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Foreword

ISO (the Ipternational Organization for Standardization) is a worldwide
federation of national standards bodies (ISO member bodies). The work
of preparihg International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for
which a téchnical committiee has been established has the right to be
represented on that committee. International organizations, govern-
mental and non-governmental, in liaison with 1SO, also take part in the
work. 180 collaborates closely with the International Electrotechnical
Commissipn (IEC) on all matters of electrotechnical standardization.

The main task of technical committees is to prepare International Stan-
dards, buf in exceptional circumstances a technical commitiee may
propose the publication of a Technical Report of one of the following
types:

— type 1,|when the required support cannot be obtained for\the publi-
cation pf an International Standard, despite repeated efforts;

— type 2| when the subject is still under technical ‘development or
where [for any other reason there is the futuré)but not immediate
possibflity of an agreement on an International Standard;

— type 3,|when a technical committee has_collected data of a different
kind from that which is normally published as an international Stan-
dard (‘|state of the art”, for example)

Technical |Reports of types 1 and\2) are subject to review within three
years of publication, to decide{ whether they can be transformed into
International Standards. Technical Reports of type 3 do not necessarily
have to bg reviewed until the data they provide are considered to be no
longer valjd or useful.

ISO/TR 3313, which~ig a Technical Report of type 2, was prepared by
Technical |Committee ISO/TC 30, Measurement of fluid flow in closed
conduits, Bub-Committee SC 2, Pressure differential devices.

This secgond edition cancels and replaces the first edition

{(ISO/TR 3313:1874), of which it constitutes a technical revision.

Annexes A, B and C of this Technical Report are for information only.
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Introduction

Methods of measuring fluid flow in a pipe by means of of

ifice plates,

nozzles or Venturi tubes are described in I1SO 5167-1. However, it is.

stipulated that the rate of flow shall be constant or;.in practig
slightly and slowly with time (see 1SO 5167-1:1991, 6.3.1)
does not provide for the measurement of pulsating flow.

e, vary only
ISO 5167-1

The reasons for the publication of this, document in the form of a Tech-

nical Report are the following:

— the restricted field of application of the document;

— the lack of available data.on the relationship between measuring in-

stallation parameters.and errors in measurement;

— if no appropriate action is taken, pulsation can cause vg
rors.

ry large er-
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TECHNICAL REPORT

ISO/TR 3313:1992(E)

Measurement of pulsating fluid flow in a pipe by means of

orifice plates, nozzles or Venturi tubes

1 Scope

This Tgchnical Report defines pulsating flow, com-
pares if with steady flow, and indicates the require-
ments that allow accurate measurement of the mean
rate of [flow by means of orifice plates, nozzles and
Venturi|tubes in pipes where pulsations are present.

This Tgchnical Report applies to flow in which the
puisatigns are generated at a single source which
is situdted either upstream or downstream of the
flowmeter’s primary element. Its applicability is rex
stricted to conditions where the flow direction.does
not reverse in the measuring section. It includes
recommendations which apply to liquid flows and
gas flqgws in which the density changes in the
measuifiing section are small (expansibility factor
¢ > 0,99 and density fluctuation ratio-p,./p < 1/40).
Critical|flow Venturi nozzles are treated as special
cases.

There ib no restriction on\the wave-form of the flow
pu|sati{n, but the pulsation wavelength must be long
compatjed with the dimensions of the flowmeter.
This Technical Report gives practical criteria for en-
suring that flow-pulsations are damped to such an
extent thai¢systematic errors in the indicated time-
mean flow rate do not exceed a specmed value
Recommentations—concerning—the—approt 2

sign of the d|fferent|al pressure secondary deVIce
are also given.

Finally, this Technical Report describes how uncer-
tainty in the measurement of mean flow rate under
pulsating flow conditions can be established.

Annex A of this Technical Report defines the the-
oretical and experimental basis for the determi-
nation of the total measuring error.

Annex B gives the criteria for adequate damping.

2 Normative reference

The following standard contains provisions which,
through reference=-in this text, constitut¢ provisions
of this Technical Report. At the time of|publication,
the editionl/indicated was valid. All stgndards are
subject to revision, and parties to agreements based
on this‘Technical Report are encouragef to investi-
gate‘the possibility of applying the most| recent edi-
tion> of the standard indicated below. Members of
IEC and 1SO maintain registers of currently valid
International Standards.

ISO 5167-1:1991, Measurement of fluid flow by means
of pressure differential devices — Pait 1: Orifice
plates, nozzles and Venturi tubes insertefl in circular
cross-section conduits running full.

3 Definitions

For the purposes of this Technical Repprt, the fol-
lowing definitions apply.

3.1 steady flow: Flow in which parameters such as
velocity, pressure, density and temperafure do not
vary significantly enough with time to affect the re-
quired uncertainty of measurement.

3. 2 pulsating ﬂow Flow in WhICh the flgw rate in a
¢ but has a
constant mean value when averaged over a suffi-
ciently long period of time.

Pulsating flow can be divided into:

— periodic pulsating flow, and

— randomly fluctuating flow.

