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NOTICE

Test Codes (PTCS) shall adhere to the requlrements of ASME PTC 1, General Instructlons Itis

biased test methods for both the equipment supplier and the users of the equipment or systems.
by balanced committees representing all concerned interests and specify procedures, instru-
erating requirements, calculation methods, and uncertainty analysis. Parties to the test can
onfident that it represents the highest level of accuracy consistent with the best engineering
practice available, taking into account test costs and the value of information obtained frem
ability of test results shall also underlie all considerations in the development of an ASMEPEC,
considerations as judged appropriate by each technical committee under the jurisdiction of the
lization and Testing.

accordance with a Code, the test results, without adjustment for uncertainty, yield the best
e actual performance of the tested equipment. Parties to the test shall ensure that the test is
. All parties to the test shall be aware of the goals of the test, technical limitations, challenges, and
e considered when designing, executing, and reporting a test under the ASME PTC guidelines.
ify means to compare test results to contractual guarantees. Therefores;the parties to a commer-
pre starting the test, and preferably before signing the contract, of’the method to be used for
to the contractual guarantees. Itis beyond the scope of any ASMERTC to determine or interpret
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FOREWORD

The history of this Instruments and Apparatus Supplement began when the Amerlcan Society of Mechanlcal Engmeers

(ASME) organized the Research

textbook on the theory and usg¢
published in 1924, met that oh
and educators. The Committe
and Application, followed by P
received that second and thirg
Part 1 was considerably differ]
edition was very similar to t|

Part 2 of the report was pu

b of fluid meters suff1c1ent as astandard reference.” The flrst edltlon of Part 1 of their report
jective. It received immediate approval and was widely referenced by users of fluid meters
b originally planned to issue the report on Fluid Meters in three parts: Part 1, Their Theory
arts 2, A Description of Meters, and 3, Selection and Installation. However, Part 1 was so well
editions were needed before the other two parts could be prepared. The second edition of
ent from the first, although it followed roughly the same format and arrangement; the third
he second. These were published in 1927 and 1930, respectively.
plished in 1931 and contained a complete description of the physical characteristics ofthe

meters then being manufactfred. Unfortunately, the material in Part 2 rapidly became obsolete and the Comfnittee

decided to advise those intg
would necessarily be up to d
Part 3, published in 1933,
installation. However, Part 3 ¥
an integral part of the comp
The fourth edition of Part 1
the material as presented w3
apparently corrected this pr
The fifth edition, issued in
interval since the previous edi
procedures in this publicatig
The format of the sixth editi
was complete by itself, so al
The sixth edition, somewha
and application became both 4
19.5, Flow Measurement. Thi
Meters and the Performance Tj
Fluid Meters, and most of the
decided to combine the mats
instructions could be publishg
publications. However, this pt
to put to practical use.
Consequently, the Board orn
Standardization and Testing,
2004, Flow Measurement, wh

rested in the descriptions to secure them from the manufacturers, whose literature
ate.

cave instructions for correct installation of meters and discussed the efféct 'of incorrect
vas also abandoned, in this case because the Committee decided the materialin it should be
ete report.

was issued in 1937 as a completely new draft. Earlier editions haddbeen criticized because
s difficult to put to practical use. A change in format and thesaddition of new material
blem, since this edition went through many printings.

1959, followed this successful general format and includéd material gained in the long
tion. The Committee also issued a manual, Flowmeter Computation Handbook, in 1961. The
n could be adapted to computer programming.

bn, published in 1971, differed slightly from that of thefourth and fifth editions. Each section
ering one section would not affect the preceding or following sections.

L like the third edition and its Part 3, was divided'into two parts. The material on installation
part of the complete reportand a separatepublication, ASME Performance Test Code (PTC)
5 was in accordance with an agreemefit made between the Research Committee on Fluid
est Code Committee in 1964. Practically all of the material in ASME PTC 19.5 was taken from
yriters were also members of theResearch Committee on Fluid Meters. The two committees
rial into one publication in such'a way that the sections dealing with specifications and
d separately, which would reduce the work of the committees and the number of separate
blication also prompted.considerable criticism that the material as presented was difficult

Performance Test'Codes, which is now the PTC Standards Committee under the Board on
formed a committee to address these concerns. This committee produced ASME PTC 19.5-
ch included @ much broader range of methods of flow measurement than any of its prede-

cessors. Even so, it did not ing
needs of test codes by provid

lude every-method, only those that were judged at the time to meet the requirements and
g results.of the highest level of accuracy consistent with the best engineering knowledge

and practice currently availaple.
ASME PTC 19.5-2022 proyides-guidance on the proper use of flowmeters including guidance on estimating their

measurements’ systematic uncertainties. The choice of [low-measurement devices and calibration requirements in
any given case depends on the requirements of the PTC referencing this Supplement.

ASME PTC 19.5-2022 inclu

des recommendations from the ASME Board on Standardization Testing Task Groups on

ASME equations for fluid flow through a classic ASME venturi, wall tap nozzle, and orifice meter, which reconcile some
differences between ASME PTC 19.5 and ASME MFC-3. These recommendations resulted in updates to the discharge
coefficients for venturi meters, wall tap nozzles, and orifice meters; updates to the straight-length requirements; and
some updates to the systematic uncertainties.
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ASME PTC 19.5-2022 has added further guidance and a method for determining the uncertainty of extrapolating the
calibration data of some flowmeters. The PTC referencing this Supplement should define the acceptable added uncer-
tainty for extrapolation of the meter’s data used in specific applications.

Sections have been added to cover the frequently used Coriolis and ultrasonic flowmeters. A new section on vortex
meters, which are used in some performance testing, has also been added. PTC documents typically do not reference the
use of electromagnetic flowmeters; the ASME PTC 19.5 Committee recommends the use of ASME MFC-16-2014 for
guidance.

This Code is available for public review on a continuing basis. This provides an opportunity for additional input from
industry‘ academia, regulatory agpn{‘iﬂq and the pnh]it‘-af-lnrgp

ASME PTC 19.5-2022 was approved by the PTC Standards Committee on April 21, 2021, and was approved as an
American National Standard by the American National Standard Institute Board of Standards Review on January 5, 2022.
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ASME PTC 19.5-2022

Section 1
Object, Scope, and Uncertainty

1-1 OBJECT

The purpose of this A
accurate determination
device and calibration

SME Performance Test Code (PTC) Supplement is to give instructions and guidance for the
bf flows commonly needed in support of individual PTCs. The choice of flow measurement
equirement depends on the requirements of the PTC referencing this Supplement. The

purpose of the measurement, uncertainty required, and specific application must all be taken into consideration. It

is not the intent of thi
provide a common docu

1-2 SCOPE

This Supplement desci
PTCs. A variety of commo
referenced by various PT]
any PTC, unless suchana
or paragraphs within th

1-3 UNCERTAINTY

This Supplement provi
expected overall systemd
estimated component ur]

(a) flow coefficients f

(b) calibration

(c) extrapolation of a

(d) installation requirj

(e) additional require

The uncertainty of any
flow along with flow cond
stability of the flow; and

The specific uncertaint
ASME PTC; ASME PTC 19
ment are typically systen]
values are at 95% confidg
tainty exists, in which c3

Supplement to supersede the guidance or requirements of any PTC. The intent is to
ment that can be referenced by all PTCs.

ibes the techniques and methods of flow measurements required or recomhmended by ASME
hly used flow measurement devices are included to provide details for the different applications
Cs. This is a supplementary document that does not supersede the mandatory requirements of
breement has been expressed in writing prior to testing or a PTC requires that specified sections
s Supplement be used.

Hes guidance on potential magnitudes and sources of uricertainty to assistin the derivation of the
tic uncertainty of a specific flow measurement. This' overall systematic uncertainty includes
certainties for

r an uncalibrated meter

calibrated meter beyond its calibrated range

ements and potential risks for deviations

ments to improve the flow measurement

flow measurement depends on the type and design of the instrument; the characteristics of the
itioning upstream and downstream; the pressure, temperature, density, frequency output, and
the installation of sensing lines for differential-pressure measurements.

 for each flow measurement can be determined by information in this Supplement; the specific
.1; and, in some caSesymanufacturer’s guidance. The uncertainty values shown in this Supple-
atic values for @eomponent or examples of systematic uncertainties. The reported uncertainty
nce level. The uncertainty values represent plus/minus (%) values unless asymmetrical uncer-
se the plus-(*) and minus (-) values along with sign will be shown.

1-4 REFERENCES TO
Belowisalist of ASME pt

to ASME and other publications are included within each section.

ASME -STANDARDS

ASME B31.1. Power Piping.
ASME B31.3. Process Piping.

ASME MFC-3M. Measure

ASME MFC-7. Measurem

ASME MFC-8M. Fluid Flo
Secondary Devices.

ment of Fluid Flow in Pipes Using Orifice, Nozzle, and Venturi.
ent of Gas Flow by Means of Critical Flow Venturi Nozzles.
w in Closed Conduits: Connections for Pressure Signal Transmissions Between Primary and

ASME MFC-16. Measurement of Liquid Flow in Closed Conduits with Electromagnetic Flowmeters.
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ASME PTC 1. General Instructions.

ASME PTC 2. Definitions and Values.

ASME PTC 6. Steam Turbines.

ASME PTC 11. Fans.

ASME PTC 18. Hydraulic Turbines and Pump-Turbines.
ASME PTC 19.1. Test Uncertainty.

ASME PTC 19.2. Pressure Measurement.

ASME PTC 19.3. Temperature Measurement.
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Defin

ASME PTC 19.5-2022

Section 2
itions, Values, and Descriptions of Terms

2-1 GENERAL

The equations in this S
noted. This is to simplify {
Users should convert par
preferred units. For inter
time appear identical to ¢
primary definitions and §

2-2 PRIMARY DEFINI

(a) The forceof 11b a
1 ft/sec.

(b) The force of 1 N g

(c) Equations written
above primary U.S.

Internationale (SI)] unitg.

(d) By way of contrast
rate that is equal to 32.1

Ipplement are written in the primary system of units explained below, except where specifically
he text and focus on the physical and scientific principles involved in the measurement of flow.
icular units into these primary units, calculate the flow, and reconvert the result back into their
national use, equations using pounds for force, slugs for mass, feet for length, and seconds.for
quations using newtons, kilograms, meters, and seconds, respectively. Subsection 2-2 contains
ystems of units; Nonmandatory Appendix G contains historical definitions of units of measure.

FIONS AND SYSTEMS OF UNITS

pplied to a mass of 1 slug (also known as a geepound) will accelerate said:mass at the rate of

pplied to a mass of 1 kg will accelerate said mass at the rate of ¥m/s*
in the units described in (a) and (b) will appear identical. Converting measured values to the
ustomary units can simplify the expression of test results in metric [Systeme

and for clarification, the force of 1 Ibf applied to a mass of Albm will accelerate said mass at the
740486 ft/sec’. The proportionality constant g, is equal to 32.1740486 lbm-ft/Ibf-sec” and is

necessary to account for yinits of length, time, and force. Note that g.. is not thedoeal acceleration of gravity at the test site.

(e) The required sour

2-3 SYMBOLS AND D

Table 2-3-1 describes
respective sections.

2-3.1 Common Conve

See Nonmandatory Ap

2-4 THERMAL EXPAN

This subsection deals
diameters are measurs
(assumed to be the same
that the dimensional me

2-4.1 Linear Thermal

ce for precise physical values, conversion factors) ‘and definitions is ASME PTC 2.

MENSIONS

the symbols typically used in flow measurement. Additional symbols are described in their

rsion Factors

pendix E for common conversion factors.

SION

with piping and)primary element materials. In most cases, the piping and primary element
d at room temperature but are used at the actual temperature of the flowing fluid
s pipingaid primary element temperature). It is customary to assume, unless given otherwise,
hsuremeht takes place at 20°C (68°F).

Expansion

The mean coefficient of linear thermal expansion is defined by

where
mean coefficient

Ly

1

Ly

dL
dT

= (2-4-1)

)

of linear expansion from base temperature, b, to actual temperature, T (1/T)

length at base temperature, b
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Table 2-3-1
Symbols Typically Used in Flow Measurement
Dimensions Units
Symbol Description [Note (1)] SI U.S. Customary
A Area L? mm? in.2
C Discharge coefficient Dimensionless Dimensionless Dimensionless
C Acoustic velocity, speed of sound LT ! m/s ft/sec
c* Sonic flow function Dimensionless Dimensionless Dimensionless
Cp Constant pressure spgcific heat L*T 297! kJ/(kg-K) Btu/(lbm-°R)
¢, Constant volume spedific heat LT 297! K]/ (kg-K) Btu/(lbm-°R)
d Diameter, usually of p]pe or inlet section of flow element L mm in.
d Diameter, usually of Hore or throat L mm in.
f Frequency T Hz 1/sec
G Mass flux ML72T! kg/(m?-s) Ibm/ (ft?-sec)
9e Proportionality constdnt [Note (2)]
gL Local acceleration du¢ to gravity LT m/s” ft/sec?
h Specific enthalpy L°T2 k] /kg Btu/lbm
L1 Length or distance L mm in.
MW Molecular weight M kg/kmol Ibm/lbmol
P Pressure MLT2 Pa psi, [Nete (3)], atm
qv Volumetric flow rate L3T! m3/s, L/s, m3/h ft/sec, gal/min, ft*/min
qm Mass flow rate MT™* kg/s Ibm/sec. Ibm/hr
R, Universal gas constanf ML2T 297! 8.314 kJ/(kmol*K) 1,545 ftIbf /(Ibmol-°R)
Re Reynolds number Dimensionless Dimensionless Dimensionless
S Sensitivity coefficient
s Specific entropy LT 297! K]/ (kg-K) Btu/(Ilbm °R)
T Temperature 0 °C;K (absolute) °F, °R (absolute)
t Time T s sec
Urand Relative random uncertainty Dimensionless % %
Usys Relative systematic upicertainty Dimensionless % %
Velocity LT? m/s ft/sec
v Specific volume LMt m®/kg ft3/lbm
A Compressibility factoy| for a gas Dimerisionless Dimensionless Dimensionless
a Linear thermal expangion factor e} 1/°C 1/°F
B Diameter (beta) ratio}d/D Dimensionless Dimensionless Dimensionless
y Ratio of specific heats Dimensionless Dimensionless Dimensionless
A Finite difference operptor Dimensionless Dimensionless Dimensionless
6 Small difference, calcylus differential opefator Dimensionless Dimensionless Dimensionless
£ Expansion factor of alflowing compressible fluid Dimensionless Dimensionless Dimensionless
K Isentropic exponent, as in the expansion or compression Dimensionless Dimensionless Dimensionless
of gas
u Absolute viscosity MLIT? kg/(m-s) Ibm/(ft-sec), cP
v Kinematic viscosity LT m?/s ft?/sec, cSt
p Density ML=3 kg+m3 ll,.mllc+3
o Standard deviation
Subscripts
D Based on pipe or inlet section diameter
d Based on bore or throat diameter
NOTES:
(1) Dimensions:
L = length
M = mass
T = time
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Table 2-3-1
Symbols Typically Used in Flow Measurement (Cont’d)

NOTES: (Cont'd)

6 = thermodynamic temperature

(2) More details on the prop

ortionality constant are located in Section 3.

(3) In the U.S., Customary units — “psia” (Ibf/in.?, absolute) or “psig” (Ibf/in.%, gauge) — are the most common symbols used for pressure.

The ratio of length at

where
Ly = length at tempet

Lr/Ly =1+ a(T - b) (2-4-2)

ature, T

2-4.2 Tables of Linear Thermal Expansion for Selected Materials

Nonmandatory Appeng
and linear thermal expan
calculated using eq. (2-4-
sion, a and linear therma
and Ly is calculated using
should not be inferred t
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Section 3
ifferential Pressure Class Meters

3-1 NOMENCLATURE

Symbols used in Sections

through 6 are included in Tables 2-3-1 and 3-1-1. For any equation that consists of a

combination of symbols with finits shown in Tables 2-3-1 and 3-1-1, the user must be sure to apply the proper conversion

factors.

3-2 GENERAL EQUATION

(a) The general equation

Equation (3-2-1) is applied
valid for both liquids and ga
(b) Values of the unit convg
units are shown in Table 3-2-
shows U.S. Absolute Engineer
proportionality constant equ
provided the n factor is corr
(c) If manometers are used
use must be taken into consi
manometer. When manomets
manometer fluid is corrected
(d) The development of tH

FOR MASS FLOW THROUGH A DIFFERENTIAL PRESSURE CLASS METER

or mass flow through a differential pressure class meter is as follows:

2p(Ap)g,
1-p*

T

4

d*Ce (3-2-1)

Gy =1

Lo flow calculations for all orifices, nozzles, and venturis described in'Sections 4 and 5 and is

ses flowing at subsonic velocity.

rsion constant, n, and the proportionality constant, g, for commonly used combinations of

. The first row shows SI units. The second row shows U.S~Customary units. The third row

ing units, which are less commonly used but, similar to SMunits, are derived by setting the

1 to unity. Use of other units for any parameter(s) in'the general equation is permissible,

bctly determined.

to measure the differential pressure, then the agceleration of gravity, g,, at the location of

leration, as well as the difference in densities between the upper and lower fluids in the

rs are used, AP = ph(g,/g.), where h is the héight of manometer fluid and the density of the
per ASME PTC 19.2.

e general equation follows in subsection 3-3.

3-3 BASICPHYSICAL CONCEPTS USED IN THE DERIVATION OF THE GENERAL EQUATION FOR MASS FLOW

(a) Introduction. The phys
The equation is derived from
taps, identified in the equatio1
errors introduced by these a
accurate calculation of mass

The discharge coefficient, (]
of the flow equation.

The expansion factor, &, cd

(b) Energy Equation. Flow {

cal concepts and assumptions used for the derivation of eq. (3-2-1) are well documented.
the principles of conservation of energy and mass between the upstream and downstream
1S as subscripts 1 andZ, respectively. Flow behavior and fluid properties are idealized, and
bsumptions are/corrected by the discharge coefficient, C, and the expansion factor, ¢, for
flow.

correctsforthe idealized theoretical assumptions of flow behavior made in the derivation

rrects for the compressibility effects of a gas as it flows between locations 1 and 2.
hrough a differential pressure meter is idealized as Newtonian steady state flow, with one-

dimensional velocities across the [low areas.

0q = 6w + du + Pdv + vdP + inV + ﬁdz (3-3-1)

& &

Each of the terms of eq. (3-3-1) must be in consistent units of energy per unit mass.
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Table 3-1-1
Symbols Specifically Applied in Sections 3 through 6 (in Addition to Symbols in Table 2-3-1)
Dimensions Units
Symbol Description [Note (1)] SI U.S. Customary
e Eccentricity of meter relative to pipe or inlet section diameter L mm in.
k Deviation of pipe inside diameter or inlet section diameter L um pin.
k Flow conditioner loss coefficient Dimensionless Dimensionless Dimensionless
k/D Relative roughness of pipe Dimensionless Dimensionless Dimensionless
Ly Ratio of locatioh of a pressure tap to D
L I Dimension for gpacing a pressure tap as measured from its centerline L mm in.
N Units conversion factor for general equation of flow through a
differential pfessure class meter
q Specific heat L*T2 k]/kg Btu/lIbm
qm, Mass flow (conjpressible) MT™! kg/s Ibm/hr
qm, Mass flow (incqmpressible) MT? kg/s Ibm/hr
Am, Mass flow (thegretically compressible) MT™* kg/s Ibm/hr
qm, Mass flow (thegretically incompressible) MT™* kg/s Ibmythe
r Ratio of downsfream pressure to upstream pressure; P,/P; Dimensionless Dimensionless  (Dimensionless
s’ Distance of the|step from the upstream pressure tap L mm in.
U Total steady st3te uncertainty Dimensions of
variable
u Specific energy| L*T2 k] /kg Btu/lbm
w Specific work L2T2 k]/kg Btu/lbm
z Elevation L m ft
ap Pipe, inlet sectipn material thermal expansion factor e! 1/°C 1/°F
app Flow element rhaterial thermal expansion factor gt 1/°C 1/°F
B Ratio of bore tq pipe or inlet section diameters, d/D Dimensionless Dimensionless Dimensionless
Aw Unrecoverable pressure loss MLM=2 Pa psi
€ Expansion corrgction factor for compressible fluids Dimensionless Dimensionless ~ Dimensionless
T Total deflection L mm in.
Subscript  Description
actual Actual value
meas Measured
true True, reference|value
1 Upstream presqure tap location, cross section, or conditions
2 Downstream pijessure tap location, cross section, or conditions
NOTE: (1) Dimensions:
L = length
M = mass
T = time
6 = thermodynamic terhperature
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Table 3-2-1

Values of Constants in the General Equation for Various Units

Value of Constants

Meter Fluid Differential
Mass Flow Rate Geometry Density Pressure Proportionality Constant, Units Conversion
Units Units, q,, Units, d or D Units, p Units, AP g Constant, n
SI kg/sec m kg/m? Pa gc = 1.0 dimensionless 1;‘2
ke !
n= 1‘0( = ]
m-s” - Pa
; Uosaalbe3 Ualfon 2 1 o
U.S. Customary lbm/hr - HormHt HofA- 5, = 32.1740456 thrr 2 —— 3000 (u ;c\.)
bf - sec in. - hr
U.S. Absolute slugs/sec ft slugs/ft® Ibf/ft? Jc = 1.0 dimensionless 1/2
_ 1.0( slug - ftz)
Ibf - sec

Further idealizations are m|

pde by assuming that the flow through a differential pressure meter section is a reversible

thermodynamic process in the absence of external work or heat.

The integration of eq. (3-3
The elevationtermineq. (3
when necessary. In those case
taps (z; - z;) must be considet
for the fluid within the pipe
(c) Conservation of Mass E

or

in any set of consistent unitg.

3-4 THEORETICAL FLOW

(a) For the special case w
eq. (3-3-2)] between the ups

(b) Combining eq. (3-4-1)
theoretical flow:

=d_P+Vd_V+g_LdZ
P & &

0 (3-3-2)

-2) further depends on whether the fluid is treated as incompressible or, compressible.
3-2) and the general eq. (3-3-1) is always zero because the differential pressure is corrected
5 where installation in an inclined pipe is necessary, the elevation changebetween pressure
ed. The differential pressure is corrected for the difference in elevation 6f the pressure taps
and the fluid within the sensing lines before the flow is calculatéd.

quation. Under the assumptions of (b), conservation of mass, is*written in the form

4y = PLViAL = Py VA (3-3-3)
v = 2p2, (3-3-4)
1

— LIQUID AS THE FLOWING+FLUID

pere the flowing fluid is a liquidor incompressible, integrating the energy equation [see
tream tap and the downstream tap gives Bernoulli's equation.

2 2
P V; P 1%
L WS UG (D AL A O (3-4-1)
P28 W P28 &

with elevatiginferm of zero) with eq. (3-3-3) and applying A, = md?/4 gives the following

1
=t - A
T m -

\2(4P)g,

It is important to note tha

t d, D, and f vary with temperature and materials as explained in subsection 3-11.

When a differential pressure meter is installed on a flow element that is located in a vertical or inclined steam or water
line, the measurement must be corrected for the difference in sensing line height and the fluid head change. No correction

isrequired for a tap elevation

difference if the fluid in the sensing line has the same density as the flowing fluid. Then the

fluid in the sensing line compensates for the elevation difference. However, if the taps are at different elevations and the
density in the sensing lines is different from that of the flowing fluid, a correction is required for the differences in density
and elevation. The correction is shown in Figure 3-4-1. See Table 3-4-1 for units and conversion factors.
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Figure 3-4-1
Water Leg Correction for Flow Measurement

—

J X > ]

Az

NOTES:
(1) For measurement of stear]
and remain confident thg
(2) For measurement of stear
water legs and be assure

Flow

>< Y
—

(a) Configuation A [Note (1)]

&
< ————————>
>
N

D>

=5 ]
X

(b) Configuration B [Note (2)]

SVANEESS

N A

Az

Flow

(c) Configuration C [Note (2)]

h or water, Configuration A is the preferred sensing line configuration to facilitate establishment of the water legs
t the water legs rémain established.
h or water, Configuirations B and C are not recommended since special precautions must be taken to establish the
d the waterdegs remain established.
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Table 3-4-1

Units and Conversion Factor for Water Leg Correction for Flow Measurement

Conversion Factor

Values of Constants

Differential Fluid Local Acceleration Differential
Pressure, AP, Density, p, Due to Gravity, g;, Elevation, Az, Proportionality Units Conversion
Units Units Units Units Units Constant, g, Constant, n
SI Pa kg/m? m/s* m g.=1.0,dimensionless n = 1.0, dimensionless
[Note (1)]
s 2 3 2
U.S. Customary 1bf/in. bm/ft ft/sec ft g = 321740486 L= 1/144fL
in.
Ibm — ft
1bf — 52

GENERAL NOTE: g, is thelocal acc

0.0026373 x cos(2 x deg latitude x 1]
9.80616 x{1 - 0.0026373 x cos(2 4

NOTE: (1) N = kg—m/s2 and Pa =

For upward flow (see Figy

For downward flow

where
Pamp = the density of the
Ppipe = the density of the

CAUTION: Do not install the up
down to where the lower sen

correction. The fluid in the s¢

pipe, so a significant error ca

(c) Equation (3-4-2) is eqy

theoretical incompressible fl

3-5 THEORETICAL FLOW

(a) Assuming an ideal gas

(b) Integrating the energy

(c) Substituting eq. (3-3-4)

leration due to gravity, ft/sec” per an acknowledged source, or may be estimated as: g, = 32.1740486 x {1 -
/180) +0.0000059 x[cos? (2 x deg latitude x 1t/180)]}- 0.000003086 x feet elevation or for SI, g,= m/sec? =
deg latitude x 11/180) + 0.0000059 x [cos® (2 x deg latitude x 11/180)]} - 0.000003086 x meters elevation

N/m?. Therefore, Pa = kg/m-s?

re 3-4-1)

APyrye = APpeas + n(pamb - Ppipe)(gL/gC)Az (3-4-3)
ARyye = APneas = M(Aypy — pPiPe)(gL/ g)Az (3-4-4)

fluid in the uninsulated sensing line at Az
flowing fluid

per sensing line against a steam or water line thatis located inside the insulation and extends
5ing line protrudes from the insulation in order to avoid making the differential pressure
nsing line within the pipe insulation is<hot’always at the same density as the fluid in the
h be introduced.

ivalent to eq. (3-2-1) before corréction factors and unit conversions are applied. It is the
bw equation for the flow of fluids through differential pressure meters.

— GAS OR VAPOR AS THE FLOWING FLUID

in an isentropic process

K K
B _ || | B! (3-5-1)
Py P1 Ul
equation [see eq. (3-3-2)] for these conditions
K
wlp p N [y2_ 2]kt 2 g o

T

Py P

oo =7

0=

Kk—1

PR
ZgC
to eliminate V;, substituting eq. (3-5-1), and implementing conservation of mass
k-1
_ 1—r«K
qmtc -

ZgCK

]

T2

o

Py
P1

(3-5-3)

— 2
K 1 - ﬂ4rf

(d) Equation (3-5-3) can be modified using P; = AP/(1 - r) and again by substituting eq. (3-5-1), and is written

10
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2p(AP)g
qmtc = %dz\/riét-c
ViI=p
K1 4 \0S (3-5-4)
x ,z/x< x )[1—rk }[ 1-p ]
k-1 1—r 1-pH2/x

(e) Equation (3-5-4) is equivalent to eq. (3-5-1) before correction factors and unit conversions are applied and modi-
fied by the term in brackets. The bracketed term is the derived value of ¢, the expansion correction factor for the pressure

being sensed at the upsﬂream pressure tap, for nozzles and venturis.

(f) The compressibility
ofthe values for £ used for
for orifices is discussed

(g) Equation (3-5-4) is
flow nozzles and ventur

3-6 FACTORS NOT A(

The major reasons that|
as follows:

(a) The minimum cro{
throat area. This is parti

(b) P, varies with pre

(c) All static pressure

r effects of flow through an orifice include sudden radial expansion. Straightforward derivation
orifices cannotbe developed with the basic principles of this paragraph. The equation for e used
n subsection 3-9.

the theoretical compressible equation for subsonic flow of ideal, compressible fluids through
S.

COUNTED FOR IN THEORETICAL MASS FLOW BY IDEALIZED FLOW ASSUMPTIONS

4m,and q,,, mustbe corrected by the discharge coefficient to achieve accurate measuirementare

s section of the flow stream (location of minimum pressure) may not coincide with the bore or
cularly true for orifices.

ssure-tap location. The correction to actual flow depends on pressure tap location.

taps exhibit an error in static pressure measurement.

(d) Velocity profiles a[e not uniform.

(e) No flow is friction

3-7 DISCHARGE COEFR

(a) Tocorrecterrors if
coefficient, C, is introdud

In most cases, when th
and the static weight/tin
calibration may be perfor
Code uncertainty requir
introduction of the gas
qm, versus AP data is ob
can be written as follow|

(b) For geometrically s

ess or reversible.

FICIENT, C, IN THE INCOMPRESSIBLE FLUID EQUATION

itroduced by the idealized flow assumptions in the incompressible fluid equation, the discharge
ed and defined as

4.

1

C = (3-7-1)

qmti

e differential pressure meters are calibrated to determine C over a range of flows, water is used
le technique is used to determinie-q,,. Depending on the required uncertainty, however, flow
med using a second calibrated flowmeter (secondary flow standard). When a Performance Test
ement permits, flow calibration may also be performed using gas as the flowing fluid. The
bxpansion factor may render this type of calibration less accurate. In any case, a series of
tained during calibratien, and, with g,,_ defined by the hydraulic equation [eq. (3-4-2)], C

b,

qm_

1

(3-7-2)

= 20(AP)g,

Vl—ﬁ

dimensional analysis. Cal

1m11ar meters, Cisa functlon ofbore or p1pe Reynolds number (Re) only and canbe derived from

manufactured and 1nstalled in strict accordance w1th Sectlons 4,5, and 6, 1nclud1ng dlmensmns tolerances and requ1red
straight length and/or flow-conditioning.

(c) Because the discharge coefficient is a function of bore or throat Re only, a water calibration of a given differential
pressure device is applicable for any measured fluid without loss of accuracy. This includes gases, provided the correc-
tions detailed in subsections 3-8 and 3-9 are made. Similarly, a differential pressure device that has been calibrated with

gas can be used to meas

ure liquid.

11
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IENT, C, AND THE EXPANSION FACTOR, £, FOR GASES

For gases, the flow equation is further modified by the expansion correction factor, €, to account for the effects of
compressibility. For a given flowmeter calibrated using liquid

Awater calibration to deter
gas.

U,

\/ZP(AP)gC

Im, _

9.

1

E =
-8-1
—ZdzC = (3-8-1)

T
N1=/

3-9 CALCULATION OF EXPANSION FACTOR, ¢

(a) Theexpansion factor fo,
derived [see eq. (3-5-4)].

Equation (3-9-1) is valid f
(b) For orifices, abrupt ra
invalid. Based on the data, t}

(c) Equation (3-9-2) has b
used for any gas or vapor fo

(d) Equations (3-9-1) and
pressure meters must not b

(e) Temperature is measu
measured at the upstream tag
ship AP = P; - P,. In most caj

I nozzles and venturi tubes, with density determined at the upstream pressure tap, has been

)

r any gas or vapor for which k is known.
ial as well as axial expansions take place, and the analytical derivation ‘of eq. (3-9-1) is
e static pressure measurement is obtained on the upstream side of the orifice, then

1 0.5

K 1—7r K

1 - p*

2
1 - ﬂ4rf

(3-9%1)

&g = VZ/K[

Kk—1 1—r

2

1
P K
P

1

g =1— (0351 + 0.2568% + 0.934%)|1 — ( (3-9-2)

ben validated experimentally for air, natural gas, and-$team only. However, it may also be

I which k is known.

3-9-2) are valid only for cases where P,/P; = 0.8-To avoid Mach number effects, differential
sized for compressible fluids such that the pressure ratio is lower than 0.8.

ed downstream of the meter to avoid disturbing the flow profile. Static pressure is usually
. Temperature at the upstream tap, T;(can'be calculated using eq. (3-5-1) and the relation-
es, Ty may be assumed equal to the downstream tap, T,. Rigorous calculation should be

performed if uncertainties infroduced by this assumption aredarger than the uncertainties introduced by the measure-

ment of P,, T,, and AP, whic
(f) When the general equa

3-10 DETERMINING DISC

(a) 1t follows from subsec

The relationships of C vers
specified sizes and Reynolds
calibrations of differential preg

L is very rare.
tion is used for incompressible or liquid flows, € = 1.0.

HARGE COEFFICIENT'FOR DIFFERENTIAL PRESSURE CLASS METERS

fions 3-7 through<3-9 that, for each type of differential pressure meter specified herein
C=C(Re, §, D) (3-10-1)

s Re aredavailable for each type of meter described in Sections 4 and 5 over the range of
humbers. These are based on the repeatable results of thousands of hydraulic laboratory
ssure’meters of like type and size. Sections 4 and 5 give the empirical C versus Re relation-

ship, along with the concom

tanturcertainty of €, foreacthrtype of differential pressure meter-

(b) Some PTC tests may allow the use of the empirical formulations for discharge coefficient for certain measurements
when uncertainty requirements are met. For some critical test measurements, the test code may require a laboratory
calibration of a specified differential pressure meter to determine the specific C versus Re relationship for that meter to
meet uncertainty requirements. Laboratory calibration serves as a check that the meter was fabricated correctly and the
specified laboratory-determined calibration curve of C versus Re reduces the uncertainty of C.

(c) When adifferential pressure meter is calibrated in a meter testing laboratory to determine the C versus Re relation-
ship for that specific meter, the entire flow-metering section must be tested. This includes the upstream and downstream

piping, manufactured such th

at the metering section meets the straight length and other dimensional requirements of

Section 6. Without the upstream and downstream piping, the calibration is only for the primary element. A positive,

12
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mechanical alignment method shall be in place to replicate the precise position of the metering primary element within
the assembly when it was calibrated. The flowmetering section must remain free from dirt and moisture for shipping and
storage. Whenever possible, the flow section should be shipped as one piece, not disassembled for shipping or installation.

3-11 THERMAL EXPANSION/CONTRACTION OF INLET SECTION AND PRIMARY ELEMENT

(a) In actual flow conditions, both d and D change from the measured values in the factory or laboratory because of
thermal expansion or contraction. This occurs when the flowing fluid is at a temperature different from that at which the
primary element and the inlet section were measured.

(b) The actual values
assumed that the flow ele
used.

(c) Foruncalibrated d¢
temperature of the calib|

3-12 SELECTION AND

The major considerati

3-12.1 Beta, Pipe Siz¢

Each meter described
sizing a meter, care must
the design or expected flo
necessary to use a flow n
nozzles and venturi-mete
of 0.6.

In some cases, when th

dactual = dmeas + aPEdmeas(T - Tmeas) (3-11-1)
Dictual = Dmeas t aPDmeas(T - Tmeas) (3-11-2)
dactual
B tual = _actual (3-11-3)
actua Dictual

pf d, D, and [ are used to calculate g,, to account for thermal expansion or contraction. It is
ment and inlet section are at the same temperature as the flowing fluid. Either Ty.01\T, may be

vices, 20°C (68°F) may be assumed if Tyyeas is unknown. For calibrated devicesyTeas is the fluid
ration liquid if the calibration data were not corrected to standard temperature.

RECOMMENDED USE OF DIFFERENTIAL PRESSURE CLASS METERS

bns when selecting a differential pressure class meter are outlined herein.

, and Reynolds Number

n Sections 4 and 5 has limiting values for f, pipe sizesand Reynolds number. In selecting and
be taken to stay within these limits. For example, if the chosen value of differential pressure for
w in the sizing of an orifice results in a calculated Sthat exceeds the prescribed limits, it might be
zzle or venturi. Both devices have a higher capaeity for the same size. Discharge coefficients for
ring runs are in the order of 1.0 compared te typical discharge coefficients of orifices in the order

e flow section diameter is different from that of the adjacent process pipe, pipe expanders or

reducers can be used at the ends of the flow section. This.is\permissible provided the flow section, both upstream and

downstream of the prim

3-12.2 Uncertainty

The systematic uncert
general equation is givern|
herein. The results are su
in flow measurementby d
is usually by far the most
pressure instrumentatio

Qualified meter testing

ary element, is of adequate léngth as prescribed in Section 6.

hinty of the empiricalformulation of the discharge coefficient and the expansion factor in the
for each device in Sections 4 and 5 only if it is manufactured, installed, and used as specified
mmarized in Table3-12.2-1 for uncalibrated meters. Detailed calculation of overall uncertainty
ifferential pressure metersis discussed in Section 4. The uncertainty of the discharge coefficient
significant.component of flow-measuring uncertainty, assuming that process and differential
 are satisfactory.

labdratories can achieve uncertainties ofless than 0.10% for water calibrations and of 0.25% for

gas calibrations. Consult

helaboratory to obtain the value of the actual uncertainty. Accreditation to a standard such as

ISO/IEC 17025 should be used to assess laboratory qualifications and uncertainty.

Differential-producing

flowmeters have an inherent discharge coefficient that can be determined by calibration to

reduce the meter’s uncertainty. In addition, the total measurement uncertainty of the flow through a meter includes the
uncertainty of fluid density, pressure, temperature, and differential-pressure as well as of the secondary instrumentation

required to measure the
During calibration, the

se values (see Section 4).
flows should encompass the actual operating conditions (often, this is the Reynolds number

range) of the meter, and the caveats of para. 3-10(c) should be met. Laboratory calibrations, by practice, often provide
ideal installation conditions during the meter calibration.

13
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!

Uncertainty of Discharge Coefficient, C, (Uncalibrated) and Expansion Factor, ¢

Table 3-12.2-1

Limiting Values

D, d, mm (in.)
Flow Element Rep, Re, [Note (1)] B [Note (2)] Uncertainty of Discharge Coefficient, C Uncertainty of Expansion Factor, &
Flange tap orifice Rep 2 5000 02<pB<06 50 (2) < D <1000 (40) 0.5%: 0.2< <06 SE%
or 0.6 <£<0.70 d=12.5 (0.5) (1.667B - 0.5)%: 0.6 < < 0.70 kP
Rep = 1706%D (D, mm) [Note (4)] [Note (5)]
[Rep = 43186%D (D, in.)]
[Note (3)]
Corner tap orifice Rep > 5000: 02<0<06 50(2) <D <1000 (40) 0.5%: 02 <f<06 AP
0.2<p<056 0.6 < <0.70 d=12.5 (0.5) (1.6678 - 0.5)%: 0.6 < < 0.70 "’KPI
Rep 2 160008% B > 0.56 [Note (4)] [Note (5)]
[Note (3)]
Wall tap flow nozzle, low 8 10000 < Re,; < 20000000 Low f3: D <100 (4) 2% Zg%
02<f<05 P
Wall tap flow nozzle, high g 10000 < Rey < 20000000 High f: D <100 (4) 2% ZE%
045 <3 <08 P
Wall tap flow nozzle, low 10000 < Rey < 20000000 Low f3: 100 (4) < D <1300 (50) 1% 58P
02<p<05 P
Wall tap flow nozzle, high 10000 < Re,; < 20000000 High p: 100 (4) < D <1300 (50) 1% ZE%
045<3<08 P
Throat tap flow nozzle, low Re; 2 1000000 025<p4<05 100 (4) < D < 600 (24) 0.7% ZB%
Py
Machined venturi 200000 < Rey; < 17000000 03 =<£<0.75 50 (2) = D <1200 (48) 1% 4+ 100/}8)2%
Py
Fabricated venturi 200000 < Re; < 17000000 03 <p<0.75 100 (2) < D <1200 (48) 1.5% (4 + 100[18)%%
1

NOTES:

(1) Rep is Reynolds number b
(2) D is the inlet diameter in 1
(3) For the orifice with flange
(4) For the orifice, where 8 >
(5) For the orifice, if D < 71.1

D
)
25.4

0.9(0.75 — /i)<2.8 -

if D is in millimeters or 0.9 (0.75 - B) (2.8 - D)% if Dis in inches.

sed on the inlet (pipe) diameter, and Re, is Reynolds number based onsthe bore (throat) diameter.
hillimeters (inches), d is the bore (throat) diameter in millimeters (itiches).
taps, the greater of Rep > 5 000 and Rep = 1708°D (D, mm) [Rep'2*43184%D (D, in.)] is the lower limit.
D.5 and Rep < 10 000, then 0.5% must be added to the uncertainties of C shown in this table.

mm (2.8 in.), then the following must be added to the unce€rtainties of C shown in this table:

2202-S'6T J.1Ld ISV
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Actual site installation,
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however, may not provide ideal pipe conditions. As such, additional uncertainty due to “installa-

tion effect” shall be considered and combined with the laboratory uncertainty when estimating the total uncertainty of the

meter performance once

installed for use. If the operating conditions of the meter cannot be achieved during the lab-

oratory calibration, means of extrapolating the calibration results shall be agreed upon by all parties involved in the test.
See Mandatory Appendix I for recommended methods of extrapolation.

