2.1 ERROR DUE TO MEASUREMENT OF DUCT
DIMENSIONS

Although the area A of the plane of flow-rate measurement
is evaluated from the mean of several measurements of the
duct dimensions (see 3.2), a systematic error e4 still
remains in the calculated flow rate.

I the velocity distribution curve is notn
4

the number of measuring points may,/no
define it adequately, and systematic ‘errd

12.4 Definition of the standard deviation

124.1 If a variable X fisymeasured sey
measurement being independent of the
standard deviation .6.%) of the distributig
ments, X, is :
n 1/2

()(")(,')2
1

n-—1

1 okl

Ox =
\ ,

where

erfectly smooth,
be sufficient to
r e, will result.

eral times, each
bthers, then the
n of n measure-

X is the arithmetical mean of the n measurements of

the variable X;

X; is the value obtained by the /th
the variable X;

n is the total number of measurementsg

For brevity, ox is normally referred to
deviation of X.

12.4.2

measurement of

of X.

as the standard

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 i

likely to be un-

reliable 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 adoptpd value of X).

12.4.3 If the various independent variabld

s, the knowledge
rate, are X4, X5,

of which allows computation of the flow

- r 8
function of these variables :

gy = f (X1, Xo, s Xg)

If the standard deviations of the variables X, X5, ...

are 0,, Oy, ..., Ok, then the standard devi
flow rate is defined as :

9q, 2 aq, 2
Og, = g, + g, +
v aX, X,
9g, 0q, aq,
aX, aX, T aXy

where

essed as a certain

» Xk
ation 04  of the
Vv

172

9, \ ?
.+ Ok
X,

., — are partial derivatives.

1) The standard deviation as defined here is what is more accurately referred to as the ‘’standard deviation estimation’’ by statisticians.
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12.5 Definition of the tolerance

12.5.1 For the purpose 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 apellation whenever a
measurement is claimed to be in conformity with this
International Standard.

squares of the relative standard deviations arising from the
sources listed in 12.2. Thus the result of the local velocity
measurement is :

2, 2

vi1+2 B—(ZA?;”) 2+ (U—Vf>2+i-(%> +<fv—€> +
{2 A5 ) ()

1/2

125.2 When ertiaI errors, the combination of which
gives the tolerange, are independent of one another, are
small and numerous, and have a Gaussian distribution, there
is a probability df 0,95 that the true error is less than the
tolerance.

12.5.3 Having estimated the standard deviation 04, of the
flow-rate measur¢gment q,,, the tolerance 6qv is given by :

(qu =120,
The relative tolerance 6'qv is defined by

1)

v _ Qv __

5, =— =x23
qy qy

The result of a flow measurement shall always be given in
one of the follow|ng forms :

a) flow rate g, * 6qv (at the 95 % confidence level);

b) flow rate | g, (1 + 84 ) (at the 95% confidente
level);

c) flow rate |= g, within = 100 8‘,7\/ %~(at/ the 95 %
confidence levpl).

12.6 Calculation|of standard deviation

12.6.1 Standard|deviation~on local veiocity measurement

The standard deyiation\0; associated with a measurement
of local velocity |v(is, obtained by combining the standard
deviations of err st ribed—in

=V<1i2g'z)
"4

at a 95 % confidence level

where

Oap s the standard deviation arising from the prror on
differential pressure;

0, is the standard deviation arising from the error on
density;

o; is the standard deviation arising from siow velocity
fluctuations;

ggVis the standard deviation arising from cgmpress-
ibility;
0. is the standard deviation arising from the Piftot tube

calibration;

0, is the standard deviation arising from high-frpquency
velocity fluctuations and turbulence;

og is the standard deviation arising from the |velocity
gradient;

o, is the standard deviation arising from the in¢lination
of the Pitot tube to the flow direction;

o, is the standard deviation arising from [the un-
certainty in the correction for blockage;

12.2. 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 12.4.2.
Thus the standard deviation of a particular systematic
component is half of the plus or minus maximum
uncertainty on that component.

The relative standard deviation on the local velocity
measurement is then the square root of the sum of the

22

U 15 the standarddeviatiomarisimg-fromtead-oss.

12.6.2 Standard deviation on flow-rate measurement

Once again the possible values of the systematic errors
which are listed in 12.3.2 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 12.6.1.

The relative standard deviation on the flow-rate measure-
ment is then the square root of the sum of the squares of
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the relative standard deviations arising from the sources
in 12.3. Thus the result of the flow rate measurement is :

g, 1£2

2 2

(%) +(2) "+ () (D)
+(2) 1(2_::)2

0g,\

ISO 3966 -1977 (E)

0; is the standard deviation arising from the use of the
integration technique;

Om is the standard deviation associated with the
estimation of the value of m;

07 is the standard deviation arising from Pitot tube
positioning;

=q, (1-

P4

a/

at the 95|% confidence level

where

o, is|the standard deviation on local velocity measure-
ments) calculated as described in 12.6.1;

04 is the standard deviation on-the evaluation of the
measuring cross-section areal);

0, is the standard deviation arising from the number of
velocity measuring paints.