Unless otherwise stated in this Technical Report, the

term “pulsating flow” is always used to describe
periodic pulsating flow.


https://standardsiso.com/api/?name=78b53f2db455ebf0bb33b4e9e88e6367

ISO/TR 3313:1992(E)

T = p,/p; Ratio of pressure

4 Symbols and indices ¢ Maximum permissible fluctuation in den-
sity
v, ¥, Maximum allowable percentage error
41 Symbols o =2rnf Angular frequency
4 Area 4.2 Indices
A, Area of the throat of a Venturi nozzle )
0 Index for the pulsating source
a.c.b ~ Amplitude of the ™ harmonic component _ .
in the damped or undamped pulsations 1,2 Index for measuring ‘sec’uons
B ime-mean value of quantity B (see B.3) rms Root mean square
B luctuation of quantity B such that
=B+ B a Y 5 General
b The amplitude of pulsations of density 5.1 The nature of pipe flows
C Contraction coefficient '
© ¢ oeflicten In practice, the flow observed in pipes is
c 8peed of sound statistically steady flow/ When the pipe
_ Number is sufficiently“high, the flow is always tur-
D Internal diameter of the tube bulent and is, therefore, a fluctuating flow as there
d Iht | di . are irregular @nd random variations in qgantities
rternal diameter of orifice or throat bore such as flow rate, pressure, density and temper-
E Total error in the indicated time mean ature. If thedconditions are similar to those which are
T flow-rate ' typical offully - developed turbuient pipe flow and
_ there ‘is” no periodic pulsation, the provisions of
f Rulsation frequency (Hz) 1SO-5167-1 apply.
H Harmonic distorsion factor The presence of pulsations is also very common in
) ] industrial pipe flows. Puisating flows are ggnerated
L, L, Hffective axial lengths by both rotary and reciprocating positive displace-
=8 Qri . . ment engines, compressors, blowers and|pumps.
m= rifice area/pipe area ratio Hydrodynamic oscillations such as vortex shedding
p Aressure (absolute) can also be a source of pulsation. :
ass flow-rate It is possible that the damping effect of the flow
Im system between the pulsation source and the flow
qy olume flow-rate meter is so great that flow pulsation in the metering
] sections cannot be detected. In such a situation, the
t ime flow is regarded as steady and the methods of
U ial velocit ISO 5167-1 are applicable. When flow pulsgtions in
Xial velocity the metering section have an amplitude aljove the
174 olume threshold value, however, ISO 5167-1 does not apply
and the procedure outlined in this Technical Report
X emporalinertia term for short pulsation should be followed.
avelengths
g As a guideline, the threshold between steady and
B rifice diameter/pipe diameter ratio pulsating flow can be defined in terms of the|velocity
R . puisatiom amptitadesochthatf
atio of specific thermal capacities : =
’ P mat cap U] U < 0,05
Ap Differential pressure
and if the recommendations given in 6.4 are cor-
Aw Pressure loss rectly followed, :
] Phase angle AV 1mslAp, < 0,10
x© Isentropic index U is the axial velocity component, such that
p Fluid density U=U+U

where U’ is the velocity fluctuation,
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Ap, is the differential pressure in the primary ele-
ment, such that

App = A_pp + Ap,
where Ap’ is the differential pressure fluctuation.

The barred quantities, U and Ap, are time mean
values.

5.2 The detection of pulsations

t show any oscillation. The best method of
detecting flow pulsations is to place a hot wire
anemometer or similar device on the axis of the pipe
upstream of the measuring section. If this is not
possib]e, a fast response differential pressure
transdycer may be connected across-the primary
element, provided that the recommendations given
in 6.4 gre strictly followed.

6 Determination of the mean flow rate of
a pulgating flow

6.1 Pulsation effects on the primary device

The mgst important effect is due to the square root
relationship between flow and differential pressure.
In pulsating flow, the time-mean flow rate should be
compuied from the mean of the instantangous vai-
ues of the square root of differential pressure.

The practice of using slow, large displacement sec-
ondary|devices for pulsating flow, and averaging by
dampirlg before taking the square root, results in an
indicatéd flow rate greater than the true value. The
amoun} greater depends ‘on the ratio of the root-
mean-dquare amplitudeCof the flow rate fluctuation
to the mean value (¢'.hs/9y)-

Modern, fast, small~displacement differential pres-
sure transmitters.with square root circuits and sub-
sequent averaging exist. These can theoretically
provicq a-more accurate output, but there is insuffi-
cient data’to establish the magnitude of the im-

ISO/TR 3313:1992(E)

damped pulsation can be measured, the discharge
coefficient may possibly be reduced to compensate
for the calculated square root error which is always
a positive systematic error. Methods for error cal-
culation are given in clause 8.

6.2 Determination of pulsation amplitude

When damping of the flow stream is required, it is
necessary to determine the r.m.s. amplitude of the

} 4 e pulsation
d damping
described

* ,fms?
source, in order to calculate the requir
or throttling volume using the ecriteri
in 6.3.

There are a number of methods which ¢an be used
to obtain the amplitude. These are, in ofder of pref-
erence. :

a) Direct measureiment using a lineariqed hot wire
anemometer.Zor similar device |and -r.m.s.
voltmeter. -The r.m.s. value of theg fluctuating
component’of the voltage output mugt be meas-
ured ©ha true r.m.s. meter. Mean sgnsing r.m.s.
meters’ must not be used as these wjil only read
correctly for sinusoidal waveforms.

b) Use of a linearized hot wire anemometer or
similar device and computing ¢’y .k from a re-
corded time trace.

c) Estimation of ¢'y, s from the agtion of the
pulsation generator (this method [is possible
when a positive displacement compressor or
motor is situated near the meter location).

d) If the methods described in a), b) or ¢) cannot be
used, the maximum probable value of ¢’y .1, CanN
be approximately inferred from a measurement
of Ap’porms Using one of the following two in-
equalities:

q' V0,rms i _Ap’po,rms
JV 2 Apss
ql VE,rms <
9y

provement.