3-12.3 Unrecoverable

The unrecoverable pre
nozzles with a diffuser se
have the highest unrecov
unrecoverable pressurel
device are given in Secti

3-12.4 Specified Instg

To meet the uncertaint
Section 6. Orientation of]

3-13 RESTRICTIONS (

The following restricti
(a) The flowmeter, flo

Pressure Loss

IT'e 0SS caused Dy the prim O fOT vV

ction than for wall tap nozzles or orifice metering runs because of the diffuser section. Orifices
erable pressure loss relative to devices of the same f and inlet diameter. For comparison, the
bss versus beta ratio is shown in Figure 3-12.3-1. The equations to calculate these losses for each
pns 4 and 5.

used by ALV elelr Vars TUT TbhesOT ThT

Llations

es listed in Table 3-12.2-1, the meter must be installed in accordance with the requireménts of
the differential pressure taps should also be considered.

DF USE

ons must be met for proper use of these meters:
W section, pressure taps, and connecting tubing must be manufacturedy installed, and used in

strict accordance with tje specifications herein.

(b) The pipe must be
(c) The flow must be
compared with the tota
Refer to Nonmandatory
(d) Ifthe fluid does no
the meter, then it is bey]|
(e) If the fluid contain
meters in this Suppleme]
(f) Gas flows must re1

3-14 PROCEDURE FO

(a) When differential
pipe diameter of the me

(b) One method of sizi
as that of the adjacent pip
eg. (3-2-1) are known exg
or successive approxima

(c) It may be preferabl
run (e.g. to optimize ac
differential pressure, wh|
ratio is within limits. To
the meter should be sizg

flowing full.

steady or changing very slowly as a function of time. Pulsations in the flow must be small
flow rate. The frequency of collecting data must cover several periods of unsteady flow.
Appendix A on pulsating flow.

remain in a single phase while passing through the meter,or if it has two phases when entering
bnd the scope of differential class meters in this.Stupplement.

suspended particles, such as sand, flow measurement is beyond the scope of differential class
nt.

nain subsonic throughout the measuring section.

R SIZING A DIFFERENTIAL PRESSURE CLASS METER

ressure class meters are being.considered, they are sized to suit the user’s needs. The adjacent
fering run and the fluid conditions over the expected flow range are usually known.

g the meter is to assume thatthe inlet section diameter, D, of the metering run will be the same
e and to select a differential pressure to correspond to the maximum expected flow. All terms in
ept Cand d. Equation(32-1) may be used to solve for d. The equation may be solved by iteration
tions or any other'way that may produce similar results.

e to specify the‘size of the meter, such as that corresponding to a § of 0.6 for an orifice metering
uracy while\minimizing pressure loss). All terms in eq. (3-2-1) are then known except for
ch should be calculated by the user at maximum expected flow to ensure that the pressure
linimizeerrors associated with water legs, zero setting, and differential pressure measurement,
d for-a minimum differential pressure of 0.025 MPa [3.61 psi or 100 in. H,0 (68°F)] at the

performance test condit

O11S.

(d) The user must be careful when sizing a differential pressure class meter to ensure that the calculated S, d, and
Reynolds number are within the specified ranges for each meter, as described in Sections 4 and 5. If any limitations are

exceeded, then either a di

fferent size of the same meter type (d, D, or both) must be used or a different type of differential

pressure class meter should be evaluated for the application. The recommended straight lengths in Section 6 should be
considered when sizing the meter.
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Unrecoverable Pressure Loss, % of Differential Pressure
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3-15 FLOW CALCULATION PROCEDURE

(a) Equation (3-2-1) is used for all differential pressure class meters and is valid for both liquid and subsonic gas flow

measurement.

(b) Forgasflows, g, is given by eq. (3-9-1) for flow nozzles and venturi tubes and eq. (3-9-2) for orifice plates. For liquid

flows, ¢, = 1.0.

ASME PTC 19.5-2022

(c) Per subsection 3-11, d and D are corrected to the fluid temperature of the measurement.

(d) The applicable fluid density is determined from pressure and temperature measurements and, if the fluid is a
mixture, such as natural gas, analysis of the constituents. Determine fluid viscosity to calculate the Reynolds number. See

Section 2 for references

(e) All quantities in th
been completed. Becausg
iterative methods.

(f) If the iteration method is used, this process is continued until the difference between successive calculated flows is
lated uncertainty of the measurement. For example, if the estimated uncertainty is 1.0%, the
5t be within 0.02% of each other.

less than 2% of the estin]
successive iterations mul

3-16 SAMPLE CALCU

A sample calculation of]
appropriate process meg
component of uncertaint

All fluid properties, maj
the references in this Se|

This example uses the

(a) Orifice Data

Dineas = 202.72 mm (

Ameas = 120.75 mm (|

on such properties.

LATION

ction and in Section 2.

7.981 in.)
1754 in.)

successive iteration method to solve for flow.

e general eq. (3-2-1), except the discharge coefficient, C, are known once (b) through (d) have
C depends on Reynolds number, which itself depends on flow, eq. (3-2-1) can be solved by

flow through an orifice metering section, which is not calibrated in a meter testing.and given the
surements and fluid constituent analysis, is shown for natural gas. The expeeted systematic
v in the flow measurement is 0.7%.
terials properties, and procedures for calculation of fluid properties of thixtures are taken from

Tmeas = 20°C (68°F)

Taps: flange type

Orifice materjal: 316 stainless steel

Flange materjal: carbon steel

Static pressure at the upstream side of the plate: 2.01914 MPa (292.85 psia)

Temperature|at the downstream side of the plate: 11.978°C (53.56°F)

Differential pfressure: 9.7257 kPa (1.4106 psi)

For natural gps analysis, see Table 3-16-1.

Table 3-16-1
Natural Gas Analysis

Constituents Mole_Percent, % Molar Mass
Nitrogen 0.6563 28.0134
Carbon dioxide 0.7696 44.0100
Methane 96.0333 16.0430
Ethane 1.9658 30.0430
Propane 0.3283 44.0970
N-butane 0.0700 58.1230
Isobutane 0.0700 58.1230
N-pentane 0.0300 72.1500
Isopentane 0.0400 72.1500
N-hexane 0.0367 86.1770

100.00 Molecular weight = 16.828 kg/kmol

17
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(b) Temperature at the Upstream Side. Temperature at the upstream side of the orifice can usually be assumed to be
equal to the temperature at the downstream side without significant loss of accuracy. For an orifice, an isenthalpic
expansion is a better representation of the thermodynamic process than an isentropic process, which would be
more appropriate for a flow nozzle. Assuming a pressure recovery of about 40%, [AP to downstream thermowell
is equivalent to (1 - 0.4)(9.7257 kPa) = 5.835 kPa], the downstream pressure is 2.0133 MPa (292.00 psia) and the
enthalpy is 831.75 kJ/kg (357.59 Btu/lbm) for the natural gas mixture at the downstream temperature of
11.978°C (53.56°F). The upstream temperature determined at this same enthalpy at 2.01914 MPa (292.85 psia) is
12.006°C (53.61°F). The estimated temperature difference is insignificantat 0.01% on an absolute basis. The downstream
temperature will therefore beused as the upstream temperature for the remainder of thisexample

(c) Fluid Properties. These|properties are obtained from the constituent analysis using NIST REFPROP at 11.978°C
(53.56°F), 11.978°C (292.85 ppsia).

p = 14.98889 kg/m> (0.935726 Ibm/ft?)
u = 1.1002 E-05 Pa-s [7.393 E-06 lbm/(ft-sec)]
k = 13708

(d) Thermal Expansion Cogfficients of Materials. At the temperature of the flowing fluid
apg = 15.231 E-06 mm/mm-°C (8.4589 E-06 in./in.-°F)
ap = 11.454 E-06 mm/mm-°C (6.3726 E-06 in./in.-°F)

(e) Calculation of d, D, and B.
(1) From eq. (3-11-1),

dactual = dmeas + aPEdmeas(T - Tmeas)
(51 Units)

dyctual = 120.75 + (15231 E—06)(120.75)(11.978 — 20) = 120.7353 mnd (3-16-1)

(U.S. Customary Units)

dactual = 4754 + (8.4589 E—06)(4.754)(53.56.-> 68)
= 4.7534in.

(2) From eq. (3-11-2),

Dactual = Dmeas + aPDmeas(T - Tmeas)

(SI Units)

Dyctual F 202.72 + (11.454 E—06)(202.72)(11.978 — 20) = 202.7 mm (3-16-2)

(U.S. Customary Units)

Dyctual = <2981 + (6.3726 E—06)(7.981)(53.56 — 68)
7.9803 in.

W

(3) From eq. (3-11-3),

ﬁactual = dyctual/ Dactual

(SI Units)
Bctual = 120.7353/202.7 = 0.59564 (3-16-3)

(U.S. Customary Units)

Brctual = 47534/7.9803 = 0.59564

18
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Note that at flowing temperatures close to 202C (68°F), the diameters are fundamentally unchanged when corrected
to flowing temperature. Correction for geometry changes of higher temperature flows, such as for steam, can be far more
significant.

(f) Expansion Factor. From eq. (3-9-2),

1
_ 4 8 Py |*
g =1— (0351 + 0.256f" + 0.938°)[1 — ™
1
(SI Units)
1
g = 1- [0.3 1+ 0.256(0.59564)F + 0.93(0.59564)8] x 1—(2'019142_091';?37 E- 03)1'3708 (3-16-4)

&g = 0.99860

(U.S. Customary Units)

_1
292.85 — 1.4106 )1.3708

g = 1|- [0.351 +0.256(0.59564)* + 0.93(0.59564)8] x [1- (
292.85
£ = 0.99860

(g) Iterations. All termis in the general eq. (3-2-1) are now known except for the dischdrge coefficient. It is solved for
iteratively. Equation (3-2-1) is repeated for convenience.

[2p(AP)
4, = nZdce w‘ifc
4 \/ 1-5

(SI Units)

2(14:98889)(9.7257 E + 03)(1.0)
1 - (0.59564)* (3-16-5)

T 2
4y F 107(120.7353E—3)*C (0.99860) x

q. = 6.602723C
m

(U.S. Customary Units)

A 300.0%(4.7534)2 C/(0,95860) x g2(0.935726)(1.4106)(31.1740486)
m 4 \/ 1 — (0.59564)

q,, = 52,404C
(1) Iteration 1. For thg first iteratipn;{assume C = 0.60000.

(S Units)
q,,,(iteration 1) = (6.602723)(0.60000) (3-16-6)

q,, = 3.961634kg/s

(U.S. Customary Units)
qm(iteration 1) = (52,404)(0.6)

4y, = 31,442 Ibm/hr

When D is in millimeters, the Reynolds number equation must be multiplied by 1/1,000 to convert D to meters as shown
below.
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_pV D 4000qm

Fv — (3-16-7)
4 1000 unD

Re D

When D is in inches, the Reynolds number equation must be multiplied by 1/12 to convert D to feet as shown below.

(U.S. Customary Units)

From egs. (3-16-2), (3-16-

(SI Units)

(U.S. Customary Units)

(2) Iteration 2. Discharge
applicable and is given for c
meters.)

(51 Units)

C = 0.5961 + 0.02618

+ 10.043 + 0.080

ﬂ4

7 — 0.03

(U.S. Customary Units)

pV D Im
Rep="——7=—""—
12 SUTD
5), (3-16-6), and (3-16-7),
o 4000(3.961634)
Rep(iteration1) =
gD(l eration ) (1.1002 E_Os)n(202.7) G
= 2261830
31,442
ep(iteration 1) 75(7.393 B~06)m(7.9803)
= 2,261,830

oefficient is a function of metering geometry and Reynolds numben. Equation (4-9-1) is
bnvenience. (See Section 4 for empirical equations for discharge coefficients for orifice

1098
Rep

0.7
] + [0.0188 + 0.0063(19ROOOﬂ

€D

10°
Rep

et

P — 0216p% + 0.000521[

0.8
10035 ) 0,123 75 |1 - 0.11(19(1(:/}) ] (3-16-9)
1.1
1 2(%) B 2(%) 53
(1-§) RRCEY)

0.7 0.8 0.3
6 6
C = 05961 + 0.02615% — 02468 + 0000521| 22|+ |0.0188 + 0.0063] 2200 | |53 10
Rep Rep Rep
0.8
“o( L (L 4
+ [0.043 + 0J080e 10(3) _ 0.123¢ 7(D)) x |1 - 0.11(19’000/}] ] b
Ren 1 — ﬂ4
S
1.1
(5) 1G] s
— 0.031 - 08 Bl
1-p 1-p

From egs. (3-16-2), (3-16-

3), (3-16-7), (3-16-8), and (3-16-9), C is calculated for iteration 2.
C(iteration2) = 0.60434
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Note that the difference [(0.60434 - 0.60000)/0.60000] is equal to 0.72%. By the criteria of para. 3-15(f), this is far too
large and another iteration is clearly required.
With uncertainty requirements in the flow of 0.5%, convergence must be within 2% of 0.5%, or within 0.01%.
From eq. (3-16-5), the corresponding flow to C (iteration 2) is
(SI Units)
q,,(iteration2) = 6.602723C

= (6.602723)(0.60434) (3-16-10)
- J.VVUJUUKg S

(U.S. Customary Units)

52,404 C= (52404)(0.60434)
31,670 Ibm/hr

q,,,(iteration 2)

From eq. (3-16-7), thg corresponding Reynolds number is

(SI Units)
. . 4.000(3.990 300)
Rep(iteration2) =
ep(iteration 2) (1.1002 E—05)7(202.7) (3-16-11)
= 2278200
(U.S. Customary Units)
1,670
Rep(iteration 3) = 31,67 = 2,278,200

75(7.393)10~%1(7.9803)

NOTE: See also eq. (3-16-8
(3) From the values of g, and Rep calculated from eqgs. (3-16-9) through (3-16-11), C is calculated as
C (iteration 3) = 0.60433

The discharge coefficipnt, and therefore the mass flow, have\converged within the 0.01% criterion based on the
difference calculation |().60433 - 0.60434)/0.60434| equal t6-0.0017%. Thus, the calculated flow is 3.990300 kg/s
(31,670 Ibm/hr).

(h) Notes on Sample Cqlculation. In the sample calculation, eq. (3-16-9) shows that the discharge coefficient is a very
weak function of Reynolds number, which is why s¢ few iterations are required for convergence.
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Section 4
Orifice Meters

4-1 NOMENCLATURE

Symbols used in this §

4-2 INTRODUCTION

This type of differentig
section. The diameter, d, i
upstream edges of the mg
thin-plate, square-edged

ection are included in Tables 2-3-1 and 3-1-1.

1 pressure class meter consists of a flat plate that is thin relative to the diameter of thé\flow
n the general equation for mass flow [see eq. (3-2-1)] has been bored through it precisely'and the
ter that are exposed to flow must be sharp. The primary element is, therefore, referred to as a
orifice.

4-3 TYPES OF THIN-PLATE, SQUARE-EDGED ORIFICES

Thin-plate, square-edg

Two types of tap geom

(a) flange taps

(b) corner taps

Pressure tap locations
tap to the upstream face 4
plate (see Figure 4-7-1).

Inacornertap arrange
by the orifice plate and

4-4 CODE COMPLIAN

Thin-plate, square-edg
and Section 6 to be in c
(a) thermal expansior

ed orifices are classified based on the locations of their differential.pressure taps.
btries are recommended by this Supplement for orifice meters used iInASME performance tests

or flange taps are given by the measured distance from the ¢enterline of the upstream pressure
and from the centerline of the downstream pressure tap'to.the downstream face B of the orifice
The thickness of the gaskets or other sealing material is included in the given dimension.
ment, the pressure holes open in the corner are formedby the pipe wall, the face of the flanges, or
Carrier ring (see Figure 4-7-2).

ICE REQUIREMENTS

bd orifice metering runs must be manufactured and installed in accordance with this subsection
mpliance with this Supplement. Elow measurement accuracy is affected by
and pressure-induced distortion affecting orifice geometry

(b) orifice plate dime

sions and construction

(c) orifice bore concentricity to the pipe

(d) location of tempenature and static pressure measurements

(e) Reynolds number [limitations

(f) pressure tap constyuction and geometry

(g) metering section ilequirements

(h) additional straight pipe length.requirements and/or conditioner installation

This Section addresse$ (a) through (f). Compliance requirements for (g) and (h) are discussed in Section 6.

4-5 MULTIPLE SETS OF-DIFFERENTIAL PRESSURE TAPS

Atleasttwo sets of differential pressure taps separated by 90 deg or 180 deg are required. When installed horizontally,
the connecting tubing must meet the recommended slope as indicated in ASME MFC-8M. Care should be taken that the
pressure taps do not become plugged; therefore, no tap should be located at the bottom. When measuring liquids, taps
oriented vertically downward are more susceptible to being plugged by debris. Taps oriented vertically upward are

susceptible to gas collect
may be used. Using mult
gularities.

ion, introducing error in pressure measurement. Upward oriented taps are not preferred but
iple sets of taps may help to indicate orifice degradation caused by use, debris, or other irre-
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Figure 4-6-1

Standard Orifice Plate

‘>| |<—Thickness, E, of the plate

Upstream face, A

Downstream face, B

—Angle of bevel, F

Two sets of differential pre
measured at each set of taps
calibrated, then the discharge
is needed if the results diffes

4-6 MACHINING TOLERA

edge, G

b

Thickness, e, of the orifice

AN

Upstream /

Axial center line

Direction of flow

Downstream

/ edges, Hand |

Unless otherwise noted, 2

ssure taps are required to achieve the lowest desired uncertainty. Differential pressure is
The flow calculation is done separately for each pair and averaged. If the meter is flow
coefficient should be derived for each tap set and used in the flow calculation. Investigation
from each tap set calculation by more than 0.2%.

NCES, DIMENSIONS, AND MARKINGS FOR ORIFICE PLATE

paras. 4-6.1 through 4-6.8 correspond to those in Flgure 4-6-1.

4-6.1 Deflection and the Required Thickness, E, of Orifice Plate

Deflection of the orifice plate during flowing conditions is unavoidable (see Figure 4-6.1-1). The orifice thickness, E,
shall be sufficient such that the total deflection, t, isless than 0.01(D - d) /2 (assuming the plate was perfectly flat with zero
differential pressure applied). Table 4-6.1-1 provides the recommended thicknesses for nominal pipe sizes up to DN 600
(NPS 24) when the orifice plate is mounted with orifice flanges. Deflection calculations should be performed if the
differential pressure, temperature, or orifice installation deviates from the conditions stated in the notes of Table 4-6.1-1.

24


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

Figure 4-6.1-1
Deflection of an Orifice Plate by Differential Pressure
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Simple support (fitting)
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Table 4-6.1-1
Recommended Plate Thickness, E, for Stainless Steel Orifice Plate

Nominal PlateThickness,

Pipe Diameter miy (in.)
DN =< 150 (NPS < 6) 3718 (0.125)
150 < DN < 300 (6 < NPS =< 12) 6.35 (0.250)
300 < DN < 500 (12 < NPS <[20) 9.53 (0.375)
500 < DN < 600 (20 < NPS <[24) 12.7 (0.500)

GENERAL NOTES:

(a) The additional requiremgnts of paras. 4-6.1 and 4-6.2 must be met.

(b) Nominal plate thicknesses are shown in millimeters (inches).

(c) Nominal plate thicknesses are shown in increments of 3.175 mmni\(0.125 in.), which are typical values.

(d) This Table is provided as|a guideline for standard plate thicknesses when used with orifice flanges only. Orifice plates installed in orifice
fittings or ring type joint| (RT]) holders may require thicker orifice plates for the same conditions.

(e) Thicknesses shown are based on a maximum differential pressure of 248 kPa (36 psi) at temperatures not exceeding 65.5°C (150°F).

The thickness, E, of the plate shall not ex¢eed 0.05D exceptwhen 50 mm < D < 64 mm (2 in.< D < 2.5in.), in which case an
Evalue up to 3.18 mm (0.[L25 in.) is typically acceptable. The values of E measured at any point of the plate shall not differ
by more than 0.001D.

4-6.2 Upstream Face| A

With zero differential gressure applied, the plate upstream face, 4, must be flat within 0.005(D - d) /2. The orifice plate

mounting shall have no significant distorting effect on the plate. Refer to para. 4-6.1 for additional requirements.
(a) The upstream face, A, within a circle whose diameter is not less than D and is concentric with the bore, must meet
the following roughness criteria:
(1) for d < 127 mm (5.0 in.), maximum roughness = 1.27 um (50 pin.)
(2) for d > 127 mm (5.0 in.), maximum roughness is the lesser of 10™°d and 2.54 pm (100 pin.)
(b) The orifice plate should include a tab that projects beyond the flanges. This tab or the perimeter of the plate itself, if
feasible, shall be permanently marked on the upstream side with the following information:
(1) the measured bore diameter to four decimal places
(2) the measured upstream diameter to three decimal places if it is from the same supplier as the orifice plate
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(3) the instrument or orifice identifying number
Itisalso suggested, but not mandatory, that the tab be marked with the plate thickness, E, and angle of bevel, even if that

is zero.

4-6.3 Downstream Face, B

The downstream face, B, d

oes not have to be machined to the same tolerances as the upstream face. The surface

roughness of this face may be twice the value stated for the upstream face in para. 4-6.2. Imperfections smaller than 6 mm
(0.25in.) long and 0.5 mm (0.020 in.) deep are allowed on the downstream face however these 1mperfectlons shall not

encroach on the edges H ang

4-6.4 Thickness, e, of the Orifice

Thelength of the cylindrical
and 0.02D. Any values of e me3
bore shall have no defects st

4-6.5 Plate Thickness, E,
If the thickness, E, of the or

bore of the orifice, e, measured normal to the plane of the inlet face mustbe between 0.005D
sured around the bore shall not differ by more than 0.001D. The inside surface of the orifice
ch as grooves, ridges, pits, or lumps visible to the naked eye.

and Bevel

fice plate is greater than the thickness, ¢, of the orifice, then the downstream side shall be

beveled. The beveled surface lhas the same smoothness requirements as the upstream side of the orifice plate A=The angle

ofbevel Fshallbe 45 deg + 15
shall not be less than 0.2 mij

4-6.6 Edges G, H, and |

The upstream edge, G, and ¢
manufacturing deficiencies dg
sharp if the radius of the ed

Visual inspection of the edg
edge does notappear toreflec
is any doubt, the edge radiu

For orifices of d < 25 mm (1]
impression method, casting 1

The downstream edges, H a
are in the separated flow reg

4-6.7 Orifice Diameter, d

The diameter shall be such|
diameter should be sized to ad
condition. The manufactured
deg. More diametrical measu
other. Caution must be exerd

No measured diameter sh3

4-6.8 Eccentricity and Al

The concentricity of the ori
perpendicular distance betwsg

leg. If a bevel is required, its minimum dimension, E - e, measured along the axis-of the bore
n (0.008 in.).

ownstream edges, H and [, must be completely free of any burrs, nicks, wire edges, or other

tectable by visual or tactile inspection. The upstream edge, G, must be sharp. It is defined as

be is not greater than 0.0004d.

e, G, of orifices of d = 25 mm (1 in.) is sufficient to check.edge sharpness compliance. If the
abeam oflight when viewed by the naked eye, the sharpness requirements are met. If there
must be measured.

in.), the edge radius should be measured. The edge'radius can be measured by the lead foil

nethod, or paper recording roughness method-

hd I, do not have the same rigorous requirements as the upstream edge. This is because they

ion. Small defects should be undetectablé by the naked eye.

that 0.20 < < 0.70 and it shall be greater than or equal to 12.5 mm (0.5 in.). The orifice
hieve a differential pressure‘efatleast 0.025 MPa [3.61 psi or 100 in. H,0 (68°F)] at the test
diameter is reported as-the'mean of four measured diameters spaced at approximately 45
ements can be specified’but must be spaced in approximately equal radial angles to each
ised to avoid damaging the inlet edge G while measuring the diameter.

1l differ by mete-than 0.05% from the mean diameter.

gnment of Orifice in Metering Section

fice with'respect to the upstream and downstream pipes, or eccentricity, is defined as the
en the center of the orifice bore and the centerline of the metering section’s bore. For line

sizes greater than 100 mm (4
eccentricity must not exceed

0.8 mm (0.03 in.) toward the taps, or 1.5% of D away from the taps.

An orifice plate must be perpendicular to the centerline of the metering run within 1 deg.
The manufacturing and installation requirements to comply with the above requirements are addressed further in

Section 6.

4-6.9 Orifice Drain Hole

Orifice plates for use in horizontal pipes are sometimes made with drain holes. The drain hole is located flush with the

bottom of the pipe when me

asuring gaseous fluids or flush with the top of the pipe when measuring liquids.
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Orifice meters used for performance testing shall not have drain holes through the face of the orifice connecting the
upstream and downstream parts of the metering section.

4-7 MACHINING TOLERANCES AND DIMENSIONS FOR DIFFERENTIAL PRESSURE TAPS

Unless otherwise noted, all symbols for machining tolerances and dimensions, and markings for differential pressure

taps in paras. 4-7.1 and

4-7.2 correspond to those in Figure 4-7-1.

Unless otherwise noted, all symbols for machining tolerances and dimensions and markings for differential pressure

taps in para. 4-7.3 corre

4-7.1 Flange Taps —

The centerline of the fl
breakthrough, the hole 1

The edges must be flus
Because it is critical to eli
The radius caused by rd
Figure 4-7-1.

Visually, no irregularit
hole meets D in the pip4

Upstream and downstr
in.) for pipe diameters gr
mm (3 in.) nominal pipe

The pressure tap holes
measured from the inne

Elevation differences o
therefore, caution is advis
a tee, the taps should be

4-7.2 Flange Taps Or|

The spacing (#; or £,")
specified face of the orifig
taps, consider the thickn

The center of the tap fo1
the tap for P, is £," = 25
tolerances for flange tap

spond to those in Figure 4-7-2.

Shape, Diameter, and Angular Position

hinge taps must meet the pipe centerline and be at right angles to it within 3 deg. At the point of
hust be circular.

h with the internal surface of the pipe wall and be as sharp as can be reasonably manufactured;
minate burrs or wire edges at the inner edge, rounding is permitted but it should be minimized.
unding must not exceed 0.06¢)a, where ¢a is the diameter of the individual tap holes in

es shall appear inside the connecting hole. This applies both to the edges of the hol¢-where the

, flange, or fitting and to the edges of the hole within 2.5¢a from D.

eam tap holes mustbe the same diameter. The recommended size of the tap holesis'13 mm (0.50

bater than or equal to 100 mm (4 in.). The recommended tap diameters for 50 mm (2 in.) and 76
diameters are 6 mm (0.25 in.) and 9.5 mm (0.375 in.), respectively,

must be circular and cylindrical for a length of atleast 2.5 times the internal diameter of the tap,

- wall of the pipe or flange.

ftaps and tubing installation can negatively affect the measurement of the differential pressure;

ed concerning correct calculations. Also, if the metering run is ihstalled downstream of a bend or
installed so that their axes are perpendicular to the plane of the bend or tee.

fice Metering Runs — Spacing of Taps

bf a pressure tap is the distance between the centetline of the pressure tap and the plane of the
e plate. The spacing of the pressure tap is shown in Figure 4-7-1. When installing the pressure
ess of the gaskets and/or sealing materials-being used.

Pyis€;=25.4mm (1.00in.) measured fronrthe upstream face A of the orifice plate. The center of
4 mm (1.00 in.) measured from the‘downstream face B of the orifice plate. Manufacturing
locations are shown in Figure 44%7-1.

4-7.3 Corner Tap Oriflice Metering Runs

(a) Thespacingbetwe
or half the annular slot
(b) The taps may be ei
or carrier rings, as show
(c) The diameter, ¢a,
determined in practice b
In (1) and (2), a repre|
individual tap.
(1) For clean fluids

bn the centerlines of thetaps and the respective faces of the plate is equal to half the tap diameter
vidth, so that the edges/break through the wall flush with the faces of the plate.

her single taps or ahnular slots. Both types of taps can be located in either the pipe or its flanges
n in Figure 4-7-2.

of single taps or the width, g, of annular slots are given below. The minimum diameter is
y the likelilood of accidental obstruction by air bubbles or built-up debris.

ents the‘width of the annular slot of the carrier ring and ¢a represents the diameter of the

and-gases

(-a) B < 0.65, 0.0

05D < (a or ¢paj < U.03D

(-b) B> 0.65, 0.01D < (a or ¢a) < 0.02D
(2) For any values of 8

(-a) for clean flui
(-b) for gases wit

ds, 1 mm (0.04 in.) < (a or ¢pa) < 10 mm (0.4 in.)
h annular chambers, 1 mm (0.04 in.) < a < 10 mm (0.4 in)

(-c) for gases and liquefied gases with single taps, 4 mm (0.16 in.) < ¢pa < 10 mm (0.40 in.)

27


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

Figure 4-7-1
Location of Pressure Taps for Orifices With Flange Taps

/ 7
Ga—| | |||~ | [—oa
[4

¢
@D ! [ 2
Flow P, 2

A B

LEGEND:
Pa = diameter of individual fap holes
A = upstream side of orificq plate
B = downstream side of orifice plate
@D = inlet diameter
¢; = location of upstream tap hole
', = location of downstream| tap hole
P; = high pressure sensing goint
P, = low pressure sensing ppint

GENERAL NOTE: The location of the differential pressure taps.must be in accordance with the following tolerances:

41 ;=254 mm + 0.5 mm| (1.00 in. + 0.02 ips)for B > 0.6 and D < 150 mm (6 in.)
254 mm = 1 mm (1.00 in. = 0.04 in.) for.5<0.6

254 mm * 1 mm (1.00 {n. = 0.04 in.)for.f > 0.6 and 150 mm < D < 1 000 mm (6 in. < D < 40 in.)

28


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

LEGEND:

a =
Pa =
@b =

NOTES:

ASIN >Q « Un
I

Pressure taps—i

%

ASME PTC 19.5-2022

Figure 4-7-2
Location of Pressure Taps for Orifices With Corner Taps
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(d) The annular slots should break through the inside wall of the pipe over the entire perimeter with no break in
continuity. If this is not possible, each annular chamber shall connect with the inside of the pipe by at least four openings,
thg axes of which are at equal angles to one another and the individual opening area of each being at least 12 mm? (0.019
in.”).

(e) Multiple pressure tap sets should be located symmetrically about a vertical or horizontal center line. The in-
dividual upstream and downstream pressure taps, constituting a tap set, should be in line with each other and shall have
the same diameter.

(f) Theinside diameter, b, of the carrier rings must be equal to or greater than the diameter, D, of the inlet section to
ensure that the carrier rings donot protrude inta the pipe The inside diameter must not be greater than 104D

(g) The following restridtions are placed on the geometry of the pressure taps for corner tap orifice metering runs:

(1) D<b<1.04D
(2) c<0.5D

(3) ¢’<0.5D

4) fz 2a

(5) area gh = fa/2

(h) All surfaces of the rifpg that can be in contact with the measured fluid shall be clean and have a well-machined
finish. The surface finish sha]l meet the pipe roughness requirements.

(i) The pressure taps copnecting the annular chambers to the secondary device are pipe-wall taps, circularat.the
point of breakthrough and with diameter j between 4 mm and 10 mm (0.16 in. and 0.4 in.).

(j) The upstream and dgwnstream carrier rings are not necessarily symmetrical to each other, but they shall both
comply with the specifications herein.

(k) The diameter, D, of the inlet section used for the calculation of the diameter ratio is to be measured and must be
the arithmetic mean of measufements made in at least four equally separated diameters in the planeefithe upstream tap.
Ifacarrierringis used, then thp mean diameter of the carrier ring, b, must be used in the calculation, This also applies to the
length requirement so that thie length, s, is to be taken from the upstream edge of the recess formed by the carrier ring.

4-8 LOCATION OF TEMPERATURE AND STATIC PRESSURE MEASUREMENTS

The general equation for mgss flow [see eq. (3-2-1)] was developed to calculate thewelocity at the throat of the device.
Thus, temperature and static pressure measurements for density and viscosity determination are preferably determined
atthe upstream side of the orifice. However, temperature measurement upstreaim can interfere with the flow pattern and
introduce errors. Thermometgr wells with diameters less than 0.03D shouldbe'located a minimum of 5D upstream of the
orifice face A. If they must b¢ located within 3D, an additional uncertainty of +0.5% must be added. If possible, it is
preferred to locate the thermpometer a minimum of 5D downstream»of the orifice face B. (See Figure 4-7-1.)

For a gas or vapor, with the fequirement that P, /P, = 0.80, or for.a liquid, it is acceptable to assume that T; = T, without
any loss of accuracy. This can pe confirmed by assuming isentropic expansion of the fluid across the orifice and using the
measured differential and static pressures, taking note thdt there is some pressure recovery.

The static pressure of the fluid is measured in the radial plane of the upstream pressure tap. This can be done using a
separate pressure tap or by tee-in connection with the differential pressure measurement line. Care must be taken to
avoid introducing errors whei connecting static pressure measurement in common with a differential pressure measure-
ment. In the case of corner tpp orifices, static pressure can be measured by means of carrier ring taps.

4-9 EMPIRICAL FORMULATIONS FOR DISCHARGE COEFFICIENT, C

The discharge coefficient ¢f an orifice metering section accounts for the variability of geometry, the effect of the
boundary layer, and the effec§ of velacity profile. The recommended equation covers the two recommended tap geome-
tries, corner, and flange taps| as_follows:

g - 3 63
C = 05961 + 0.02618% — 02168 + 0000521 x [22L|  + (0.0188 + 0.00634) x 35| 1
ReD ReD (4_9_1)
4
+(0.043 + 0.080e 1011 — 0.123¢771) % (1 — 0.114)— il 0.031(M;, — 0.8M5H)p!3
1 —_

When D < 71.12 mm (2.8 in.), the following term shall be added:
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D
+0.011(0.75 — ﬁ)(z.s - ﬁ)

+0.011(0.75 — $)(2.8 — D)

where
L, = ¢1/D = quotient of the distance of the upstream tap from the upstream face of the plate and the inlet section
diameter
Rep = pipe Reynolds humber
B = d/D = diametef ratio
19, 0005 |
4 — (19,0008
ReD
2L
M/2 — 2
where 1-p
L', = ¢',/D = quotient|of the distance of the downstream tap from the downstream face of'the plate, £, and the inlet

section diamete
would denote tl

The values of L; and |
para. 4-7.3 and Figure 4
(a) for corner taps

(b) for flange taps
(1) for D, mm: L; =
(2) for D, in.: L) =1

Equation 4-9-1 is valid
equation pairs of L; and

-, D (L', denotes the reference of the downstream spacing from the{downstream face, while L,
le reference of the downstream spacing from the upstream: face)

L', used in this equation when the dimensions are in aécordance with the requirements of
7-2 for corner taps and para. 4-7-2 and Figure 4-7-1\for flange taps are as follows:

:L’2:0

L/2 — 25.4/D

;o 1/

2= |D

only for the tap arrangements(defined and specified above. It is not permitted to enter into the
L', that do not equal the values of one of the specified tapping dimensions.

4-10 LIMITATIONS AND UNCERTAINTY.OF EQ. (4-9-1) FOR DISCHARGE COEFFICIENT, C

4-10.1 Limits of Use

The limits of use for ¢
(a) d =212.5 mm (0.5
(b) 50 mm (2.0 in.) <
(c) 0.20 < 8 <0.70

q. (4-9-1) are_as follows:
in.)
D < 1.000'mm (40 in.)

(d) Rep =2 5000 for 0.

D < < 0.56 (for corner)

(e) Rep = 160008 for B > 0.56 (for corner)
(f) Rep = 5000 and Rep = 1708%D (mm) (flange taps), whichever is greater

(g) Rep 25000 and R

ep = 43186°D (in.) (flange taps), whichever is greater

See Figure 4-10.1-1 for the minimum Reynolds number for flange tops.

4-10.2 Uncertainties of the Discharge Coefficient of Uncalibrated Orifice Sections

For both flange and co
uncertainty of the value
(a) 0.5% for 0.2 < f <

rner tapping, when 5, Rep, D, and k/D are assumed to be known without error, the relative
of the discharge coefficient, C, is equal to
0.6
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Figure 4-10.1-1
Minimum Reynolds Number for Flange Taps

Pipe Diameter, mm
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(b) (1.6675 - 0.5)% for 06 < 8 < 0.70
Where D < 71.12 mm (2.8in.), the following relatiye uncertainty shall be added to the values in (a) and (b):

(S1 Units)

D
0.9(0.75 — ﬂ)(z.s - 25.4)@

(U.S. Customary Units)
0.9(0.75 — f)(2.8 — D)%

Where > 0.5 and Rep < 3

Flow measurements in performance testlng may require the or1f1ce metering sectlons to be calibrated to achieve the
desired measurement uncertainty. The method of evaluating the laboratory calibration data to estimate the coefficient
uncertainty is presented in Mandatory Appendix L.

4-11 UNCERTAINTY OF EXPANSION FACTOR, ¢

When §, % ,and k are assumed to be known without error, the relative uncertainty, %, of the value of the expansion
1

. . AP
factor, ¢, for orifice meters is equal to 3.57%
KPy
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4-12 UNRECOVERABLE PRESSURE LOSS

The unrecoverable pressure loss, Aw, is related to the pressure drop across the orifice, AP, by

with Aw and AP in the s

J1-p*1-c?) - cp?
J1=p%a - ) + cp?

Aw =

AP

ame units.

4-13 CALCULATIONS
UNCERTAINTY

4-13.1 Derivation

This uncertainty analy
performed and the meter
ment. Deviation from thij
affects uncertainty.

Sample calculations sH

Steam and gas are thd
fundamental flow equati
pressible flow measuren

OF DIFFERENTIAL PRESSURE CLASS FLOW MEASUREMENT SYSTEMATIC

bis of differential pressure class flow measurement is valid if the calculations of mass flow are
ng sections and orifices are manufactured and installed strictly in accordance with this Supple-
s Supplement in manufacture, installation, calculations, or any other requirement adversely

own are for orifice metering sections.

chosen fluids for sample calculation of uncertainty because all terms are tiien*used in the
pn [see eq. (4-13-1)], which is repeated below for the user’s convenience. Water or incom-
lent uncertainty would be calculated similarly but without the expansion,factor term.

2p(AP
g, = n—d*Ce (AP, lgc (4-13-1)
4 1-p
Defining B as the systgmatic uncertainty in the units of measure of its subscripted*variable
0.5
Wl V¥ (% V¥ (% Y (% ) 9, (o YV (+15.2)
B, = ||-ZB + B, | + |-ZB + |ZBy| + |=—*B + 2B e
G ac| € de € op D od 4 Jap’ AP ap P
After differentiation, dividing by g,, to get fractional units, and ‘algebra
0.5
2 2 2 2 2 2
Bﬂ = (E + (&) + 2ﬂ_4 (B_D> + L (E) + (&) + i (4'13'3)
q, ac € 1-p4J\ D r-p4 )\ d 2AP 2p
g
Uncertainty as a percgntage is then equal to 100 x —2
I

The square root of the d
The sensitivity coefficier]

oefficient of each term)in eq. (4-13-3) is the sensitivity coefficient, S, of the particular variable, X.
ts from eq. (4-13=3) are summarized in Table 4-13.1-1.

4-13.2 Uncertainty C3lculation - General

The uncertainties of in
herein and in paras. 4-1
There are no additiona

gtrumentation for measurement of the fluid conditions and orifice differential pressure are used
B.2.1-through 4-13.5.

tainty analysis if the pard
pendent, the unaccounte

uncertamty c0n51derat10ns in completely steady -state condltlons usmg eq (4 13- 3) for uncer-

d-for cross products are completely 1n51gn1f1cant as shown hereln

The discharge coefficient, C, is a function of Reynolds number, which is calculated based on temperature, pressure, and

constituentanalysisofag

as mixture (for density and viscosity calculations). At high Reynolds numbers (Rep>100,000),a

change in the Reynolds number of 25% results in a change in the discharge coefficient of less than 0.1%. Therefore, with a
typical uncertainty in the Reynolds number due to viscosity and velocity estimates, the uncertainty in the discharge
coefficient due to Reynolds number errors is considerably less than the uncalibrated orifice meter uncertainty.

The expansion factor, ¢, also depends on pressure and differential pressure. Equation (3-9-2) is used to calculate the
expansion factor for orifice meters.
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Table 4-13.1-1
Sensitivity Coefficients in the General Equation for Differential Pressure Meters

Term in General Flow Rate Sensitivity
[See Eq. (3-2-1)] Coefficient
c 1.00
€ 1.00
D 26°/(1 - B
d 2/(1 - B4
AP 0.50
p 0.50

P\
g =1— (0351 + 0256 + 0.935°)[1 — [?2]
1

The uncertainty of the empirical formulation of £, in the calculations is greater than the uncertainty in €; due to process
measurement error. As an ejample, consider a metering section with a beta ratio of 0.6 and a measured differential
pressure of 0.037 MPa (5.4 p4i) for a compressible fluid with a specific heat ratio of 1.3 at a pressure of 2.068"-MPa (300
psi). The uncertainty in ¢, is dalculated from subsection 4-11 to be 0.048% at typical instrument uncertajnties of 0.2%.

Three examples of uncertainty calculations are given in paras. 4-13.2.1 through 4-13.2.3; two are for steam mass flow
and one is for natural gas fuellmass flow. Note that these examples only include the systematic uncertainties and do not
consider random uncertaintigs. A post-test uncertainty analysis would have to include random uncertainties caused by
data fluctuations per ASME FTC 19.1. See para. 4-13.3.