1) It should be noted that the relative standard deviation in the evaluation of the measuring cross-section area is twice the relative standard

deviation on the length measurements from which the area is calculated.
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A.1 DIFFERENT TYPES

N

S

ANNEX A

PITOT TUBES

0,4

—)

|-

m]

Inner tube ¢ 0,4 d

24

N

C

T

Outer tube ¢ @

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

Section A-A

FIGURE 8 — AMCA type
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pressure ' holes | junction \
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FIGURE 9 — NPL type with modified ellipsoidal nose
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FIGURE 10 — Profile definition of the ellipsoidal head

25


https://standardsiso.com/api/?name=5b2c81030b919bd8f48b02efff64a13c

1SO 3966-1977

Nose profile :

(E)

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

Diameter (d) :
Must not exceed 1

Total-pressure hol

5 mm.

e :

Diameter d; within range 0,10d <d; < 0,35 d" ). This diameter must not change within 1,5 d; from tip.

Static-pressure ho

es .

Diameter dg must
distance 8 d from

Stem :

tip of nose.

not exceed 1 mm; depth of hole not less than 0,5 dg; number of holes not less than six; plane ofholes at

Diameter constanlt and equal to d; junction curved with mean radius 3 d = 0,5 d, or mitred; axis of stem)to be nd from plane

of static-pressure
Calibration factor

Values within £ 0

noles, where n = 8.
(defined in 7.2) :

002 given by table below.

d 8 10 12 14 16 po
Curved junction 1,001 5 1,001 5 1,001 1,001 1,000 5 0,998
Mitred junction 1,003 1,002 1,0015 1,001 1,000 5 0,998

A.2 SENSITIVITY OF PITOT TUBE TO INCLINATION

When the axis of
the differential p

the head of a Pitot tube under.use is not aligned with the mean flow direction but forms an angle ¢ with it,
essure 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 here above) may reduce the value (Ap}, — Ap,)

NOTE — The valu
of the Pitot tube (

under consideratiory.

o

Ap, —Ap
within a wide ranjge of values of angle-g> Figure 12 gives the values of —2——"2 for these three types of tubes.

given by the curves below depend slightly on the value of the Reynolds number of the flow related to the outer diameter d
eq). This vériation, which arises from the response of the static pressure tap, is practically identical for the three Hitot tubes

1) 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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20d
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14d
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Section A-A Section B-B
8 holes ¢ 0,1 d 0.8d
(o]
N~ #
| K
23 Ay
‘_0,5 d
Detail X 0,625 d
o)
@
ke
2 /
R < — _ i
o e
S L
2‘ rl) = d
S )
< - /
=>-0-5¢
B . —

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

tip.

1) The radius is only useful when the Pitot tube is used in liquids in order to avoid cavitation (see 4.2).

FIGURE 11 — CETIAT type
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ANNEX B

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 11 2) is constant for a given tube regardless of the magnltude of the velocity gradient;
it is moreaue z 2 z ctly measurable,
theoreticpl studies of the phenomenon of dlsplacement have led to the conclusion that thls displacement, i$ 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 rejult of an entirely different process caused by the proximity of the tube to the wall. Thisproximity displacement is
calculabi¢ and is also proportional to the diameter of the tube and the effective drag coefficientof the nose.

The velogity gradient displacement therefore takes the form
(AV-| )/d = kg
Where d is the head diameter and kg is the constant depending on the nose shapé.

The wall proximity displacement is :

S R
S \/HQ?)(%)_!

Where a is a constant depending on the nose shape 2nd y_js the distance of the axis of the nead from the wall.

For the cse of the plane-ended Pitot tube, experimernits show that a’ky=0,195.

Because foth effects depend on the effective drag coefficient of the nose, and because a is much smaller thanlk, the combined
velocity dradient and wall proximity displacement of other tubes may also be written, with sufficient accuracly for the present
purpose, jn the form :

Ay d 1
—d':kg—0,195kg (—

| e

B.2 DETERMINATION OF THE OVERALL CORRECTION FOR FLOW RATE IN A CIRCULAR CONDUIT

In the cape of arithmetical methods, instead of applying a correction to the position of the measuring points, |it can be enough
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 :
v 1/m
[y

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

6 (v/vimax) 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 :

UN_ 1 d1 layd v
v mD i 1'y/D Vinax

max
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The discharge velocity is given by :

i
v 1
=/—Z’ v
1

Vmax Ymax

The relative variation of the measured flow rate is therefore :

" Ayld v
6qv: _12 1 V/D Ymax
g, _mbD T

)2
1 Vmax

This expression was used to derive figure 7 (see 11.2.2).
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ANNEX C

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 by :

1
Pyi=p; t 2° v2  (see figure 13)

| FIGURE 13

<|¢
<=1

+

=i

+ v, ¥,
where
p; is|the instantaneous static pressure;
v; is|the instantaneous velocity;
Vi, v; and ;;- are the components of the velocity/fluctuation;
v is fhe mean velocity.
This is npt, however, the value which, in general, it is desired to obtain.

If the dapnping achieved by the ducts and the pressure gauge is correct, a p, value is received, such that :

1 t
p_tz? JO Py dt

with
5= 2 V2+v2+2)
P=p 2pv 2p v2tv2+ty, ... (a)
where 1 t
5=—j- p; dt
t 0

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;

b) knowledge of the values VTZ’ VT,2 and Z-Z’-
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.
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