The recommended procedure for measuring the
mean flow rate of a pulsating flow involves the in-
stallation of sufficient damping into the flow system
such that the pulsation amplitude of the flow rate in
the measuring section will be reduced to such a
ievel that the square root error is less than a given
allowable value. -

The flow rate is calculated in the same way as for
steady flow, using the discharge coefficients given
in 1SO 5167-1. When the amplitude of the residual

12
—{ 2 _ 1}
i 1+ [1 - (Ap,po.rms/_A—[;po)z]ilz

where
Apgs is the differential pressure that
would be measured across the
primary element under steady flow
conditions with the same time-
mean flow rate;
APpo is the time-mean differential pres-

sure that would be measured
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across the primary element under
undamped pulsating flow condi-
tions;

Ap'oorms 18 the r.m.s. value of the fluctuat-
ing component of the differential
pressure across the primary ele-
ment measured using a fast re-
sponse pressure transducer;

Appo is the instantaneous differential

6.3.2 Gas flow

A parameter which can be used as a criterion of
adeguate damping in gas flow is the Hodgson num-
ber, Ho, defined by

ment under undampéd pulsating
flow conditions where

Appo = Z;po + Ap' o

Note thpt reliable measurements of ZEpO and
AP'po,rm can only be obtained if the recommen-
dations [given in 6.4 are strictly adhered to.

Note aldo that, if it is possible to determine Ap,
equation (1) is to be preferred. Equation (2) will
only givp reliable results if (Ap’po rms/APpo) < 0.5.

6.3 Installation requirements

6.3.1 General

Pulsation in gases or vapours can be damped by a
combinatioh of volumetric capacity and throttling
placed bejween the pulsation source and)the
flowmeter (see figure 1). The volumetric capaeity can
include the|volume of any receivers and the pipeline
itself, provided the axial lengths involved are short
compared with the pulsation waveléngth. The throt-
tling can bp provided by frictional pressure losses
in the pipgline can also contribute towards the
throttling effect. The straight.pipe length between
the meter and any additional’throttling device must
be in accoqdance with the-installation requirements
of 180 5167-1. Care-should be taken that the se-
lected thfottling \\device does not create
hydrodynamic oscillations.

Figure 1 shows the installation arrangement of a

Ho=—Y— x A%
avlf P
s the primary ele- where
V is the volume of the receiver knd the
pipework between pulsationysoufce and
flowmeter;

gylf is the time-mean ~velume figw per
pulsation cycle;

Aw is the overallAime-mean pressyre loss
between thereceiver and the squrce of
supply (of-discharge) at constapt-pres-
sure;

is the mean absolute static pregsure in
the receiver.

h~T

Damping’ will be adequate provided that thg follow-
ing condition is fulfilled:

ql
Ho - 0056 3 — x 2o
Jl// dm
where

K is the isentropic index of the| gas or
vapour {x =y is the ratio of the spe-
cific thermal capacities for an ideal
gas);

4 moms 15 the root-mean-square valug of the
fluctuating component of the flow rate
measured at the pulsation soerce;

7 is the time-mean value of the flow
rate;

' is the maximum allowable perpentage

error in the indicated flow rate¢ due to
pulsation at the flowmeter.

pulsation source.

Puisations in liquid flow can be similarly damped by
sufficient capacity and throttling, the capacity being
provided by an air vessel. Alternatively, a surge
chamber can be used instead of the air vessel.

The equations in 6.3.2 and 6.3.3 are used for calcu-
lating whether damping is adequate to keep meter-
ing errors due to pulsation below a given level.
These formulae are insufficiently exact to be used to
predict actual values of pulsation errors in a given
system.

The pulsation amplitude ratio can be expressed in
terms of mass or volume flow rate or bulk mean
velocity.

Thus

' ‘2 !
q mo,rms q V0,rms _ U 0,rms

‘7/71 q- 14 U

The derivation of the criteria for adequate damping
implies that the dimensions of the damping chamber
and the lengths of pipe between the damping



https://standardsiso.com/api/?name=78b53f2db455ebf0bb33b4e9e88e6367

chamber and the flowmeter are short compared with
the pulsation wavelength. '

The following guidelines may be used.

a) The length of the damping tank, L,, should not
be greater than 1/10 of the pulsation wavelength.
Thus the frequency limit is given by

ISO/TR 3313:1992(E)

and puisation source downstream. In this case, the
surge chamber or air vessel should be placed
downstream of the primary element.

6.3.3.1 Use of a surge chamber

The criterion for adequate damping when a surge
chamber is used is that

f<45 7 '
10 L1 ZA 1 9 vo,rms
= > 0,056 3 K et
aylf i v
whére c is the speed of sound.
where

b) Theq length of the pipe, L,, between damping tank
and flowmeter should not be greater than 1/5 of
the|pulsation wavelength. Thus the limiting fre-
quency must also fulfil the condition

C
<%,

Anothdr very important rule is that the undamped
velocity pulsation amplitude (U’ ms/Us) must be
deternfined very close to the inlet to the damping
tank.

6.3.3 Liquid flow

Pulsatipg liquid flow can be damped by placing ei-
ther a purge chamber or an air vessel between the
pulsatihg flow source and the primary-element (see
figures| 2 and 3).

In the diagrams, the flow is shown with the pulsation
source|upstream. It is equally possibie, however, to
have g flow with a constant head source upstream

Z is the time-mean value of the difference in
liquid level between-the“surge chamber and
the constant headrvessel;

A is the cross-6é&ctional area of the surge
chamber.