4-13.2.1 Example 1: Unceftainty of Typical Steam Flow Measurement, Orifice Metering Run for g < 0.6. Orifice
geometry and design flow cqnditions for a typical steam flow measurement are as follows (see Table 4-13.2.1-1):

D = 25451 mm (10.02 in)
d = 124.49 mm (49012 in)
B = (4891

differential pressure = 124.42 kPa (18.046 psi)
930 kPa (280 psia)
21°C (430°F)

.3

steam pressure =
steam temperature =

K =

D = 3048 mm (12.00 in)
d = 213.36 mm (8.400%m)
g = 7000

differential pressure = 9H4.020 kPa (7,835 psi)
48.2 kPa\(65 psia)

82.22°¢ (360°F)

K = | o]

steam pressure =

steam temperature =
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Table 4-13.2.1-1
Example 1 — Systematic Uncertainty Analysis for Given Steam Flow Orifice Metering Run

Parameter Total Uncertainty,

By Sensitivity Factor on Flow By
Parameter, X (7) Measurement, S X (s)
Discharge coefficient, C 0.5% 1.00 0.5%
Expansion factor, € 2 q£ _yc 12442 _ o0 1.00 0.17%
35} T3(1930)
Pipe diameter, D 0.2% 2t _ 204890t 0.0242%
1-p% 1-(0.4891)*
Orifice diameter, d +0.05% 2 _ 2 — 2121 0.106%
1-p%  1-(04s01)*
Differential pressure, AP +0.25% 0.50 0.125%
Density, p +0.27% [Note (1)] 0.50 0.135%
Systematic uncertainty at 95% 0.57% [Nofe (2)]

confidence level, root sum square

NOTES:
(1) The uncertainty for p has|been determined from the parameter total uncertainty for differential pressure, Bnp/AP = 0.25%)and the uncer-
tainty for temperature, By = 0.3°C (0.5°F).

(2) The systematic uncertainfty is determined using eq. (4-13-3) after (I;—X)(S) is determined for each parameter.

Table 4-13.2.2-1
Example 2 | Systematic Uncertainty Analysis for Given Steam Flow Orifice Metering Run

Parameter Total Uncertainty,
(BX) Sensitivity Factor on Flow (BX) )
X

Parameter, X X Measurement, S
Discharge coefficient, C 0.67% 1.00 0.67%
Expansion factor, € 3.5£ - 15 54020 _ 0.32% 1.00 0.32%
KPy 1.3(448.2)
Pipe diameter, D 0.2% op* 2(0.7000)* P 0.126%
= = 0.632
1-p* 1= (07000)*
Orifice diameter, d 0.05% 2 2 — 2632 0.132%
i 4 =~
1-p 1 - (0.7000)
Differential pressure, AP 0.25% 0.50 0.125%
Density, p 0.27% [Note (1)] 0.50 0.135%
Systematic uncertainty at 95% 0.79% [Note (2)]

confidence level, root sum square

NOTES:
(1) The uncertainty for p has|been determinedfrem the parameter total uncertainty for differential pressure, Bp/AP = 0.25%, and the uncer-
tainty for temperature, By = 0.3°C (0.5°E):

(2) The systematic uncertainfty is determined using eq. (4-13-3) after (I;—X)(S) is determined for each parameter.
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4-13.2.3 Example 3: Uncertainty of Typical Fuel Gas Flow Measurement, Orifice Metering Run for 8 < 0.6. Fuel flow

orifice geometry and flow co

nditions for a typical fuel gas flow measurement are as follows (see Table 4-13.2.3-1):

D

d

B

differential pressure
gas pressure

gas temperature

K 1

4-13.3 Random Uncertairn

202.72 mm (7.9810 in.)
118.96 mm (4.6834 in.)
0.5868

29.19 kPa (4.234 psi)
2586 kPa (375 psia)

15-5626-£60°K)
= IS )

.3

ty Due to Data Fluctuations

The post-test uncertainty aalysis must consider fluctuation of actual data. The differences in degrees of freedom of the

data should be considered in
consider systematic uncertai

During a test run, the rando
for a test run), and combined ¥
(the overall measurement uf

Examples of complete unce
PTC 19.1, which is reference

calculation of the random component of uncertainty. The analyses in this Section just
hties at 95% confidence level.
M standard uncertainty must be determined, multiplied by the Student’s t value (typically 2
vith the systematic uncertainty by root sum square to determine the expanded uneertainty
certainty at 95% confidence level).
Ftainty analyses, including random uncertainty from fluctuation in data, are given in ASME
d for details of post-test uncertainty analysis requirements.

4-13.4 Instrumentation Uncertainties for the Determination of Flow Measurement Systematic

Uncertainties

Paragraphs 4-13.4.1 throug
for determining flow measurej
specifications and calibration
fore,in these cases, the uncert
determine the uncertainty ag
readings are assumed to be

Example 3 —

h 4-13.4.3 summarize the reasons for selecting individual instrumentation uncertainties
ment systematic uncertainties. Many differential pressureand static pressure instruments’
define percent uncertainties (accuracy class) as a function of span and not reading. There-
hinty values must be multiplied by the instrument spasidivided by the instrumentreading to
a percent of reading for use in the uncertainty.analysis. In the following examples, the
he full span of the instrument to simplify the calculations.

Table 4-13.2.3-1
- Systematic Uncertainty Analysis for Given Gas Flow and Meter Tube

Parameter Total Uncertainty,

By Sensitivity Factor on Flow By
Parameter, X (;) Measurement, S (;)(8)
Discharge coefficient, C 0.5% 1.00 0.5%
i 0,
Expansion factor, € _ AP _ 2919 L 0.030% 1.00 0.030%
kP 1.3(2585)
Pipe diameter, D 0.2% 25t 2(0.5868)* P 0.054%
= = 0.269

1-p%  1-(0.5868)*
Orifice diameter, d 0.05% 2 _ 2 — 2269 0.113%

1-p*  1-(07000)*
Differential pressure, AP 0.25% 0.50 0.125%
Density, p .34% [Note (1] 0.50 0.17%

Systematic uncertainty at 95% 0.56% [Note (2)]

confidence level, root sum square

NOTES:

(1) The uncertainty for p is determined from the root sum square of the parameter total uncertainty for density, B,/p, (for perfect analysis) and
the constitute analysis uncertainty. For perfect gas analysis, the parameter total uncertainty for differential pressure, Byp/AP =0.25%, and the
uncertainty for temperature, Ur = 0.3°C (0.5°F). The constitute analysis uncertainty is equal to 0.2%.

(2) The systematic uncertainty is

B
determined using eq. (4-13-3) after (%)(S) is determined for each parameter.
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4-13.4.1 Differential Pressure. Differential pressure transmitters installed specifically for test purposes are assumed
to be of the 0.075% accuracy class. For this calculation, it is assumed that transmitters are selected for a specific applica-
tion so that their range does not affect uncertainty. It is also assumed that local ambient temperature is 26.7°C (80°F) and
that there is insignificant water leg error.

Additional instrument

uncertainties are caused by

(a) static pressure effects
(b) ambient temperature effects

(c) vibration effects

Other small error sourg

zero. Each manufacturer
pressure systematic unce
0.23% represents the in
uncertainty of differenti

4-13.4.2 Static Pressy
systematic uncertainty
Table 4-13.4.2-1. With t
state. To be conservative,
in this Section.

4-13.4.3 Temperatu
ture stratification). For
broad temperature range
tainty is achievable and

4-13.5 Uncertainty of
Section

Table 4-13.5-1 calculat
with the metering section|
is then significantly redu

To ensure the laboratg
ment method shall be in
when it was calibrated. T|
possible, it is preferred ta
inspection of the orifice i
part of the design.

The laboratory-derivec
is applicable to gas testin
discharge coefficient und
calibration data may inc

documents the influence of these effects on its instrumentation. Typical values and differential
rtainty at steady state conditions are given in Table 4-13.4.1-1. With the above assumptions,
Ktrument systematic uncertainty in steady state. To be conservative, 0.25% is used for the
1l pressure in the uncertainty calculations in this Section.

re. Making the same assumptions as for the differential pressure measurement, static pressure
ht steady state conditions is estimated, for a 0.075% class gage pressure transmitter, in
he above assumptions, 0.21% represents the instrument systematic uncertainty in-steady
+0.25% is used for the systematic uncertainty of static pressure in the uncertainty calculations

rl( Several options exist to determine temperature to within 0.3°C (0.5°F) (assuming no tempera-

ample, resistance temperature detectors typically have digital accuracies«of'0.2°C (0.3°F) in
s. Combined with data acquisition uncertainty and other effects, 0.3°C (0.5%) maximum uncer-
can be improved with applied laboratory calibrations.

Typical Gas Fuel Flow Measurement for a Laboratory-Calibrated Orifice Metering

ps the systematic uncertainty of the natural gas flow measurement example in Table 4-13.2.3-1,
laboratory-calibrated at the test Reynolds number range. The overall measurement uncertainty
ced.
ry uncertainty is maintained, several precautions-are necessary. A positive mechanical align-
place to replicate the precise position of the orifice element within the flow section assembly
he flowmeter section must remain dirt andumoisture free for shipping and storage. Whenever
ship the flow section as one piece andatet disassembled for shipping or installation. However,
b permitted with no impact to the calibration when a positive mechanical alignment method is

discharge coefficient uncertainty of the water-calibrated orifice metering section is 0.25% and
b when used in the calibrated Reynolds number range. Laboratory-calibrated uncertainty of the
ertainty of an orifice metering section may be as low as 0.15%. Extrapolation of laboratory
rease the uncertainty (of)the resulting discharge coefficient (see Mandatory Appendix I).

As shown in subsectioh 4-11, the uncertainty in the compressibility effects is proportional to the ratio of differential

pressure and static press
sibility effects also incre
separately from the unce

ire or the velocity'of the fluid. This is reasonable because, as Mach number increases, compres-
hse, as does the‘resulting uncertainty. The uncertainty in the discharge coefficient is treated
tainty dueto.,compressibility effects. The pipe and orifice diameter uncertainties are revised to

0% because the uncertainties of the diameters are included in the uncertainty of the discharge coefficient as determined

by the flow calibration. A
difference in the tempers:

flow.calculation mustinclude a correction for the thermal expansion of the diameters due to the
ture-of the fluid being measured versus the fluid temperature during calibration. The uncer-

tainty for this correctio

istassumad to ha nealiagible in this uncertaintyv calculation
{SRRES) J

4-14 PROCEDURE FOR FITTING A CALIBRATION CURVE AND EXTRAPOLATION TECHNIQUE

The method for fitting a calibration curve and extrapolating the calibration beyond the highest Reynolds number that

the orifice metering run

was calibrated is described in Mandatory Appendix .
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Table 4-13.4.1-1
Systematic Uncertainty, 0.075% Accuracy Class Differential Pressure Transmitter

Instrument Systematic Sensitivity x Uncertainty,
Parameter Sensitivity, % /% Uncertainty, % %
Calibration 1.0 0.075 0.075
Static pressure 1.0 0.1 0.1
Temperature effect 1.0 0.15 0.15
Vibration 1.0 0.1 0.1
Repeatability 1.0 0.05 0.05
Data acquisition system 1.0 0.04 0.04
Root sum square 0.23

Table 4-13.4.2-1
Systematjc Uncertainty, 0.075% Accuracy Class Static Pressure Transmitter

Parametel Sensitivity, %/% Systematic, % Sensitivity x Uncertainty, %

Calibration 1.0 0.075 0,075
Temperature effect 1.0 0.15 0.15

Vibration 1.0 0.1 0.1

Repeatability 1.0 0.05 0.05

Data acquisition system 1.0 0.04 0.04

Barometric pressure 0.05 0.1 0.0

Root sum square 0.21

Table 4-13.5-1
Systematic Uncertpinty Analysis for Given Gas flowmetering Run With Laboratory Calibration

Parameter Total Uncertainty,

By Sensitivity Factor on Flow By
Parameter, X (7) (?)(S)

be Measurement, S
Discharge coefficient, C 0.25% [Note (1)] 1.00 0.25%
Expansion factor, € 3‘5£ =35 2919 o~ 0.030% 1.00 0.030%
KPy 1.3(258)

Inlet section diameter, D 0% [Note (2)]
Orifice diameter, d 0% [Note (2)]
Differential pressure, AP 0.25% 0.50 0.125%
Density, p 0.34%\[Note (3)] 0.50 0.17%

Systematic uncertainty at 0.33% [Notes (4), (5)]
95% confidence level, root

sum square

NOTES:

(1) This value of the discharge coefficient uncertainty was determined from a laboratory calibration in conjunction with Mandatory Appendix I.

(2) Any errors in measurement of D and d are compensated by the calibrated discharge coefficient.

(3) Theuncertainty for pis determined from the root sum square of the parameter total uncertainty for density B, /p (for perfect gas analysis) and
the constitute analysis uncertainty. For perfect gas analysis, the parameter total uncertainty for differential pressure, Byp/AP=0.25 % and the
uncertainty for temperature, By = 0.32C (0.59F). The constitute analysis uncertainty is equal to 0.2%.

(4) Thelaboratory-calibrated orifice section has an uncertainty of 0.33% for fuel gas flow, reduced from 0.56% if the empirical formulation for the
discharge coefficient is used.

(5) The systematic uncertainty is determined using eq. (4-13-3) after (%)(S) is determined for each parameter.
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Section 5
Nozzles and Venturis

5-1 NOMENCLATURE

Symbols used in Section 5

5-2 INTRODUCTION

This Section shall be used W
ment, and Section 6, which pr
section that then comprises

The primary element type

(a) ASME low f ratio noz3

(b) ASME high S ratio noz

(c) ASME throat tap nozzl

(d) ASME (classical Herscl

These meters have extensiv
work. Other nozzles and flow
tion and if they are calibrate

5-3 REQUIRED PROPORT]

Dimensions specifically shg
with respect to the throat ar

(a) high f nozzle

(b) low f nozzle

(c) throat tap nozzle for f

(d) throat tap nozzle for [

NOTE: Throat tap nozzles for A
The ASME throat tap prima
tap nozzle flow section cons

upstream and downstream lg
for ASME PTC 6 applications

5-3.1 Entrance Section

All ASME flow nozzles have
minor axis of the ellipse are sh
ellipse shall be parallel to the

are included in Tables 2-3-1 and 3-1-1.

rith Section 3, which describes the theory of operation necessary for proper flow measuré*
vides guidance and requirements for the installation of these primary elements into a flow
he flowmeter.

5 described in this Section include three types of nozzles and one type of venturi.

les (0.2 < 8 <0.5)

zles (0.45 < f < 0.8)

bs (0.25 < f<0.5)

hel) venturi (0.30 < B < 0.75)

e histories thatinclude calibration data, field experience, and use inPerformance Test Code
ubes may be used by agreement if equivalent care is taken in theirfabrication and installa-
] in a laboratory in conformance with applicable requirements provided in this Section.

ONS OF ASME NOZZLES

'wn in Figures 5-3-1 through 5-3-5 are required for;each of the three types of ASME nozzles
d pipe inside diameter.

> 0.44
<044

EME PTC 6-2004 applications are.subject to the additional requirements of that code.

Iy element and other compoherits of the flow section are shown in Figure 5-3-6. The throat
sts of the primary elemént; the diffusing section if used, the flow conditioner, and the
ngths. Figure 5-3-6 illdstrates additional installation and flow conditioning requirements
See Section 6 forginstallation and flow conditioning requirements.

the shape“of-a quarter ellipse in the entrance section. The values of the major axis and the
own inKigures 5-3-1 through 5-3-4 for each type of flow nozzle. The major centerline of the
enterlinte of the nozzle within 0.1%. The ellipse shall terminate at a point no greater than D
P MINOr axis.

regardless of the value of th

5-3.2 Throat Section

The throat section shall have a diameter, d, and alength as shown in Figures 5-3-1 through 5-3-4. The measured value of
d shall be the average of four equally spaced radial measurements of the throat diameter taken in each of three equally
spaced planes along the length of the throat section, covering at least three-quarters of the throat length for a total of 12
diametric measurements. No diameter shall differ by more than 0.05% from the average diameter, d. Under no circum-
stances shall the throat diameter increase toward the nozzle exit. A decrease in diameter toward the exitend isacceptable
if it is within the 0.05% variation allowed from the average diameter.
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5-3.3 Exit End Section

The exit end section is shown in detail in Figure 5-3-5 and applies to all ASME nozzle designs.

5-3.4 General Requirements for ASME Flow Nozzles

The distance from the pipe inside diameter to the outside diameter of the nozzle throat shall be greater than or equal to

3 mm (0.125 in.) for wall tap nozzles.
The thickness, t, shall be sufficient to prevent distortion of the nozzle throat from the stresses of machining, installation,

or conditions of use.

The surface of the inne} face of the nozzle shall be machined smooth and, if necessary, polished to achieve a maximum
roughness as determined|from the ratio of required surface finish to throat diameter, d (this ratio is shown on the vertical
axis of Figure 5-3.4-1), and no greater than 0.8 pm (32 pin.). The exit end must not have rounding or burrs.

Boring in the section yipstream of the nozzle is shown in Figure 5-3.4-2.

The downstream (outsjde) face of the nozzle shall be cylindrical and machined smooth or otherwise constructed so as
to eliminate any pocketq or pits that might retain debris or matter that may be in the fluid.

ASME flow nozzles may be made from any material that does not wear easily and remains dimensionally stable\with
known thermal expansidn properties.

Section 6 defines the rpquirements of the metering section in which the nozzle is assembled. Specifics are/given for
lengths, centering, and fabrication requirements.

Figure 5-3-1
High B Nozzle

<« D2 — >« 0.6d —>

—(D-d)/2

Z\[5—10 deg

41


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

Figure 5-3-2
Low B Nozzle

d 0.6d—>

Flange face —» (=
for B > 0.44 | i

@d - "_‘_‘_FI ______________ l
ow
\
/’ —10 deg
45 deg
_><\»
Figure 5-3-3
Throat Tap Nozzle for § > 0.44
|
0.625d ) AN

i 0.75d -0.25d
_________Q d —_—— e — -
This part of
the ellipse
<S§,,,,\A,,J -<See Figure 5-3-5 will be cut off
rue ellipse tolerance

+0.0025 mm (£=0.001 in.)
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Figure 5-3-4
Throat Tap Nozzle for g < 0.44

Flange face —> 0.625d \\
forp=0.44 K | \
— g —————
\_____;r_ ______ > _!// ¥
| —J-0.25d
d 0.75d
}
¢ d

NN ~—See Figure 5-3-5

True ellipse tolerance
+0.0025 mm (*=0.001 in.)

Figure 5-3-5
Throat Tap Nozzle End Detail

Pressure taps — drill and ream to size
3 mm (% in.) min. and
6 mm (% in.) max.

AN
¢ . AN A
c 7\ [*=—10 deg
\| Minimum twice — V
pressure-tap ¢
diameter %
!
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Figure 5-3-6
Example Throat Tap Nozzle Flow Section
Throat traps
Plate-type flow—
_ straightener Upstream
—
pressure taps N
N \ el
/ \ L
X 1 [ Y\ \ ”
Q /

|

|
I

|

g
|
|
& | g

|

|

|

|

=

|

|

X 4 AR V4 ”
/ ) L4 L
|| —— Throat tap
nozzle
2D D —>
18D min——V
<«~————— 20D minl: s 10D min: \,

GENERAL NOTE: No obstruction, §uch as thermocouple wells, backing rings, etc., are permitted.
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Figure 5-3.4-1
ASME Nozzle Required Surface Finish to Produce a Hydraulically Smooth Surface

100

Surface Finish in Microinches
Throat Diameter in Inches

1 10 100
Throat Reynolds Number x 10-¢

surface finish (pm)

GENERAL NOTE: The verticalfxis of this graph can be relabeled todetermine the surface finish in micrometers when the throat

throat diameter (m)
diameter is in meters.
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Figure 5-3.4-2
Boring in Flow Section Upstream of Nozzle

4D

taps \

Upstream
pressure

|
=)

TN
|

Machine with taper 1}
exceeding 3.5 deg

5-4 NOZZLE PRESSURE 1

The upstream tap shall be |
nozzle. Nozzles without throaf
the nozzle. Under some instal
that is not permitted. Under n|
exit.

A minimum of two differer
zontally, the connecting tubin
become plugged; therefore, n
tible to being plugged by deb
pressure measurement when
sets of taps may help to indi

Two sets of differential pre
measured at each set of taps
calibrated, then the discharge
is needed if the results diffe

5-4.1 Wall Tap Nozzles

The upstream and downst

ot

Cylindrical within £0.127 mm (+0.005 in.)
or 0.0005D (where Dis in mm orin.),
whichever is greater. If machining is
required, minimum metal should
be removed.

AP REQUIREMENTS

cated in the pipe wall at a distance, D, (+0.2D, -0.1D)from the plane of the inlet face of the
taps shall use wall tapslocated at 0.5D (+ 0.01D) dewnstream of the plane of the inlet face of
ation geometries, this specification places thetap downstream of the nozzle exit plane and
p circumstances may any part of the downgtkeam tap be located downstream of the nozzle

tial pressure tap sets separated by 90.deg or 180 deg are required. When installed hori-
g must meet the recommended slope: Care should be taken that the pressure taps do not
tap should be located at the bottom. Taps oriented vertically downward are more suscep-
[is. Taps oriented vertically ipward are susceptible to gas collection, introducing error in
measuring liquids. Upward oriented taps are not preferred but may be used. Using multiple
cate nozzle degradatignicaused by use, debris, or other irregularities.
Ssure taps are requited to achieve the lowest desired uncertainty. Differential pressure is
The flow calculdtion is done separately for each pair and averaged. If the meter is flow
coefficient sheuld be derived for each tap set and used in the flow calculation. Investigation
from eachtap set calculation by more than 0.2%.

Feamitaps for wall tap nozzles shall have the same dlameter

For high and low 8 wall tap
Norestriction is placed on the

measured from the inner wa

minimum diameter, which is determmed in practice by the need to prevent blockage and to
give satisfactory dynamic performance.
The pressure taps shall be circular and cylindrical over a length of at least 2.5 times the internal diameter of the tap,

1l of the pipeline.
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5-4.2 Throat Tap Nozzles

The throat tap nozzle shall be manufactured with four throat tapslocated 90 deg apart. The throat pressure taps shall be
between 3 mm (0.125 in.) and 6 mm (0.25 in.) in diameter and at least 2 diameters deep. They shall be machined
perpendicular to the bore surface, have sharp corners, and be free from nicks, burrs, scratches, or wire edges. The
surface finish shall be as described in para. 5-3.4 and shall be free from ripples, scratches, and burrs. The pressure
taps shall be drilled and reamed before performing the final boring and polishing of the throat section. A plug
shall be pressed into the hole and removed after this final finishing of the throat. Use of a plug is required to
ensure proper machining of a sharp burr-free tap hole edge. Any slight burr shall be removed. Additional details

for throat tap nozzles ar

5-5 NOZZLE INSTALL

In cases where the flg
uncertainty shall be inclu
stream piping (e.g. relat

5-5.1 Flanged Install

ASME nozzles are desig
of flanges if such use do

5-5.2 Installation Wit

ASME nozzles may also
method is used, care sho
nozzle.

5-5.3 Centering

e provided in ASME PTC 6.

ATION REQUIREMENTS

w section does not include all elements described in paras. 5-5.1 through 5-5.7, additional
ded for the effects of the installation, including velocity distributions and upstream and down?*
jve roughness and misalignment of the pipe centerlines).

Ation

ned to be installed between raised face pipe flanges. Nozzles may also be used with other styles
es not interfere with the flow.

hout Flanges

be installed directly in pipe by welding or pinning the nozzle to the pipeinside diameter. If such a
uld be taken to ensure against any protrusions into the flow upsttéam or downstream of the

The nozzle shall be mgnufactured using either a shoulder or pins. See Section 6 for specific centering requirements.

5-5.4 Straight Length

The upstream and doy
tainties are specified in §
found in that code and §

5-5.5 Flow Condition

One of the appropriatg
between laboratory calik

5-5.6 Diffusers

A diffuser section may

S

ynstream straight length requirements to meetthe uncalibrated discharge coefficient uncer-
ection 6. Straight length requirements fordASME PTC 6-2004 calibrated throat tap nozzles are
hown in Figure 5-3-6.

ers

flow conditioners discussed in-Section 6 should be used for achieving the best repeatability
ration and field test installations.

be added to the exit'of a throat tap nozzle to reduce the amount of unrecoverable pressure loss,

but the throat shall be exlended by d/2-1t'shall be properly installed (see example in Figure 5-5.6-1). Note that for a two-

piece nozzle and diffuser

assembly-a-step transition of 1.013d to 1.017d is required as shown in Figure 5-5.6-1 to avoid

any protrusion of the diffluser section into the throat flow stream. The flow nozzle shall be calibrated and used with the

diffuser always attached

5-5.7 Assembly

Subsection 6-4 defines

requirements for primary element installation including alignment and centering. Whenever

possible, it is preferred to ship the flow section as one piece and not disassembled for shipping or installation.
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Figure 5-5.6-1
Nozzle With Diffusing Cone

1[ A

2,14 2.5d

]

5 deg
\

ﬁ)ﬁ

5-6 DISCHARGE COEFFIC

N ———
')'H—_dlz_»'\Smooth

T >0.050 in. transition

Jd 1.013dto 1.017d
I I

Enlarged View of X

IENT FOR ASME NOZZLES

5-6.1 High g and Low 8 Itozzles
i

5-6.1.1 EquationfortheD
taps is given by

where
Re; = throat Reynolds nu

charge Coefficient. The discharge coefficient, C, for both high f and low S nozzles with wall

0.5
1,000,000 ] (5-6-1)

C =,0,9965 — 0.00653
Rey

mbet

Equation (5-6-1) is limited

to 50 mm (2 1n.) < D <650 mm (25 1n.) and for 10,000 < Rey; < 20,000,000.

The discharge coefficient equation covers the laminar, transition, and turbulent Reynolds number ranges. The transi-
tion region is influenced by factors such as roughness, turbulence intensity, and upstream conditions affecting the
transition between laminar and turbulent boundary layers. Typically, transition occurs between throat Reynolds
numbers of approximately 500,000 and 2,000,000.

5-6.1.2 Uncertainty of the Discharge Coefficient for Uncalibrated Flow Sections. When the nozzle is made and
installed in accordance with ASME PTC 19.5, the uncertainty of the discharge coefficient in eq. (5-6-1) for uncalibrated
flow sections is +1% for wall tap nozzles with D = 100 mm (4 in.) and *2% with D < 100 mm (4 in.).
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Figure 5-6.2.1-1
Reference Curve for Throat Tap Nozzles

1.00
o 0.99 7
7
7
/
/
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5-6.2 Throat Tap Noz
5-6.2.1 Reference Cu

yielding the expression gi
than or equal to 1,000,00

The curve illustrates a
may occur up to Reynolds
partly turbulent boundar
regime generally occurs

A study using flat-pla

\J
shown in Figure 5-6.2.1-},

Throat Reynolds Number, Rey

zles

e and Equation for the Discharge Coefficient. The reference curve for threattap nozzles is
and was derived from a detailed boundary layer analysis and corroborated'later by a study
enineq. (5-6-2) (see ASME PTC 6). The equation is limited to throat Reynolds numbers greater

D. The reference curve is shown for throat Reynolds numbers greatepthian or equal to 100,000.

aminar flow regime for throat Reynolds numbers less than 1,000,000:Mn practice, laminar flow
numbers of about 500,000. The laminar boundary layer usually begins to transition to include a

y layer at Reynolds numbers between 500,000 and 800,000. The-fully turbulent boundary layer
with Reynolds numbers between 1,000,000 and 3,500,000

e boundary layer development yielded the following“equation, which closely agrees with

Figure 5-6.2.1-1 for Reynolds numbers greater than 1,000,000 (See ASME PTC 6-2004):

Equation (5-6-2) is li

5-6.2.2 Uncertainty
calibrated. However, wh
requirements for ASME
uncalibrated flow sectio]

For throat Reynolds n
uncertainty is larger than
1,000,000 that require a
determine the discharge

361,239
Rey

(5-6-2)

;

C = 1.0054 — 0.185Red‘0~2 [1 -

lited to throat Reynolds numbers gréater than or equal to 1,000,000.

the Discharge Coefficient for Uncalibrated Flow Sections. Throat tap nozzles are typically
bn the nozzles are made and installed in accordance with this Supplement and the additional
PTC 6-2004 throat tap nozzles,the uncertainty of the discharge coefficient in eq. (5-6-2) for
1s is #0.7% for throat Reynelds numbers greater than or equal to 1,000,000.

imbers less than 1,000,000, the reference curve may be used (see Figure 5-6.2.1-1), but the
the value in the pregeding paragraph. For applications with throat Reynolds numbers less than
defined uncertaifity, a calibration is needed at the applicable range of Reynolds numbers to
coefficient (seélsubsection 5-12).

5-7 THE ASME VENTURI TUBE

The venturi tube comb

nesiagylindrical inlet section, a convergent section, a cylindrical throat, and a divergent section

into a single unit. Suitable

pressure taps are provided for observing the difference in pressures between the inlet and the

throat.

The proportions of a venturi tube used for metering liquids or gases are substantially the same as those adopted in 1887
by its inventor, Clemens Herschel. The required form of construction is shown in Figure 5-7-1. Starting at the upstream

end, the first portion is a

cylindrical inlet that matches the upstream inside diameter of the pipe. This section shall be

carefully manufactured to meet the requirements of para. 5-8.1 and Section 6. The inlet has pressure taps and its diameter

is accurately measured. T
around the inlet section,

he inlet static pressure shall be measured with a minimum of two pressure taps, evenly spaced
measured independently. Four taps may be used if desired.
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Figure 5-7-1
Profile of the ASME Venturi

@ INote (1)1
|—
Conical divergent, E Direction of flow
od
Plane of intersection
N
Rs N
Cylindrical throat, C \§-€} A ¢ d
Ry
— N, T
Plane of intersection (0.5.48.02)d
0. B2U.
Conical convergent, B 21 deg
Planes of intersection +1 deg
\ R,
Cylindrical entrance, A \ \A [Note (2)]
N[
D
N
a  — | — (4

NOTES:
(1) 7 deg < ¢p < 15 deg
(2) Specific pressure tap requirenjents are provided n-subsection 5-9.
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nder is the convergent cone that has an included angle of 21 deg. The entrance cone leads to the

short cylindrical throat that is accurately machined or fabricated. The pressure taps in the throat measure static pressure

in the throat.
The end of the throatle

ads into the exit or diffuser cone, which has an included or total angle between 7 deg and 15 deg.

Various designs, materials, and methods of manufacture are used for venturi tubes.
There are two types of ASME venturi tubes for ASME PTC 19.5 applications
(a) machined convergent section

(b) fabricated (also kiown as a “rough welded”) convergent section

“As-cast” convergent s¢
both machined and fabr

5-8 VENTURI DESIGN

The diameter of the thi
influence the discharge

5-8.1 Entrance Secti

The entrance section
needed to satisfy the stra
from the matching pipe i1
when examined visually.
a minimum of four equal
These measurements sh
diameter measurement §

5-8.2 Convergent Seq

The convergent sectioy
may be checked with a s

5-8.3 Throat

The throat inside diam
parallel with the centerl
The inside diameter, d,
passing through the cent
the internal circumferend
measurement shall vary

5-8.4 Divergent Secti

The divergent section
produces minimum unre
inside diameter, d. There
divergentsection shall hal
D unless truncated as all
supplied with an exit cyl
downstream pipe.

ctions are not suitable for ASME PTC 19.5 applications. ASME PTC 19.5 requirements apply to
cated types unless otherwise stated.

AND DESIGN VARIATIONS

oat of the venturi should be such that 0.30 < £ < 0.75. The angle of the diverging cone dogs'not
oefficient.

Iﬂl have a length equal to or greater than its inside diameter, D. Upstream pipe-sections may be

ght length requirements of Section 6. The inside diameter of the entrance séction shall not vary
iside diameter by more than 0.01D and it shall be concentric with the matehing upstream pipe
[he inside diameter of the entrance section shall be measured in the plane of the pressure taps at
y spaced (approximately 45 deg) measurements passing through the centerline of the section.
1l be made so that at least one measurement is taken at or nedr'each pressure tap. No inside
hall vary from the average of these measurements by moré.than +0.3%.

tion

shall be conical with an included angle of 21 deg £ T'deg. The profile of the convergent section
traight template and shall not deviate from the~template by more than 0.005D.

eter, d, shall be cylindrical to within 071% of the average inside diameter. The throat shall be
ne of the venturi tube assembly. The Tength of the throat shall be equal to d + 0.03d.

shall be measured in the plane ofithe pressure taps at four equally spaced radial measurements
rline of the throat. The locatioh of these measurements may be made beginning at any point on
e as long as at least one measurement is taken at or near each pressure tap. No inside diameter
from the average of these/measurements by more than 0.1%.

pn

bhall be conicaliand shall have an included angle between 7 deg and 15 deg. An angle of 7 deg
overable pressure loss. The smallest diameter of the divergent section shall be not less than the
thall be no protrusion, step, or shoulder impeding the flow from the throat. The larger end of the
ve aninside diameter, D, and shall terminate at the matching pipe or componentinside diameter
bwed by agreement. When furnishing venturi tubes without flanged ends, the venturi may be
nder section attached to the divergent section to accommodate installation to the matching

Aventuri tube may be shortened by up to 35% of the divergent section length by truncation. A venturi tube is truncated
when the outlet diameter of the divergent section is less than the matching pipe or component inside diameter, D. Such

truncation may increase

the unrecoverable pressure loss.
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Ifthe ASME venturi has a machined convergent section, then the entrance, convergent, and throat sections should have
ahydraulically smooth surface finish. This is determined from the ratio of surface finish to throat diameter, d (as shown on
the vertical axis of Figure 5-3.4-1), and the surface finish shall always be less than 2.54 um (100 pin.). Machining or surface

polishing is acceptable.

If the ASME venturi has a fabricated convergent section, then the entrance and convergent sections shall have a surface
finish less than 6.4 um (250 pin.). The throat section shall have a surface finish less than 2.54 pm (100 pin.). These venturis

are welded or otherwise fabri

cated with a higher allowable roughness for the entrance and convergent sections than the

throat section.

5-8.6 Materials

Venturi tubes shall be manyfactured from a material that does not wear excessively and remains dimensionally stable

in continued use.

5-8.7 Manufacture

The surface finish of the thr

one of the following methods:

(a) After itis joined to the
smoothness.

(b) The throat section is
convergent angle, so that th
(see Figure 5-7-1).

atsection s critical to proper flow measurement. The throat surface should be protected by
Convergent section, the throat section is machined or otherwise verified to be afsufficient

f sufficient length to allow for the manufacture of the radius, R,, and a~portion of the
e joining of the convergent section to the throat shall be at a diameter greater than d

(c) Injoining the convergent and divergent sections to the throat, the sections shall be centered with the throat. There

shall be no steps between th

5-8.8 Characteristics of &

Foramachined convergent
and Rz shall be 0.25d maximuy
radius R3 shall be no less th

5-8.9 Characteristics of ¢

For afabricated convergent
(see Figure 5-7-1).

5-9 VENTURI PRESSURE
5-9.1 Number of Taps

A minimum of two upstreai]
four throat taps are recomme
tap requirements in subsecti

5-9.2 Tap Location

Upstream taps shall be loc

e inside diameters of the two parts.

Machined Convergent Section

section, the radius of curvature R, shall be 0.25D maximum, and the radii of curvature for R,
h. The length of the cylindrical part between the end-ofthe radius R, and the beginning of the
n 0.89d (see Figure 5-7-1).

Fabricated Convergent Section

section, there shall be no curvature fof.Rj, R,, and R3 other than that resulting from welding

TAPS

h and two throat tapsshall be provided. Although two taps are required, four upstream and
hded. Tap sets should be individually instrumented for flow measurement. Other pressure
pn 5-4 also apply.

hted-on the entrance section at a distance of 0.5D (+0.05D) upstream of the convergent

section. Throat taps shall belo

cated at 0.5d (+0.02d) downstream of the end of the convergent section. Both upstream and

throat taps shall be spaced equally (i.e., 180 deg or 90 deg apart).

5-9.3 Tap Hole Edge

The edge of each pressure

5-9.4 Tap Length

The pressure tap hole shall
from the inside surface of th

tap hole shall be square, sharp, and free from burrs or nicks at the inner surface.

be circular and cylindrical for a length atleast 2.5 times the diameter of the hole measured
e venturi.
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5-9.5 Tap Size

The tap hole should be between 4 mm (0.15 in.) and 10 mm (0.4 in.) inclusive, but not greater than 0.1D for upstream
taps and 0.13d for throat taps. Pressure taps should be as small as possible, but the possibility of tap hole plugging by
contamination should also be considered.

5-9.6 Pressure Taps With Annular Chambers.

The area of the free cross section of the annular chamber of the pressure taps shall be greater than or equal to half the

total area of the tap holes connecting the chamher to the pipe See Section 6 for straight length requirements
5-10 DISCHARGE COEFFICIENT OF THE ASME VENTURI

5-10.1 Equation for the Discharge Coefficient

The discharge coeffici¢nt, C, for the ASME venturi is given by
0.185

C =1.0054 — Reg'z

(5-10-1)

where
Re; = throat Reynold$ number

Equation (5-10-1) is ljmited to 200,000 < Re, < 17,000,000.

For a machined converjgent section, the discharge coefficient is limited to 50 mm (2 in.) < D;<=1200 mm (48 in.). For a
fabricated convergent section, eq. (5-10-1) is limited to 100 mm (4 in.) < D < 1200 mm{(48 in.).

The discharge coefficient equation covers the laminar, transition, and turbulent Reynolds.number regimes. Additional
discussion of these bounfdary layers is provided in para. 5-6.2. Equation (5-10-1) is a‘tnodified form of the throat tap
correlation given by eq. [(5-6-2) and is applicable for the extended Reynolds number range shown herein.

5-10.2 Uncertainty of| Discharge Coefficient for Uncalibrated Flow Sections

When the venturi is mafde and installed in accordance with this Supplement, the uncertainty of the discharge coefficient
in eq. (5-10-1) for uncaliprated flow sections is +1.0% for a machined ‘convergent section and +1.5% for a fabricated
convergent section.

5-11 INSTALLATION REQUIREMENTS FOR THE ASME VENTURI

5-11.1 Installation Requirements

See subsections 6-4 and 6-5 for installation and straight length requirements.

5-11.1.1 Roughness of Upstream Pipe. See subsection 6-3 for upstream pipe roughness requirements.

5-11.1.2 Alignment of{the ASME Venturi. Thé offset between the centerlines of the upstream pipe and the venturi shall
be less than 0.005D and|shall be aligned’with the upstream piping to within 1 deg.

5-12 LABORATORY CALIBRATIONS

Calibration requirements and:the Reynolds number extrapolation methodology suitable for nozzles and venturis are
provided in Mandatory ppenle L.

The uncertainty of a catibra A-5H FRHH re-the-rreth 2 : h-th
laboratory facilities and the callbratlon data. Achlevable best estimates of callbratlon uncertainties for ﬂow facilities are

(a) 0.1% for water calibrations

(b) 0.1% for hydrocarbon liquids and viscous fluids

(c) 0.25% for well-known gases

5-13 UNCERTAINTY OF EXPANSION FACTOR, ¢

When S and AP/P; are assumed to be known without error, the relative uncertainty, %, of the value of the expansion
factor, &, shall be calculated as shown herein.
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(b) For the ASME venturi,
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the relative uncertainty is calculated using eq. (5-13-1).

with AP and P; in the sam

5-14 UNRECOVERABLE P
5-14.1 ASME Nozzles Wit

The unrecoverable pressu

with Aw and AP in the same

uncertainty of € = 2( AP ]% (5-13-1)
Py
the relative uncertainty is calculated using eq. (5-13-2).
uncertainty of € = (4 + 10058)[£]% (5-13-2)
Py
e units.
RESSURE LOSS
hout a Diffusing Section
e loss, Aw, is related to the measured pressure drop across the nozzle, AP, by
1- ﬂ4<1 - Cz) - cp?
Aw = AP (5:14-1)

1- ﬂ4(1 - C2) + Cp?

units.

5-14.2 ASME Nozzles With a Diffusing Section

Specific designs may have
the measured pressure drop

with Aw and AP in the same

5-14.3 ASME Venturis

The unrecoverable pressur;
equations for divergent secti
(a) For a 7 deg exit cone

(b) For a 15 deg exit cone

with Aw and AP in the same
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Mechanical Engineers.

wer losses, but a reasonable estimate of the unrecoverable pressure loss, Aw, as related to
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(
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Section 6
Differential Pressure Class Meter Installation and Flow
Conditioning Requirements

6-1 NOMENCLATURE
Symbols used in Sectipn 6 are included in Tables 2-3-1 and 3-1-1.

6-2 INTRODUCTION

The optimum location for a primary element (e.g., orifice, nozzle, or venturi) is where the flow conditions ithrhediately
upstream approximate those of a fully developed profile free from swirl. Empirical discharge coefficients“are based on
data from laboratories that approximate such a condition.

A fully developed, turbulent velocity profile describes a flow condition that is constant with distance along the pipe-
length. The velocity profile is axially symmetric, changing slowly across the central area of the conduit. It then changes
more rapidly toward the yvall, where it eventually goes to zero velocity at the conduit surface. Supérimposed on this time-
average profile is isotropic turbulence. The difference between this profile and the uniform“profile assumed in one-
dimensional theory givesjrise to the published calibration coefficients for various classes offlowmeters. Flow calibration
laboratories make every feffort to approximate this velocity profile by using flow conditieners and sufficient lengths of
straight pipe. However, this velocity profile is rarely found in the plant where a performance test is conducted.

Up to 50 straight pipe|l diameters are required for viscous effects to produce ‘a’fully developed profile. Meanwhile,
fittings of all types distufb the velocity distribution. Whenever flow goes aretind a bend, higher velocities are found
downstream outside of tle bend and angular momentum is imparted to the flow, skewing the velocity profile. When two
such bends are found close to each other and out of plane, a helical streamline pattern called swirl may be generated. Swirl
degrades the accuracy df differential pressure meters. Significant straight pipe, greater than 50 pipe diameters, is
required for the fluid vigcosity to affect the decay of angular momentum and to redistribute the velocity profile.

Subsection 6-3 describps the specially fabricated piping adjadent'to the primary element; together, these comprise the
metering section. Additidnal straight pipe lengths are required to achieve the uncertainty levels in Sections 3, 4, and 5.
These lengths are dependent on the type of upstream fitting-and are described in subsection 6-5. If sufficient straight pipe
length is unavailable to pchieve the requisite uncertainty for the metering section, the use of a flow conditioner is
recommended (see subdection 6-6). Various conditienher designs are effective in removing swirl or redistributing
the axial velocity profile, gnd some do both. The tradeoff comes in how much unrecoverable pressure loss can be tolerated.
Calibration of the metering section may be required to achieve the lowest possible uncertainty. For differential pressure
meter calibration, see pdra. 3-10(c).

6-2.1 Recommended Practice

When the temperature pfthe fluid is above or below ambient such that the difference in temperature may affect the fluid
properties, thermal insulationtef the entire meter section may be advisable.

6-3 METERING SECTION-REQUIREMENTS.

The metering section is composed of specially fabricated pipe sections 4D upstream and 2D downstream of the primary
element. The normal methods of fabricating piping and components are not satisfactory for accurate flow measurement.
The requirements set forth in para. 6-3.1 must be followed, and no deviations are permitted. In the design stages, the
installation drawing shall be checked for clarity and precision of fabrication instructions. After fabrication, inspection
shall be performed to ensure that all requirements are met, and documentation shall be created to record when the
necessary corrections have been made. Measurements shall be made as required by para. 6-5.3. Additional straight
lengths of standard piping are required both upstream and downstream of the primary element to achieve the uncertainty
values defined for three differential producing meters (orifice, nozzle, or venturi) when a flow conditioner is not included.
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These are given in Tables 6-5.1-1 through 6-5.1-3. Metering section lengths with a flow conditioner are discussed in
subsection 6-6. Temperature-measuring connections may be required under certain conditions and are specified in
subsection 6-7.

6-3.1 Fabrication of the Metering Section Pipe

The following shall be considered when fabricating the metering section pipe:

(a) Boring or honing may be necessary to secure the required degree of surface smoothness and circularity in the
metering section, defined as 4D precedmg the 1nlet and 2D followmg the outlet of the prlmary element The surface
roughness shall notbe greatentt 0 eter de
from the average diameter, D,

by more than 0.3%. The internal surface ofthe requlred addltlonal run ofplpe 1mmed1ately
preceding and following the netering section shall be straight and free from mill scale, pits or holes, reamer scores or
rifling, bumps, and other irregularities. The 4D inlet section shall be faired into upstream pipe at an included angle of less
than 30 deg when the upstreamn pipe diameter is smaller. The depth of material removed shall be the minimum required to

obtain the desired condition, 4
Flanges, when used, shall be
between the primary elemen
section, the downstream pipe

(b) Grooves, scoring, pits, 1
similar irregularities, regardl
permitted. When required, th

nd all finishing operations shall be done after welding of flanges and pressure connections.
onstructed and attached to the pipe so that there is no recess greater than 6 mm (0.25 in.)
and the flange face, measured parallel to the axis of the pipe. For meters with divergent
section does not need to meet the stringent requirements for smoothness and circularity.
pised ridges resulting from seams, distortion caused by welding, offsets, backing ringsyand
ss of size, that change the inside diameter at such points by more than 0.001D shall not be
e roughness may be corrected by filling in, grinding, or filing off to obtain 'smoothness.

(c) Controlshould be effectied by valveslocated downstream of the primary element. Isolating valves located upstream

at distances greater than or eq
type valves and shall be fully

(d) Suitable drains or blow
primary element when steam
there should be drains in thes
should be drained at the poi

ual to those recommended in Tables 6-5.1-1 through 6-5.1-3 shall be full-port gate- or ball-
open.
offs should be provided on the underside of the pipe on the inlet@nd outlet sides of the
is measured in a horizontal pipe. If the pressures are measured. through annular chambers,
e chambers. In installations other than horizontal, the pipe adjacent to the primary element
it of minimum elevation. The valves or cocks used on tliese drains should close tightly.

(e) Vents should be located on the upper side of the horizontal pipe to eliminate any entrapped gas when an incom-

pressible fluid is measured. In

6-4 METER INSTALLATIQ
6-4.1 Alignment

The angular alignment of 4
downstream pipe sections) sh
that the plate is perpendicul

6-4.2 Centering

The primary element shall
pipe centerline. The accepta
sections is different for each
apply to both upstream an

installations other than horizontal, the piping systenvshould be vented at the highest point.

N IN THE METERING SECTION

he primary element centerline with'the metering section centerline (both upstream and
all be less than 1 deg. In the case of-an orifice plate, this requirement may be metby checking
hr to the pipe centerline, also\ensuring that the bore is perpendicular to the plate.

e centered with eccentricity defined as the distance between the throat centerline and the
ble eccentricity,.gz\to achieve the uncalibrated meter coefficients defined in individual
differential meter type. For orifice meters and wall tap nozzles, the eccentricity limits
d downstream pipe sections. For throat tap nozzles and meters with a divergent

section, the eccentricity requirement{s not applicable to the downstream pipe section.

6-4.2.1 Nozzles. For nozz

es, the acceptable eccentricity is defined by

0.005

(6-4.1)
\Y J

T 01+ 2364

6-4.2.2 Orifice Meters. For orifice meters, the acceptable eccentricity is defined differently in directions perpendi-

cular and parallel to the axis of any pressure tap. For the perpendicular direction, the eccentricity shall be less than that
defined by eq. (6-4-1). For the parallel direction, the eccentricity shall be less than one-half that defined by eq. (6-4-1). If
one or more taps have an eccentricity in the parallel direction between % and 1 times eq. (6-4-1), the meter may be used
but the uncertainty must be increased by 0.3%. If the eccentricity in either the parallel or perpendicular direction for any
tap exceeds those defined by eq. (6-4-1), the additional uncertainty cannot be defined.

6-4.2.3 Venturi Meters. For venturi meters, the acceptable eccentricity is defined as 0.005D.
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6-5 ADDITIONAL PIPE LENGTH REQUIREMENTS
6-5.1 Pipe Length

The metering section shall be fitted between two sections of straight cylindrical pipe of constant cross-sectional area in
which there is no obstruction or branch connection (whether there is flow into or out of such connections during
measurement). The required minimum straight lengths of pipe vary according to fitting type, the type of primary
element, and the diameter ratio, . Table 6-5.1-1 (for orifices), Table 6-5.1-2 (for nozzles), and Table 6-5.1-3 (for
venturi meters) include the upstream and downstream total straight lengths required in pipe diameters for two

cases. Case A is the sys
meters (no additional di
be added arithmetically.

The lengths listed in T
section (4D upstream and
on its own merits. For 8
applied with rounding to
sufficient straight lengths
fully developed and swit

For lengths exceeding
discharge coefficient dg
lengths between colum]
to the uncalibrated disd
than those given in Col
than 0.5%. In such insta
When the piping of the in
coefficient or a laborator
required for no addition

ematic uncertainty ol the discharge coefficient as stated in each section for uncalibrated
scharge coefficient uncertainty), and case B requires that a systematic uncertainty of 0.5%

hbles 6-5.1-1 through 6-5.1-3 include the required specially fabricated pieces of the metering
2D downstream). Itis not practical to show every possible installation; each mustbe considered
values between those listed in Tables 6-5.1-1 through 6-5.1-3, a linear interpolation may be
the larger whole number. The values given in these tables were obtained experimentally, with
of pipe upstream of each kind of fitting to assume that the flow upstream of the disturbange'was
| free.

case A in Tables 6-5.1-1 through 6-5.1-3, the systematic uncertainties of the _uhcalibrated
fined in Sections 3, 4, and 5 or a laboratory calibration uncertainty mag-be used. For
s A and B in these tables, a systematic uncertainty of 0.5% must be added arithmetically
harge coefficient uncertainty or laboratory calibration uncertainty. FEor*a length shorter
hmn B, the uncertainty that should be added is undetermined butiis most likely greater
hces, it is good practice to calibrate the meter in the piping arrangement of the installation.
btallation is replicated in the laboratory calibration, the systematic incertainty of the discharge
p calibration may be used. For a symmetrical abrupt area reduction, a straight length of 30D is
bl uncertainty, and 15D is required for 0.5% additional uncertainty for all meter types.

6-5.2 Cases Not Covered

For installations not ¢
design, the worst case sh

vered explicitly or where the piping configuration‘and fittings are not known at the time of
1l be used (the maximum lengths of straight pipe). When more than one type of piping config-

uration is found upstrea

of the metering section, each one may have some effect, because it is not always the first fitting

configuration upstream that governs. If there is less than the recomniended straight pipe between any two configurations
(labeled S) shown on the|relevant schedules in Tables 6-5.1-1 through 6-5.1-3, then the metering section shall be fabri-
cated in accordance with|the maximum lengths specified on the applicable schedules. Better yet, a calibration should be
performed in accordanc¢ with Mandatory Appendix I.

If several fittings (othef than 90 deg bends) are placed.in' series upstream from the primary element, the following rule
shall be applied: between|the closest fitting to the primary element and the primary element itself, there shall be a straight
length as specified for thd fitting and for the actualvalue of §. Also, between this fitting and the preceding one, there shall
be a straight length equall to one-half of the value-given for the second upstream fitting as specified for a § value equal to
0.7, no matter what the agtual value of f may.be This requirement does not apply when that fitting is an abrupt symme-
trical reduction covered |in para. 6-5.1.

When the primary elenpent is installed)in a pipe leading from an upstream open space or large vessel, either directly or
through any fitting, the t

6-5.3 Pipe Diameter

6-5.3.1 Upstream Pip
inlet section shall be measured on four or more diameters in the plane of the inlet pressure tap to compute the dlameter D,
of the primary element. Measurements shall be made on four or more diameters in two additional cross sections distrib-
uted approximately equally for a distance of 2D upstream. The values of all such upstream diameters shall agree within
0.3%.

To assure no additional uncertainty is incurred, the pipe between 4D and 10D upstream shall have a diameter within
+0.3% of the diameter, D, determined in the 4D inlet section. Moreover, any step caused by misalignment of pipe sections
mustnotexceed 0.3% of D atany point on the internal circumference of the pipe. Mating flanges, if any, require the bores to
be matched and the flanges aligned on installation. Dowels or self-centering gaskets can be used.
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Table 6-5.1-1
Straight Lengths for Orifice Meters

On Upstream (Inlet) Side of the Primary Element

Downstream
(Outlet) Side

Two or More

Single 90 deg 90 deg Two or More Two 90 deg
Bend or Tee Bends in 90 degBends Two 90 deg Bends in
(Flow From Same Plane, in Same Bends in Perpendicular Full-port
One Branch 30D=S Plane, S < Perpendicular Planes, 30D = S > Gate or Ball
Only) >10D 10D Planes S < 5D 5D Concentric Reducer (2Dto D Concentric Expander (0.5D Valve Fully All Fittings in
[Note (1)] [Note (1)] [Note (1)] [Note (1)] [Note (1)] Over a Length of 1.5D to 3D) to D OveraLength of Dto 2D) Open This Table
B A B A B A B A B A B A B A B A B A B
0.2 10 6 14 14 7 34 17 19 18 5 No Data [Note (2)] 6 No Data [Note (2)§ 1 2 6 4 2
0.3 10 6 16 16 8 34 17 44 18 5 No Data [Note (2)] 9 8 1 2 6 5 2.5
0.4 16 7 18 18 9 50 25 44 18 5 No Data [Note (2)] 12 8 1 2 6 6 3
0.5 22 9 20 10 22 10 75 34 44 18 8 5 20 9 12 6 6 3
0.6 42 13 30 18 42 18 65 25 44 20 9 5 26 11 | 4 7 7 3.5
0.67 44 20 44 18 44 20 60 18 44 20 12 6 28 14 18 9 7 3.5
0.75 44 20 44 18 44 22 75 18 44 20 22 11 36 18 P4 12 8 4

GENERAL NOTES:

(a) S is distance measured fro

(b) All straight lengths are exf

(c) Straight lengths required td
values in Column B require
straight length is shorter t|

NOTES:
(1) The radius of curvature of
(2) Data are not available for

n the downstream end of curved portion of upstream bend to the upstream end of the curved portion of the downstream be
ressed as multiples of diameter, D. The pipe relative roughness shall not exceed that of a\sthooth, commercially available pip
meet the systematic uncertainties of the discharge coefficient delineated herein are given,in Column A. Straight lengths between {
A systematic uncertainty of 0.5% be added arithmetically to the uncertainties as presénted herein for each meter. No estimate of th
han the required lengths shown in Column B.

the bend shall be equal to or greater than 1.5D. Lengths are measured frem'the end of the curvature of the bend.
horter lengths, which could be used to give the required straight lengthsfor 0.5% added uncertainty.

hd.

approximately k/D < 1073,
he values in Column A and the
e uncertainty is possible if the
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Table 6-5.1-2
Straight Lengths for Nozzles

Downstream
On Upstream (Inlet) Side of the Primary Element (Outlet) Side
Single 90 deg
Bend or Tee Two or More
(Flow From Two or More 90 deg Bends Expander
One Branch 90 deg Bends in Different (0.5D to D  Full-port Gate
Only) in Same Plane Planes Reducer (2D to D Over a Over a Length or Ball Valve All Fittings in
[Note (1)] Note (1)] [Note (1)] Length of 1.5D to 3D) of D to 2D) Fully Open This Table
p A B A B A B A B A B A B A B
0.2 10 6 14 7 34 17 5 No Data [Note (2)] 16 8 12 6 4 2
0.3 10 6 16} 8 34 17 5 No Data [Note (2)] 16 8 12 6 5 2.5
0.4 14 7 18 9 36 18 5 No Data [Note (2)] 16 8 12 6 6 3
0.5 14 9 20] 10 40 20 6 5 18 9 12 6 6 3
0.6 18 9 26 13 48 24 9 5 22 11 14 7 7 3.5
0.75 36 18 42 21 70 35 22 11 38 19 24 12 8 4

GENERAL NOTES:
(a) Sis distance measured frpm the downstream end of curved portion of upstream bend to the upstream end of the curyed\portion of the
downstream bend.

(b) All straight lengths are expressed as multiples of diameter, D. The pipe relative roughness shall not exceed that of a<smooth, commercially
available pipe approxim)iely k/D < 1073,

(c) Straightlengths required fo meet the systematic uncertainties of the discharge coefficient delineated herein arg{given in Column A. Straight
lengths between the valugs in Column A and the values in Column B require a systematic uncertainty of 0.5%be added arithmetically to the
uncertainties as presented herein for each meter. No estimate of the uncertainty is possible if the straight length is shorter than the required
lengths shown in Columi} B.

NOTES:
(1) The radius of curvature of the bend shall be equal to or greater than 1.5D. Lengths are measured from the end of the curvature of the bend.
(2) Data are not available for shorter lengths, which could be used to give the required straight lengths for 0.5% added uncertainty.
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Table 6-5.1-3
Straight Lengths for Classical Venturi

On Upstream (Inlet) Side of the Primary Element

Two 90 deg
Bends in Same
Single 90 deg  or Different
Bend Plane Reducer (3D to D Over a  Expander (0.75D to D Over a Full-port Gate or Ball Valve
[Note (1)] [Note (1)] Length of 3.5D) Length of D) Fully Open
B A B A B A B A R A B
0.3 3 3 2.5 No Data [Note (2)] 2.5 No Data [Note (2)] 2.5 No Data [Note (2)]
0.4 3 3 2.5 No Data [Note (2)] 2.5 No Data [Note (2)] 2.5 No Data [Note (2)]
0.5 3 10 3 5.5 2.5 2.5 No Data [Note (2)] 3.5 2.5
0.6 10 3 10 3 8.5 2.5 3.5 2.5 4.5 2.5
0.7 14 3 18 3 10.5 2.5 5.5 3.5 5.5 3.5
0.75 16 8 22 8 11.5 3.5 6.5 45 6.5 3.5

GENERAL NOTES:

(a) All straight lengths are expresged as multiples of diameter, D. The pipe relative roughness shall not exceed that of a smooth, commeércially

available pipe approximately
(b) Straight lengths required to me
lengths between the values in (
uncertainties as presented hersg
lengths shown in Column B.

NOTES:
(1) The radius of curvature of the
(2) Data are not available for sho

Beyond 10D, no additiona|
diameter is smaller than D h
pipe diameter beyond 10D up
ence is increased from 2% to
These limits require no addi

If the above limits are exc
uncertainty of the uncalibrat]

where
" = distance of the step fi]
recess formed by the

/D <1073,

et the systematic uncertainties of the discharge coefficient delineated herein are given in Column-A Straight
olumn A and the values in Column B require a systematic uncertainty of 0.5% be added arithinetically to the
in for each meter. No estimate of the uncertainty is possible if the straight length is shorter’than the required

bend shall be equal to or greater than 1D. Lengths are measured from the end of the curvature of the bend.
ter lengths, which could be used to give the required straight lengths for\0:5% added uncertainty.

uncertainty in the discharge coefficient is incurred-provided that the upstream pipe
y not greater than 2% of the mean value, D, detefmined in the 4D inlet section. If the
stream is greater than that downstream of it, the permitted diameter and allowable differ-
% of D. Any misalignment causing a step in thesmated piping is required to meet the limits.
fional uncertainty.

beded, a systematic uncertainty of 0.2%shall be added arithmetically to the systematic
ed or laboratory discharge coefficient if the diameter step meets the following criteria:

(S— e\ 0.4)
xXo—=  /

D (6-5-1)
— <0.002 .
0:1 + 235
7D < 0.0S (6-5-2)
D

om the Upstream pressure tap or, if a carrier ring is used, from the upstream edge of the
carrier\ring

For beta ratios less than 0.

6-5.3.1-1, which was generated by applylng eq. (6 5 1) forﬁ 0.50, [)’ 0. 55 and B =0.65, and by applylng eq. (6- 5 2).

6-5.3.2 Downstream Pipe

Measurement. Measurements of the diameter of the outlet section shall be made 1D down-

stream of the outlet plane of a primary element without a divergent section. For orifice meters and wall tap nozzles, the 2D
downstream pipe must meet the same requirements as the upstream 4D pipe. Beyond 2D, the downstream pipe diameter
shall not differ by more than 3% for the minimum distance defined in the appropriate straight length tables.

For meters with throat taps with or without divergent sections, the diameter shall be within 90% of the upstream
diameter.
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Figure 6-5.3.1-1
Allowable Diameter Steps for 0.2% Additional Uncertainty
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—— Beta = 0.65, +0.2% uncertainty [see eq. (6-5-1)]

—— Beta = 0.55 +0.2% uncertainty [see eq. (6-5-1)]

9 10 11 12 13

Distance s//D [dimensionless]

—f— Beta = 0.50, +0.2% uncertainty [see eq. (6-5-1)]

"Maximum Allowable” [see eq. (6-5-2)]

14

2202-S'6T J1Ld INSY


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

6-6 FLOW CONDITIONERS AND INSTALLATION

If the requirements for straight pipe cannot be met or the upstream piping configuration is more complicated than any
of those listed in Tables 6-5.1-1 through 6-5.1-3, then the use of a flow conditioner is recommended to achieve the
uncalibrated meter uncertainty. A minimum of 2D of straight pipe upstream of the flow conditioner is required and 18D
straight pipe is required from the upstream end of the conditioner to the inlet of the primary element.

6-6.1 Flow Conditioner Design

The recommended designs of flow
the velocity profile, the flow cpnditioner types in 1llustrat10ns (@) and (b) are preferred. The tubular Condltloner consists
of multiple parallel tubes fixedl together and held rigidly in the pipe. It is important in this case that the various tubes are
parallel with each other and with the pipe axis. If this requirement is not met, the straightener itself might introduce
disturbances into the flow. THere shall be 19 to 52 tubes with a length of at least 2D; for example, 44 tubes are shown in
Figure 6-6.1-1, illustration (d). The tubes shall be joined in a bundle and installed tangent to the pipe wall.

ASME MFC-3M contains syecific design guidelines and dimensional requirements for flow conditioners.

6-6.1.1 Perforated Plate Conditioner. This conditioner uses a low-pressure drop perforated plate with a nonuniform
hole distribution. The geomgtry of the design is shown in Figure 6-6.1-1, illustration (b), and hole coordinates are
specified in Table 6-6.1.1-1.| The specified thickness may be accomplished with a plate (see Figure 6-6.1-)vor a
plate used in conjunction wjth tubes (not shown). Economic and manufacturing considerations determine which
type is used. This plate and fube type are typically used for larger pipe sizes. The design and hole coordinates are
identical for both types, plate or plate and tubes. The upstream side of the holes shall be beveled inyall cases. The
upstream plane of the flow gtraightener is located 18D upstream of the test flow nozzle inlet.

Other types of flow straighteners may be used if the ability to remove swirl and distortion from-the upstream flow has
been demonstrated. ASME MFFC-3M includes specific guidelines for compliance testing of flow\conditioners.

6-6.2 Flow Conditioner Lpss

Typical unrecoverable pregsure loss is given as

2
AP = kyp V7 (6-6-1)

The loss coefficient, k;, is ghown in Table 6-6.2-1 for various conditigner types.

6-7 INSTALLATION OF TEMPERATURE SENSORS

This paragraph specifies th¢ installation of thermometers in the' metering section. For a more thorough description and
recommendations for accurafe temperature measurement,see ASME PTC 19.3.

Thermometer wells with a diameter less than 0.03D require 5D pipe length before the meter for no additional uncer-
tainty and a minimum of 3D fdr an additional uncertainty.of 0.5%. Larger diameter wells (diameters up to 0.13D) require
20D and 10D upstream pipe lgngth. If a flow conditioner is used, the preferable location is 2D upstream of the conditioner.
Downstream, they may not He placed closer thanvs pipe diameters to the exit of the primary element.

When peened thermocouplgs are installed,they cause no interference with the flow. Thermocouples can be peened into
the walls of piping and presgure vessels_only when the wall thickness is greater than twice their hole depth.
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Figure 6-6.1-1

Flow Conditioner Designs
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Table 6-6.1.1-1
Hole Coordinates for Perforated Plate

No. X-axis Y-axis
1 0 0
2 0 0.142D
3 0 0.283D
4 0 0.423D
5 0.129D 0.078D
6 0.134D 0.225D
7 0.156D 0.381D
8 0.252D 0
9 0.255D 0.146D
10 0.288D 0.288D
11 0.396D 0
12 0.397D 0.143D
GENERAL NOTE: D = pipe inside {liameter.
Table 6-6.2-1
Loss Coefficients for Flow Conditioners
Flow Conditioner Type Ky
Tubular (41 tubes) 8
Tubular (19 tubes) 5
Perforated (Sprenkle) plates 11
Etoile 1
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Section 7

Sonic Flow Nozzles and Venturis — Critical Flow, Choked Flow

Conditions

7-1 NOMENCLATURE

Symbols used in Sectio
symbols with units show

7-2 INTRODUCTION

In 1839, Saint-Venant
discharge of fluids from 3
flow of a gas through a n
Weisbach in 1866 and ag
standard, as a control fo

The sonic flowmeter n
pressure, and temperatu
mass flow of gases and val
is that the fluid stream i

Sonic flow exists when
established, the flow is re
located downstream of tH
the mass flow is controll
(depending on the wall

Sonic flow nozzles and
which is the sonic flow ¢
dimensional flow model

Figure 7-2-1 shows a
comparison of the Mach 11
throat Mach number caif
supersonic nozzles indic

7-2.1 Advantages anc

All sonic flowmeters hg
the fluid stream at the inl
in subsonic variable-hea
throat pressure tap. The

n 7 are included in Tables 2-3-1 and 7-1-1. For any equation that consists of a combination of
n in Tables 2-3-1 and 7-1-1, the user must be sure to apply the proper conversion factors.

and Wantzel used the works of Bernoulli and Venturi to develop a general egfiation for the
pertures, by which a sonic-flow limit could be inferred. The phenomenon thatthe mass rate of
0zzle reaches a maximum that is directly proportional to the inlet pressufe was observed by
hin by Fleigner in 1874. The sonic flow nozzle has been used as a reference-meter, as a transfer
r regulating the flow of a gas, and as a propulsion engine.

ay be classed with variable-head meters in that it requires a constriction in the conduit, inlet
e measurements as well as knowledge of thermodynamic properties for the calculation of the
pors. The feature that distinguishes sonic flow nozzles and ventutis from subsonic head meters
5 accelerated to sonic velocity at the throat.

the mass flow is the maximum possible for the existing upstream conditions. When sonic flow is
ferred to as being choked. This is because the flow cannot be regulated by adjustments in valves
e constriction, as can be done with subsonic flownieters. Thus, when sonic flow is established,
bd by the inlet conditions to the sonic flow deyice and is independent or nearly independent
fontour and ratio between inlet/outlet pressure) of the downstream pressure.

venturis operate at an average throat velagity that closely approximates the local sonic velocity,
bndition (ASME MFC-7-2016). Sonic Velocity is assumed in the plane of the throat in the one-
used to determine theoretical flow:

renturi nozzle designed for sonicflow measurements (Smith and Matz, 1962) and includes a
umber distribution through the venturi during subsonic and sonic flow operation. The average
not exceed a nominal value-of 1.0 in any sonic flow device. References in the literature to
hte that the velocities dowhstream of the throat are supersonic.

Disadvantages ‘of Sonic Flowmeters

ve certain characteristics in common. Because the mass flow is determined solely by the state of
bt to the nozzlesthere is no need for a differential pressure measurement to calculate the flow as
l devices./Thus, two measurements instead of three are required, eliminating the need for a
broportional relationship between the mass flow and the inlet stagnation pressure at constant

temperature, which is in
square rootrelationship |
a subsonic variable-head

Hicated in eq. (7-8-9) for ldeal gases and eq. (7-8-11) for real gases, | is an advantage over the
DCTIA

meter. The linear relationship permits approx1mately 3 times the range of ﬂow measurements

compared to the square root relationship for equal instrument ranges for the pressure and differential pressure measure-

ments.

The greater range of the sonic flowmeter does not come without a penalty. At fixed downstream conditions, the total

pressure loss across the

sonic flowmeter is approximately proportional to the flow. These losses are caused by fluid

friction losses from turbulence (vortices) and losses across shock waves in addition to boundary layer losses. Therefore,

the pumping power requ

ired increases in proportion to the flow range covered. This is not a characteristic of subsonic

flow devices as these have comparatively small total pressure losses.
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Table 7-1-1
Symbols Specifically Applied in Section 7 (in Addition to Symbols in Table 2-3-1)
Dimensions Units
Symbol Description [Note (1)] SI U.S. Customary
L1 Length or distance L mm in.
A Cross-sectional area of flow L? m? ft*
c Speed of sound LT™? m/s ft/sec
Cc* Ideal gas sonic flow function Dimensionless Dimensionless Dimensionless
C*z Real gas sonic flow functjon Dimensionless Dimensionless Dimensionless
C*pi Isentropic real gas sonic [flow function Dimensionless Dimensionless ~ Dimensionless
d Diameter of sonic flowmeter throat L mm in.
Error Dimensions of
variable
M Mach number Dimensionless Dimensionless Dimensionless
pP* Absolute static pressure pt the sonic flowmeter throat MLIT2 Pa psi, atm
Py Absolute stagnation presfure of the fluid at the sonic flowmeter inlet ML™T2 Pa psi, atm
Py Absolute static pressure pf the fluid upstream of the sonic flowmeter ML™T™2 Pa psi, atm
P, Absolute static pressure pf the fluid at the sonic flowmeter exit ML'T2 Pa psi, atm
(downstream)

r Radius L mm ih.
re Radius of flowmeter thrdat L mm in.
r. Radius of curvature of sqnic flowmeter inlet L mm in.
R Individual gas constant ML*T%97? K]/ (kg:K) ft-bf /(Ibm-°R)
Re, Sonic flowmeter throat Reynolds number Dimensionless Diinensionless ~ Dimensionless
R¢ Recovery factor Dimensionless Dimensionless  Dimensionless
s Specific entropy of the fljiid L?T 297! k] /(kg-K) Btu/(Ibm °R)
T, Absolute temperature of [flowing stream sensed by probe 0 K °R
T* Absolute static temperatyre of the fluid at the sonic flowmeter throat 6 K °R
To Absolute stagnation presfure of the fluid at the sonic flowmeter inlet 6 K °R
T, Absolute static temperatfire of the fluid at the sonic flowmeter inlet ML<T 2 Pa psi
%4 Velocity of fluid LT m/s ft/sec
V* Velocity of fluid at throaf equal to sonic velocity Lrt m/s ft/sec
v Specific volume of fluid L3/M m®/kg ft/lbm
A Compressibility factor Dimensionless Dimensionless ~ Dimensionless
y Ratio of specific heats Dimensionless Dimensionless ~ Dimensionless
p Density of the fluid ML3 kg/m? Ibm/ft?
Superscripts
* Sonic property, value at the sonic flowmeter throat inlet
Subscripts
0 Stagnation property
1 Property at upstream copditions
2 Property at sonic flowmdter exit (downstream)
i Ideal property
R Reduced property
r Ratio
NOTE: (1) Dimensions:

L = length

M = mass

T = time

6

thermodynamic temperature
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Figure 7-2-1
Ideal Mach Number Distribution Along Venturi Length at Typical Subcritical and Sonic Flow Conditions
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GENERAL NOTE: Figure fron] Smith and Matz, 1962.

Arelated disadvantage|of the sonic flowrieter is the acoustical disturbance created in the downstream fluid. At the high
end of the flow range, with low downstreain pressure, the exit velocities can be in the high supersonic range. The resulting
shock waves cause acousfical noise ahd-turbulence, which may affect apparatus performance and downstream measure-
ments in some applicatigns. Special attention must be paid to this potential problem in calibration activities.

The fact that the flow islboth measured and controlled by the inlet conditions to a sonic flowmeter may be an advantage
or adisadvantage, dependingon the application. In calibration applications, this feature can be an advantage. However, in
mostindustrial applicatidns{iti i i i i i i itwi
affecting the flow, because the total pressure loss over the flow range from frictional effects is low. This is not true for sonic
flow nozzles and venturis.

Sonic flowmeters are relatively unaffected by disturbances in the inlet fluid stream, other than swirl, compared to their
subsonic counterparts. Flow measurement errors caused by pulsation and nonstandard inlet velocity profiles are atleast
an order of magnitude smaller for sonic flowmeters than for subsonic variable-head flowmeters. This is because of two
factors. First, the acceleration of the stream to sonic velocity mitigates (washes out) the inlet disturbances before they
reach the throat. Second, the inlet pressure measurement is affected far less by these disturbances, by a factor of 15 (Smith
and Matz, 1962), compared with the differential pressure measurement required by subsonic devices.
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Therelatively large pressure drop from the inlet to the throat of the sonic flowmeter, as required to reach sonic velocity,
results in a correspondingly large variation in the fluid properties. Compared with subsonic devices, this requires more

accurate fluid properties and

more sophisticated calculation methods in some operating regimes to realize the sonic

flowmeter’s potential for high accuracy. Alternatively, it would be necessary to acceptalarger uncertainty, as was done for
the expansion factors of variable-head flowmeters at the highest throat velocities (Bean, 1971). Fortunately, these limita-
tions were largely overcome by fluid property research and the development of rigorous electronic computations. Highly
accurate data have long been available for steam and, more recently, for several gases.

The Mach number is fixed at every location from the inlet to the throat, where it is nominally equal to Mach 1, in a sonic

flowmeter. Therefore, the dis
number varies with the flow inf
number and the Reynolds nt
substantially lower uncertairy

The stability and accuracy
Studies by Varner (1970) an
operation of the sonic flow v
transition from laminar to ty

7-2.2 Historical Developr

G. A. Goodenough, professo
flow for an ideal gas in Princig
through a short tube to a pr

where
A = the area of the cross
vy = the volume per unit

Figure 7-2.2-1 shows a plof
from an initial value equal to 4
the mass flow function, eq. (7

asubsonicvariable-head flowmeter, the discharge coefficient is a function of both the Mach
mber. Consequently, the predicted discharge coefficients of sonic flowmeters can have
ties than their subsonic counterparts (Arnberg and Ishibashi, 2001a).

of sonic flow devices make them particularly well suited for use as transfer standards.

L Stevens (1986) obtained stability and accuracy of sonic flow devices by restricting the
enturi nozzles to the Reynolds number range below the point at which boundary layer

rbulent would occur.

hent of Concepts

I of thermodynamics at the University of Illinois, presented the principles of compressible

les of Thermodynamics (1920). The equation for the flow of a gas from a plenum at state 1

bssure, P, downstream of the tube was given in a similar way to
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HE

section
Imass at state 1

of the mass flow versus the downstream pressure. The downstream pressure is reduced
he inlet pressure (100), indicated as point@; down to zero at point C. The first derivative of
2-1), versus the downstream pressuré isequal to zero at the sonic flow point, indicated as

point B, which is the maximym of the curve.

The downstream pressure
pressure ratio is derived as

Because sonic velocity is r
thermodynamics, gas dynam
In the 1930s, gas dynamig
isentropic stagnation proper
of “0” denotes stagnation pro

at which the flow reached a maximum value is called the sonic pressure, and the sonic
ollows:

bached at the threat, this maximum flow condition has been referred to as sonic flow in
cs, and the. early literature.

scholarg recognized the advantage of using the Mach number as a parameter and the
ies in_ompressible flow analyses (Shapiro, 1954). Throughout this Section, a subscript
perties'and a superscript of “*” denotes properties at sonic conditions. The isentropic flow
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functions for ideal gases, wit

h ‘constant ratio of specific heats, are given in eqs. (7-2-3) through (7-2-6).

P (1 N Lle)_”(y_l) (7-23)
P, 2
P (1 4 LlMZ)_l/(V_I) (7-2-4)
Po 2
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Figure 7-2.2-1
Definition of Sonic Flow as the Maximum of the Flow [See Eq. (7-2-1)]
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Sonic flow eqgs. (7-2-3) through (7-2-6) are shown in egs. (7-2¢7) through (7-2-9).
%
= __2 (7-2-7)
v/ (r=1)
Ll D (7-2-8)
PO Y+ 1
y 1/(r=1)
P I (7-2-9)
Po (V + 1)
The relationships in eqs. (7-2-3)"through (7-2-9) became widely used in fluid metering, gas turbines, rockets, aero-
nautics, and other technjcal fields.
7-2.3 General Considerations

The speed of sound is reached at the throat in sonic flowmeters, and this characteristic has led to the following names:

(a) sonic flow nozzle, venturi, or venturi nozzle
(b) critical flow nozzle, venturi, or venturi nozzle

(c) sonic flow orifice (rounded but abrupt inlet contour without a diffuser section)

(d) supersonic nozzle (converging-diverging contour with supersonic velocities)

(e) laval nozzle (converging-diverging contour, named after the pioneer de Laval)

69


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

7-3 DEFINITIONS AND DESCRIPTION OF TERMS

7-3.1 Definitions

Terms used to discuss son

beta ratio: the ratio of the th

ic flow are defined herein.

roat diameter of the nozzle to the inlet pipe diameter.

mass flow defect: the difference between the actual mass flow and the theoretical mass flow based on the assumptions
made in calculating the theoretical value. This is the sum of the velocity defect (caused by the average Veloc1ty atthethroat

being less than the speed of
calculated from the assumpt

sonic flow mass flux: mass flg

sonic surface: the location in a
surface with a parabolic or S

7-3.2 General

The theoretical basis for so
theory is based on the folloy

(a) The chemical composit
temperatures where dissocia

(b) The flowing fluid is in|
thermodynamic properties
time functions.)

on of one-dimensional isentropic flow).
w per unit area perpendicular to the flow.

fluid stream where the velocity has reached the local speed of sound. This is an imaginary
pherical shape near the throat of an axially symmetric sonic flow nozzle or venturi.

hic flow calculations follows the theory for subsonic variable-head flowmeters. Sonic flow
ying assumptions:

ion of the flowing fluid does not change. (This excludes chemical reactions and_ elevated
tion of molecules becomes significant.)

a state of thermodynamic equilibrium, such that the equations of state_that relate the
hre valid. (This excludes nonequilibrium or metastable states whose properties are

(c) The fluid stream is in sfeady state, i.e., the thermodynamic properties remain constant with time at each point or

location in the stream. (This
upstream mixing.)
(d) The fluid streamisinst
of the fluid stream. (This exd
(e) The flow process from
assumption in that the boundd
(f) The fluid flow is one-dir
the meter from the inlet to the
invariant in planes normal to
existence of two-dimensiona
(g) The flowing fluid is a h
two independent properties.
follows:

(1) pure substancesint
chemically homogeneous gas

(2) gaseous mixtures thg
water vapor)

(3) intimate mixtures of
were homogeneous (e.g., a hig
mixtures of multiple phases

(h) The flow is adiabatic (
area of the meter walls is larg

excludes inlet temperature gradients and variations with timie because of inadequate

pady flow. The mass flow is constant through each cross-segtienal surface normal to the axis
ludes transient and pulsating flows.)

the inlet to the meter throat is reversible (frictionless): The actual flow deviates from this
rylayeris notfrictionless. The discharge coefficient provides a correction for this deviation.
hensional, such that the velocity and thermodynamic properties vary only along the axis of
throat. Conversely, the velocity of the stream and all of the thermodynamic properties are
the axis of the meter. (Deviations of the-actual flow from this assumption because of the
flow are corrected by the discharge.céefficient.)

bmogeneous compressible fluid, such-that each thermodynamic state is totally defined by
xamples of fluids that meet these'conditions adequately for engineering calculations are as

he gaseous phase (e.g., helium, argon, oxygen, nitrogen, carbon dioxide, steam, and other
es)
t may be treated as pune substances, (e.g., air, intimate mixtures of air, and other gases with

fwo or more phases that are finely and uniformly dispersed such that they behave as if they
h-quality mixture of saturated water vapor and fine droplets of saturated liquid or similar
that aredn ‘thermodynamic equilibrium)

vithout hieat transfer). This can be especially significant in small meters where the surface
e relative to the cross-sectional flow area of the fluid stream. It is important that the wall

temperature of the meter be g
The frictionless requireme
In accordance with (b), equi

nt of (e) along with the adiabatic requirement of (h) make the process isentropic.
librium is assumed for the thermodynamic states of the fluid in all derivations of theoretical

flow. Some nonequilibrium exists immediately following all changes of state since small but finite time is required to reach
equilibrium. The theory of equilibrium thermodynamics assumes an idealized quasi-equilibrium process to eliminate any
time dependence of the thermodynamic states. Sonic flow devices are more apt to encounter significant nonequilibrium
states than subsonic fluid meters because of the higher throat velocities. This is particularly true for very small nozzle

sizes.
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Venturi designs that have continuous wall curvature from the inlet through the throat provide no time for an equili-

brium state to be reache

d, because the fluid expands continuously through the throat. Designs that have a cylindrical

section prior to the sonic flow point provide time for equilibrium to be established. Itis unlikely that a significant increase
in uncertainty results from nonequilibrium states in most sonic flow applications. However, this possibility should be
considered when using fluids with complex molecules that might have relatively long relaxation times, such as carbon

dioxide.
As noted parenthetical

ly in the list of assumptions, the actual fluid flow process usually deviates from the theoretical

assumptions in only two respects. First, the velocity and fluid properties vary in the radial direction in addition to the axial

direction of the meter, ma
sonic flowmeters conside
condition.) Second, there]
instead of frictionless (is

Figure 7-3.2-1 showsh
value. The radial distribu
theoretical value. This is
theoretical sonic velocity|
potential flow regime. Th
defects are the amounts
theoretical model define

The discharge coefficie
model. The sum of the ma
used to correlate the disc}
of the specific heat ratio,
scatter in experimental 1
assumptions are met. Ev
Reynolds number can co
differences between cali

A schematic diagram o
paraboloid of different p

flow )

red herein have an axially symmetric geometry such that two dimensions define the actual flow
is significant viscous friction in the boundary layer, making the real flow process irreversible,
entropic) flow as required by (e).

bw these two deviations from the assumptions reduce the actual mass flow below the theoretical
tion of mass density, because of centrifugal force effects, increases the actual flow above the
more than compensated for by the radial distribution of Mach number, which is below the
(i.e., below Mach 1). The sum of these two effects provides the mass flow defect in the int¥iscid
e viscous friction in the boundary layer provides the second mass flow defect. The mass flow
that each of these effects reduces the actual flow below the flow that would result/from the
d by the assumptions.

nt is relied upon to compensate for these two deviations of the actual flow from the theoretical
5s flow defects is equal to one minus the discharge coefficient (1 - C). Throat Reynolds number is
harge coefficient. (Theoretical solutions indicate that the discharge coefficient is a weak function
in addition to the throat Reynolds number, but this effect is usually“ignored and accepted as
psults.) The precision with which this correlation can be realizeddeépends on how closely the
bry deviation of the actual flow from the theoretical model, other than the two for which the
'rect, will cause loss of accuracy in the flow measurement. This-is especially true with greater
bration and application conditions.

flow profiles at the venturi throat is shown in Figure 7-3.2-2, indicating the sonic surface to be a
roportions at different Reynolds numbers.