6.3.3.2 Use ofan air vessel

The criterion for adequate damping when an air
vesseliis Used is that

Vo Aw 1
X ——n X - x
ayif  Po (1+ VorglpoxA)

1
K

ql
> 0,056 3 —— x —2rms.

N
where

V, is the volume of the air in the gir vessel;

9m T qmo
——e [ ———
Source of supply af h.xh] Recelver Source of pulsations
constant pressure {for example :
reclprocating engine)
a) Downstream of meter
O
8mo T 1
Source of pulsation Receiver 5]

b) Upstream of meter

Figure 1 — Installation arrangement of a pulsation source
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Po is the pressure of the air in the air vessel;
x is the isentropic index for air;
is the density of the liquid;
g is the acceleration due to gravity;
A is the free surface area of the liquid in the
air vessel;
Aw is

st

the mean value of the difference in pres-

0.0 e

int head vessel.

a)

The bore of the pressure tapping must

be uni-

form and not too small. Piezometer rings must

not be used.

The tube connecting the pressure tappin

g to the

manometer must be as short as possible and of

the same bore as the tappings. Lengths
near the pulsation quarter-wave length
be avoided.

of head
should

Volumes of gas must not be included in the con-

d) Damping resistances in the connecting’tubes and
sensing element must be linear, 'Throttle cocks
must not be used.

6.4 Pulsation effects on the differential e) The natural frequency of'the sensing plement
pressurelecondary device must be much lower,than the pulsatjon fre-
guency.
Pulsations a't the pressure tappings can cause se.ri- f) When the above. rules cannot be obseryed, the
ous errors| in the indicated time-mean differential secondary device may be effectively |solated
pressure. Tlhese errors are due to wave action in the from pulsations by the insertion of identical
connecting|leads and to non-linear damping both in linear-resistance dumping plugs into bdth con-
the leads gnd in the differential pressure sensor it- nectinglubes, as close as possible to the pres-
self. The magnitude of the errors depends not only sure tappings,
on the pulsation characteristics, but also on the ge- '
ometry of the secondary device. At present, it is not ltcshould be understood that observance of the
possible tq define a threshold level of negligible rules listed in items a) to f) for a slow r¢sponse
pulsation applicable to all designs of secondary de- device cannot eliminate square root efror but
vices. However, it is possible to recommend a num- merely reduces the error in the measurgment of
ber of design rules. the time-mean differential pressure.
For slow rgsponse secondary devices used to indi- For a fast response electronic diff¢rential-
cate the time-mean differential pressure in pulsating pressure transducer, rules a), b) and c) jand the
flow conditions, the rules are as follows. following apply.
Surge
chamber
pea— N Constant

Putsating — —— |head

flow -

Gvo — v

g~ —5,

Figure 2 — Surge chamber
Alr vessel Constant
Pulsating —_— head

flow

-

Figure 3 — Air vessel
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g) The mechanical and eiectronic frequency limits
of the transducer should be at least 10 times
greater than the flow pulsation frequency.

h) The distance along the pressure passage from
tapping to sensing element must be smali com-
pared with the pulsation quarter-wave length.

i) The device must be geometrically similar on both
upstream and downstream sides.

ISO/TR 3313:1992(E)

or
Ap’p rms
— 2 < 0,64
Apss
or
A ’
ZPems 058
Ap,

The following equations can be used to estimate the

7 F‘ow measurement

When [the conditions specified in this Technical Re-
port cpncerning the determination of the mean rate
of flow and the installation have been satisfied, the
methdds of measurement given in ISO 5167-1 can
then Be used. It is, of course, necessary to respect
all thel other requirements specified in this Technical
Repor, apart from the need for steady flow through
the primary element.

8 Enrors

The fgrmulae given in 6.3 allow adequate damping
to be|calculated for a given maximum allowable
relativie error, ¥, in the indicated flow-rate due to the
residual damped pulsation. It is also possible 1o es-
timat%the actual error, F;, directly after measuring
the pulsating amplitude at the orififce. The actual
error, |E;, should be less than .

In thepry, E; is always a positive systematic error,
but in|practice there will also be an additional ran-
dom yncertainty mostly due to pulsation effects in
the sefondary device. Calculations of the errors and
additignal uncertainty are feasible’ provided that the
pulsatjon amplitudes are not{oo large.

Limiting pulsation amplitudes for error calculations
are

q V,rms
gy

UI
=0 <0,32
U

actual error. F’I, for the low nmplihlrln nulsations.

12
UI

E = 1+(—_’.ﬁ)} i
U

or
i
Ap’
Er=| 14+ —1
Apss
or
2 12
AI
ET=-;— 14| 1= 22oms _1
Ap,

The systematic error can be compensated for by
reducing the discharge coefficient by 3 percentage
equal to (1 — E5).

There will be an additional unceriainty|in the value
of the discharge coefficient due to the pulsation,
even after allowing for the systematic dffect.

This percentage additional uncertainty is equal to
100 E; and should be added to the untertainty cal-
culated for steady flow.

If the frequency response of the entire secondary
system, including the connecting tubes, can be
proved to be flat from 0 to 10f (where f|is the funda-
mental pulsation frequency), the additignal percent-
age uncertainty may be reduced to 100(F;/2.
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Annex A
(informative)

Theoretical considerations and supporting experimental evidence

A1 General

The recommendations in this Technical Report are
based on the fact that, unless the amplitude of the
puisations |in a pulsating flow is reduced to an ac-
ceptable lgvel, an accurate value of time-mean flow
rate will npt be obtained by substituting the time-
mean diffefrential pressure in the ordinary steady
flow formufa. At sufficiently small pulsation ampli-
tudes, it is| possible to relate the error in the indi-
cated flow|rate to pulsation amplitude and this has
been donelin the derivation of the formulae for ade-
quate damping in this Technical Report.