D erntwo-dimen A cadolohe-dimen =Ya alla) A

Figure 7-3.2-1
Schematic Representation of Flow _Defects at Venturi Throat
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GENERAL NOTE: Figure adapted from Smith and Matz, 1962.
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Figure 7-3.2-2

Schematic Diagram of Sonic Surfaces at the Throat of an Axially Symmetric Sonic Flow Venturi Nozzle

O

GENERAL NOTE: Figure from Tho

7-4 GUIDING PRINCIPLES

Itisnecessary to have a dow
sonic flowmeter. Monitoring d
pressure ratio is defined as thg
for sonic flow. The operating g
sonic flow theory. Conversely
theinlet stagnation pressure g

Sonic surfaces —

at different Reynolds numbers
according to potential flow threory

mpson and Arena, 1975.

nstream pressure at or below the value required to maintain sonic velocity at the throat ofa
ownstream pressure is therefore necessary to ensure that this requirenientis met. Choking
minimum ratio of the inlet stagnation pressure to the downstream stati¢ pressure required
onditions must meet or exceed the choking pressure ratio of the méter for operation under
unchoked back-pressure ratio is defined as the ratio of the dowistream static pressure to
t which the velocity at the throat becomes subsonic. The operating conditions must provide

back-pressure ratios lower than unchoked back-pressure ratio. Figure 7-4-1 gives maXimum back-pressure ratios for

sonic flow venturi nozzles (A

The design of the diffuser, t
nozzles. A good diffuser desig
work, resulting in a higher ¢

SME MFC-7-2016).

he fluid density, and other fluid properties all affect the unchoked characteristics of venturi
h increases the efficiency with which the kinetic energy of the sonic jet is converted to flow
kit static pressure.

The back-pressure ratio re

uirements given in Figure 7-4-1 are based on standardized designs for sonic flow venturi

nozzles at Reynolds numbers freater than 2.0 x 10°. For venturi nozzlés-operated from a Reynolds number of 5.0 x 10* to
2 x 10°,aminimum back presdure ratio equal to the sonic pressure ratid is recommended. For operation below a Reynolds
number of 5.0 x 10% a ratio|of 0.30 should be maintained.

It is sometimes necessary
selecting a flowmeter’s desig
subsonic regime. Because thg
preferable to select a subsonid
tap flow nozzle, which will al
diffuser section downstream
indicated in Figure 7-4-2.

0 operate in both subsonic andsenic flow regimes. A compromise must then be made in
1. A sonic flow venturi nozzle nilst have a throat pressure tap added for operation in the
re is no performance data,for subsonic operation, it must then be calibrated. It may be
meter for which a dischayge coefficient equation is available, such as the ASME low-f throat
50 perform reasonably well in the sonic flow regime (Aschenbrenner, 1983). Providing a
of the throat, as;shown in Figure 7-2-1, increases the unchoked back-pressure ratio, as

7-5 INSTRUMENTS AND METHODS OF MEASUREMENT

7-5.1 General

The main feature of a sonic or venturinozzle design is the variation in the cross-sectional flow areain the axial direction
from the inlet pipe or plenum to the discharge pipe or plenum (i.e., the meter contour). The contour and possibly the

surface roughness determine

the essential features (i.e., the discharge coefficient and choking pressure ratio over the

operating range). Related features include inlet flow conditioning, the locations and details of the inlet temperature
probe(s), theinlet pressure tap(s), and the location of an exit pressure tap for the measurement of the back pressure on the

meter.
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Figure 7-4-1
Requirements for Maintaining Sonic Flow in Venturi Nozzles
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GENERAL NOTE: Figure 7-4-] applies only for throat Reynolds numbers greater than 2 x 10°.

Figure 7-4-2
Mass Flow Versus Back{Pressure Ratio for a.Flow Nozzle Without a Diffuser and a Venturi Nozzle With a Diffuser
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The flow-metering characteristics are mainly determined by the inlet contour. The portion diverging to a location
slightly beyond the throat may slightly affect the performance of some meters in some operating regimes because of
effects on the throat boundary layer and on the shape of the sonic surface. These possible effects have not been docu-
mented. The exit section, primarily the angle and length of the diffuser, determines the efficiency of the diffusion process.

Meter designs are most commonly described in terms of the shape of the walls confining the fluid stream in a lon-
gitudinal-section view. Thus, “a circular-arc inlet” refers to the wall shape of the inlet portion of the meter hardware.
Similarly, the inlet of an ASME flow nozzle is described as a quadrant of an ellipse. An alternative description gives the full
three-dimensional shape. Thus, a c1rcular -arc 1nlet revolved about the axis of the meter forms a torus, hence “a toroidal

throat venturi nozzle” is an al
“toroidal throat critical flow
The discharge coefficient v
determined for each meter d
range. High confidence in the
of tests that use different pri
studied, which in turn would
(ASME MFC-7-2016 and ISO
thus necessitate a larger und

7-5.2 Design Criteria

7-5.2.1 Repeatability. It if
than the repeatability of the
not truly random cannotbe re

enturi.”
rsus Reynolds number relationship and the choking pressure ratio characteristics must be
sign. Extensive testing is required to obtain a high accuracy over a large Reynolds number
bsolute accuracy of the discharge coefficient can only be obtained by comparing the results

ary measurement methods. This would be facilitated by limiting the number of designs
e encouraged by standards with small tolerances. The tolerances of the present standards
p300:2005) are large enough to cause substantial differences in discharge coefficients and
ertainty in the mean calibration curve than might otherwise be required.

futile in most applications to attempt to obtain an accuracy of flow measurement higher
eter. Random uncertainties can be reduced by repetition and averaging, but'those that are
duced in this manner. Repeatability in boundary layer transition regimesis poor because of

the complexity of the mechanfisms that trigger the transition. Therefore, it is desirable to develop‘meter configurations

that have minimal changes i

7-5.2.2 Inlet Contour. The

1 their discharge coefficients during transition.

inlet contour to the location where sonic velocity is reached‘should preferably produce a

thin boundary layer. This woyld minimize the change in the discharge coefficient during transition, thereby minimizing

loss of accuracy because of n
coefficient, because of alow b
that the actual flow is close t
coefficient. This in turn adds t
canberelied upon to maintain
and application flow conditiox
loss of accuracy).

The circular-arc inlet with 1
approach section isimportant

n-repeatability in this regime. A thin boundary layer alSorcontributes to a high discharge
oundary layer mass flow defect (see Figure 7-3.2-1).-This is desirable because it indicates
b the theoretical model, such that little empirical\eorrection is required of the discharge
p the confidence with which the discharge coefficient versus Reynolds number correlation
accuracy. Thisis especially important when there are large differences between calibration
s (i.e,, the range of states and gases over which the correlation can be applied with tolerable

10 cylindrical throat section produces a thin boundary layer. The radius of curvature of the
in determining the mass flow defect(see Figure 7-3.2-1) and thus the value of the discharge

coefficient. The variation of

laminar and turbulent bound$

radius equal to twice the thro
inlet radius of twice the throa
sional (centrifugal force) flo

7-5.3 Standardized Flow

7-5.3.1 Toroidal Throat Vg

modified Smith/Matz venturi
IS0 9300:2005). The modific
diameter, d, or 1.816d, (Smit
Figure 7-5.3.1-1.

e discharge coefficient as a.function of the inlet radius was calculated by Stratford for
ry layers versus Reynolds number (Stratford, 1964). The circular-arc nozzle with an inlet
t diameter is close to optimum for producing a high discharge coefficient. This is because an

diameter nearly optitnizes the combination of boundary layer thickness and two-dimen-

effects.

ozzle and Venturi Designs

nturi Nozzle. A toroidal throat venturi nozzle design known in the United States as the
ozzlehas been adopted by international standards organizations (ASME MFC-7-2016 and
hition“was to the inlet radius of curvature, r, Wthh was originally 1. 816 tlmes the throat

One advantage of the toroidal throat sonic flow venturi is that the continuous inlet curvature passing through the throat

lends itself to analysis for th

e determination of theoretical discharge coefficients.

The design avoids the boundary layer buildup that occurs in a cylindrical section, with its near-zero pressure gradient,

and the related problems of

transonic shock, flow separation, and boundary layer pressure gradient reversal.
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Figure 7-5.3.1-1
Standardized Toroidal Throat Sonic Flow Venturi Nozzle

Flow ——

l«——1d min. ———>

@D = 4d min.

@2.5d

+0.1d ?d

1
2.5 deg-6 deg

o= 1.8 - 2.2cH |

/

—>

[Note (2)]

GENERAL NOTE: Whenitisn
venturi performance shall be

NOTES:

(1) Inthisregion, the surface
more than 0.001d.

(2) In this region, the surfac

7-5.3.2 High-Precisio

tional methods and polis:ru

layer transition. The ven
without polishing. This w
obscuring the performan
layer transition starting f]
at 1.85 x 10° for venturin
r. = 1.5d.

In terms of accuracy,
traditional manufacture
laminar boundary layer

7-5.3.3 Cylindrical T!

|
[Note (1)]

——Tangent to

Sonic flow venturi

inlet plane

divergent cone

Sonic flow venturi
exit plane

b shall not exceed 107*d arithmetic average roughness:

t practical to manufacture sonic flow venturis to the surface finish and\curvature specifications herein, sonic flow
shown through calibration.

khall not exceed 15 x 107°d arithmetic average roughness, aid'the contour shall not deviate from toroidal form by

h Venturi Nozzles. Until recently, sonic flow venturi nozzles have been machined using tradi-
d to obtain smooth inlets. Funaki and Ishibashi (2008) present extensive results on boundary
ri nozzles were machined to ultra*high precision and accuracy, with mirror finishes obtained
ras necessary to prevent the data ‘scatter (charged to normal manufacturing tolerances) from
fe characteristics being studied. They show the data scatter to be greatly reduced, and boundary
fom throat Reynolds number's as low as 0.85 x 10° and as high as 1.3 x 10°. The transition starts
pzzles with an inlet radius of curvature equal to the throat diameter (r. = 1.0d), and the same for

high-precision yenturi nozzles have discharge coefficients about 0.1% higher than those of
(+0.08% and +#0.11% at Reynolds numbers of 1.0 x 10° and 1.0 x 10, respectively) in the
Fange.

roat Ventari Nozzle. A sonic venturi with a cylindrical throat section may have manufacturing

and metrological advantdges‘over the toroidal throat venturi, especially in small sizes. It is essential that the cylindrical

throat not have a tapert

t'could cause the throat to occur at a location other than the exit or, even less desirable, a sonic

flow location that oscillates between the inlet and the exit. This venturi design has been accepted as a sonic flow standard
(ASME MFC-7-2016 and ISO 9300:2005) and is shown in Figure 7-5.3.3-1.
The cylindrical throat design offers some advantages, primarily in ease of manufacture, but is inferior to the toroidal
throat design from a fluid mechanics point of view. First, the inlet radius is more abrupt in that it is equal to the throat
diameter instead of twice the throat diameter. This produces larger centrifugal forces, resulting in a larger radial density
gradient, compared with the toroidal throat design. Second, the flow discontinuity at the juncture of the inlet curvature
and the beginning of the cylindrical throat poses the risk of flow separation, especially following the small inlet radius of
curvature. Third, the cylindrical section causes the boundary layer to become thicker than the toroidal throat design.
These effects combine to reduce the discharge coefficient, which is an undesirable feature for any flowmeter.
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Figure 7-5.3.3-1
Standardized Cylindrical Throat Sonic Flow Venturi

Flow ——

[Note (1)] «— d —>|<— 1d min. —>

@D = 4d min.

..
T | 3 deg-4 deg
| g *
r,= 1dx
[Note (2)]

Sonic flow Sonic flow venturi
venturi inlet [Note Ml exit plane
plane

GENERAL NOTE: When it is not prdctical to manufacture sonic flow venturis to the surface finish and ctirvature specifications herein, sonic flow

venturi performance shall be show

NOTES:

(1) In this region, the surface shal
cylindrical form by more than

(2) In this region, the surface sha

(3) See ASME MFC-7 for the tra

n
7-5.3.4 ASME Low-p Flov]
subsonic application and offg

n through calibration.

not exceed 15 x 10-6d arithmetic average roughness, and the contour shall not deviate from toroidal and
0.001d.

I not exceed 10-4d arithmetic average roughness.
ition region between the convergent section.and, throat of the sonic flow venturi.

Nozzles. Figure 7-5.3.4-1 shows two, standardized ASME nozzles that were designed for
r possibilities for combined subsonic and sonic operation. The high-g ratio design [see

Figure 7-5.3.4-1, illustration (
(a maximum fratio of 0.25 is
and temperature measureme

)] is not recommended for use'as’a sonic flow nozzle because of the high inlet Mach number
Fecommended). However,it can be used with appropriate correction for the inlet pressure
hts, with some sacrifice-inaccuracy. Figure 7-5.3.4-1, illustration (b) shows an ASME low-f

ratio flow nozzle with throat g
Section 5 for details and din

7-6 INSTALLATION
7-6.1 General

The sonic flowmeter is rela

ressure taps, whichdstecommended for combined subsonic and sonic flow operation (see
ensions of the ASME"flow nozzles).

tlvely 1nsen51tlve to disturbances in the inlet flow stream Compared to some flowmeters

(Sparks, 1966 and Brennan e

errors presentin subsonic meters that rely ona dlfferentlal pressure measurement. Tests onsonic ﬂowmeters found little
error from severe pulsations when using an average inlet pressure obtained by a throttled gage line (Kastner, Williams,

and Snowden, 1964). This is
Inlet flow conditioning to es

a major advantage because pulsations are difficult to remove from the fluid stream.
tablish a standardized velocity profile, which is essential for subsonic flowmeters, is not so

important for sonic nozzles and venturis. The inlet profile will have a slight effect on the conversion of the inlet static
pressure measurement to average inlet stagnation pressure.

Swirl may cause errors in so

nic flowmeters, although no data was found to quantify this effect. Swirl should be removed

from the fluid stream by means of an inlet flow straightener.
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Figure 7-5.3.4-1
ASME Long-Radius Flow Nozzles
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7-6.2 Standardized Inlet Flow Conditioner

Inlet flow conditioning
are specified in Section 6

7-6.3 Inlet Configura

ASME MFC-7-2016 ang
commonly used inlet con
shows the continuous cu
Smith and Matz (1962).

The sensitivity of three
configuration, was studie
flow nonuniformity, sepa
the three designs for thes
toroidal throat venturi n

The loose specification

Imethods have been standardized as shown in Figure 7-6.2-1. Details of the inlet flow conditioner
fthis Supplement, and also in ASME and ISO standards (ASME MFC-7-2016 and 1S09300:2005)

tions for Sonic Venturi Nozzles

IS0 9300:2005 permit a range of inlet configurations, as shown in Figtre 7-5.3.1-1. The most
figuration is the bulk-head installation shown in Figures 7-5.3.3-1 and*7-5.3.4-1. Figure 7-6.3-1
rvature inlet used by Stevens (1986) compared with the sharp-lip, free-standing inlet used by

designs of sonic flow venturi nozzles to initial boundary layer thickness, as affected by the inlet
d analytically (Brown, Hamilton, and Kwok, 1985). Included in the study were the effects of inlet
Fation, and the location of the boundary layer transition point. The differences in sensitivities of
e effects were found to be small. A slight advantage\wads seen for the free-standing inlet with the
ozzle of the Smith and Matz design.

on the inlet configuration in the ASME and ISO standards is based on the assumption that the

permitted variations in tlhe inlets do not affect the performance sighificantly. However, as more precise venturi nozzles

are manufactured and ca
doubt on this assumption
tighter specifications wil
Presently, the lowest un

7-7 PRESSURE AND

7-7.1 Pressure Measu

7-7.1.1 Beta Ratio. B¢
important for mass flow
uses inlet pipe wall pres
subsonic nozzles instead
inlet stream.

librated by increasingly accurate methods, the differences in their discharge coefficients cast
. Previously, these differences were attributed entirely to calibration errors. It is probable that
be needed in the standards before\lower uncertainties in the universal curve can be obtained.
Certainties are obtained by ealibrating each configuration of venturi nozzle.

1lEMPERATURE MEASUREMENTS

ements

ta is the ratio~of the throat diameter of the nozzle to the inlet pipe diameter. This ratio is
measurements using sonic flow or venturi nozzles because the inlet pressure measurement
Kure tap(s) to measure the static pressure. This method follows the established practice for
of usihg impact probes, which would involve more complexity and cause disturbances in the

Figure 7-7.1.1-1 illustrate
relative velocity of zero between

otal (stag

the point on the pipe wall and the fluid, and the t nation) pressure, or the

pressure measured at a point in the flow field in which the flow is brought to rest with respect to the measuring instru-

ment.

Equation (7-7-1) illustrates the correlation between reference (or static) and total pressure shown in Figure 7-7.1.1-1.

2 7.
Pr = Pyatic + PV7/2 (7-7-1)
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Figure 7-6.2-1

Standardized Inlet Flow Conditioner and Locations for Pressure and Temperature Measurements

Nozzle inlet
plane
<—1.8D — 2.2D —
~<~— L = 1D — B—><—0.9D—1.1D

2
|

Note (1)

\

Vane thickness to beladequate
to prevent buckling

L=5D —— >

® (pressure measurement)

@ (temperature measurement)

Figure 7-6.3-1

Comparison of the “Continuous Curvature” Inlet With the “Sharp-Lip,.Free-Standing” Inlet

Flow ——

Smith and Matz circular arc

K Continuous curvature

Symmetrical

GENERAL NOTE: From Smith and|Matz, 1962.

center line
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Figure 7-7.1.1-1
Static and Total (Stagnation) Pressure Measurements on a Pipe

)
q Total pressure q

» - - » [
» ” » Lt

» - - » -

» » » »

» - - » [

» » » L

The conversion from s
sional flow of an ideal gas
inlet section at the locati
caused by this deviation fi
is sufficiently small. This
9300:2005).

NOTE: In eq. (7-7-1), the re3
having a betaratio less than
requiring the lowest uncer

The velocity profile of 3
Consequently, the error i
discharge coefficient ver

When the standardized
compromise is necessary
pressure and the average
than 0.1%, and the uncer
0.01%, depending on thg
relationships in eqgs. (7-2-

7-7.1.2 Pressure Taps

fatic to stagnation pressure is accomplished by isentropic relationships based on one-dimen-
This contains error from the fact that the flow is not onexdimensional. The velocity profile in the
pn of the wall tap(s) results in a corresponding staghation pressure profile. The discrepancy
om one-dimensional flow is acceptably small if the-correction from static to stagnation pressure
is the case when the beta ratio is less than 0.25, which is required in the ISO standard (ISO

1 gas sonic flow function is a function of th€'inlet stagnation pressure and temperature. In an installation
.25, static conditions can be measured, and the correction may be ignored for all applications except those

ainty.
properly conditioned inlet stream will vary in a predictable manner with the Reynolds number.
h converting from static to stagnation pressure under ideal conditions is incorporated into the
Kus Reynolds number relationship.
limit on the  value.of 025 is not practical because of limitations on the size of the inlet pipe, a
between higher  Values and some loss of accuracy in converting from measured inlet static
inlet stagnation pressure. Ata f of 0.25, the correction from static to stagnation pressure is less
tainty in this.correction because of two-dimensional effects is estimated to be on the order of
Reynolds‘iiumber. For other f values, the correction can be calculated from the isentropic
1) through'(7-2-4) and a similar judgment made as to the possible uncertainty in the correction.

Pressure tap geometry has been standardized, as shown in Figure 7-7.1.2-1, and the details are

=2016 and IS0 9300:2005

specified in ASME MFC-

7-7.1.3 Pressure Tap Corrections. Pressure tap corrections are not considered necessary for sonic flowmeter installa-
tions with beta ratios less than 0.25, in accordance with ISO 9300:2005.

7-7.1.4 Downstream Pressure Measurement. The pressure downstream of the meter must be measured to ensure
sonic operation. The standardized location is within 0.5 conduit diameters of the exit plane of the venturi nozzle. ASME
MFC-7-2016 permits other locations with corresponding precautions on the use of the choking pressure ratio require-

ments given in Figure 7-

3-1.
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Figure 7-7.1.2-1
Standardized Pressure Tap Geometry Installation

NOTE: (1) Flush, burr-free, and s

7-7.1.5 Temperature Meag

—>| <«—0.05D max.
1.3 £ 0.3 mm preferred
2 tap diameters min.
/ A P
—> Flow —>’§\ T
[Note (1)]

uare or lightly rounded to a radius not exceeding 0.1 diameters of the pressure tap.

urement. ASME PTC 19.3 shall be followed for temperature measurement. The tenpera-

ture sensed in a flowing stregm by a bare temperature probe, T,, which does not stagnate the fluid stream, nieasures a

value between the static and
quantities.
(a) The first quantity is th

The solution for T from €

The value of the recovery f3
stream. An approximate valug
low (e.g., when the f ratio is

(b) The second quantity is
be calculated from the isentr
tropic flow tables that appear
tables (Shapiro, 1954 and Kg

7-7.1.5.1 Example.
Flowing fluid = air
Inlet Mach number, Ma
Probe temperature, T,
Recovery factor, Ry = 0.8
T/To = 0.99968
p ratio = 0.2628
From eq. (7-7-3)

(S1 Units)

stagnation temperature. The correction to stagnation temperature is a funétion of two

e recovery factor, as follows:

Rf = (T, = T)/(Ty — T) (7-7-2)
g- (7-7-2) is as follows:
To = Tp/(T/T)(1 = Ry) + Ry] (7-7-3)

ctor varies with the shape of the probe, the Reynoldsnumber, and the Mach number of the
for the recovery factor is 0.85, which is sufficiently-accurate when the inlet Mach number is
less than 0.25). Additional details are giventin’ ISO 9300:2005.

he ratio of the static to stagnation temperature (T/Ty) that appears in eq. (7-7-3). This can
pic relationship in eqs. (7-2-3) through\(7-2-6). Alternatively, it can be found from isen-
n most textbooks on thermodynamics, gas dynamics, or aerodynamics, and in gas property
enan and Kaye, 1948).

= 0.04
289.9 K (520°R)
5

(U.S. Customary Units)

Note that f in this example
temperature was still only +0.

Ty = 289.9/0.999952 = 288.99K

Ty = 520/0.999952 = 520.02°R

slightly exceeded the recommended maximum of 0.25, and the correction to stagnation
004%, which would correspond to 0.002% in flow measurement. A few percentage points

difference in the recovery factor would not have had a significant effect.
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At Bvalues significantly higher than the recommended value of 0.25, the correction becomes larger. In Example 1, if the
B ratio were changed to 0.4144, the stagnation temperature would be 288.978 K (520.16°R), for a correction of +0.03%.
Consideringthe square root relationship between the mass flow and absolute temperature, thisamounts to a correction of
+0.015% in the mass flow. The static to stagnation pressure correction for this same case is 1.007 or +0.7%, and the mass
flow would also be corrected +0.7%. The ASME long-radius, high beta ratio flow nozzle [see Figure 7-5.3.4-1, illustration
(a)] allows beta ratios as high as 0.8. At a 8 of 0.8, the temperature correction would be 0.294 K (0.53°R) or +0.5%, for a
correction of +0.25% in the mass flow measurement. The pressure correction would be 1.122, for a correction of +12.2%

in both the pressure and the mass flow. Because this correction is based on one-dimensional isentropic flow theory for an

ideal gas, the error in thi

coefficient, is a reason th
The above examples s
the mass flow measurems

7-8 COMPUTATION O

7-8.1 Basic Theoretic}

Basic equations and r
(a) Continuity Equatio
stream perpendicular to

(b) Steady Flow Eneryq
stagnation state to the s

(c) Equations of State

is design is not recommended for sonic flow measurements.
ow that the correction from static to stagnation pressure has about 48 times as much effect on
nt as the correction from the bare probe temperature measurement to stagnation temperature.

F RESULTS

L Relationships

lationships derive from the eight assumptions given in para. 7-3.2 as follows:

h. Conservation of mass for one-dimensional flow, which is applicable to each area\efthe fluid

the axis of the meter, is given by
q, = pAV (7-8-1)

Equation. Conservation of energy, the first law of thermodynamies,<applied from the inlet

bnic state at the throat, is given by

V*2/2 = hy — b (7-8-2)

. Equations of state establish relationships among thertmmodynamic properties: pressure,

temperature, density, compressibility factor, enthalpy, specific heats, ratio of specific heats, and entropy. The relation-

ships depend on the flui
(d) Isentropic Relatio

(e) Local Speed of Sou
equation for an ideal gaj

Several equations and|
applicable to all compos
and accuracy of thermody
available, the flow measu
the particular application|
they are presented. Therg
Thermodynamic and Tra
can be used to calculate t
2016. Two methods that
subsection 7-11.

7-8.2 Classifications

d model (i.e., ideal gas, real gas, or vapor).
ships

sg = s* (7-8-3)
d. Equations for the local speed of sourid\depend on the fluid model and state properties. The
is simple, while the equation for a real gas is complex.

methods are available for deterimining the theoretical sonic flow. Not all the methods are
tions of gases and vapors in @llyeperating regimes because of limitations in the availability
namic property data and otlier factors. The choice of a method is governed by the property data
ementaccuracy required; and the degree of complexity thatis acceptable in the computation for
. Each of these considerations is treated in some detail for each of the equations and methods as
are also online databases, including the NIST Standard Reference Database 23: Reference Fluid
\sport Properties Database-REFPROP, Version 9.1 (Lemmon, Huber, and McLinden, 2013), that
hermophysicakproperties. A list of references for sonic flow functions is given in ASME MFC-7-
are recommended are presented in para. 7-8.6, and the remaining methods are presented in

For Theoretical Mass Flow

The methods for deter

7-8.2.1 Closed Form S
idealized as constants. T

olutions. The simplest theoretical sonic flow equation is for an ideal gas with the specific heats
his equation has sufficient accuracy in many real gas applications over restricted operating

regimes, primarily with regard to pressure limitations.

Approximate methods
compared to the ideal gas

are given for some improvement in accuracy over broader operating regimes for real gases
mode. These methods use the compressibility factor, Z, correction to the equation of state. Also,

ratios of specific heats are obtained in various ways to approximate the isentropic exponent during expansion from the

inlet to the throat of the

nozzle or venturi.
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Using Gas or Vapor Property Tables. Tables of thermodynamic properties can be used to

calculate the flow for various assumed states at the throat of the nozzle. The sonic flow state is then determined where the

flow reaches a maximum. Tab

les of thermodynamic properties have been compiled for many substances for their vapor

regimes. Gas tables assume the ideal gas equation of state to be valid but permit the variation of specific heats with
temperature to be taken into account.

7-8.2.3 Iterative Methods

Using Complex State Equations. The best accuracy over broad operating regimes using

real gases and vapors can be obtained by using complex computerized procedures and equations of state described by
Johnson (1964). Results from these calculations for air are given in Nonmandatory Appendix C. Sullivan (1989) used more

accurate equations of state th
calculating the uncertainties i
from those of Sullivan.

7-8.3 Method for Determ

The extent of deviation of th
a particular state. This must b

at were later published by Jacobsen (1991), the results ot which are used as the basis for
h the other methods. Nonmandatory Appendix C gives the deviations of the Johnson results

ning the Deviation from Ideal Gas State

e compressibility factor, Z, from unity is an indication of how nonideally a gas is behaving in
e known to select a method for determining the sonic flow function to achieve the desired

accuracy. Pressure-temperatfire-density data are correlated by the compressibility factor as follows:

The compressibility factor,
sibility factor and is correct, sy
from experimental data, aide

Itis important that the sam
compressibility factor tables
para. 7-8.4). Inconsistent use

In the absence of data forag
charts correlate the compress
properties normalize the dat

Use the following steps to

(a) Obtain the sonic point
textbooks.

(b) Calculate the reduced

(c) The compressibility fad
properties for parameters.

(d) The universal gas cons
1955).

7-8.4 Ildeal Gas Relations

Z = P/(pRT) 7:8-4)
7, is a function of the state of the gas. The real gas equation of state includes the-compres-
bject only to the error in the compressibility factor. Compressibility factors are determined
d by statistical mechanics, and tabulated for each gas composition (et al., 1955).
 ideal gas constant, R, be used with the compressibility factors as wasised in compiling the
hnd charts. Most compressibility factor data are based on the universal gas constant (see
of gas constants with compressibility factors will result in additional error.
as, an estimate of the compressibility factor can be obtained fromy'generalized charts. These
ibility factor by reduced pressures (P/P") and reduced tenfpératures (T/T"). The reduced
using the sonic point properties (P", T based on the principle of corresponding states.
bbtain an estimate of the compressibility factor for a-given state (P, T) of a specified gas:
pressure P* and temperature T from sonic property tables available in thermodynamics

properties for the given state using P/P'and T/T".
tor can be found in a chart, such as that.shown in Figure 7-8.3-1 for air, using the reduced

tant is used as a basis for correlating.the compressibility factors, Z, for real gases ( et al,,

hips

The assumption is made that the fluid is an idedl gas for which the equation of state by definition is

where
M = molecular mass
R, = universal gas consta

In addition to assumingani

P= p(R,/M)T (7-8-5)

ht; 8.31:4</(kmole-K) [1,545 ft-Ibf/(Ibmole °R)]

the ratios of specific heats are

The speed of sound at the

Héalgas, the further assumption is made that the specific heat values are constant, such that
r 4 r r r r r r = — - OUD = — — r r

D a a 0D 0 OT oo SIORH > a ra

P*/Py = (T*/TO)V/(V_I) — (p*/pO)V (7-8-6)
throat for an ideal gas is as follows:

With the assumption that the ratio of specific heats is constant (y" = y, = ¥), the ideal gas sonic flow function is
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Figure 7-8.3-1
Generalized Compressibility Chart
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Figure 7-8.3-1
Generalized Compressibility Chart (Cont’d)

GENERAL NOTE: Compressibility factor for gases:
Pr = reduced pressure = P/P"
Tr = reduced temperature = T/T"

= 1 forideal gases
T(constant)

PV
PoVo

P, P', T, 4nd T are in absolute units.

NOTE: (1)Inthisrange, atreduced temperature approximately equal to 4, the compressibility factor reaches a maximum and then décreases yith
an incregdse in reduced temperature values; to avoid confusion in reading, the reduced temperature lines greater than 4 are offsét.on‘an identical
scale.

, /-1
y+1
The ¢orresponding theoretical flow for an ideal gas with constant specific heats'is then
A*C*P,
=~ 0 (7' '9)

i = (R Ty

Somd methods for calculating the ideal gas sonic flow function, £ j.are given in subsection 7-11.

7-8.5 Real Gas Relationships

Sullivan (1981) gives a historical review of theoretical isentropic flow models for real gases. The real gas equatiof of
state is|as follows:

P =pZRT (7-8{10)

The thost elementary correction of the ideal gas sonic flow equation for real gas effects is to add the compressibility
factor dorrection to the ideal gas constant [i’e.;'substituting ZR for the gas constant, R, in eq. (7-8-9)] as follows:

cx - Ci 7-8l11)
Ri™ 03
The theoretical equation for the mass flow of a real gas can be calculated from the following:
* Ok
dR = Lcl (7-8{12)

Two fethods for caleulating the ideal gas sonic flow function, C';, are given in para. 7-8.6 and the remaining methods pre
presenfled in subsection 7-11.

7-8.6 Real Gases, Using Complex Property Equations

7-8.64.1\Method 1: Real Gases, Virial Equation of State. Johnson (1964) published rigorous solutions and extengive
tables of sonic flow functions based on real gas properties. Sullivan (1989) added refinements to Johnson’s method. These
are complex solutions that must have the equations of state programmed for practical evaluation by the iterative proce-
dures they entail.

Two requirements must be met in Method 1 to solve the sonic flow process from the plenum to the throat of the sonic
nozzle. First, the plenum and throat entropies must be equal. Second, the throat velocity must be equal to the speed of
sound. The processes followed during the calculations to proceed from the plenum to the throat are as shown in
Figure 7-8.6.1-1.

Equations for the change of entropy during these processes are as follows:

(a) For the isothermal processes,
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(s1 = $3) = — ZRIn(P/Fy)

(s* — sy) = — ZRIn(P*/P,)

(b) For the constant pressure process,

(53 = %) = = cyln(T/T)

(c) For the entropy to be equal at the plenum and throat, the following must be true:

(7-8-13)

(7-8-14)

(7-8-15)

o
acq
for
int
]
[se
]
ite

equation, using the enthalpy decrease from the plenum to the throat. This is detefmined by integration along t}

prd
use

qu

Cal

(s1=s0) +(s3—5) + (¥ —s52) = (¥ —s59) =0

'he equations for the entropy changes must be expressed in differential forms to account for the yariatio
npressibility factor and specific heat at constant pressure. The variation of specific heat with temperature is ta
ount when integrating along the zero-pressure path. (The gas is ideal at zero pressure, where theymost accur:
the specific heat at constant pressure are available.) The compressibility factor must be known'and its variatig
b account along the two isothermal processes.

'he throat state is calculated by iteration to satisfy the first requirement that the throat and plenum entropies a
e eq. (7-8-16)].

'o meet the second requirement, the throat velocity and the local speed of sound at'thé throat must be calcula
ation continued until the state is found where they are equal. The velocity at the-throat is calculated from the

cesses shown in Figure 7-8.6.1-1. The speed of sound is a function of the state at the throat, for which eq. (7-

d.
> [3)
= |—=
op S
Z+p(5—z]
op T
5z, 2
[Z+T(E),,]
c
Po_ M i P d_/)
i)

'he theoretical sonic state at the ‘throat has been determined when both the isentropic and the sonic veld
rements have been met.
\ graph of sonic flow functions for air (Johnson, 1965) is given in Nonmandatory Appendix B.

RT

+
6Z

Z—1+T(—)
5T,

P |

Figure 7-8.6.1-1

P 0 Plenum

(7-8-16)

n of the
ken into
hte data
n taken

e equal
ted and
energy

e three
B-17) is

(7-8-17)

city re-

culation Processes for the Isentropic Path From Inlet to Sonic Throat for a Real Gas Using the Method of Johnson

Throat [Note (1)]

A

GENERAL NOTE: Adapted from Johnson, 1964.
NOTE: (1) At sonic conditions.

85


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

The uncertainty in the sonic flow functions for air (Johnson, 1965) based on results from Sullivan (Sullivan, 1989) is
given in Nonmandatory Appendix C. It is seen that the largest discrepancy is 0.4% at the inlet stagnation state corre-
sponding to the highest pressure (100 atm) and lowest temperature (400°R). Below 25 atm, the two methods agree to
within 0.02% at temperatures from 400°R to 700°R.

An approximate graphical method for obtaining sonic flow functions for air is given in Nonmandatory Appendix D. The
correction factors provided by the graphs convert the ideal gas sonic flow function for air (0.6847315) to real gas values
(Sullivan, 1989). The graphs extend to a pressure of 300 atm and cover temperatures from 400°R to 700°R.

7-8.6.2 Method 2: Real Gases, Table Lookup or Curve Fitting to the Results of Method 1. When accurate solutions
have bden obtained for a gas over the operating range of interest, it may be preferable to use these results rather than
recalcujate using Methods 1 through 6. Depending on the application, either table interpolation or curve fitting could be
used. Bpth provide close to the maximum available accuracy without the complexity of repeating the calculations. Equa-
tions thit fit the surface of sonic flow function versus pressure and temperature may be obtained with goodaccutracy oyer
limited|ranges.

7-9 FLOW UNCERTAINTY

7-9.1 Uncertainty in Sonic Flow Function Calculations

Accufacy considerations are complicated by two fundamentals. First, all measurements contain errors. Second, the
absolute accuracy of a measurement is never known. Procedures are well established-for calculating the propagation of
errors fo determine the uncertainty in the result. One of the standardized practices'should be used (e.g.,, ASME PTC 19{1),
but the pasis for applying these procedures is the estimated uncertainty in each error source. The mathematical rigof of
the propagation calculations can give the false impression that the uncertainty in the result has been precisely defer-
mined. A practical indication of uncertainty is obtained by comparing the fesults from different methods. The amoun} of
discreppncy often does more to indicate the level of accuracy and confidence that can be placed in the results than
formalifed uncertainty analyses based on estimates. For this reason, comparisons of results from different flow measyre-
ment njethods should be made whenever possible.

Convenience and accuracy may both be important in obtaining a flow measurement. A sophisticated data reductjon
procedyire that provides better accuracy might be essential\in some cases but, for practical reasons, not desirablg¢ in
others. One of several components in an uncertainty analysis is the error in the sonic flow function. A trade-off may| be
made bptween a more rigorously accurate calculation and a more convenient simplified calculation that could contajn a
larger Hias. Arnberg and Seidl (2000) give errors and corrections that take real gas properties into account for sonic flow
functions for air calculated in several ways usingsideal gas theory.

7-9.2 (alibration Methods and Uncertainty Estimates for Discharge Coefficients

7-9.2.1 General. Discharge coefficients are determined experimentally and analytically. Experimentally determiped
discharge coefficients are subdivided into primary and secondary measurements. Secondary measurements pre
performed with the test meter ifi series with one or more sonic flowmeters, which have been previously calibrated
ary methods, in parallél. Many primary methods have been developed. Uncertainty estimates using standardized
proceduires are performedon the primary methods; however, confidence in the absolute accuracy of the primary methpds

.2.1.1 Experimentally Determined Discharge Coefficients. The accurate measurement of mass flow of gas is mpre
difficul§than foraliquid. Sinceliquid calibrations cannot be applied to sonic flow measurements with accuracy, ithas bgen
necessqry to develop several primary methods for measuring the mass flow of gases. Probe traverses, volume displdce-
ment (Hell prever), change of state in a calibrated volume, and bulk mass flow measurements (gravimetric methods) have
all been used.

7-9.2.1.2 Analytically Determined Discharge Coefficients. Analytically determined discharge coefficients use
boundary layer theory and potential flow theory to calculate the deviations of the actual flow from the ideal one-dimen-
sional inviscid flow model. Stratford (1964), Hall (1962), and Ishibashi and Takamoto (1999) provided analytical
discharge coefficients for sonic flow nozzles. Smith and Matz (1962) used theory and internal flow measurements
to obtain discharge coefficients for sonic flow venturi nozzles.
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7-10 DISCHARGE COEFFICIENTS

7-10.1 Method of Correlation of Discharge Coefficients

The discharge coefficient corrects for the deviation of the actual mass flow from the theoretical value. The throat
Reynolds number correlates the discharge coefficients for sonic flowmeters. For axially symmetric flowmeter designs, all
flow sections are circular in cross section, such that the throat Reynolds number is given by the following:

Rey = —m (7-10-1)

Tdu
T

The absolute viscosity, y, is determined at the inlet stagnation temperature.
Theoretical solutions for the discharge coefficients of toroidal throat venturi nozzles indicate the discharge co¢fficient
is dweak function of the ratio of specific heats in addition to the Reynolds number. This fact will cause Some scatt¢r when
the data includes gases with different ratios of specific heat (Arnberg, Britton, and Seidl, 1974):

7-10.2 Discharge Coefficients for Toroidal Throat

For gases with a fixed ratio of specific heats, the analytical solutions indicate that the discharge coefficientq can be
corfrelated in the laminar boundary layer range by the following equation:

C=a— bRey O° (7-10-2)

The same form of equation applies in the turbulent boundary layer range with the Reynolds number exponent dhanged
from -0.5 to -0.2. Table 7-10.2-1 summarizes the results from approximately 690 measurements on 95 venturinozzles
cothpiled from 13 sources (Arnbergand Ishibashi, 2001a and ArnbergandIshibashi, 2001b). Ten of these were se¢ondary
mepsurements and 680 were primary measurements of various types: Some of these measurements were avelfaged to
reduce random error resulting in 143 points to be plotted. Added\to these measured average points were 26 arfalytical
points (Stratford, 1964): 11 for laminar boundary layer and 15 for turbulent. The total 169 points are shown i} Figure
7-10.2-1. The scatter in the data is caused by the manufacturingtolerances allowed in the standards, measuremengerrors,
and, most importantly, boundary layer transition. An uncertainty range of 0.3% (20 or random) is shown. The universal
cuifve is represented by the following:

C = 09959 — 2.72Re;y 3 (7-10-3)

Ilower uncertainties can be obtained by manufacturing venturi nozzles to closer tolerances than specified by the
stajpdards. When the flow range is limited (2.00 E+05 < Re,; < 1.2 E+06) and falls within the laminar bgundary
layer regime, a particular design of wenturi nozzle can be calibrated to an uncertainty as low as 0.07% (systematic
+ 1fandom) (Shapiro, 1954). This\uhcertainty can be reduced statistically to 0.05% by placing several yenturi
nofzles in parallel.
%jigh-precision venturi npzzles manufactured by super accurate lathes have performance characteristics that are

highly repeatable. The first three references listed in Table 7-10.2-1 used high-performance venturi jozzles.
Equation (7-10-4) fits‘the data from this source, which covers a flow range of (2.1 E+04 < Rey < 1.4 E+06)} At the
lower Reynolds numbers, the estimated uncertainty is +0.2%, which decreases to +0.1% (systematic + randlom) at
thg higher Reynelds numbers.