A.2 Derjvation of equations relating error
in indicated flow rate to pulsation
amplitud

These equptions are derived from the assumption
that the flid can be regarded as incompressijble:
Experimen{al results obtained by placing orifice
meters in pulsating gas flows indicate that(this as-
sumption i only valid if ‘

— the exppnsibility factor is very nearly unity, i.e. if
¢ > 0,99, and

— the amplitude of the fluctuations in upstream
density|are very small compared with the mean
value, ile. if p’,s/[p <.4/40.

It is also assumed ,ithat the throat of the meter is
small compared _with the pulsation quarter-wave
length.

The specigl ‘case of cr|t|ca| flow nozzles is covered

Hence
App
E.= —1 : .. (A
T \/Apss ( )
where

Ap, is the time-mean cdjfferential gressure
measured in pulsating conditions;

Ap, is the differential pressure that wotld have
been measuted under steady cgnditions
at a flow,rate equal to the time-me¢an flow
rate of the pulsating flow.

A.4 (Quasi-steady temporal inertia theory

Thé one-dimensional flow momentum equatjon is

Qu udu or :
at A + 6x_0 .. (A2)
and the continuity equation is
dp | O(pud)
A 7 + I 0 .. (A.3)

If it is assumed that the flow is incompressible,
these two equations can be combined apd inte-
grated with respect to x between the pgressure
tappings to give an equation for the instantaneous
differential pressure, Ap,:

a(1-Co 4)

Ou
2 (A
20(C, n d’[4) L 3 A9

Jp == T

The first term on the right-hand side of the equation
is the differential presure associated with the
convective acceleration of the fluid through the re-

in B.2.

A.3 Total error in the indicated flow rate

The definition of the total error, E;, is based on the
fact that the indicated flow rate during puisating flow
is calculated by using the measured time-mean dif-
ferential pressure in the steady flow equation. It is
assumed that there are no secondary-device errors.

striction. 1t is identical to the expression for the dif-
ferential pressure generated by a steady flow with
a mass flow rate equal to instantaneous mass flow
rate, g, thus

0
App=Aps+p|' al; dx
1

The second term is the differential pressure associ-
ated with the temporal acceleration of the fluid. Its
magnitude increases with pulsation frequency and
is zero for steady flow. The integral cannot be eval-
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uated exactly but can be replaced by an equivalent
term:

L | 99
(C.ndja) dt

where L, is the effective axial length of the re-
striction. ) '

The instantaneous mass flow rate, ¢g,, can be ex-

pressdd by ’

9ol = G [1 + ¢(9] .. (A5)
where

$()= a sin(rot+0) L (AB)

r=1

and

d _ o0

d =7, Z rw a, cos(raot + 0,) 7 (AT

For a gteady flow:

21— C2 B

Apss = m .. (A.8)
and hgnce for pulsating flow:
Anly = Aps {[1 + (0 + 2‘]‘2,'(’) L (A9)
where
27n C, fd

Jy_ T T _d_ 5 , ...(A.1q)

where|C, is the contraction coefficient for an orifice
(C. = 1 for a nozzle/orWenturi tube).

By int gratmg equation (A.9) W|th respect to time
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i.e.

1)2
o0 2
Upa=U (Z i‘;’—) L (A12)

The ratio (U',/U) is equal to (g, ms, for
incompressible flow and is the velocity pulsation
amplitude ratio.

Amplltudes of differential pressure pulsatlon may be
pulsations,
however, and it is, therefore, useful to define:

Ap'p,rms‘» = (App - _A—’?p)z ce . (A.13)

From equation (A.9) and _neglecting terms of sec-
ondary importance we obtain:

Ap'p rms —9 4.]2 72
— P = 4+ 297
Apg »®

and introducing the Harmonic Distorsion Factor H:

1/2
Z (r2 a;2)

H=] =L — . (A14)

2
S

re i

where a, is the amplitude of the " harnonic in the
Fourier series defined in equation (A.6).

For a sine wave, H has a value of 1 and is greater
than 1 for all other waveforms.

Thus

Ap' —
2o oms _ g [$%(1 + H*J?) ... (A.15)

Ap.

Hence, from equation (A.11) the following alternative
formulae for total error, E;, may be obtgined:

1 2 2,2 2
ET = [1 + _4'_ (Aplp,rms/Apss) / (1 + H°J ):l -

we ob .. (A.16)
APy =P (TF ) and also, from k
Ap _
and thus AR
_ Apss ?
A —
Er= %o 4 =[1+ (U msl U)]"* — 1 we obtain
Ap;s , ;
(A1) Er=
, : . C o Y2 2 y2\71/21- 1/2
where U’ is the root-mean-square amplitude of {141 = (A sl D) | (1 HT) 1R =1
the fluctuating component (i.e. the a.c. component) (A7)

of velocity U.
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Both equatlons (A.16) and (A.17) involve inertia
terms H> I where J is defined by equation (A.10)
and is proportlona| to the Strouhal Number

JLe
Ud

The effective length, L,, cannot be measured directly
but it is likely that I, = d.