C = 0.9985 — 3.396Re; > (7-10-4)

The mean curve for the composite data in Figure 7-10.2-1 is fitted by eq. (7-10-3) and is named “the universaj curve
(UC)\This equation and name were adopted by ISO 9300 as an International Standard in 2005. It is a “universa
bec [May be used WILI d oroldaltnroatventurino esmanuia Ored to ASME MFC-7-2016 0T 150
The UC has the advantage of simplicity and covers Reynolds numbers through laminar, transition, and turbulent
boundary layer ranges. This simplicity is obtained by allowing a relatively large tolerance of 0.3% on the discharge
coefficient. As seen in Figure 7-10.2-1, all of the data points that fall outside of this band are in the Reynolds number range
of 1.0 x 10° to 1.0 x 107, which is where transition is taking place from laminar to turbulent boundary layers.
Figure 7-10.2-2 compares several mean line discharge coefficient curves for toroidal throat venturi nozzles. The
boundary layer transition for two sets of high-precision venturi nozzles is also shown. Whereas the transition
curves occur at different Reynolds numbers, in both cases they proceed from the mean curve for high-precision
venturi nozzles at laminar flow, eq. (7-10-4), to the universal curve, eq. (7-10-3).
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Table 7-10.2-1
Summary of Points Plotted in Figure 7-10.2-1 and Coefficients for Eq. (7-10-2)

Diameter,
Reference a b Rey Min. Rey Max. Nozzles mm Avg. Pts.
Ishibashi and Takamoto (1998) 0.9985  3.412 2.40 E+04 8.50 E+04 23 3.4~19 23
Ishibashi et al. (1998) 2.10 E+04 1.70 E+05 5 6.7-13.41 10
Takamoto et al. (1994); Ishibashi and Takamoto 4.30 E+04 1.40 E+06 2 6.7 & 19 12
(1999)

Wendt apd von Lavante (2000) 0.9962 3.4406 5.00 E+04  1.530 E+05 3 5~10 12
Karnik ef al. (1996) 1.00 E+07 2.40 E+07 2 10, 23.3 2
Stevens (1986) 0.9975  3.901 2.00 E+05 1.20 E+06 14 7.9 21
Smith and Matz (1962), Beale (1999) 4.00 E+05 5.00 E+06 1 143

Olsen (1p72) 8.68 E+05 3.37 E+06 1 25

Arnberg,|Britton, and Seidle (1974) 0.9974 3.306 4.00 E+04 2.50 E+06 16 3.8~35 18
Anonymgus (1986) 1.60 E+06 3.20 E+07 10 25~59 10
Brain anfl McDonald (1977) 3.70 E+05 7.20 E+05 1 5~17 3
Brain anfl Reid (1978) 1.50 E+06 1.17 E+07 5 5~17 10
Brain anfl Reid (1981) 1.07 E+06 1.07_E+07 12 4.5~34.9 9
Stratford (1964), laminar 0.9984  3.032 1.00 E+05 -2.00 E+06 _ 11

Cij=a— bRed 2
Stratford (1964), turbulent 0.9984  0.0693  5.00,E+05 1.00 E+07 15

_1/
Cd=a—hRed 5
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Figure 7-10.2-1
Composite Results for Toroidal-Throat Venturi Nozzles
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Figure 7-10.2-2
Mean Line Discharge Coefficient Curves for Toroidal-Throat Venturi Nozzles
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Discharge Coefficients for Cylindrical Throat Venturi Nozzles
ischarge coefficients for the cylindrical'throat venturi nozzle are given in Table 7-10.3-1 (ASME MFC-7-2016

ISO 93(0:2005).

The ¢
Table 7]
expens

ischarge coefficient of the cylifdrical throat venturi nozzle has a smaller change in the discharge coefficient
-10.3-1) during boundary layér transition than the toroidal throat venturi nozzle. However, this comes at
e of a thicker throat boundary layer with a correspondingly lower discharge coefficient, as indicated by

followipg comparison at a throat Reynolds Number of 1.0 x 107:

(a) fi
(b) fi
The d
cylindr

7-10.4

br cylindrical throat)€ = 0.9914 (see Table 7-10.3-1)

br toroidal throat,C = 0.9952 (see Figure 7-10.2-2)

ischarge coefficient for the toroidal throat venturi nozzle is 0.38% higher than the discharge coefficient for
cal throatwenturi nozzle. This is discussed further in para. 7-5.3.

Discharge Coefficients for ASME Low-p Throat Tap Flow Nozzles (Arnberg and Ishibashi, 200

Comy

ared to the sonic flow nozzle, which has only one operating parameter, the subsonic flow nozzle has two

nd
Kee

the
the

the

Ib)
pa-

rameters, the throat Reynolds number and the throat Mach number. Error in the theory and/or real gas properties may
have caused the discharge coefficient to exceed 1.0 at the highest Reynolds numbers. Excluding this data, all the results fall
within a 1% band.

Where operation in both the subsonic and sonic regimes is required, the ASME low-f throat tap flow nozzle is rec-
ommended because of the availability of calibration data for both regimes. It is noted that the downstream pressure must
be maintained at a lower value to have sonic flow with the ASME flow nozzle because of the absence of a diffuser (see
Figure 7-4-2).
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Table 7-10.3-1
Discharge Coefficients for Cylindrical-Throat Venturi Nozzles

Reynolds Number, Rey Discharge Coefficient, C
3.5 x 10° 0.9887
5 x 10° 0.9887
2 x 10° 0.9887
3 x 10° 0.9890
5 x 10° 0.9901
7 x 10° 0.9907
1 x 107 0.9914
2 x 107 0.9925

7-10.5 Boundary Layers and Discharge Coefficients

IIn Figure 7-10.2-2, the curve from Ishibashi and Takamoto (2001) shows the boundary layer transition starting
107. Figures 11 and 12 of Ishibashi (2003) show boundary layer transition taking placedver the Reynolds numb¢
fron 1.0 x 10° to 1.5 x 10°. The discharge coefficient decreased from 0.995 to 0.9935 from a laminar to a ty
ndary layer. Varner’s nozzles were over 13 times larger than the largest of Isibashi’s nozzles. This large diffe
siz¢ may have influenced the start of the boundary layer transition because of thé longer inlet contour. Bounda
trapsition in ASME standard nozzles used subsonically, investigated and reported by Murdock and Keyser (19
1991b), manifest the same characteristic shapes and magnitude of effectS over the same range of Reynolds 1
thgreby affecting the discharge coefficientas discussed herein (see Section/5). Ishibashi etal. (2005) report testre
mare than 50 sonic flow venturi nozzles at over 250 test conditions,all in the laminar boundary layer range. The s
deviation for the data was 0.04%.

igure 7-10.2-2 shows the transition from laminar to turbulent boundary layer for two sets of data started at R
numbers of 0.9 x 10° and 1.3 x 10® and completed at about 1.5% 10°. The discharge coefficient decreased from aboy

new equation to take advantage of the lower uncertainty available from more accurate equations applicabl
ficglly to the laminar and turbulent ranges, and\to pass through the transition range, is needed.
unaki and Ishibashi (2008) propose a new:- UC based on the hyperbolic tangent.

requires four parameters that are obtained from the equations for the laminar boundary layer range, tu
boyindary layer range, and the transition range (for which the UC is used). The new UC follows the data thro
boyindary layer transition range. The uncertainty is reduced to below 0.1%, except in the transition range, wher¢
tainties as to the start of the boundany layer transition increase the uncertainty to about 0.2%. The new UC joins t}
for|the turbulent boundary layep range, following the boundary layer transition region.

1 OTHER METHODS -AND EXAMPLES
1.1 Traditional'and Useful Methods for the Computation of Flow

he methods.inparas. 7-11.1.1 through 7-11.1.5 have been used in the past and, when applied in accordance ¥

asqumptionS,and conditions specified with each method, can provide sufficient accuracy for the required re

at1.0 x
rrange
rbulent
ence in
ry layer
D1la and
umber,
ults for
andard

bynolds
1t 0.995
f about

E speci-

rbulent
igh the
uncer-
ecurve

vith the
ults. In

genjeral, thesé are direct, simpler, and easier to use. These are also useful for an initial estimate of the flow during the test-

degign‘phase of performance testing and to check the reasonableness of the calculated results from the more g

omplex

methods. These are listed in priority order of recommendation.

7-11.1.1 Method 3: Real Gas Approximation Using the Ideal Gas Sonic Flow Function Corrected by the Compres-
sibility Factor. This method uses egs. (7-8-8) and (7-8-11) to obtain an approximation for the real gas sonic flow function.
The compressibility factor and ratio of specific heats used in the solution correspond to the inlet stagnation state.

The error in the real gas sonic flow function for air using Method 3, based on Sullivan (1989), is shown in
Figure 7-11.1.1-1 (Sullivan, 1981). Table 7-11.1.1-1 gives errors in Method 3 based on sonic flow functions from

Johnson (1965).
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At an inlet temperature of 263.9 K (475°R) and a pressure of 80 atm, the error from Figure 7-11.1.1-1 is 1.18%
compared with 1.67% from Table 7-11.1.1-1. Since Johnson and Sullivan used nearly identical calculation methods,
the difference of 0.49% in the results is attributed to discrepancies between the property data of Hilsenrath et al.

(1955)

and Jacobsen (1991).

Figure 7-11.1.1-1
Error in Method 3 for Air Based on Sonic Flow Functions When Using Air Property Data

25 Temperature

GENERA
(a) Errol
factd

400K
425°R
450°R
475°R
500°R
525°R
550°R
575°R
600°R
625°R
650°R
675°R

Percent Error

10 20 30 40 50 60 70 80 90 100
Pressure, atm
. NOTES:

I in real gas sonic flow function for air is based on ideal gas sonicflow function, inlet ratio of specific heats y,, and inlet compressib
T, Zo.

lity

(b) Sonif flow functions for air are from Sullivan (1989) and air pxoperty data are from Jacobsen (1991) and Sullivan (1981).
Table 7-11.1.1-1
Percent Error in Method 3 Based on Sonic Flow Functions and Air Property Data
Inlet Stagnation Pressure, atm
Tpmperature, °R 5 10 20 40 80

475 +0.17 +0.33 +0.65 +1.18 + 1.67
500 +0.13 +0.25 +0.50 +0.91 +1.23
550 +0.06 +0.15 +0.30 +0.52 +0.60
600 +0.03 +0.08 +0.15 +0.26 +0.18
700 -0.03 -0.04 -0.03 -0.09 -0.31

GENERAL NOTE: Sonic flow functions from Johnson (1965) and air property data from Hilsenrath et al. (1955).
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7-11.1.2 Method 4: Real Gases and Vapors, Thermodynamic Property Tables. This method is applicable to re

al gases

and vapors for which thermodynamic property tables are available. These tables contain properties such as entropy,
enthalpy, and mass density (more commonly the reciprocal, specific volume) as functions of two variables, usually the

pressure and temperature. The accuracy of the result using this method is very sensitive to the accuracy and resol
the property tables.

ution of

The gas tables give properties as a function of temperature and are applicable only at low pressures, where deviations
from ideal gas properties are small. The thermodynamic property tables account for real gas effects by taking both
temperature and pressure into account. With two mdependent variables instead of one, 1nterpolat10n of the tables

1lations
would

I he difference between Method 1 in para. 7-8.6.1 and Method 4 stems from the type of property data used. Method 4

1 uses the more fundamental correlation of specific enthalpy and entropy values correlated by researchers in co
thg thermodynamic property tables. Specific heat at constant pressure and compressibility factor or, alternatiy
equations of state are the basis for determining the compressibility factors. A brief summary’of the method
Johnson (1964) is given in para. 7-8.6.1.

7-11.1.2.1 Example. This example uses thermodynamic property tables and lineariinterpolation between qu
in the tables. This method is not the most accurate, but it is useful because thermodynamic property tables ard
avdilable for many substances.
he gas used is steam and the gas property data is obtained from Keenan“and Keys (1959).
for this example, a plenum state is selected where the steam is a nonideal gas (a vapor). This is indicated by
chgnge in enthalpy at constant temperature, indicating the properties, change significantly with pressure as
temperature.
let stagnation state:
Pressure, Py = 6.8948 kPa (1,000 psia)
Temperature, Ty = 371.1°C (700°F) or 644.25 K (1,160%R)
Enthalpy, hy = 3 082.65 kJ/kg (1,325.3 Btu/lbm)
Entropy, sp = 6.33923 kJ/(kg-K) [1.5141 Btu/{lbm-°R)]

An iterative solution establishes the throat state. An even temperature from the table is chosen for the firs

*

" = 315.6°C (600°F) or 588.88 K (1,060°R)
" = s = 6.33923 KJ/(kg - K) [1.5141-Bti/(Ibm-°R)]

The following values are found from the tables at this state:
= 2984.03 kJ/kg (1,282.9 Btu/lbm)
= 0.0516 m>/kg (0.827 ft°/Ibm)

The throat velocity, V*, and mass flow per unit area, G*, are as follows:

(SI|Units)

V*

[2g,(hg — W)

[(2)(1)(1000)(3082.65 — 2984.03)]*>
= 444.117m/s

.Method

mpiling
ely, the
ised by

Antities
widely

a large
well as

[ guess.

Y PR
(U.S—€ustomurytmits}

v* = [2g (hg — h*)1>°

[(2)(32.174)(778.26)(1,325.3 — 1,282.9)]"> = 1,457.2 ft/sec

(SI Units)
G* = V*/u* = 444.117/0.0516 = 8 607 kg/(s-m>)

93


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

(U.S. Customary Units)

G* = V*/u* = 1,457.2/0.8205 = 1,776 Ibm/ (sec - ft%)

Iteration is continued to find the maximum flow, which is the sonic flow point.
The throat temperature and entropy fixed the sonic flow state. Thus, interpolation from the tables gives the state at the
throat as

P’ =
S =
.

3.7694 MPa (546.7 psia)
6.33923 KkJ/(kg'K) [1.5141 Btu/(Ibm-°R)]

T =

Althdugh not expected to be very accurate, an ideal gas estimate for the throat temperature for a triatomic gas is m
using the critical temperature ratio from Table 7-11.1.2.1-1 as follows:

(51 Units)

(U.S. Customary Units)

Insp
provide
(isentr

qmr/A F 8939.7 KJ/(s'm?) [1,831 Ibm/(sec-ft?)].
iscrepancy between the result from this example and the result from Johnson (1964) is 0.36%. Note that the stgam

Thed

tables yere first published in 1936 from a different database than Johnson’s value, which was primarily based
Hilsenrpth et al. (1955). Presumably, the later property data are(the most accurate (see para. 7-11.1.3).

7-11.1.3 Method 5: Ideal Gas, Ratio of Specific Heats Assumed Constant. Regarding eq. (7-8-8), note that for an id
gas witl a constant ratio of specific heats, the sonic flow functioh, C';, depends only on the composition of the gas (i.e., it

constar

gases behave in a more idealized manner with increasing temperature. In many applications, the simplicity of the fl

calculaf

incurred is tolerable.

Valug
givenin

(6 deg pf freedom).

The 3
heats a
The ¢
value f

2878°C (550°F)

T% = Tp(T*/Ty) = (644.25)(0.85714) = 552.21 K (279.06°C)

T% = To(T*/Tp) = (1, 160)(0.85714) = 994.3°R (534.6°F)

d a useful guide for the first estimate, thus reducing the number of iteratiohs required. The real gas theoret
pic) mass flow at a throat temperature of 287.8°C (550°F), corresponding to the sonic flow point, was found tg

t for each gas composition). Whereas no gas is ideal, all gases approach the ideal state at low pressure and m
ion using eq. (7-8-8) is a desirable featuretand may provide a practical approach, assuming the error thal

s of the sonic flow function from eq. (7-8-8) and the critical property ratios from eqs. (7-2-7) through (7-2-9)
Table 7-11.1.2.1-1 for monatomicgases (3 deg of freedom), diatomic gases (5 deg of freedom), and triatomic gaj

onic flow functions, C";, givefi in“Table 7-11.1.2.1-1 are quite accurate for monatomic gases because their speg
e nearly constant.

onstant sonic flow function for a diatomic gas from eqs. (7-2-7) through (7-2-9) can be corrected to the real
r air by means of,orrection factors given in Nonmandatory Appendix D (Arnberg and Seidl, 2000).

Table 7-11.1.2.1-1
Sonic, Flow Function, C";, and Critical Property Ratios [Ideal Gases and Isentropic Relationships,
Egs. (7-2-7) Through (7-2-9)] Versus Type of Ideal Gas

hde

te of the nonideal gas states over this flow process, the ideal gas estimate of the throat temperature would have

cal
be

on

eal
is a
ost

k is

are
Ses

ific

bas

Ratio of

Py - 1 PP P PP
SPCLIIIc SUIIIC TIOW CrItrcar CIitacdal CIiacdal

Type of Gas Heats Function, C’; Temperature Ratio Pressure Ratio Density Ratio

Monatomic % = 1.6667 0.72618 0.75000 0.48714 0.64953
Diatomic Y =14 0.68473 0.83333 0.52828 0.63393

Triatomi

c % = 1333 0.67322 0.85714 0.53977 0.62944
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The following ideal gas relationships show that the ratio of specific heats is related to the specific heat at constant
pressure and the gas constant:

R=c,— ¢, (7-11-1)
Ratio of specific heats: (7-11-2)
V= Cp/cl)
Gamma function:
(7-11-3)

<
|
=

- ‘ |

onsequently, the sonic flow function, C*, will vary for any particular ideal gas as the specificheat'at constant pressure
vatjies. This imposes restrictions on the operating states and/or flow measurement accuracy.obtainable from M¢thod 3,
Method 5, and Method 6, which is introduced in para. 7-11.1.4, wherein the variation of Specific heats is not talen into
acdount.

7-11.1.4 Method 6: Ideal Gas, Ratio of Specific Heats at Inlet Stagnation State_The easiest way to partially compen-
satp for changes in specific heats is to use the ratio of specific heats correspondingtothe inlet stagnation state, insfead of a
fix¢d value for each gas, as in Method 5. The error in Method 6 is shown in‘Figure 7-11.1.4-1.

Figure 7-11.1.4-1
Erfor in Sonic Flow Function, C’;, for Air Using Method 6 Based on Ideal Gas Theory With Ratio of Specifi¢ Heats
Corresponding to the Inlet‘Stagnation State

3 Temperature
_——700°R
2 B 675°R
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5 © 525°R
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8 475°R
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- 425°R
iy 400°R

-3

4
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Pressure, atm

GENERAL NOTES:
(a) "Error 1 1deal gas critical [lJow function for air, based omn Inlet ratio ol speciiic neats, Yo.
(b) From Arnberg and Seidl, 2000.
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7-11.1.4.1 Example.
Gas = air
Inlet stagnation pressure, P, = 100 atm
Inlet stagnation temperature, Ty = 287.8°C (550°R)
Real gas (Sullivan, 1989), C'x = 0.7083
Real gas (Hilsenrath et al,, 1955), yo = 1.5944
From eq. (7-8-8), based on y, = 1.5944, Method 6, C*; = 0.7156; error, e = +1.03%
From Figure 7-11.1.4-1, error, e = +1.00% (agreement to the readability of the graph)
Based_on Method 3 from Table 7-11 12 1-1_ ratio of cppr‘ifir‘ heats =14
C,=10.68473
Erroyf, e = -3.33%
Comjppared with Method 5, Method 6 reduced the absolute error from 3.33% to 1.03%.

7-11.1.5 Method 7:Ideal Gas, Gas Tables. Most textbooks on thermodynamics and gas dynamics published since 1948
have ingluded gas tables abridged from Keenan and Kaye (1945). These tables enable solutions for isentrepic processep to
be calcylated for ideal gases with the variation of specific heats with temperature taken into account, These tables maKe it
possible to calculate sonic flow more accurately than by Methods 5 and 6, the latter of which willbe'shown in the examjple
in para| 7-11.1.5.1.

7-11.1.5.1 Example 4, Gas: Air. Gas property data is obtained from Keenan and Kaye'(1945). An inlet state is chosen
at a sufficiently low pressure to meet the ideal gas requirement quite well and at @ high temperature where a lafge
variatidn in the ratio of specific heats is expected.
Inlet |state:
ressure, Py = 10 atm = 1.01325 MPa (146.96 psia)
Temperature, Ty = 388.9 K (700°R)
nthalpy, hy = 389.745 kJ/kg (167.56 Btu/lbm)
Reduced
Phessure, PRo = 3.446

The first approximation of the sonic state at the throatwill be made using the isentropic constant, y, values frpm
Table 7-11.1.2.1-1.
(SI Units)
T* = To(T#/Ty) = (388.9)(0.83333) = 324.08K

(U.S. Customary Units)
THN= Ty(T*/Tp) = (700)(0.83333) = 583.3°R
h* = 324.384k] /kg (139.46 Btu/Ibm)
PRO* = 18161

(SI Units)
P* = Py(Pr*/Pro) = 1.01325 MPa (1.8161/3.446)

= 0.5339999 MPa

(U.S. Customaxy Units)
P* = Py(Pg*/Pro) = 146.96 (1.8161/3.446)

= #504psiT

(SI Units)
= P*/RT* = (IE + 06)(0.5339999)/[(287)(324.08)]
§.74123 kg/m>

A}
*
|
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(U.S. Customary Units)

p* = P*/RT* = (144)(77.4504)/(53.34)(583.3)
= 0.35850Ibm/ft>
(SI Units)
vE = [2g.(hg — )

[(2)(1)(1000)(389.745 — 324.384)1°
= 361.555m/s

(U.¥. Customary Units)
v = [2g (hg — h¥)1™° = [(2)(32.174)(778.26)(167.56 — 139.46)1" = 1186 ft/sec

(SI|Units)
q,/A = pV* = (574123)(361.555) = 2075.8kg/(s'm*)

(U.¥. Customary Units)
g,/A = pV* = (0.35850)(1186) = 425.21bm/ (sec-ftz)

The above calculation is repeated for a range of temperatures in the regien of the first approximation of T frorh which
the sonic flow state is determined as the point at which maximum_flow occurs.
The throat state is established at 324.4 K (584.0°R) corresponding to the maximum mass flow of 2 075.833 kg)/(s-m?)
(445.164 1bm/sec-ft?). This result is in error by -0.12% compared with Sullivan (1989).
Method 7, in which gas tables are used, is similar to Method 4.

7-12 SPECIAL APPLICATIONS

7-12.1 Special Applications of Sonic Flow Nozzles and Venturis

The sonic flowmeter is most commonly used.to measure and control the mass flow of a gas or vapor. Special metg¢rs with
thg same name should be mentioned to ay0id confusion.
The sonic flow choke has along history of use as a flow-limiting device. The accuracy with which the mass flow through a
chgke must be known may vary with the particular application.
The flow through a rupture disk-and pressure relief valve are related applications. A mass flow determinatioh under
sorjic flow conditions may be impertant, but the accuracy requirement is not as great as for sonic flowmeteys.
There is aneed to distinguish bétween sonic flowmeters used for measuring the flow of gases and vapors and sohic flow
devices used to measure the-discharge of flashing liquids. (These were once called cavitating venturis.) The use of the
sarhe names may create some confusion since they operate on different principles. When near-saturated or supejrcooled
liqpids enter a nozzle.@r venturi, they change phase from liquid to vapor (flash), which causes a choked flow cohdition.
These devices share’'some operational similarities with critical gas flow devices in that the mass flow is nearly lingar with
theinlet pressure.Liquid sonic flowmeters are used in the nuclear power field (Reshetnikov, Isayev, and Nevolin, 1987).
Another specialized application makes use of the unique characteristics of the sonic flowmeter related to the volu-
mejtric flowywhich is nearly constant upstream of a sonic flowmeter while the mass flow is varied if certain condit{ons are
met over)the operating range. These conditions are as follows:
a)\(The stream is nearly an ideal gas (i.e., the variation in the compressibility factor is insignificant).

(b) The discharge coefficient of the meter does not vary significantly over the flow range.

(c) The sonic flow function is constant. This is true for an ideal gas.

(d) The Mach number upstream of the meter is low such that the differences between the static and stagnation
properties (pressures and temperatures) of the stream are insignificant.

Based on these assumptions, the volumetric flow upstream of the meter is nearly constant. Real gases and flowmeters
will deviate in varying degrees from these conditions.
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Section 8
Flow Measurement by Velocity Traverse

8-1 NOMENCLATURE

Jymbols used in Section 8 are included in Tables 2-3-1 and 8-1-1. For any equation that consists of a combinption of
syrpbols with units shown in Tables 2-3-1 and 8-1-1, the user must be careful to apply the properyconversion [factors.

8-2 INTRODUCTION

nly circular or rectangular conduits flowing full of gas or liquid are covered by this,Sec€tion. Pitot tubes, pit¢t-static
tules, pitometers, and current (propeller) meters measure velocities at given locatiens in the flow, which are then
sunmed (with weighting factors) or integrated over the whole cross section to obtain the total volumetrjic flow.
These devices, therefore, have similar requirements for installation and flow comiputations. Several methods for Jocating
traperse measurement stations are detailed.

8-2.1 Flow Computation

olumetric flow is the integral of velocity over the flow area. As a finite number of velocity measurements are fleasible,
floy is approximated by numerical integration (summation) of:these point velocity measurements using appropriate
wejghting factors for the area associated with each measurement. Equation (8-2-1) shows the integral and the numerical
approximation for pipes. The weighting factors are used £6, determine the average velocity on a radius.

2t prR A N n 8-2-1
qv:fo /0 VG, 0) 80413 P (8-2-1)

For ducts, the same integral and numerical integration are applicable with different variables as shown in eq. [8-2-2).
Weighting factors are required in both the xand y directions for ducts. The weighting factors are dependent only on the
number of locations used in each direction:

H w N n -
6, = [ Ve s dea R D gty (82:2)

Jeveral velocity traverse ,methods are used to compute volumetric flow.

The appropriate weighting/factors for each recommended method are shown for pipes in Tables 8-3.1-1 through
3.1-4. Measurementdocations and weighting factors are used to determine the average velocity associated with
eadh radius.
The measurementlocations and weighting factors for each recommended method are shown for ducts in Tableg8-3.2-1
thrpugh 8-3.2-3.The measurement locations and weighting factors are used to determine the average velocity asqociated
with a single duct direction such as the width of a rectangular duct. As shown in eq. (8-2-2), the weighting factorg for the
tw¢ directiens are multiplied.

§-2.1.1 Pipe Flow Computation. For the Chebychev, log-linear, and equal-area traverse methods for pipe flow
deseribedinpara—8-—3-1-the-measurementlocationsare-chosenso-that the-weighting factorsareallequal-reweighting
factor = 1/n which, as a constant, may be taken outside the summation) for all of the measurement locations. Therefore,
the average of all the velocity measurements may be multiplied by the total area to obtain the volume flow as indicated in

A N n
— g (8-2-3)
9 Nn ijl 2,’:1 V’J

where
Vi; = observed mean velocity vector parallel to the conduit centerline at the ith sensor location on the jth radius
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weighting factors are equal and eq. (8-2-3) is applicable.

Table 8-1-1
Symbols Specifically Applied in Section 8 (in Addition to Symbols in Table 2-3-1)
Units
Symbol Description Dimensions [Note (1)] SI U.S. Customary
A Total area of the conduit L2 mm? in?
Ceal Pitot tube coefficient (calibration coefficient) Dimensionless Dimensionless Dimensionless
H Duct height L mm in.
K, Blockage correction coefficient L3T! m3/s ft3/sec
K; Structural blockage coefficient Dimensionless Dimensionless Dimensionless
R Pipe inside radius L mm in.
r Radial measurement position L mm in.
Frontal area, support structure impeding flow L? mm? in?
Number of velocity measurement locations per Dimensionless Dimensionless Dimensionless
radius or duct width/height
N Number of radii or widths/heights used in the Dimensionless Dimensionless Dimensionless
numerical calculation
Pactual Corrected static pressure MLIT2 Pa psi
Peas Observed static pressure ML 1172 Pa psi
Pgtag Stagnation pressure ML™IT2 Pa psi
Pstatic Static pressure ML T2 Pa psi
qm Volume flow of each meter L1 m3/s ft®/s
14 Mean velocity LT! m/s ft/sec
w Duct width L mm in.
w Weighting factor Dimensionless Dimensionless Dimensionless
0 Yaw angle, angle from centerline deg deg
Subscripts
i Index of the sensor location (i = 1 to n)
j index of the radii (j = 1 to N)
NOTE: (1) Dimensions:
L =|length
M =| mass
T =| time
The Gaussian traverse method requires specific weighting factors for each radial location. Equation (8-2-4) indicqtes
how to|calculate the volume flow)for the Gaussian traverse method.
6=, 2 il ©14
where
w; =|weighting:factor at the ith sensor location
8-2.1.2 Rectangular Duct Flow Computation. Numerical integration of the flow in conduits of rectangular crpss
section[istwo-dimensional using coordinates along the height and width of the duct. The traverse methods recommended
are the { > = b b > P e > v e m m P Pl el i) b b

The Gaussian traverse method requires specific weighting factors for each velocity measurement location and the
volume flow can be calculated using eq. (8-2-3). There may be different numbers of locations in the two directions to
account for the aspect ratio of the duct.

N
9, = Aijl Z?:l Wi WJ'Vi:J'
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8-2.1.3 Averaging Time. Sufficient averaging time is required at each sensor location to obtain an accurate mean
velocity and reduce the statistical random uncertainty. Plotting the observed velocity profiles is highly recommended to
check the degree of asymmetry in the flow profile and whether it is reasonable to expect such a profile in the subject
installation.

Sufficient recording time is required at each station at each rate at uniform time intervals to cover atleast two complete
periods of any acceptable level of flow variations. If periodic flow variations occur, the correct method of averaging is to
average the square root of each reading for pitot tubes. Digital pressure transducers have the capability of outputting the
square root of the differential pressure such that the reading may be averaged. However, if the average of the pressure

i i iodi iation | i 0 = < i )0 to the

o

Q0 Q ALQ daddappnro mate

§-2.1.4 Area Measurement. The area of the conduit must be measured. For pipes, measurementef.at legst four
diameters is recommended. For rectangular ducts, four measurements on each axis are required. Any/irregylarities

8-3 TRAVERSE MEASUREMENT LOCATIONS

arious velocity distributions may occur in the field; therefore, velocity measurements at a sufficient number df points
ard recommended to clearly define the velocity profile without assuming or correeting for boundary layer effefts. The
mepsurement locations for each traverse are defined for several techniques insthis section.
he four recommended techniques are the Gaussian, Chebychev, log-linear;‘and area velocity (or equal area for pipe
floy) methods. The Gaussian and Chebychev quadrature methods are mathematically based to integrate a polynomial
with an order ofless than 2n - 1 (where n = number of measurements) exactly. If the velocity profile may be described by a
polynomial these methods should have lower uncertainty than the leg-linear and equal-area methods when u$ing the
sarpe number of sensors. The converse also holds: equivalent uncertainty can be attained using fewer sensorf in the
trayerse. Sufficient measurement locations are required to evaluate whether the profile is a true polynomial, s poly-
nomials with an order equal to the number of measurementdgeations will perfectly fit the data but may not reflect the
actpal velocity distribution. The log-linear method is designed to integrate fully developed velocity profiles thaf can be
degcribed by a linear combination of a logarithmic term and a linear term of the distance from the wall.
he equal-area method is the preferred method in.ASME PTC 11. The cross-sectional area of the conduit is dividled into
equal areas with the measurement location at the ¢entroid of each area. The equal-area method allows measurements at
other spacings to better define the velocity distribution and decrease uncertainty. Total flow is the summatioh of the
velpcity times the associated subarea.
he equal-area method is less accurate than the Chebychev and Gaussian methods for the same number of mleasure-
ment locations for some velocity distributions. This may be shown by calculating comparative results using analytic
velpcity profiles for pipe flow. Schlichting (1968) mathematically describes a fully developed, symmetrical profile that has
a definite integral to compare to the numerical integration methods. Both the Chebychev and Gaussian methofs have
abgut 0.2% lower deviation fromrthe definite integral of the velocity distribution than the equal-area method does for the
sarhe number of points. Deviations from the definite integral for the equal-area method range from +0.75% for three
points per radius to +0.3% for seven points. The equal-area method requires an additional measurement location per
radius to achieve an.uncertainty equal to that of the other two methods.
he log-linear method shows better performance than the equal-area, Chebychev, and Gaussian methods, with devia-
tions ranging from -0.15% to -0.08% for three and five points, respectively. These conclusions are only valid for fully
deyeloped flow.
(One reason for providing a choice in the traverse pattern is that the sensor locations are different for each, and physical
andl installation constraints found in the field may dictate the choice of traverse pattern. Five sensors per radius of 10 per
diameter should be used in pipes. In small pipes or when the velocity profile and/or installation dimensions as sfated in
subsection 8-4 are nearly ideal, three stations per radius may suffice. In cases where the installation conditions are much
worse than specified in subsection 8-4, more than five sensors per radius are required to achieve acceptable accuracy.
Similar numbers of locations in each direction of a rectangular duct are required as for diameters in pipes.
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8-3.1 Pipes

Velocities in pipes shall be measured along at least four radii (), but eight radii are preferred. A typical diametrical
pattern is shown in Figure 8-3.1-1 for the equal-area method. The four acceptable methods of numerical integration
specify different loci for the measuring stations along each radius referenced to the centerline. Tables 8-3.1-1 through
8-3.1-4 specify these stations along the radii for various numbers (n) per radius with the appropriate weighting factor.
More than five locations are recommended for adequate resolution of abnormal or skewed velocity profiles. A reference
velocity shall be measured at the center of the area, but this observation is not included in the flow computation methods
for pipes. The velocity at the center is always used in the measurement procedures to detect departures from the criteria
of velogity profile skewness and unsteadiness, as in para. 8-4(b).

Figure 8-3.1-1
Pipe Velocity Measurement Loci
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Table 8-3.1-1
Locations and Weighting Factors for Gaussian Method in Pipes

Distance From
Number per Radius, n Centerline, r/R

Weighting Factor,w | Number per Radius, n

Distance From
Centerline, r/R

Weighting Factor, w

3 0.21234 0.13966 6 (cont’d) 0.85192 0.27108
0.59053 0.45848 0.97068 0.14462
091141 0.40186
7 0.05626 0.01042
4 0.13976 0.06236 0.18024 0.0548p
0.41641 0.25970 0.35262 0/1327p
0.72316 0.40692 0.54715 0:2142p
0.9429 0.27102 0.73421 0.2547B
0.88532 0.2210p
5 0.098535 0.03150 0.97752 0.1119%
0.30454 0.14782
0.56203 0.29278 8 0,04464 0.00658
0.80199 0.33434 0514437 0.03568
0.96019 0.19356 0.28682 0.0908B
0.45481 0.1584
6 0.073054 0.01748 0.62807 0.2121
0.23077 0.08792 0.78569 0.2250p
0.44133 0.19732 0.90868 0.18224
0.66302 0.28158 0.98222 0.0891p
GENERAL NOTE: From Mathematical Tables and Aids to Computation, Velume 11 (1957).
Table 8-3.1-2
Locations and Weighting Factors for Chebychev Method in Pipes
Distance From Distance From
Nymber perRadius,n  Centerline, r/R , Weighting Factor,w | Number per Radius,n  Centerline, r/R  Weighting Factor, w
3 0.3827 Y 6 (cont’d) 0.8434 Ye
0.7071 Y 0.9660 Y
0.9239 A
7 0.2410 Y
4 0.3203 A 0.4849 Y
0.6382 A 0.5814 Y
0.7699 Y 0.7071 Y
0.9473 A 0.8136 Y
0.8745 Y
5 0.2891 Y 0.9705 Y
0.5592 Y
0707+ 1 8 92266 e
0.8290 Y 0.4513 Y%
0.9572 Ys 0.5444 Ye
0.6698 Y
6 0.2586 Ye 0.7425 A
0.5373 Y 0.8388 Y
0.6057 Ye 0.8924 Y
0.7958 Y 0.9740 A

GENERAL NOTE: From Bean (1971).
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Table 8-3.1-3
Locations and Weighting Factors for the Log-Linear Method in Pipes

Distance From

Number per Radius, n Centerline, r/R

Weighting Factor, w

Number per Radius, n

Distance From
Centerline, r/R

Weighting Factor, w

2 0.914 Y, 4 (cont’d) 0.632 A

0.420 A 0.310 Y

3 0.936 Y 5 0.962 Y

0.730 Y 0.848 Y%

0.358 Ys 0.694 Y

0.566 %

4 0.958 Ya 0.278 Y
0.766 Y

GENERAL NOTE: From Water Power (1957).
Table 8-3.1-4
Locations and Weighting Factors for the Equal-Area Method in Pipes
Distance From Distance From
Numbey per Radius,n  Centerline, r/R  Weighting Factor,w | Number per Radius,n  Centerline, r/R  Weighting Factor|w

3 0.40825 Y 5 (cont’d) 0.70711 Y

0.70711 B 0.83666 Y

0.91287 Y 0.94868 Y

4 0.35355 Y 6 0.28868 Y

061227 14 0.50000 1D

0.79057 Y 0.64550 Y

0.93541 Y 0.76376 Y

0.86603 Y

5 0.31623 Y 0.95743 Y
0.54772 Ys

GENERAL NOTE: Distance from centerline = (m/2n)°'5, wherem=1,3,5,7,9, 11... 2n - 1)
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Table 8-3.2-1
Locations and Weighting Factors for the Gaussian Method in Rectangular Ducts
Number of Locations, Distance From Number of Locations, Distance From
n wall, x/L Weighting Factor, w n Wwall, x/L Weighting Factor, w

3 0.11270 0.27778 6 (cont'd) 0.83061 0.18038
0.50000 0.44444 0.96624 0.08566

0.88730 0.27778
7 0.02544 0.06474
4 0.06943 0.17393 0.12924 0.1398p
0.33001 0.32608 0.29708 0.1909p
0.66999 0.32608 0.50000 0:2089B
0.93057 0.17393 0.70293 0.1909p
0.87077 0.1398p
5 0.04691 0.11847 0.97456 0.0647¢

0.23077 0.23932
0.50000 0.28445 8 0.01986 0.0506p
0.76924 0.23932 010167 0.1111p
0.95309 0.11847 0.23724 0.1568p
0.40829 0.18134
6 0.03377 0.08566 0.59172 0.18134
0.16940 0.18038 0.76277 0.1568p
0.38069 0.23396 0.89834 0.1111p
0.61931 0.23396 0.98015 0.0506p

8-3.2 Rectangular Ducts
Yelocities in rectangular ducts shall be measuredat the loci, n, specified in Tables 8-3.2-1 through 8-3.2-3, deperjding on
thg method selected. A typical location pattern is shown in Figure 8-3.2-1 for the Gaussian method. In ducts, thelloci are
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\
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cified from each wall. For odd values of n; thé velocity is measured at the center to compute the flow. For even v
his central observation shall be monitored to evaluate skewness of the velocity profile and the temporal stead
flow during the period of reading the sensors and/or moving the sensors between measurement stations. At 14
psurement loci are recommendedion each of five traverse locations, N. More should be used if the flow is expect]
hly skewed or otherwise abnormal. Three sensors per line may be used if the flow profile is expected to bg
hmetric and smooth with-an-unchanging sign (i.e., “+” or “~” of its curvature).

Vhen using the area veloeity (or equal-area) method, the minimum number of test points is recommended as s
ure 8-3.2-2. For measurement planes of rectangular and square cross section, the long dimension of the elemen
11 align with the leng-dimension of the duct’s cross section. The elemental areas should be as geometrically si
duct’s cross_section as possible.
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Table 8-3.2-2

Locations and Weighting Factors for Chebychev Method in Rectangular Ducts

Number of Locations,

Distance From

Number of Locations,

Distance From

n Wwall, x/L Weighting Factor, w n Wwall, x/L Weighting Factor, w
3 0.14645 Y 7 0.05807 Y
0.50000 Y 0.23517 Y
0.85355 Yy 0.33805 Y
. 010068 Y, 0.50000 Y
0.40621 v, 0.66196 %
- v, 0.76483 Y,
0.89733 " 0.94193 A
5 0.08375 Y% 9 0.04421 %
0.31273 " 0.19949 Yo
0.50000 " 0.23562 Y
0.68727 " 0.41605 Yo
0.91625 " 0.50000 Y
0:58395 Yo
6 0.06688 Y 076438 A
0.28874 e 0.80051 Y
0.36668 Ye 0.95580 v
0.63332 Y
0.71126 Ye
0.93313 Ye
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Table 8-3.2-3

Locations and Weighting Factors for the Equal-Area Velocity Method in Rectangular Ducts

Number of Locations, Distance From Number of Locations, Distance From
n wall, x/L Weighting Factor.w n wall, x/L Weighting Factor. w
3 0.16667 Vs 5 (cont’d) 0.50000 Y%
0.50000 Y 0.70000 Y
0.83333 Y 0.90000 Y
4 0.12500 Y 6 0.08333 7
0.37500 Y 0.25000 Ve
0.62500 Y 0.41667 Y
0.87500 Y 0.58333 Y
0.75000 Y
5 0.10000 Y 0.91667, Y
0.30000 Y
Figure 8-3.2-1
Duct Velocity Measurement Loci for Gaussian Distribution
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Figure 8-3.2-2

Recommended Number of Measurement Loci for the Equal-Area Method

Nourmberof- Traverse Poimts

8-4 RECOMMENDED OR REQUIRED LOCATIONS OF MEASUREMENT SECTIONS

The following items are to be considered for the locations for flow measurement by velocity traverse:
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9.29
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13.94

T T T T T 1
18.58 23,23 27.87 32.52 37.16 41.81

Duct Cross Segtion, m?