Temporal inertial effects are negligible when

A.5.2 Downing and Mottram’s experiments

A.5.2.1 The flow rig and instrumentation

Downing and Mottram carried out experiments in
which pulsations were generated in an air flow rig
of 80 mm bore in a frequency range 5 Hz to 50 Hz.
A variable stroke piston pulsator in which the
pulsator cylinder was co-axial with the meter run
was located about 45 pipe diameters upstream of

H27? <1

When this is so, the total error, E;, is theoretically
entirely due to the square root effect and is only
dependent on the pulsation amplitude.

In the derivation of all equations from equation (A.4),
it was assumed that the coefficient of discharge and
the expansjbility factor behave as constants with
their steady flow values. It was also assumed that
the upstream density remained constant and that U
was the axial velocity in the upstream section.

A.5 Experimental works

Despite the[considerable number of publications on
the subject| of pulsation errors in orifice meters,
during the last 60 years, there is a scarcity of reli-
able data. Fpr data to be reliable it is essential that

— the invesgtigators appreciated the importance of
the effects of the secondary element and that-in-
stantanepus differential pressures were“meas-
ured usging reliable fast responset pressure
transducers, and

— that the f.m.s. value of pulsating amplitudes was
measurgd in order to account’for the effect of

A.5.1 Ya

the—square—edged u..hee—meeew—ﬁm—deﬁwrn was
adopted in order to avoid distortion of the Jnormal
pipe flow velocity profile. The layout of-the flow rig
is shown in figure A.1.

The dynamic differential pressurer was megasured
using a variable reluctance transducer of symmet-
rical design having a central diaphragm with identi-
cal pressure passages and\connecting leadg to the
upstream and downstréam corner tappings|on the
orifice meter installation.

A hot-wire anemofmeter probe was used to mmonitor
the centre lineXvelocity, three pipe diameters up-
stream of the ‘meter.

A true.rm.s. voltmeter and digital d.c. voltmeter
were -used for measuring signal amplitudgs and
time=mean values respectively.

A.5.2.2 Results

A series of tests was carried out in which the differ-
ential pressure  pulsation amplitude | ratio,
Ap', rmsl APss, Was kept constant. The metering error

App

-1
Ap,,

Er=

was measured at different frequencies.

The tests were repeated using different orifice sizes,
and different Reynolds numbers for both sinpsoidal
and non-sinusoidal pulsations. The results of these
tests are shown in figure A.2 in which meteting er-
rors, Er, are plotted against effective Strouhal num-
bers (Hfd/Ud) It should be noted from efuation
(A.10) that the Strouhal number (fd/Ud) is the vari-

In Yazici’s experiment, pulsations in the range
10 Hz to 150 Hz were generated by an eccentric disc
rotating at the outlet of a sonic air nozzle. The flow
from the sonic nozzle passed through a cylindrical
chamber 200 mm long and 200 mm in diameter and
then into a 100 mm bore pipe. The orifice meter un-
der test was located down this pipe 1 m from the
cylindrical chamber. Yazici found that the measured
errors in indicated flow rate agreed very well with
the errors predicted using equation (A.11) provided
the ratio (U’,,,/U) was small.

10

maining part of the term
2n C L,
42 x__...—_
(1-c2p 4

is a geometrical constant the value of which is in the
order of 5.

The results broadly verify the effects predicted by
equation (A.16) which is also plotted on the graph
for the three values of Ap'y ../Ap,.. It can be ob-
served that the scatter in the results diminishes with
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the pulsation amplitude indicating that agreement
with the theory is better at small amplitudes.

A further series of tests was carried out at small
pulsation amplitudes giving pulsation errors in the
range of 0 to 6 %. The results of these tests are
shown on figure A.3 with the metering error, E,
- plotted against the pulsation amplitude ratio,
Ap', ims/Ap,. The continuous curve shown on

ISO/TR 3313:1992(E)

figure A.3 is the theoretical square root error corre-
sponding to equation {A.17) with the H%J? term as-
sumed to be negligible. Inspection of the results
shows that the metering errors measured for values
of effective Strouhal number < 0,05 agree very well
with the theoretical curve. Measured errors for tests
where the Strouhal number exceeded 0,05 were less
than the theoretical square root error.

® . |

b

Pressure control valve

Compressed air

Dimendions in meters

Instrumentation

Pulsator
L] Hot wire Pressure dif ference fransducer
probe W\
] ]:v g 7
4,6 N 3,8 0.6
i

Variable speed and
‘ stroke drive Setilig
cthamber

Critical nozzte

Test meter

Figure A1 — Diagram of an air flow rig in Downing and Mottram’s experiments

1"
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30 T T TOT T 17 T T TT
| o) o
2 Ao rms /AP ss =15 O B
Non-sinusoidal wave
by (el Ap%, e /87 5s
15 1 0,63
0.1 C J]O|® Q@
20 -
039 0O o8| @
*. 061 A AlA A
K
o1 b o) .
£ o o°
2 ADG rms /8P os = 1
[Z]
£ v
0 .
A Equation (A.14)
5 | AP rms /8P ss = 0,63 -]
\‘.
o Lo a il Ll T T
0,001 0,01 0.1 1
Etfective Strouhal number, Hfd/U,
Figure A.2 — Curve of the metering error, £;, as a function of the effective Strouhal number, Hfd Ud
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Oa Pulsation.amptitude, AP, rms /AP

NOTE ~ E; is measured using an electronic secondary device.

Figure A.3 — Curve of the metering error;-E;, as a function of the pulsation amplitude, at low pulsation

When fthe pulsation frequency is<high, the meter
length |can no longer be short"compared with the
pulsatibn wavelength. When, this“is the case, the re-
quired [theoretical treatment.is slightly different from
the quasi-steady/temporal~inertia theory outlined
above,| and Mohammed -and Mottram(11] derive ex-
pressigns for total €rror, £y, which are identical to
equations (A.14 2 and ' (A.15) except that the temporai
inertial term H%2is replaced by a term X, where X
is a strong function of L /A, L, is the effective axial
length |of the meter and A is the pulsation wave-
length.

amipfitudes (for /=5 Hz to 50 Hz)

500 Hz which show a good correlation between total
error, E;, and the modified pulsation amplitude

AP'p,rms (

1 +X)“ 1/2
Apss

However, at low pulsation amplitudes gxperimental
results indicate that X is not a significant parameter
and the square root error effect is predominant even
at higher frequencies. The low amplijude results
obtained for frequencies between 50 Hz| and 500 Hz
are shown in figure A.4 and can be seep to be very

In fact
Lo _fLe Us
A U A c

where c is the speed of sound.

Mohammed and Mottram obtained experimental re-
sults with air at frequencies in the range of 50 Hz to

simitar to thoseobtaimed—for

5 Hz and 50 Hz shown in figure A.3.

Equation (A.11) shows that the total error in the in-
dicated flow rate, Fy, is theoretically only dependent
on the velocity pulsation amplitude, U’,ms/U
Figure A5 is a plot of results obtained using
Downing’s thesisl13] showing a good correlation be-
tween E; and (U's/U). It should be noted that the
velocity amplitude was measured by a hot wire
probe on the pipe centreline, 3D upstream from the
orifice.

13
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Figure |A.4 — Cutve of the metering error, ;, as a function of the pulsation amplitude, at low pulsation
amplitudes (for /=50 Hz to 500 Hz)
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Conclusions on experimental work

perimental results Obtained by Yazici show
e pulsation error;“E;, correlates well with the

pulsation amplitude, (U’,,s/U) at small val-
this parameter.

5ults obtained by Downing and Mottram, and
med and Mottram show that ET correlates

(Apprms/Apss) and a_ parameter based on the

Strouhal number fL,/U,.

Velocity pulsdtion amplitude, U e/0

The velocity pulsation amplitude is-measured’on the pipe centerline, 3D upstream of the orifice.

0.6 0.7 0.8

Figure A.5 — Curve of the measuting error, I, as a function of the velocity pulsation ampiitude

The results obtained by Downing also ghow a good
correlation between F; and the velocity pulsation
amplitude (U, s/ U)-

However, at low pulsation amplitudes| the exper-
imental results show that the Strouhal|l number ef-
fects are not significant, and that the pujsation error
can be adequately predicted by the simple square
root theory with the amplitude (Ap’y msfAp,) as the
only parameter.

nthe absence
of SIgmfcant compressmlllty effects and when true
measurement of Ap’, ;s @nd App can be obtained.

15
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Annex B
(informative)

Criterion for adequate damping

uction

B.1 Intr

In the 192¢’s, J.L. Hodgson' published work(3 and 4]
demonstrating that a dimensionless number could
be used gs a criterion for adequate damping of
pulsating das flow. Later, this criterion was slightly
modified Ruppell8] and the number which has
become known universally as the Hodgson number
is defined as follows:

V is|the volume of the receiver and the
pipework between source and flowmeter;

gy isthe time-mean volumetric flow rate at the
mean density in the receiver;

[ isfthe fundamental pulsation frequency;

Aw is|the overall time-mean pressure Joss be-
tween the receiver and the source, of-supply
{of discharge) at constant pressure;

D is[the mean absolute static pressure in the
receiver.

Hodgson HQimself related~his criterion to certain
specific pu{sation amplitides and waveforms typical
of slow'spged reciproc¢ating steam engines.

Later Lulzl6], Herning and Schmidtl?], and
Kastnerl8] presented work concerning the measure-
ment of aifflow inducted by internal combustion en-
gines. Thi i teh
Hodgson’s damping criterion. More recently,
Fortierl® presented a theoretical analysis in which
values of the Hodgson number required for ade-
quate damping could be predicted for both
sinusoidal and rectangular waveforms.

Mottraml['0] presented an analysis similar to
Fortier’s but made it applicable to pulsations of any
waveform. A summary of these analyses, slightly
modified, is presented below.
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B.2 Theoretical analysis for adequate
damping — Low Mach number flow)ip the
throttling device

The following analysis is based op the “lumped ele-
ment” theory, i.e. the pipe lengths are assymed to
be short compared with pulsation wavejengths.
Damping vessel design based on a more gophisti-
cated “distributed eJemeént” analysis fequires
knowledge of the acoeustic characteristics pf each
particular flow system:

Consider a system in which a pulsating das flow
passes through“a receiver to a throttling dqvice in-
cluding an‘erifice meter located in a length|of pipe
terminating in a constant pressure reservoir,|e.g. the
atmosphere (see figure B.1).

The.dimensions of the vessel and the lengthg of pipe
including the throttling device are short compared
with the pulsation wavelength and it is assumed that
everywhere in the throttling device the Ma¢h num-
ber is less than 1.

q an
= E b
a
b

Pulsation Damping vessel

source :
Key :
gm0 Instantaneous mass flow rate at the pulsation source,
g~ Instantaneous mass flow rate on the throttling devjce

slde of the damping vessel.
igure fagram of a system wi amping
" vessel

The undamped and damped mass flow rates can be
represented by a Fourier series and hence

'qmo = z]‘m|:1 + Z b, sin(rwt + Bgr)J ...(B.1)

r=1
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and

9= Eml:1 + Z a, sin(rwt + H,)] =g,[1+ ¢()]

r=1
...(B.2)
where

b and a. are the amplitudes of the " har-
monic components in the series re-

ISO/TR 3313:1992(E)

p. is a constant pressure.