(a) The measurement section/should be in a straight run of conduitat least 20 diameters downstream and 5 diameters

upstream from the nearest bend, change in area, or other flow obstruction.
(b) The mean velocity at the measurement section should be at least 75% of the maximum velocity observed.
distribution should be as close as possible to that of a fully developed, turbulent flow in a straight cond
(c) U flow conditioners are required to fulfill the preceding recommendation in (b), they should be placed at least]
diametg¢rs upstréam from the measurement section.
(d) If theconduit is of lapped construction, the plane of measurement shall be located in the section of the sma
diametgr!

velocity

he
uit.
10

ler

(e] IFThe measurement section does not tultiii the recommendation in (a) orisIn alocation wnere oblique 1or reve

se

flows could exist, it is necessary to determine the flow direction using a multiport pitot tube or a directional vane in the
case of current meters.

The more uniform the profile, the less important the number of measurement points and the choice of traverse pattern
and integration method.

In fully developed flow, the boundary layer is important, and the number of measurement locations must be large
enough to assure the boundary layer effect is included. This can mean that many measurement locations are required for
the Gaussian and Chebychev methods to account for near-wall effects.
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Invery large ducts, when allowing for probe-stem droop and the need to avoid duct bracing, the probe tip location may
deviate from the ideal. The required location shall not deviate more than 30% of the corresponding dimensions of the
elemental area from the ideal location. Likewise, the probe tip may be outside the traverse plane by no more than 30% of
the largest elemental area dimension, and then only if the duct area is the same as at the traverse plane. An estimate of the
uncertainty due to the location deviation should be made.

8-5 USE AND CALIBRATION REQUIREMENTS FOR SENSORS
8-5.1 Pitot Tubes

Fitot tubes measure the differential pressure corresponding to the dynamic pressure of the flow accof|ding to
Bernoulli’s equation [see eq. (3-4-1)]. Most sensors must be closely aligned with the velocity vectox'to acqurately
measure velocity. In swirling flow, the velocity does not parallel the pipe centerline and the.sensor must be
rothted to correctly measure the velocity. Since the flow is the vector dot product of the velocity and the c¢nduit’s
arda, the direction cosines of the velocity vector so measured must be applied to determine the component of the yelocity
patallel to the axis of the conduit. It is this component that is used in the numerical integration of the velocities acfoss the
conduit area to calculate the total flow in the conduit. Velocity is calculated by

2 g |\ Bstag — Bstati -5-1
V= cos(@)ccal\/ C< e = 1c) (8-5-1)

whiere

(.. = calibration coefficient

dc = proportionality constant
Koo = stagnation pressure
Pstatic = static pressure
A = density
Fitot-static sensors may be used in liquid or subsonic gas ‘flows (Mach < 0.3).
The sensors must be calibrated in a mutually acceptablelaboratory if it is necessary to obtain an accurate coeff]cient. If
thegcorrection for the probe blockage of the flow streamjis'estimated to exceed one-quarter of the desired test uncdrtainty,
thg sensors should be calibrated under conditions duplicating the interference conditions of the test installdtion.
Jee Figures 8-5.1-1 and 8-5.1-2.

8-5.1.1 Standard Designs. The only differential pressure pitot probes that do not require calibration are impaft tubes
andl pitot-static tubes of ASME and National/Association of Fan Measurement (NAFM) design. Both types are confsidered
primary instruments and need not be calibrated, provided that they are carefully constructed and maintainel. Their
cal]bration coefficient is 1.000. The-tube should be as thin as feasible to withstand the flowing velocity without vipration.
The bent section must be aligned-with the velocity using the guide vane. For the impact tube, the static prefsure is
mepsured at the wall with one or more piezometers. The impact tube indicates the stagnation pressure of the yelocity
strgam. The uncertainty of thie velocity measurement with these designs may be estimated at 0.3% if the angle Hetween
the velocity and the aXis)of the impact (yaw angle) tip is less than 12 deg.
A probe with onlysyaw-measuring capability can be used only if a preliminary test gives sufficient evidence that the
avgrage of absolut€ Values of pitch angle does not exceed 5 deg. A nondirectional probe may be used only wHere the
prdliminary test-gives sufficient evidence that the average of the absolute values of neither yaw angle nor pitgh angle
exdeeds 5 deg;

§-5.1.2 Typical Pitot Static Tube Designs Several other acceptable pitot tube designs may be used as Yelocity
ments.
1 coeffi-

Clent The Cahbratlon coeff1c1ent C, corrects the pressure measurement to give the true veloc1ty

Figures 8-5.1.2-1 through 8-5.1.2-3 depict a probe system that can determine the direction of the velocity vector. Five-
hole probes such as those illustrated in Figures 8-5.1.2-1 and 8-5.1.2-2 can determine the two angles (pitch and yaw)
necessary to orient the fluid velocity vector in three-dimensional space. Three-hole probes such as the Fechheimer probe
showninFigure 8-5.1.2-3 and the wedge probe can determine only the yaw angle of the velocity vector. In use, the probe is
rotated until the pressure difference between the two holes that lie in the plane perpendicular to the probe axis is zero.
The angle at which this occurs is measured with a protractor or similar apparatus and interpreted as the yaw angle.
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Figure 8-5.1-1
Pitot Tubes Not Requiring Calibration
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(b) A Type of Basic Pitot Tube or Impact Tube

GENERAL NOTES:

(a) Two designs of pitot-static tubes are shown in this figure.
(b) Values of diameters between % in and % in. are suitable.
(c) Calibration coefficient = 1.000
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Figure 8-5.1-2

Pitot Tubes Needing Calibration But Acceptable
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Figure 8-5.1.2-1
Wedge-Type Five-Hole Probe Installation Schematic
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Figure 8-5.1.2-2
Five-Hole Probe Designs

C)@ (b) Wedge Type
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Figure 8-5.1.2-3
The Fechheimer Probe Installation
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Five-hole probes have one pressure tap farthest upstream (in the center of the array of holes), which senses the
stagnation pressure, and four downstream holes distributed around the center. The probe is rotated until the pressure
difference between the two holes thatlie in the plane perpendicular to the probe axis is determined to be zero. The angle at
which this occurs is measured with a protractor or similar apparatus and interpreted as the yaw angle. The pressure
difference between the remaining pair of holes, aligned along the axis of the probe, is used to determine the pitch angle
from a calibration curve. Calibration is also required to determine the true stagnation pressure from the center hole and
the static pressure from the yaw holes. The component of the velocity normal to the plane of the duct cross-sectional area
is determined from the cosines of the measured pitch and yaw angles.

ame five-hole probhe mounted to be maovable in the pitch and aw._direction have one pre a ~arthest
upgtream, which senses the stagnation pressure, and four downstream holes, which are located where the staticjpressure
will be sensed. When both pairs of static pressure taps are nulled (i.e., the differential pressure between oppesing|pairs of
doyvnstream pressure taps is zero) by manipulating the orientation of the probe, then the probe is dlighed with the
velpcity vector, and the stagnation pressure is sensed by the upstream tap. The differential pressures sefised between the
prqbe and each of the downstream taps should be equal and measure the velocity vector via Berneulli’s equation. The
cothponent of the velocity normal to the plane of the cross-sectional area is determined from the cosines of the pftch and
yaw angles measured by the apparatus shown in Figures 8-5.1.2-1 through 8-5.1.2-3.

8-5.1.3 Calibration Procedures. Probe calibration may be carried out in a free-stream nozzle jet or a closed Wind (or
water) tunnel. In either case, the blockage caused by the probe shall be less than 5% ofthe eross-sectional area. Prefferably,
the probe blockage should be as small as possible. The flow should be adjusted to-produce equally spaced caljbration
points over the range of velocities that the probe is expected to measure. For twg="and three-hole probes in air|(gas), a
mihimum of eight points between the range of 9.144 m/s (30 ft/sec) and 30,48 m/s (100 ft/sec) nominal velocity is
required. For five-hole probes in air (gas), calibration points are required@at a minimum of three points, typically] 12.192
m/ks (40 ft/sec), 21.336 m/s (70 ft/sec), and 30.48 m/s (100 ft/sec) nominal velocity. The calibration reference may be a
stapdard pitot-static tube (preferred) or a previously calibrated refefence probe of another type. The blockag¢ by the
refprence probe should be as small as possible, and in no case shall the blockage of the reference probe exceed 5o of the
crgss-sectional area.
he reference probe and test probe shall each be mountedso'that each can be placed in the stream alternately, ahd their
pogitions in the stream shall be the same and firmly held\Alternatively, the test probe and the reference probg can be
plaked side by side if it can be shown that there is no difference in flow conditions between the two locations, the total
blockage by both probes does not exceed 5%, and there is no interference between the test probe and referenc¢ probe.

8-5.2 Calibration of Current and Propeller Meters

8-5.2.1 Design Requirements. Axial flow'current meters shall be used. The bearing arrangement must minirhize the
ingress of water and water-borne solidsthat may cause a change in bearing friction and, thus, the meter calibration. Water
temperature can affect the calibration,"Meters specifically designed to respond only to the velocity in the meter pxis are
prdferred. Typical blade tip diameters should be between 50 mm (2 in.) and 100 mm (4 in.). The meters shall be mounted
with their axes parallel to the‘conduit axis. The mounting shall not allow deflection or vibration of the metgrs.

§-5.2.2 Calibration. Caryent or propeller meters shall be calibrated in a towing tank or free stream with the same
mojunting that will be uSed for the test. Where the meters are closely spaced, the calibration shall include the effecfs of the
adjpcent meters. Unless sufficient experience with the meter design indicates the meter responds only to the yelocity
cothponent in the-teter axis direction, the calibration shall include data on oblique flow up to 10 deg off the mefer axis.
The calibration\curve may not be extrapolated. These meters shall be inspected before and after the test. Anly blade
deformatiofior defect found subsequent to the calibration may require recalibration of the meter if requested by either
pafty to‘the test.

8-6 DW_MEASUREMED B > 0 R A K

A pitot rake is a battery of impact tubes arranged along two or three pipe diameters as shown in Figures 8-6-1 through
8-6-3. Measurement by pitot rake has been the primary flow measurement method for ASME performance tests over
other recommended traverse methods. It is valid for fully developed velocity distributions with little or no swirl.
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Figure 8-6-1
Insertion Type Pitot Rake
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Figure 8-6-2
Pitot Rake
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Figure 8-6-3
Impact Pressure Tube Rake
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adial spacing of the total pressure holes is specified in Tables 8-3.1-1 through 8<3’1-4, corresponding to
Cal integration method selected for the test. All total pressure openings are to béscoplanar. Four static press

1 pressure taps, a correction for the pipe friction pressure loss shall belmade to the data and the block
on altered, as described in para. 8-8.1. In liquid flows, no static tap shall be located in either the top (¢

b these sensing lines). A reference total pressure measurement<hall be made at the center to satisfy pa
hnd 8-7.3. Each static and total pressure tap is connected separately to a calibrated transducer or by us
hing method.

al pitot-static rake designs used in performance testing.are shown in Figures 8-6-1 through 8-6-3.

Pressure-Sensing Lines

ure-sensing lines shall be of noncorrosive material. For pressure measurement using manometers, sensing li

hections. The lines shall be protected from thermal sources such as direct sunlight, exhaust air from heat exch|
drafts.

Required Pressure Measurement Uncertainty

hg to ASME PTC.19.1.

Velocity Traverse — Moveable Sensor

pes, flow*measurement by pitot traverse is typically conducted by moving one sensor to the radial locati

p cirrent meters method, multiple sensors across one dimension may be traversed across the second dimens

the
ire

uld be installed in the conduit’s wall in the same plane as the total pressure taps, ifpossible. If located upstream of

hge
fa
les
as.

ing

nes

have an inside diameter of 6 mm (%, ip:)-For measurements using transducers in place of manometers, sensing
3 mm (% in.) are acceptable. These lines'must be free from leaks and shall be installed to avoid air entrapment in

An-

hintain overall unceptainty, the pressure transducers shall have an uncertainty of less than 0.3%. ASME PTC 19.2
es the application of\pressure transducers and shall be used for reference. Their uncertainties shall be evaluated

ns

d in“Tables 8-3.1-1 through 8-3.1-4. Multiple sensors on different radii may be used. In rectangular conddits

Oo1.

Using this method, the flow must remain steady throughout the period required to complete the traverse. The steadiness
of the flow shall be monitored by a fixed sensor in the center of the conduit. An additional uncertainty accrues due to the
observation period; this added uncertainty shall be estimated as a random uncertainty using the flow variation data from
the fixed sensor during the period of the velocity traverse.

8-8 FLOW COMPUTATION CORRECTIONS

All corrections in subsection 8-8 shall be included (e.g., calibration coefficient and blockage or stem and mutual
interference corrections).
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8-8.1 Blockage Correction for Static Taps Upstream of Pitot Tubes

The pitot tube’s support structure must be stiff enough that the effect of its vibration on all flow velocity measurements
is negligible. The presence of this supporting structure causes a reduction in the observed static pressures without
changing the total pressure. The observed flow measurement must be corrected [reduced according to eq. (8-8-1)]
to account for this blockage.

S
AP, cryal = (1 - 0.71<S—)AP (8-8-1)

meas
A

whiere
A = conduit flow area
K, = structural blockage coefficient
AP,crua1 = corrected static pressure
\Peas = Observed static pressure
S = the frontal area of the support structure

In eq. (8-8-1), the factor 0.7 has an uncertainty of 0.05.
The blockage factor, Kj, is calculated using the following:

2 3
_ x x % 8-8-2)
K. =1.0226 — 0.9984 x — — 0.8723 | — | + 1.223 |=—=== (

) JA (JA] [JA)

whiere
X = the axial distance between the static pressure taps and the supporting structure

8-8.2 Blockage Correction for Current and Propeller Meters

Ablockage correction, K, caused by the installation of the measurement system shall be applied to the flow caldqulation.
The traverse array of meters reduces the flow area in the measurement section, which increases the measured flow
velpcities. The flow measurement must be corrected ysing eq. (8-8-3), in which §,, is the total area of meterf in the
dirpction of flow and g, is the volume flow of each\meter.

S S
Ky = qm[l A 0.125(;] - 003 7’”] (8-8-3)

—_

8-9 UNCERTAINTY ANALYSIS

An uncertainty analysis must be-conducted after the test is completed. As per ASME PTC 19.1, systematic uncerftainties
arg estimated from experience/and’literature. Random uncertainties are estimated from the data standard deyiations.
Ungertainties for each of these elémentary uncertainty sources are combined by the root sum square (RSS) methqd. Flow
mepsurement uncertainty is comprised of area, velocity meter calibration, data acquisition, data reduction, ahd flow
stapility. Typical eleméntary error sources for these parameters include
a) flow area measurement
b) sensor calibration
c) data acquisition
(1) serdsor reading
(2) ¢urbulence fluctuation
(3) velocity direction
(4) sensor alignment
(5) temperature or density effects
(d) data reduction

(1) integration

(2) wall effects

(3) blockage correction
(e) Flow Stability
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The sensor output may be either a differential pressure in the case of pitot tubes or a pulse output in the case of current
meters. These individual elementary error sources must be considered in both the calibration and the data acquisition.
Data acquisition uncertainty includes sensor output, velocity direction, alignment of the sensor, averaging of turbulent
fluctuations, and any effects of temperature or density on the sensor output. The data reduction uncertainty includes
integration of the velocity distribution uncertainty considering the uniformity of the profile and wall effects and dele-
terious conditions such as reverse flow, wall effects, and blockage corrections. Flow may vary over the measurement

period,

which may introduce a systematic uncertainty.

A sample uncertainty estimate is shown in Table 8-9-1. All sensitivity factors are equal to 1 in the example. This example
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S fypir‘a] systematic and random uncertainties_each at a confidence interval of 689, (1 standard deviatio '1)_
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. S., ed. (1971). Fluid Meters: Their Theory and Application (6th ed.). The American Society of Me¢hanical Engi-

nd

 of

Keyser,|D. R. (1978). “Laser Flow Measurement.” Paper 77-WA/FM-2./ The American Society of Mechanical Enginedrs.
Table 8-9-1
Sample Uncertainty Estimate
Systematic Standard Random Standard
Elementary Error Source Uncertainty Uncertainty
Area 0.10% 0.00%
Sensor chlibration 0.18% 0.39%
Data acquisition 0.18% 0.55%
Data redjuction 0.79% 0.00%
Flow stapility 0.00% 0.395%
Root surh square 0.835% 0.781%
Combine¢d standard uncertainty 1.14% [Note (1)]
Expand¢d uncertainty 2.28% [Note (2)]
NOTES:
(1) The gombined&tandard uncertainty is calculated from the root sum square (RSS) combination of the systematic and random uncertaintigs as
follopvs:
combined standard uncertainty, u = \/(0.835%)2 + (0‘781%)2 = 1.14%
(2) The expanded uncertainty is at the 95% confidence interval (2 times the combined standard uncertainty):

expanded uncertainty, U = 2u =2 X 1.14% = 2.28%
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Section 9
Ultrasonic Flowmeters

SCOPE

his Section applies to ultrasonic flowmeters that base their operation on the measurement of transit tindes of §
sighals crossing the flow path of a moving fluid. This Section is only concerned with the use of such meters to mea
volumetric flow of a fluid exhibiting homogenous acoustic properties flowing in a completely filled and closed

coustic
ure the
onduit.

his Section does not cover ultrasonic flowmeters that derive volumetric flow measurement from the deviation,

Doppler scattering, or statistical correlation of acoustic signals. Some parts of this/Section may apply tp other
trapsit-time-based meter types (e.g., phase-shift and sing-around, including clamp;on transducer meters) but this

Sedtion was not specifically written to include them.

PURPOSE

his Section provides

) a description of the operating principles employed by the ultrasonic flowmeters covered in this Secti
) a description of typical applications and accuracies achieved

) a description of error sources and performance verification.procedures

/) a common set of terminology, symbols, definitions, and ‘specifications

DEFINITIONS AND SYMBOLS

erminology and symbols used in this Section, except for those defined below, are in accordance with ASMH

.1 Terminology

acqustic path: the path that the acoustic signdls follow as they propagate through the measurement section betw
trapsducer pairs.

n

PTC 2.

een the

axipl flow velocity: the average component of the fluid velocity that is parallel to the measurement section axis (walls) over

a cyoss-sectional area of the measurement section that is perpendicular to the measurement section axis (i
dirpction of flow).

tended

dr)] calibration: calibration(of the flowmeter without using transfer flow rate measurement standards. Calibration

coxpsists of an exact detérmination of pipeline diameter, path lengths, angles, and locations in the pipelin
ion. This processtdees not determine a meter factor, leaving the potential for large uncertainties and th

e cross
erefore

ot a true calibration. Accurate measurements during dry calibration are critical for accurate flow measufement.

mepsurement séction: the section of conduit in which the volumetric flow rate is sensed by the acoustic signgls. The

surementsection is bounded at both ends by planes perpendicular to the axis of the section and located at the ¢
upgtream and downstream transducer positions.

nonrefractive system: an ultrasonic flowmeter in which the acoustic path crosses the solid/fluid interface betw
transducer and the fluid it is in contact with at 3 right angle

xtreme

een the

refractive system: an ultrasonic flowmeter in which the acoustic path crosses the solid/fluid interface between the

transducer and the fluid it is in contact with at other than a right angle.

secondary flow: flow with streamlines that are not parallel to the measurement section axis (conduit walls). Fluid flow
with secondary flow components may commonly be referred to as “cross-flow” (perpendicular) or “swirl” (tangential).

transducer: the combination of the transducer element and passive materials.

transducer element: an active component that produces either acoustic output in response to an electric stimulus
an electric output in response to an acoustic stimulus.
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Table 9-3.2-1
Symbols Specifically Applied in Section 9 (in Addition to Symbols in Table 2-3-1)
Units
Symbol Description Dimensions [Note (1)] SI  U.S. Customary
A Average cross-sectional area of the measurement section L2 mm  in.
c Speed of sound LT m/s  ft/sec
[ Sound speed in the intervening material LT? m/s ft/sec
1, Length of intervening material at transducer a L mm in.
I Length of intervening material at transducer b L mm in.
Iy Distance between transducers or intervening material in the measurement L mm in.
pair
n Number of acoustic paths Dimensionless
Sy Velocity profile correction factor Dimensionless
t Transit time T S sec
Vax Average axial flow velocity along acoustic path LT! m/s ft/sec
Vax Average axial flow velocity over the entire cross-sectional area LT ! m/s ft/sec
w; Weighting factor for acoustic path, i, that depends on measurement Dimensionless
section geometry and acoustic path location
0 Angle of transducers to measurement section axis Dimensionless deg deg
¢ Incident angle Dimensionless deg deg
dp Refracted angle Dimmensionless deg deg
Subscrifjt Description
ab From transducer a to transducer b
ba From transducer b to transducer a
i Path number
0 Average, conditions at rest
1 Upstream flow conditions
2 Downstream flow conditions
NOTE: (1) Dimensions:
L =|length
T =|time
transit fime: the time required for an. acoustic signal to traverse an acoustic path.
velocity| profile correction factorySy:"a meter- and application-specific, dimensionless factor used to adjust the mdter
measurement output (meter factor) to account for several meter or process characteristics. Velocity profile adjustments
may be| required to improve ‘meter accuracy based on actual measured or estimated flow data.
9-3.2 Bymbols
Symbols used in-Section 9 are included in Tables 2-3-1 and 9-3.2-1. For any equation that consists of a combinatiof of
symbolp with units shown in Tables 2-3-1 and 9-3.2-1, the user must be sure to apply the proper conversion factIrs.

9-4 ATPLICATIONS

Differential transit-time acoustic flowmeters are able to provide accurate bidirectional measurements over a wide

range o

f process conditions with minimal pressure loss. This type of ultrasonic meter is typically available as a factory-

built spool piece with integral transducer mounts in the 25 mm to 3000 mm (1 in. to 120 in.) diameter range or, for larger

flow co

nduits, as field-installed transducers in 900 mm (36 in.) and larger sizes.

There are meters that offer alow-cost measurement solution where accuracy is less important, such as in smaller pipes
for water, wastewater, and industrial flow rate measurement. When process conditions are well controlled, a properly
calibrated single-path meter can offer high accuracy and high repeatability. Some ultrasonic meters use multiple
measuring paths within the metering section and are used for high measurement accuracy for acceptance testing
of pumps and turbines and in custody-transfer applications.
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Ultrasonic meters typically accommodate fluid conditions in the -40°C to 180°C (-40°F to 355°F) range with maximum
pressure ratings around 150 bar (2,175 psi). Special constructions of ultrasonic meters are designed to accommodate
fluid temperatures as low as -=200°C (-330°F) and as high as 600°C (1,110°F), while others are rated for fluid pressures up
to 1500 bar (21,755 psi). With no flow obstructions, no moving parts, and a full-bore metal pipe measurement section,
ultrasonic meters provide a durable measurement with long-term stability for a wide range of applications and process
conditions.

9-4.1 Liquid Flow Measurement

JITrasonic METers are adept at Measuring a wide variety of SIngle-phase, ciean Hquids i a variety of conditiony. Liquid
shquld contain at most 2% gas content and 5% solid content, by volume, to ensure an accurate and reliable measufement.
Liquids typically must have a viscosity of less than 100 cSt. However, there are special ultrasonic meters that gan measure
flujds with viscosity of up to 1 000 cSt. Transit-time ultrasonic meters are commonly able to achieve liquid flow mleasure-

ment uncertainty of between 0.3% and 1%.

9-4.2 Gas Flow Measurement

Jltrasonic flowmeters are able to measure dry gas flows for gas with densities from 1 kg/m?[to 150
kgfm?> (0.06 Ibm/ft* to 9.36 Ibm/ft>), with some designs able to handle measurement of gas densities ffom 0.2
kgfm?> to 250 kg/m?> (0.01 Ibm/ft? to 15.6 Ibm/ft*). Some ultrasonic flowmeters.can measure wet gas of steam
floys. Most ultrasonic flowmeters have the ability to calculate gas flows at standardreference conditions and specified
fuell properties when input from an external pressure and temperature sensoris added. For a performance test or more
acdqurate determination of fuel flow, this flow needs to be corrected for the actual fuel properties during the perfojrmance
tes}.

Basic ultrasonic flowmeters are able to measure gas flows with an wigertainty of close to 1.5%, while some des|gns are
able to achieve linearity of 0.1% or better, allowing for a measurement uncertainty of 0.3% or lower. These proyide the
acduracy and repeatability required for natural gas custody transfer points, pipeline measurement, and eqyipment
tesking.

ransit-time ultrasonic meters are also ideally suited to measure steam flow rates, providing great accuracy apd long-
term stability with minimal required maintenance. Massiflow measurements of fluids with known properties are also
pogsible with many meters that provide inputs for extérnal temperature and pressure readings.

9-% FLOWMETER DESCRIPTION

he transit-time ultrasonic flowmeter déseribed in this Section is a complete system composed of the primary| device,
corjsisting of the measurement section with' one or more pairs of transducers, and the secondary device, which dontains
thg electronic equipment necessary‘to operate the transducers, take measurements, process the data, and fisplay,
trahsmit, or record results.

9-5.1 Primary Device (Sensor)

he primary device censists of a spool piece and the acoustic transducers. The measurement section may be p single
piece produced by théunéter manufacturer or an existing section of conduit into which transducers are installed in the
field. The measuretnent section contains the fluid under pressure and enables a secure and stable installation| for the
trahsducers at the appropriate locations, distances, and angle to the flow. The transducers create and detect the 3coustic
sighal used to;measure fluid flow.

9-5.1.1. Measurement Section. The section of conduit in which the volumetric flow is sensed by the acoustic signals is
called the measurement section. This section is bounded at both ends by planes perpendicular to the axis of the|section
lochted at the extreme upstream and downstream transducer position he measurement section is usually gircular.
Although it may be square, rectangular, elliptical, or some other shape, it must provide geometrically stable installation
points for the transducers and a predictable flow profile to achieve an accurate measurement.

9-5.1.2 Transducers. Transducers are responsible for the creation and detection of the acoustic signal used to
measure fluid flow and are always installed in and work in pairs, each alternating between transmitting and receiving
acoustic signals from the other. Each pair of transducers defines an acoustic path that is oriented at an angle to the axial
flow direction in which acoustic signals are transmitted along in both directions. Transducers may be factory mounted or
field mounted by clamping, threading, or bonding. Transducers may be wetted by the fluid or have a barrier (intervening)
material separating them from the fluid being measured. Transducers may be flush-mounted, recessed, or may protrude
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Figure 9-5.1.3-1
Common Acoustic Path Configurations

~_ —

(a) Diametric (b) Chordal

into thq flow stream, as shown in Figures 9-6.1.2.5-1, 9-6.1.2.6-1, and 9-6.1.2.7-1. Some nonwetted transducers can be
removed while the line is in service.

9-5.1.3 Acoustic Paths. There may be one or more acoustic paths in the measurement section, each having a paif of
transdyc,ers. Common arrangements are diametric and chordal, as shown in Figure 9-5.1:3:1. Paragraph 9-6.1.1 offefs a
discussjon of how the number of acoustic paths affects installed meter accuracy.

9-5.2 Becondary Device (Electronics)

The decondary device consists of the electronic equipment required to opérate the transducers, make the measyre-
ments, process the measured data, display or record the results, and tfansmit information.
The §econdary device, in addition to calculating the flow rate froni\measured transit times, should be capablg of
rejecting spurious signals, noise, etc. The measured flow may be the’result of a single measurement or an averfge
of many individual measurements.

9-5.2.1 Displays and Outputs. Most meters have several outputs available, either as standard features or as optignal
additiofs to the equipment. Displays may be analog or digital and show flow, integrated flow volume, and/or direction.
Signal qutputs usually include one or more of the following: current, voltage, digital, and a pulse rate proportional to flpw.
These qutputs may or may not be electronically isolated: flowmeter outputs may also include alarms and diagnostic ajds.

9-5.1.2 Self-Test and Diagnostics. The secoridary device should also be capable of completing self-test and diagnostic
functions and inform the user by display or output if there are any suspected problems with the primary device, trans-
ducers,|transducer circuits, secondary device electronics, flow conditions, device configurations, and/or measufed
values. [The diagnostic tests should inelude transmitter output power, receiver sensitivity, and timing accuracy gs a
minimym.

9-5.3 Pperating Principles

9-5.3.1 Introduction. The yvolumetric flow rate of a fluid flowing in a completely filled and closed conduit is defined as
the avefage velocity (averaged over a cross section) multiplied by the area of the cross section. Thus, by measuring the
velocity profile to determine the average velocity of a fluid along one or more acoustic paths and then applying a weightiing
factor and combining those measurements, it is possible to calculate the volumetric flow of the fluid through the condpit.
The avgrage flofwspeed in the axial direction along each acoustic path is determined by comparing the transit times of the
acoustif signalin the upstream and downstream direction. The theory behind these conceptsis described in para. 9-5.8.2.

9-5.3.2\/Path Flow Velocity. The path flow velocity refers to the velocity of the moving fluid that passes through fthe
acoustic signal path. The path flow velocity is determined by the geometry and orientation of the transducers and the
difference in time required for the acoustic signal to travel from the downstream transducer to the upstream transducer
versus the time required to travel from the upstream transducer to the downstream transducer. Since the orientation and
distance between the two transducers do not change, the difference in the transit times is directly related to the velocity of
the moving fluid. This is the primary measurement of a time differential ultrasonic meter. See Figure 9-5.3.2-1 for basic
common geometry of an ultrasonic flowmeter transducers and acoustic path.

The process for calculating the path flow velocity is illustrated in eqs. (9-5-1) through (9-5-9) for a simplified situation

where the flow profile is fully developed and (Vax/c)?‘ < L
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Figure 9-5.3.2-1

Wetted Recessed Transducer Configuration

Upstream transducer element

ere

Ultrasonic meters require a homogeneous fluid with a stable speed of sound value. This means that c,;, =

AN
\ \\
\\
N\
AN
N\
lo AN
\\
N\
N\
Downstream /
transducer
element
e S— Measurement section E——]

lo

downstreamt: t;, = ————
ab cap + Vo cos(0)

lo

upstream: t,, = —————
P ba cba — Vax c0s(0)

speed of sound eflacoustic signal traveling from transducer a to transducer b
speed of sound of’acoustic signal traveling from transducer b to transducer a
distance betweén transducers or intervening material in the measurement pair
time of aceustic signal to travel from transducer a to transducer b
time of acoustic signal to travel from transducer b to transducer a
average axial flow velocity along acoustic path

angle of transducers to measurement section axis

'he time, ¢, for the acoustic signal to travel from one transducer to the other is measured by the meter’s electronics and
qual to distance traveled divided by velocity and‘can be described as shown in eqgs. (9-5-1) and (9-5-2).

(9-5-1)

(9-5-2)

Substituting into eqs. (9-5-1) and (9-5-2) and solving for c results in the following:

downstream: ¢ = —> — V,.cos(0)
tab

!
upstream: ¢ = 24 V,cos (0)
tha
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The upstream and downstream measurements are taken within fractions of a second of one another. This ensures the
two measurements are taken quickly enough that both occur during identical flow conditions. The speed of sound, ¢, and
the fluid velocity, V,,, are unlikely to have changed in the short interval between upstream and downstream measure-
ments and eqs.(9-5-3) and (9-5-4) are equal to one another. Combining both equations and solving for V,, results in the
following equations:

where
At =

As ca

! I
t_O -V cos(0) = t—O + V. cos(0) (9-5-5)

ab ba

I I
e LA () 9

tab tha
ly 1 1
Cver i R o
2cos(O\tyy,  tpa

V. = lo tha — tab (9-
P 2cos(O taptpa

V. = 170 i (9-
B 2 cos (O) taptpa

tya — tap

h be noted from the equations, the value of V,, is equal to the/averaged axial fluid velocity along the acoustic p

The value is determined by the average velocity of both the upstream and downstream measurements but is also
averagg of the fluid velocity along the acoustic path itself. Foriexample, a fully developed flow profile has a higher f]
velocity in the center of the conduit and has slower veloeity closer to the conduit walls. The resulting flow velo
measurement is an average of the flow velocity at each point along the acoustic path.

The rheter uses this flow speed value in a series of calculations involving scaling factors to extrapolate the average fl
speed qf the fluid over the entire cross-sectional area of the measurement section.

9-5.3.3 Average Fluid Velocity. The average fluid velocity passing through the measurement section (entire crd

section
numbe

where

hl area) is determined by applyingimultiple factors based on the geometry of the flow section, the locations
of acoustic paths, and the average axial flow velocity along each acoustic path as determined in para. 9-5.

— 1 n
Vae = Sy 2 Wivas, (05

Vax, is derived similacly to eq. (9-5-9) except completed for each individual acoustic path and is equal to

lo, .
Vi = —i | 2 ©5
i 2 cos(6;) tabtba,

9-5.3.4 Volumetric Flow Rate. Once the average axial flow velocity along an acoustic path has been found, the vd

metric

or

where

flow.can be calculated from the following equation:

-6)

-7)

_8)

-9)

an
uid
ity

Ss-
nd
B.2.

10)

11)

n
G = SvA D) Wl
i=1

qVZAXV

ax

A = average cross-sectional area of the measurement section
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=
1

the number of acoustic paths
Sy = velocity profile correction factor
= average axial flow velocity over the entire cross-sectional area

=~
S

=

= average axial flow velocity along acoustic path i
= aweighting factor for acoustic path i that depends on measurement section geometry and acoustic path location
(dimensionless)

Note that increasing n can reduce the sensitivity of Sy to flow profile variations.

9-5.3.5 Speed of Sound. When the fluid in the measuring section of the meter is at rest, the speed of sound ofitlat fluid
car] be measured directly by dividing the acoustic path length by the measured transit time since thefV,{ferm of

uding measurement section geometry, number of'acoustic paths, and the acoustic path locations, th
much each path’s axial velocity measurement contributes to the overall average axial flow velocity over the
ire cross-sectional area.

.4 Acoustic Signal

lication. Gases are typically measured at a frequency in the range of 50 kHz to 600 kHz, while a liquid is typicdlly best
sured with a signal in the 500.kHz to 2 MHz range. The manufacturer should be consulted to determine the best
uency for a specific application.

he transducers create the acoustic signal at a fixed frequency; however, that frequency varies depending u{on the
1

9-%.5 Measurement Circuitry
he measuring circuit for an ultrasonic flowmeter is illustrated in Figure 9-5.5-1. Inaccuracies due to varignces in
mepsurement circuits-for each of the acoustic paths and each measurement direction, upstream and downstream, are

ided by using-a‘single measurement circuit and switching the path and direction. This system ensures thdt all in-
idual transit\time measurements are equivalent and any variabilities in the measurement circuit are canceled out.

PERFORMANCE-AFFECTING CHARACTERISTICS

coustic transit time flow rate measurement has potential operational limits. These should be investigated for each
application. Limitation sources can originate from meter characteristics, flow characteristics, or installation effects. Each
should be investigated completely when choosing a measurement solution for each application.

9-6.1 Meter Characteristics

There are many possible configurations of differential time-based ultrasonic meters and they can vary by manufac-
turer. Many of the available options can be tailored to provide the best measurement solution for a specific application.
This section discusses the most commonly available options, but a manufacturer should be consulted before making a
final selection.
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Figure 9-5.5-1
Acoustic Flow Measuring System Block Diagram

Acoustic paths

r N\
——{}—Path 1 —O0——
— ) —Path2 —0O——

———{)— Path3—C———
— [ Path N—C——

Self-test path

J)_ precision delay _(L

Lo 4:5)0— Path
—0 o— select
—O O—
Direction
control

Receiver

Pre?|5|on Counter

oscillator Stop |«
Reset/start
Data out Xfer

Start
pulse ,—1

Displ Hard
'SPy Digital processor <= racopy

device device
Other input Calendar
or output clock

9-6.1.1 Acoustic Paths. The number and orientation of acoustic paths in a meter have a significant impact on
meter’s performance, including measurement uncertainty, versatility, sensitivity to contamination and poor flow cor
tions, as well as on meter diagnostics, as outlined in paras. 9-6.1.1.1 through 9-6.1.1.3.

9-6.1.1.1 Single Path. A single acoustic path flowmeter is a basic version of an ultrasonic meter. It is an econom
measurement solution for applicationS:where accuracy is less important and where process conditions are v
controlled. Single path meters use assingle acoustic path, almost always across the horizontal diameter of the measur
section|and intersecting the measurément section axis. See Figure 9-5.1.3-1 for an illustration of a diametric me
configuration. Because the meter is only able to measure the axial velocity of the fluid across the diameter,
flow prpfile must be uniforni, fully developed, and in a known flow regime, which is typically turbulent. This is requi
so that the correlation fagters that are applied can closely approximate the flow across the entire cross section. Flow
sitional regime/must be avoided since they can create errors as large as 35%.

over the entire cross-sectional area. As the number of flow paths increases, the measurement becomes m

the
di-

cal
rell
ing
ter
the
red
5 in

accurate and-ess susceptible to variations in the flow profile and other flow variations. This increases the ability of

The placement of the acoustic paths can be critical in obtaining a good understanding of the flow profile and can vary

ns.

depending upon the application. Figure 9-8.4-1 illustrates the differences in flow profiles and their relation to acoustic

path locations.

9-6.1.1.3 Reflective Path. Reflective path flowmeters can offer better averaging of flow velocity along the acoustic

path and better resilience to swirl. They also offer increased diagnostic functions from the same number of transdu

cer

pairs by reflecting the acoustic signal off the internal surface of the flow conduit one or more times as it transits from one
transducer to the other (see Figure 9-6.1.1.3-1). This allows each acoustic signal to cross the flow path multiple times as it
travels from one transducer to the other. This provides for better averaging, lower susceptibility to secondary flows, and
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Figure 9-6.1.1.3-1
Reflective Path Transducer Configuration
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uced Reynolds number influence. Lower resolution is alsd/equired for the transit time measurement. Hoy
ected path acoustic signal does not undergo a perfect reflection, and some energy from the acoustic signal is |
conduit wall at each reflection. As a consequence, the'transducers require more power and may necessitate
ter electronics sensitivity or significant filtering to.ensure reliable sensing and measurement. Reflective p4
re susceptible to influence due to contamination.and scaling, particularly in the area of the reflection point th3
ibit reflection. Fluid contamination can have atrincreased impact on signal strength at the receiving transduc
same acoustic signal is exposed to any ceritamination on multiple passes through the fluid. The manufacturey
consulted, and care should be taken with'reflected path meters if these conditions exist. More advanced me
ude a reflective path for the specific purpose of monitoring for contamination, scaling, or gas and conde
ldup inside the meter. This diagnostic feature can alert the user that cleaning may be required.

9-6.1.2 Transducer Considerations

9-6.1.2.1 Distance and ‘Angle. When manufactured as a complete assembly, an ultrasonic meter will ha

valfiation in transducer” distance and angle. For field-installed devices, the transducer installation and alignm

im
twi
acq
the
du

portant and mustbeheld stable to ensure long-term measurement accuracy. Small changes in the distance betw

transducers_or@variation in the actual versus the measured distance between them can have a significant g
uracy. The transducer angle must also be measured accurately and programmed into the meter electronics td
calculationof axial velocity is completed correctly. The manufacturer should be consulted for optimizing th
er distan€e and angle for field-installed units based on the application.

9-6:1.2.2 Location in Pipe. The physical location of the transducers in the conduit is also a crucial measure

ever, a
ost into
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ment in

del. I lllillills t}lC CUIT CLt P1 Uflllc dlld VVUiS]lltillg detUl S t}lat dl'T app}lcd tU CaL}l Pdt}l'b IIITdsSur ClllCllt. T}lC IULdti
acoustic path is also important to provide the best possible estimation of the flow profile, which varies based on the
number of paths and the application. This is illustrated in Figure 9-8.4-1, which shows the relation between flow profiles
and acoustic path locations.

9-6.1.2.3 Contamination Buildup. Contamination buildup in the pipe should be monitored and removed as

1 of the

regular

maintenance on the meter. Contamination can cause increased uncertainties through several different modes. Most
common is a buildup on the transducer, potentially slowing, scattering, and weakening the acoustic signal. Slowed
signals may be filtered out if they do not arrive at the other transducer in a manufacturer-determined time
window, while scattered or weakened signals may not be strong enough to trigger a reading by the receiving transducer.

131


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

In more severe instances of contamination buildup, the resulting change in the cross-sectional area of the metering
section can affect the accuracy of the flow rate calculation, which assumes that the flow is passing through an unob-
structed conduit. The measurement section should be cleaned regularly for applications where contamination buildup is
a concern.

9-6.1.2.4 Transducer Construction and Fluid Interface. Transducer construction can vary between manufacturers
and applications. The velocity calculations of wetted transducers are straight forward since the transducer is in direct
contact with the fluid [see Figure 9-5.3.2-1 and eq. (9-5-9)]. However, wetted transducers have no protection from
aggressive and/or high temperature fluids, and they cannot be replaced while the system is pressurized. To
protect[the transducer from potentially harmtul etfects of the tluid, an intervening material between the transdt{er

and thelfluid is used. The addition of the intervening material affects the calculation of the transit time due to thejadgled
distancp to the acoustic path (transducer to transducer) and the different speed of sound of the interveningmaterial as
shown [in the following equations.

tip = b kW (9-6-1)
¢ g+ Vgecos(0) ¢ o
or
lo
tp = + t,+ 1

co + Vg, cos(0)

The tfansit time of the acoustic signals through both intervening materials a and bis represented by ¢, = t,+ t;, a function
of temperature. Replacing t, + t, with t, and combining eqgs. (9-6-1) and (9¢5-9) results in the following:

lo, At;

Vax; =
ZCOS(Hi) (tah,- - tOz)(tha, R tol)

NOTE: The values of length, speed of sound, and consequently the timeforthe acoustic signal to travel through the intervening matgrial
are temyjerature dependent and should be taken into account whendetermining values other than the axial flow velocity, V. The abpve
equatioyps pertain to the calculation for a single acoustic path; formtultipath meters, these calculations should be repeated with spe¢ific
path values for each variable.