If we take n= 2, then we obtain

dp

—F = Ap,, [26'(1 + ¢) + Bg"] ...(B6)
where
$"=— Y. 4’0’ sin(rwl +0) .. B7)

———bresenting—the—undamped—and

damped flows respectively;

0,and 8, are phase angles which may be dif-
ferent for high harmonic compo-
nents.

r

The ingtantaneous differential pressure Ap, across
the throttling device is always given by an equation
which Qas the general form

Apy = Ap,, {[1 + ¢(OT" + B’ ()}

where

...(B.3)

Apl. is the differential pressure Wfor a steady
flow of mass flow rate g, through the
throttling device;

n is an exponent which depends on the
structure of the throtiling device but is
generally equal to 2;

1. 9n

E— X
L Ap ,

where |, is an effective length of the throttling de-

vice.

B4

Since the dimensions of the damping\vessel are as-
sumed |to be small compared with the pulsation

‘ wavelehgth, continuity of mass flow is preserved if

fip

If the processes in/the’ damping chamber can be
assumed to be isentropic, then

do| 4 ndp

-—d‘;‘——?XW ...(B.5)
where & =
gas).

The term dp/d¢ can be evaluated from equation (B.3)
if we further assume that

Ap,=p—p,
where

p is the instantaneous pressure in the damp-
ing vessel;

[ |

If we assume that ¢ <€ 1 (a reasonable hypothesis
since ¢ represents the fluctuating compgnents in the
damped pulsating flow), equation (B.4) tan now be
written as

VA N
T +BEN + § = ) b sinrot+6,)

m r=1

Both the left 'and right-hand sides of this equation
are Fourier 'series and thus the mean square values
of the amplitudes must be egal. Hence if is possible
to obtain

where

1 _BV M VvV
2T T2 TS T2

xi
k

&

2
wWq (4

Equation (B.8) shows that the ratio of the rrm.s. am-
plitudes of the damped and undamped pulsations is
a minimum when the denominator of the right-hand
side is a minimum. This happens when the angular
pulsation frequency, w, reaches the resonance fre-
guency, w,, of the damping chamber. At resonance,
the waveform becomes predominantly sinusoidal
and only the first harmonic (r=1) is significant.
Hence it can be seen that resonance in the damping
chamber represents the worst case.

17
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Hence

2. |
=1 < 1 - ...(B.9)

> 2V Apyso
r=i ¢ 4

Under incompressible flow conditions (low Mach
number, M < 1)

4 '
q mo,rms U rms

G U

Mottram and Mohammed(12] describe experimental
work to verify the criteria for adequate damping in
pulsating gas flows, i.e. that

2
U’
ET<( LY . x,‘i\

or
v 2VApssw _ 4n in
2 X K
¢ q,
where
Ho= |V x AP
qvlf P
and

9y = Gulp ,
gy is the t\£|ume flow rate at density p in the damp-
ing chamber. .

According|to equations (A.11) and (A.12) the error in
the indicated flow rate due to pulsation, is given by

- 5,112
U

Thus we hpve

Er <

Figure B.2 shows some of their resultsDfor @ partic-
ular value of the velocity pulsatiomamplitude. it can
be seen that for a given Hodgson-number| the ex-
perimentally measured errors,are always Ipss than
the theoretical maximum_ allowable error| repres-
ented by the curve. It should be remembegred that
the curve represents the worst possible cpndition,
i.e. when resonancelinthe damping chamber is as-
sumed and H = 1;

The same experimental work confirmed fthat the
damping criterion [see inequalities (B.10) tp (B.12)]
is only valid when the dimensions. of the [receiver
and the\lengths of pipe including the throttling de-
vice_are short compared with the pulsatign wave-
length (see 6.3.2).

B.3 Case of critical flow Venturi nokzzles

Equations (A.1) and (A.2) in annex A are the one-
dimensional momentum and. continuity efjuations
which can be integrated with respect to x petween
a section (indice 1) which contains the upstream

4n 2 pressure tapping and the throat (indice 2) ¢f a noz-
(T HO) zle or Venturi.
and since If the fluid is assumed to be a perfect gas and if the
oo , o expansion is isentropic, we obtain the fpllowing
1 Z b2=< 4 mo.rins > equations:
2 v q.
" K P _x  p U U
we have x—1 P2 x—1 P1 2 2
’ 2
Ho 9 mo.rms 1 1 . r ou_ A
- = X )4 (B0 U Gx—=——"x -.. (B.13)
7 3w a2 JE (5.10) T ot
2
’ 3}
Ho 9 mo,rms 1 1 : — =f A i dx B.14
> s x ...(B.M1 Ty ~ Iy - (BA4)
K G 4n\/§— \/J/— ( ) 1 ot
' When the pulsating gas flow passes thi’ough a re-
Ho 4 mo.rms x 2,056 3 ... (B.A12) ceiver to a critical flow Venturi nozzle located in a

® 3 g

where  is the maximum allowable relative error
due to pulsation.
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pipe terminating in a constant pressure reservoir,
e.g. the atmosphere, equations (B.13) and (B.14) are
applicable from a section1 in the receiver to
section 2 which is the throat of the Venturi nozzle.
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