Therg are several common transducer configurations using intervening materials outlined in paras. 9-6.1.2.5 throfigh
9-6.1.2..

9-6.1.2.5 Recessed Transducers. Recessed transducers are the most common configuration for transducers (pee
Figure 9-6.1.2.5-1). They are recessed froem'the inner wall of the measurement section, thus allowing for a perpendicylar
fluid interface to the transducer/intetvening material and providing a more reliable flow calculation. Recessed trans-
ducers fo not obstruct the flow through the measurement section, which reduces pressure drop and flow disturbanices
while also enabling the use of jnspéction gauges. When properly designed, the open recess of this transducer geomdtry
will flugh itself of any contamination or alternate phase product; however, the manufacturer should be consulted wlen
heavy dontamination buildup’is possible.

Where condensation/is.a concern for gases, recessed transducers should not be oriented vertically. This can lead to the
accumylation of condensate in the bottom transducer recess, which will adversely affect the acoustic signal due to the
differerjce in speedof sound of a liquid versus a gas as well as cause a change in angle of the transducer/fluid interface.
Likewige, liquidflows with entrained gas or cavitation concerns should not have transducers oriented vertically on top of
a meteyfingsection to prevent gas accumulation and the same detrimental effects on the measurement accuracy. Mpre
advanc
acousti
alert the user.

9-6.1.2.6 Protruding Transducers. Protruding transducers, like recessed transducers, allow both upstream and
downstream transducer surfaces to be perpendicular to the acoustic path (see Figure 9-6.1.2.6-1) and protect the trans-
ducers with intervening material. However, protruding transducers do extend into the metering section, so itis no longer
asmooth bore, and have the potential to create some disturbances to the flow profile that may affect downstream devices.
Due to their geometry, protruding transducers should not be oriented in the 6 or 12 o’clock position to avoid the potential
accumulation of gas or condensate.
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Figure 9-6.1.2.5-1

Recessed Transducer Configuration
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Figure 9-6.1.2.7-1
Flush Transducer Configuration
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9-6.1.2.7 Flush Transduters and Nonperpendicular Interface. Paragraphs 9-6.1.2.5 and 9-6.1.2.6 assume the inter-
vening material in contact with the fluid is perpendicular to the acoustic path and that the acoustic signal is propagated
normal to the transducer/fluid interface (see Figures 9-6.1.2.5-1 and 9-5.3.2-1). Flush mounted transducers, however,
require that the acoustic signfls enter and leave the fluid along a path that is not normal'te the transducer’s solid/fluid
interface. For example, the ihtervening material could be flush with the inside surface of the conduit as in Figure
9-6.1.2.7-1. This further complicates the acoustic analysis since corrections-for the refraction of the acoustic
signals at the solid/fluid intdqrface must also be introduced. This refraction takes place according to Snell’s Law, i.e.,
sin? = sinﬁ (9-6-3)

c p

¢ = sound speed in the fluid

¢, = sound speed in the Intervening material
¢ = incident angle
¢p = refracted angle

As a consequence, [y and tj in eq. (9-6-2) now.bécome functions of the sound speeds (c, ¢,), and, in general, of the
temperature, pressure, and domposition of the\process fluid and intervening materials.

9-6.1.2.8 Signal Conduction (ThroughWall). Because the acoustic signal of an ultrasonic meter is at very low power,
care mustbe taken in the design of ultrdsonic transducers and intervening material to ensure that as much of the energy in
the acoustic signal is transfertted inte the fluid as possible. The most common and largest loss of acoustic signal energy is
into the pipe wall of the measuring-section, where it can travel quickly to other transducers causing noise and the potential
for triggering on the conducted signal instead of the signal passed through the fluid. This can be mitigated by isolating the
transducers and intervening material to prevent signal loss and by increased filtering of the signal into the meter’s
electronics. Since the speed of sound in the metal pipe is much greater than that of a fluid, the conducted signal
will always arrive before the actual signal, making it easy to filter out.

9-6.1.2.9 Extended Transducers (Waveguides). Extended transducers, or waveguides, are commonly seen in high-
temperature applications. The waveguide transducer configuration is shown in Figure 9-6.1.2.9-1. By moving the elec-
tronic components of the ultrasonic transducers away from the process, the waveguides are able to thermally decouple
the transducers from the process while still delivering a focused ultrasonic signal to the fluid interface. Extended trans-
ducers are generally used for process temperatures above the 200°C to 250°C (392°F to 482°F) range of standard designs
and can be used for process temperatures as high as 620°C (1,148°F). The transit time proportion in the extended
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Figure 9-6.1.2.9-1
Waveguide Transducer Configuration
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transducer can be relatiyely large in relation to the transit time proportion in the fluid. Variations in the transit time
caused by the change of|the temperature profile within the waveguide should be corrected in the secondary device.

9-6.1.2.10 Wiring. The transducers are confiegted to the electronics (secondary device) by shielded cables. The cable
lengths between the secohdary and primary devices are an important consideration because longer cables may introduce
timing delays and signal losses. The timing:delays can change the calibration factor if not accounted for. Signal losses,
when combined with path length (spreading loss) and acoustic attenuation in the fluid, can reduce the signal strength to
the point where the meter will not opérate properly. Cable specifications and maximum lengths are usually defined by the
manufacturer.

9-6.2 Flow Characterjstics

Differential travel-time 3 3 AT
there are some limitations in the technology that are described in paras. 9-6.2.1 and 9-6.2.2.

9-6.2.1 Flow Speed. While acoustic transmission will not be affected by low velocities, the differential transit time may
be so small that the system is incapable of measuring it within the required accuracy. The zero offset may also become
unacceptably large. This is particularly true in smaller conduits and is highly dependent on the design of the transducers
and transit-time measurement electronics. In addition, secondary flows may develop under low velocity conditions.
Secondary flows will also reduce flow measurement accuracy and should be avoided by ensuring sufficient straight pipe
length or a flow straightener is installed upstream of the meter.
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Figure 9-6.2.2-1
Cross-Beam Transducer Configuration
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bd with low pressure can cause local cavitation around piping joints or the transducers,
fing entrained gas in the acoustic path that can disrupt thexacoustic signal. Increased back
reduce cavitation.

pcondary flow can produce an error in the determination of V,,, since it is normally assumed
isinthe axial direction. Secondary flow is aresult of flow perturbations occurring upstream
bment section from devices such as elbows, valves, and pumps. Secondary flow may resultin
fransit time, which ultimately affects theccalculation of V.

reduce the uncertainty caused by secondary flow is to avoid installations where severe
e additional, suitably placed acoustic paths. Reduction of secondary flow may require long
e, depending on the nature of the secondary flow source and the accuracy required. (See
cts for general guidelines.) Secondary flow uncertainties can also be reduced by using an
entation or by computing line velocities on multiple crossed chordal acoustic paths, as
d averaging the resultaht/measured velocities.

9-6.2.3 Flow Temperaturg. Typical ultrasonicflowmeters are easily able to accommodate temperatures in the range

of -40°C to 180°C (-40°F to
Ultrasonic flowmeters, parti
cryogenic range of -200°C (-
such as steam are capable of

Processes with large fluctus
variables, like the speed of sd

355°F). Special designs may be required to accommodate extreme temperature service.
ularly in custedy transfer applications of liquefied gas, are capable of operating in the
B30°F) with'\ne‘effect on accuracy. Other meter designs for high temperature applications
temperatures of well over 500°C (930°F).

tionsdntemperature during operation can have an increased uncertainty since many of the
und path length, den51ty, and cross- sectlonal area, can be dependent upon temperature

Some meter designs have thela

with large changes in temperature

9-6.2.4 Viscosity. Fluid vis

cosity is alimiting media characteristic for ultrasonic flowmeters due to the damping of the

acoustic signal in high viscosity fluids. Common meter designs are typically limited to fluids in the range of 0.1 cSt to 100
cSt. Special constructions have the ability to measure fluids with viscosity of up to 1000 cSt.

9-6.2.5 Contamination. Ultrasonic flowmeters require a homogenous fluid but are capable of handling limited
amounts of contamination. Processes where contamination is likely require special attention to prevent loss of measure-

ment accuracy and/or ability.

The primary concern with contamination is that the acoustic signal is scattered or blocked
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by contaminant particles and does not reach the receiving transducer leading to a loss of measurement ability. Contam-
ination most often leads to a loss of measurement capability and not a loss of measurement accuracy.

9-6.2.5.1 Entrained Gas or Suspended Solids in Liquid Flow. Large quantities of entrained gas bubbles or solids
suspended in aliquid flow will cause the acoustic signal to reflect and refract. As a result, the scattered acoustic signal may
be too weak to be detected by the receiving transducer. The source of the air or other gases could be localized cavitation in
the upstream piping or upstream pumps or turbines; or obstructions such as partially closed valves; or cavitation in fast
moving liquids. This cavitation can create sufficient attenuation in the acoustic signals to prevent operation. Gas bubbles
inliquid flow should be limited to less than 2% by volume and solid particles should be limited to less than 5% by volume.

9-6.2.5.2 Entrained
solids suspended in the g
result, the scattered acou
large amounts of liquid c§
flow until they are flushe|
should be avoided. The s
should be limited to less

Solids and Liquids in Gas Flow. Gas flow measurement can also be impacted by liquid loading or
s flow stream. In large quantities, these will cause the acoustic signal to reflect and refract. As a
tic signal may be too weak to be detected by the receiving transducer. Larger solid particles and
n fall to the bottom of the measuring section, thus reducing the cross-sectional area for the gas
d out. This condition will introduce some additional uncertainty in the flow measurement and
burce of the liquid could be contaminants or upstream pumps or compressors. Solid partieles
than 5% by volume.

9-6.2.5.3 Contamingation, Condensate, Sources of Fouling. Contamination will not affect the measurementaceuracy

of a well-designed meter
several options to consid
operate atalower acousti
be possible to locate the n
smaller diameter measur
acoustic attenuation.

but the meter will not operate when contaminate levels exceed allowable levelsxThere are
er when operation is required under adverse conditions. In particular, it may.bg possible to
Cc frequency, which is less susceptible to attenuation from entrained air and sedirmient. It may also
heter away from the source of entrained air or at alocation with higher pressure. Alternatively, a
ement section or larger path angle could be used to reduce path lengths@nd, consequently, total

9-6.2.5.4 Variance in Speed of Sound. The speed of sound in the fluid and in any intervening materials along the

acoustic path varies with
design, Iy and t, [see eq. (9
are negligible for a prope
intervening material ma

Inrefractive systems, c
and angle. While it is poss
the beam to the extent th
range for the speed of s

composition, temperature, and pressure. Depending on a particular ultrasonic flowmeter’s
-6-2)] can be affected. In nearly all cases, the errors caused bjzsound speed variations in the fluid
ly implemented, nonrefractive, wetted transducer system.'Changes in the speed of sound in the
I, however, require compensation for nonwetted transducer systems.
hanges in the speed of sound in intervening materials.and the fluid affect the acoustic path length
ible to compensate for these effects, large changes in the speed of sound in the fluid may refract
at it misses the opposite transducer. The manufacturer should be consulted for an acceptable
und in a particular fluid to prevent this(possibility.

9-6.2.6 Multiple Flu
measuring multiple flui
cause excessive signal 1o
interfaces. It may requi
widely differing acoustid

9-6.2.7 Density for Ga
signal cannot be transmit

ds (Nonsimultaneous). The manufacturer should be consulted if an application requires
ds with widely differing acoustie properties. A large change in acoustic properties can
ss due to acoustic attenuationf of angular variations in refractive or nonparallel transducer
multiple primary devices (spool pieces) to provide reliable measurement for fluids with
properties.

Flows. Special attention should be paid to the density of gaseous fluids. Sound and the acoustic
ed in a vacuum andare also severely attenuated or lost in low density fluids, thus resulting in a

by the meter electronics. Consi a-sh ; 3
For example, condensation from agas ﬂow that bullds up in the bottom of a measuring section w1ll not be evident to the
meter until the condensate level reaches the firstacoustic path and the acoustic signal is disrupted. Until the liquid reaches
this height, the meter is calculating the volumetric flow rate using the measured gas velocity while assuming that the gasis
flowing through the entire cross-sectional area. For a single-beam meter, that means that the measured flow rate can be
nearly double the actual flow rate before the acoustic path is blocked.

9-6.2.9 System Noise. Because ultrasonic meters operate using acoustic signals, they can potentially be susceptible to
noise in a piping system. Even though ultrasonic meters use a high frequency that attenuates rapidly, reducing the
possibility of an interfering signal, the potential for noise interference still exists and should be considered.
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Sources of acoustic noise may result from upstream obstructions, mechanical vibration, exposed sharp edges, other
ultrasonic meters in close proximity, or another part of the system. Gas flows are most susceptible to system noise; sharp
edges in a pipe system, like a partially open valve, can easily generate noise in the same 100 kHz range as the transducers

for this application. This is easily solved with a straight and smooth inlet section.
Another consideration for system design is the electrical interference between meters with cables in close proximity,
such as when they run long distances in conduit or in a cable tray.

9-6.3 Installation Considerations

through 9-6.3.7.

9-6.3.1 Flow Profiles and
should be installed upstream
potential effects of flow prof
straight pipe lengths should

Secondary flows can affect t
measurement, and should be
bends, and other equipment

In the absence of manufag
nominal pipe diameters ups
section, there shall be by de
lengths downstream.

9-6.3.2 Meter Location. U
gas, condensate, or solid parj
turbulent or secondary flows
ination. Sufficient lengths of 3
sonic meter to ensure a unif]
consulted.

9-6.3.3 Meter Orientation
measure flow in either directi
it was installed in the labora
flowmeters should be installe
contaminates around the tra

Secondary Flow. Sufficient lengths of straight pipe or other flow straightening devices
fan ultrasonic meter to ensure a uniform flow profile. See para. 9-8.6 for a discussion on the
le variations and uncertainty. The manufacturer’s recommendations for required inlet
be consulted.

he transit time of the acoustic signal, thus affecting the fluid velocity calculation and the flow
hvoided wherever possible. Ultrasonic meters should be installed away from pumps,tees,
that can cause disturbances or secondary flows.

turer’s recommended straight pipe lengths, there shall be by default a minimum of 20
tream and 5 downstream. If a flow conditioner is placed upstream of:the metering
fault a minimum of 10 nominal pipe diameters of straight pipe length upstream and 3

trasonic meters should be installed in piping systems where they will not collect entrained
Licles and away from pumps and other equipment that can,cause interference noise or
Ultrasonic meters should be installed upstream of any potential sources of fluid contam-
traight pipe or other flow straightening devices should bé'installed upstream of an ultra-
brm flow profile. The manufacturer’s guidelines for meter installation location shall be

The measuring principle of an ultrasonic metepis bidirectional, which allows the meter to
n. However, if the meter was lab calibrated, it should be installed in the same orientation as
ory test setup to ensure the meter will-pérform to its calibrated uncertainty. Ultrasonic
d in a piping arrangement that prevents the collection of gas bubbles, condensate, or other
hsducer cavities or allows for their self-flushing.

9-6.3.4 Temperature, Pre

sure, Viscosity, and Loading Fluctuations. Ultrasonic flowmeters are able to measure

fluids over a wide range of temiperatures, pressures, and viscosities. To ensure accurate measurement, rapid fluctuations
in these characteristics shoulq be avoided. Rapid changés in temperature can have immediate effects on the fluid density,
speed of sound, and composition, while changes to dimensional properties of the meter may be slower to react, causing
the potential for increased umcertainty. Some ultrasonic meters are able to compensate for the dimensional effects of
temperature changes ensurijg continued medsurement accuracy.

9-6.3.5 Multiphase or Multiple Fluids{ Ultrasonic meters generally require a homogenous fluid to ensure accurate
flow measurement. If the fluid is not hemiogeneous, special attention should be paid. When using an ultrasonic meter in
applications with a multiphage fluid ‘orwith multiple fluid mixtures, the phase/fluid interface can disrupt the acoustic
signal in the same manner as gas buibbles, solid particles, and other contamination. Efforts should be made to remove and
prevent different phases from entering the measurement section.

In flows with significant amounts of an additional phase or fluid, the interface between the two may act as a retlective
surface that can scatter and weaken the acoustic signal. If possible, orient the meter so that the acoustic paths do not cross
a fluid interface, or ensure that fluids are completely mixed before entering the meter to help mitigate this risk.

In a stratified flow, different fluids may be moving at different velocities that will negatively affect the volumetric flow
calculation.

Finally, attention should be paid to the differences in the speed of sound of different fluids or fluid phases. Where a
multipurpose conduit may have different fluids with speed of sound in a similar range, the change in the measured speed
of sound can be used to identify the fluid change. However, for vastly different fluid speeds of sound, the transducer
frequency can become ineffective and the ability to measure flow can be lost.
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n. Ultrasonic flowmeters should be installed upstream of any sources of contamination, inten-

tional or otherwise, to avoid introducing bubbles, solids, multiple fluids, or other potential sources of contamination that
may disrupt the acoustic signal. Soluble additives may be added far enough upstream to ensure complete mixing/dissol-
ving of the material before it reaches the meter.

9-6.3.7 Scaleand Erosion. Flow profile changes and dimensional changes in the measurement section, including those

caused by corrosion, ero

sion, or material buildup, directly affect meter performance and should be considered in the

selection, location, and orientation of a meter. The measurement section should be inspected periodically to determine if

the cross-sectional area

or meter factors determined during calibration remain valid.

Any part of an ultraso
typically a concern. How

Scale buildup can affect
that is not detectable by
ducers or intervening mg
speed of the acoustic sign
measurementsection and

Some ultrasonic mete
secondary flow. At instal
functions can be used to

9-7 CALIBRATION

Installation considerat
principal methods of mé
(a) factory calibration
(b) laboratory calibra
(c) field calibration

nic meter 1n contact with the fluid 1s typically constructed of robust materials. Erosion 1s not
ever, the manufacturer should be consulted if an aggressive fluid is going to be used.

the measurementaccuracy by changing the cross-sectional area of the metering section ina way
the meter, affecting the volumetric flow rate calculations. Scale buildup directly on the trans-
terial can affect the performance of the meter by attenuating, refracting, and/or changing the
hl. Scale on the transducers may notbe immediately evident in the performance of the meter; the
the transducers should be inspected often if scaling is likely for the fluid and process conditions.
rs offer diagnostic functions that indicate contamination, bottom sediments, scaling, ‘and
lations where high accuracies are required or that are prone to these effects, the diagnostic
check the meter integrity.

ons and the required accuracy usually determine the methods of calibration. There are four
ter factor determination

ion

(d) analytical proceddres (dry calibration)

The first three can be

9-7.1 Purpose

Calibration of ultrasoni
and path location. Veloci
calibrations.

There remains an unce|
procedures. To reduce c3
national (ISO) standards

used to verify meter performance.

c flowmeters reduces errors resulting from urnicertainties in path length and angle, cross section,
y profile errors can be corrected with in sitw calibration or by properly simulated laboratory

Ftainty in the flow measurement that results from uncertainty of the calibration equipment and
libration uncertainty, calibration‘should be conducted according to national (ANSI) or inter-

9-7.2 Factory Calibration

All ultrasonic flowmetd
factor, S,, and ensure that
involve flow testing at as
meters. The meter manuf
more thorough calibrati
increases the range of fl
repeatability of the mete

rs are provided by theimanufacturer with a basic calibration thatis used to determine the meter
the meter meets thestated accuracy in its technical documents. The basic factory calibration can
Few as two flowrates and is usually completed using water for liquid flowmeters and air for gas
cturer should be consulted for specific details of the basic factory calibration, but most offer a
n with additional or specific flow rates upon request. Increasing the number of data points
w rates\with known uncertainty, and additional data points at the same flow rate allow the
to be,determined. Standard factory calibrations can yield uncertainty values as low as 1% for

gas flows and 0.3% for liquid flows.

9-7.3 Laboratory Cali

bration

Laboratory calibrations should be conducted at facilities where the procedures are in accordance with national (ANSI)
or international (ISO) standards.

Generally, the calibration tests should be run using water that is free from entrained air or solid particles. Calibration
tests should be conducted using flows that are free from non-axisymmetric flow and pulsation and by using sufficient
lengths of straight pipe upstream and downstream of the measurement section and, if necessary, by installing upstream

flow conditioners.
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If the laboratory calibration is designed to model the field application, one of the advantages of multiple-path acoustic
flowmeters is that they can measure the actual velocity profile (to the extent possible with the number of paths installed).
This can increase the confidence in the expected field accuracy by comparison of the velocity profiles achieved in the field
with the laboratory data. The extent to which the above conditions have been achieved can be determined by noting the
sensitivity of the meter factor to rotation and translation of the primary device.

A statistically significant number of 30 sec to 100 sec runs (usually 10 to 20 runs) should be made over a range of flows.
Flowmeter accuracy, within the uncertainty of the laboratory standards, should be determined by the combined random
and systematic uncertainties in the measurement of the volumetric flow following the methods of ASME PTC 19.1.

Special calibration tests cap-alsa be performed for those cases where piping in the final installation can producean

asymmetric flow or where ot}

and downstream piping.
Laboratory calibrations, pa

gas flows and 0.3% for liqui

9-7.4 Field Calibration

Field calibrations have an a
reference flow measurement
measurement equipment. Th
considerably less accurate th

9-7.5 Dry Calibration

Analytical procedures, com
inlarge line sizes [>3 000 mm
require precise physical mea
material, and cross-sectional 4
true calibrations since no met
the meter to make an uncalibi
overall flowmeter uncertaint]
uncertainties associated with

er flow irregularities are suspected. These will require appropriate modeling of upstream

'ticularly for custody transfer applications, can yield meter uncertainties of as low as 1% for
| flows.

dvantage in that true operating conditions are encountered, but it can be difficult to obtain
s depending on the process application and the availability of accurate reference flow
ese field calibration methods are less accurate than an original factory calibratieh/and
an a laboratory calibrated meter.

monly referred to as dry calibrations, are another available technique£of£ field installations
(>118.11in.) in diameter] where alaboratory calibration is not pragtical. These procedures
surements (such as acoustic path length, transducer angles, path‘locations, intervening
rea) as well as instructions and data supplied by the manufacturer. Dry calibrations are not
er factor, Sy, is determined, but they provide the necessary physical dimensions needed for
ated flow rate measurement. These physical measurements and their contributions to the
y are discussed in Section 9-8. The uncertainty in thé-meter performance should reflect
these procedures.

9-7.6 Calibration Consid¢rations

Whether calibrating a mete
parameters of which the use
configuration that reflects thg
the final installation.

9-7.6.1 Calibration Equip
included in the overall meas
should conform to best prac

9-7.6.2 Replicating Instal
close as possible to the actual
in the final installation should
conditions as closely as poss|

9-7.7 Measurement Unce

I atalaboratory or in the manufacturer’slab) there are several test setup and configuration
" should be aware. The test shall be conducted with a secondary device and transmitter
end use configuration. This will minimize configuration-induced measurement errors in

ent Uncertainty. The uncértainty of the calibration test setup must be determined and

:E"ement uncertainty. To @chieve a useful measurement uncertainty level, the calibration

ices outlined in ASME PTC 19.1.

lation Conditions..The installation of the meter in the calibration test setup should be as
ield installatioh«onditions. Inlet sections and any flow disturbances upstream of the meter
be replicatediin’the test setup. Where possible, fluid and flow conditions should mimic field
ible.

rtainty

Ultrasonic flowmeters are !

from 0.1% to 1.0% for liquids under ideal conditions. There are two categories of parameters that influence the overall
uncertainty of an ultrasonic meter’s measurement. The first is the determination of primary calibration factor, and the
second is the contribution to measurement uncertainty by secondary effects.

Primary calibration factors for an ultrasonic meter are the linear calibration factor and the zero value. When a meter is
manufactured, a unique calibration factor is determined through the manufacturer’s calibration. The process for eval-
uating the overall calibration uncertainty should be in accordance with the general practices outlined in ASME PTC 19.1.
In addition to determining a calibration factor, the manufacturer must determine a zero value during the calibration
process. Although the zero value cannot be improved during calibration, its stability or random uncertainty contribution
at lower flows can be determined during the calibration process. A meter with flow points outside the lower end of the
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flow range (10% of flow or less) may have an incorrect zero or an unstable sensor. Uncertainty in low-flow measurement
will primarily be affected by the stability of the zero for that meter type.

Secondary effects on measurement uncertainty are typically the result of changes in fluid properties, which include
changes in temperature and pressure that can affect the speed of sound through the fluid and intervening materials,
changes to the density or viscosity, additional contamination, or changes in flow velocity resulting in a flow regime change.
These changes in fluid properties will also influence the zero value. The greatest effect occurs when the operating
temperature of the meter is different from the temperature at which the zero is determined and the meter is

being operated at low flows.

9-8 ERROR SOURCES

Possible error sources
sources of error may be
tainties for a particular fl
measurement process. A
estimation methods. The
relevant to an individua

AND THEIR REDUCTION

bf ultrasonic flowmeters covered by this Section are described herein. Although these additional
nsignificant in some cases, they should all be addressed in detail when analyzing the uncer-

owmeter; ASME PTC 19.1 shall be used to estimate the overall uncertainty of the overall flow

EME PTC 18 also contains criteria for flow measurement in large pipes as well as uncertainty

manufacturer should be consulted if any of the topics discussed in paras. 9-8.1 through 9-89'are
application.

9-8.1 Axial Velocity Measurement Uncertainty

Axial velocity errors ar
paras. 9-8.1.1, 9-8.1.2, ar

b estimated uncertainties in the determination of V,, along an acoustic path and-are described in
id 9-8.1.3. [See egs. (9-5-9) and (9-6-2).]

9-8.1.1 Acoustic Path

Length and Angle. The determination of axial flow velocity, V,,, is based on the acoustic path

length, I, and angle, 6. The error in V,, is in direct proportion to the uncertainty in the acousti¢ path length and angle.
Acoustic path length and angle errors are systematic errors caused by inaccuracies in thetinitial measurements. The
errors vary if there are dimensional changes in the measurement section. In the case of refractive systems, changes in the
index of refraction of the materials in the acoustic path by, for example, temperature yariations can cause changes in the

path length and angle (s
Errorsin the acousticp

ee Figure 9-5.3.2-1).
hth length or angle for nonrefractive systems can be rediiced by accurate geometric and acoustic

measurements. For flownpeters in which sound energy undergoes refraction; erbors in acoustic path length or angle can be

reduced by design and/of

Changes in acoustic pa
loading of the meter secti
changes in acoustic path
compensated for in both

Using crossed paths is|
difficult to accurately detg
this would be where the f
the crossed paths, even w
true centerline of the pip
paths is accurately know

compensation based on knowledge of the speed 6f'sound in the fluid and intervening materials.
h length and angle can be caused by significanttemperature or pressure changes and external
pn. The installation location should be chosento minimize these effects. In certain applications,
length and angle that result from temperature or pressure-induced pipe deformation can be
the refractive and the nonrefractive ‘systems.

particularly useful in field-installed Systems. This offers an important advantage where it is
rmine the location of the centefline of the pipe to the required degree of accuracy. An example of
ipe is out-of-round or taperéd.ltis relatively simple to accurately determine the angle between
hen there is a relatively large uncertainty in the orientation of the acoustic paths relative to the
. Thus, errors in V,, cdused by the unknown path angles cancel because the angle between the
n (see Figure 9-6.2:251).

9-8.1.2 Transducer Flow Disturbance/Transducer protrusion into the pipeline, as shown in Figure 9-6.1.2.6-1, can

cause two types of errors
because the flow betwee

. The protruding transducer cannot measure a true average velocity all the way along the path
1 the trapsducer and pipe wall will be missed. Because this is usually the lowest velocity in the

pipe, the effect of notinclyiding this'ih the line velocity average will be to overestimate this average. On the other hand, the
flow streamlines in the vicinity;of the transducer tend to increase the angle between the local velocity vector and the
transducer, on both upsteantrand downstream transducers, causing the path velocity estimate to be low. There is also a

wake downstream of the upstream transducer. Fortunately, these two effects are in the opposite direction and are not
usually important in pipes larger than about 1.2 m (4 ft) in diameter. For smaller size pipes, where relatively large
transducers are used or where accuracy requirements are very high, it can be necessary to determine the effect of
transducer protrusion experimentally or use a non-protruding transducer design as shown in Figure 9-6.1.2.5-1 or
Figure 9-6.1.2.7-1.

9-8.1.3 Transit Time Measurement Errors. Uncertainties in the transit time measurements result from limits in the
internal timing accuracy and resolution and lead to a corresponding uncertainty in V,,. Errors in the measurement of
transit time can be reduced by the use of stable and accurate high-frequency transducers and by averaging many
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individual transit time measurements. Transit time measurements of slow flow speeds require the most resolution from
the timing circuit and are the most likely to be susceptible to this type of error.

Transit-time measurement
electronic signal paths can b

9-8.2 Signal Detection

errors from differences between upstream-to-downstream and downstream-to-upstream
e reduced by using the same detection electronics and transmitter for both.

Acoustic transit time measurements may be affected by inconsistencies in recognition of the received acoustic signal,
which are caused by variations in recelved 51gnal level or waveform and noise.

Variations in received 51gn H

section change due to excessi
fouling occurs. These variatio
The receiving circuits should

Noise can affect the accura
either external or self-genera
the received signal and can |

However, in many cases the
the acoustic noise can be syn
secondary device. This noise
transducer. The noise geners3
in these cases, can be improv
of damping materials.

e amounts of entralned air, suspended solids, temperature, or pressure or as transducer
s may result in uncertainty in determining the transit time, thus causing uncertainty in V.
be designed to prevent use of these distorted signals for the flow rate measurement.
Cy of the transit time measurement. Noise sources can be either electrical or acoustic and
ed. Generally, externally generated electronic or acoustic noise is random with respect to
e attenuated by increasing the signal-to-noise ratio of the transmitted signal level.
most troublesome noise is self-generated acoustic noise. Particularly in refractive systems,
chronized to the received signal and is, therefore, much harder to compensate for in the
comes from energy being coupled directly into the pipe wall and then to the_oppasite
lly increases as the level of the transmitted signal increases. The signal-to-noise ratio,
bd by acoustically isolating the transducers from the measurement section by application

9-8.3 Computation and Iptegration

There is a small error assq
processing precision. Howevg
can be reduced by using bui

Integration error is the errg

9-8.4 Velocity Profile Un

As part of the meter’s intd
Figure 9-8.4-1, there can b¢
leading to potential errors i
value of the flow measuremn
much as a 35% error in flow

ciated with the computations made by the electronic circuits«due' to the finite limits in
r, this error will normally be negligible. Computation errors due'to electronic malfunction
t-in self-checking features in the processor.

r in the flow measurement that occurs in the computation'of the flow from V,,, 4, S, and W,

certainties

rnal computation of V,,, assumptions about_ the flow profile must be made. As seen in

a significant difference in the flow profile ' moving through the measuring section,
h assumptions used to calculate V,,. This’error may affect both the linearity and the
ent. This is particularly true for single-path meters, where there is potential for as
Fate if the meter applies the wrong flow profile characteristics. The single-path ultrasonic

meters should not be used in flows that are in the transition zene‘between laminar and turbulent regimes. Increasing the

number of acoustic paths pro
tions required for a flow rate
9-8.4-1, enables the determin|
well as detection and consid
Velocity profile variations
temperature, viscosity and v
transducer projections or cay

vides the meter with a clearer picture of the flow profile, reducing the amount of assump-
calculation. The use of a meter with five acoustic paths, as shown at the bottom of Figure
ption of the flow regimebased on the values of the five individual measurement points, as
bration for irregular flow profiles.

Can be caused byschanges in flow rate (both transient and steady state), wall roughness,
scosity change'\due to temperature, upstream or downstream hydraulic conditions, and
ities. Sufficiently long, straight upstream piping and the absence of upstream and down-

stream hydraulic effects help to ensureafully developed and uniform flow profile, reducing the risks of added uncertainty

due to flow profile variations.

There is usually a differend
Since most flowmeter compy

e between the actual velocity profile and that assumed in the flowmeter’s computations.
tations assume a fully developed velocity profile, errors can be reduced by placing the

measurement section as far as possible from bends, valves, tees, transitions, and so on (see para. 9-6.3). These errors can

be reduced by using a more

accurate model of the actual velocity profile or, in general, by increasing the number of

acoustic paths so that the meter is not required to make as many assumptions about the flow profile. Even when the meter
section is located 50 or more diameters from an upstream obstruction, there will almost always be a swirl or spiral
componentto the flow. Therefore, to minimize errors produced by any swirl, the path placement should be symmetrical to

the centerline.
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Figure 9-8.4-1
Laminar (Blue) and Turbulent (Red) Flow Velocity Profiles and 1-, 2-, 3-, and 5-Beam Acoustic Patch Diagrams
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O
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9-8.5 Cross Section Dimensional Errors

Error in the assumed dross-sectional area of the-measurement section causes an error in the flow calculations. This
error may be from irregular shape, such as out<of*roundness, or by changes from the initial shape caused by temperature,
pressure, structural loadihg, or the formatienofdeposits or growths, such as algae, in the measurement section. Usually, it
is caused by combinatiohs of the preceding conditions.

Cross section dimensignal errors can be reduced by choosing a measurement section that has constant dimensions
along its length and can|{be measured accurately. Measurement section dimensional stability is important because
changes resulting from [orrosiony material buildup, or loss of protective coatings will affect meter accuracy and
can require recalibration. Farthermore, it is important that the pipeline not be distorted by mechanical stress (for
example, from the pipeli&e being buried). Also, if temperatures or pressures are expected to be substantially different

from reference conditions, it may be necessary to adjust the measured dimensions to compensate for dimensional
changes that occur under operating conditions.
In circular pipes, dimensional errors can be reduced by minimizing the effects of out-of-roundness through averaging of
radius (not diameter) measurements made at the upstream, middle, and downstream ends of the measurement section.
The measurement section should be inspected periodically to determine if the dimensions have changed and, if so, the
meter factor, S,, should be adjusted appropriately. It is important to remember that the flow rate measured is linearly
proportional to the cross-sectional area.
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9-8.6 Acoustic Path Location

The acoustic path location is an important contributor to overall flowmeter accuracy. The uncertainty in the position of
the acoustic path can cause errors through improper assignment of a weighting factor, W;, and by causing unnecessary
sensitivity of V,, to the velocity profile through nonoptimum placement of transducers.

Errors in acoustic path location can be reduced by accurately determining the acoustic path location for systems in
which the transducers are assembled in the field.

9-8.7 Upstream and Downstream Flow Disturbances

Flow disturbances in close proximity to the measuring section of an ultrasonic meter can create uncertainties in the
measurement value by distorfing the flow profile and creating secondary flows that are not perceived along the acoustic
paths. Because the meter makies assumptions that the flow is uniformly developed across the entire cross-sectional area,
distortion or asymmetry in the flow profile will result in an additional uncertainty as described in para. 9-8.4. The
manufacturer should be congulted for the minimum straight pipe length requirements to avoid flow disturbances.

9-8.8 Proximity to Other|Meters

If meters are too close toggther they may interfere acoustically. This seldom happens in practice because the high
frequencies used are attenuatgd rapidly. However, there can be electrical interference between meters with outputcables
in close proximity, such as when they run long distances in conduit or in a cable tray. These problems cancuisually be
overcome with proper system and software design and the use of shielded cables.

9-8.9 Equipment Degradrtion

Performance errors may arise from fouling or physical degradation of the equipment. Equipment design should accom-
modate changes in componept values and process conditions. The equipment should indicate* when degradation of
flowmeter performance occurs. The probability of error can be reduced considerably by including suitable self-test
or diagnostic circuits in the ¢quipment.

While most modern ultrasohic flowmeters automatically monitor meter performance,periodic checks comparing each
path’s speed of sound measurgment to one another and over a historical trend can be:a useful tool in identifying potential
problems or diagnosing the health of the meter. Consult the manufacturer for@ppropriate procedures.
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Section 10

Tracer Method for Measuring Water Flow

10-1 NOMENCLATURE

Symbols used in Sectio
symbols with units show

10-2 INTRODUCTION

This Section covers the|
such as rhodamine B, rh
specifically as a water

h 10 are included in Tables 2-3-1 and 10-1-1. For any equation that consists of a combination of
n in Tables 2-3-1 and 10-1-1, the user must be sure to apply the proper conversion factors.

measurement of water flow in closed conduits using a tracer dilution method. Fluorescent dyes
odamine WT, and fluorescein are typically used as tracers. Rhodamine WT was.developed
cer and is generally preferred for water flow measurement. Measuring tracer dilution

a
using the constant rate tit:ljection method is the only method included in this Supplement.

Dilution techniques off
(a) independence of g
(b) portable measurer
(c) minimal invasiven
(d) the ability to mea

10-2.1 Applicability

Radioactive tracers arq
of radioactive materials

fer the following advantages:

eometric or hydraulic quantities (size of pipe)

nent equipment that can be used where other methods are difficult\or inappropriate
bss; equipment performance can be measured in situ

ure large flows [up to 170 m>/s (6,000 ft3/sec)] in any conduit size

applicable in nuclear power plants where licensing requirements for possession and handling
hre standard. The materials should be short-lived. tg;eliminate long-term contamination and

exposure problems and the measured concentrations must be corrected fordecay to a base reference time. Refer to ASME

PTC 6 for further detailg

10-3 CONSTANT RAT

The constant rate injec
taken after the complete
tration of the downstrea
shown in Figure 10-5-1.

The governing equatid

on the safe and proper use of radioactive traeers.

E INJECTION METHOD

ion method begins with the injection of a tracer into a flow at a known constant rate. A sample is
mixing of the tracer into the flow, The flow is then measured by determining the tracer concen-
m sample. The dilution method-is based on the conservation of mass and the control volume

n is

91 A 4,Cmo = (4, + 4,)Cm2 (10-3-1)

ss concentration
concentration
hcentration
sured

where
Cmo = background mj
C,1 = injection mass
C,,2 = mixed mass co
q, = flow to be mea
q,1 = flow of tracer inj

et

Cpn1 is typically much greater than C,,,, sometimes by a factor of 107; therefore, eq. (10-3-1) may be simplified to

_ qvlc
(Cm2 - CmO)

ml
q, (10-3-2)
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Table 10-1-1
Symbols Specifically Applied in Section 10 (in Addition to Symbols in Table 2-3-1)
Cn Mass concentration ML"3 kg/m? Ibm/ft3
D Diameter of conduit L m in.
Ly, Length of measuring section (mixing length) L m in.
Ln/D Mixing distance Dimensionless Dimensionless Dimensionless
F Fluorescence Dimensionless Dimensionless Dimensionless
n Fluorescence exponent 1/0 1/°C 1/°F
X Maximum percentpge variation in concentration Dimensionless
across the condpit
qv Volumetric flow L31! m3/s ft?/sec
{ Resistance of the ¢onduit (friction factor) Dimensionless Dimensionless Dimensionless
GENERAL NOTE: Dimensions:
L = length
M = mass
T = time
6 = thermodynamic tempergture

To use this technique, the
(a) Sufficient mixing lengt
(b) The tracer must be inj
(c) The tracer must have
(d) The background of the
uncertainty analysis if it is n|
(e) No tracer shall be lost
(f) The observed property
concentration, and the effect
analysis.

10-4 TRACER SELECTION

There are numerous nonra
rhodamine WT, and fluoresc
(a) mix easily with water

following conditions must be satisfied:
h must exist between injection and sampling points.
ected at a known, constant, and measured rate.
homogeneous concentrations at both injection and sampling points:
tracer (or other fluorescence) in the measurement stream must be considered in the
pt negligible.
to withdrawal between injection and sampling points.
of the tracer used in measurement must vary in a known.gquantitative manner with tracer
f any chemical reducing agent(s) in the flow stream must be considered in the uncertainty

Hioactive tracers used in water flow studies. These include sodium chloride, rhodamine B,
bin. For a material to be used as a water tracer, it must

(b) require minimal modifications to the system piping(for-injection and sampling

(c) be detectable at a concs
etc.

(d) not be used in flow-co|
constant and measured

(e) be accurately measure|

(f) notreact with water flo
measurement

(g) havelow-absorptionte
absorption by such materials

ntration lower than the highest permissible concentration considering toxicity, corrosion,
htaining substances that mimic the tracer, and background levels must be negligible or

d at expected concentrations
wing in the conduit or with any other substance with which it can react and affect the flow

hdencie$(tohelp preventtheloss of tracer viaadherence to suspended and bed materials or

)

10-5 MIXING LENGTH AN

B-MIXING-DISTANCE
INGL

The mixinglength, L,,, is defined as the length of conduit between the injection and sampling points (see Figure 10-5-1).

Ifthe mixing length includes fl

uid losses, the measurement results are valid only if it is possible to show that the mixture is

homogenous upstream of the loss zone. The mixing distance, L,,/D, is defined as the shortest distance in which the
maximum variation in tracer concentration, across the conduit’s cross section, is less than a predetermined value.

10-5.1 Experimental Derivation of Mixing Length

Values of mixing completeness versus mixing distance obtained experimentally for a central injection in an unob-
structed straight circular conduit and three other injection configurations are shown in Figure 10-5.1-1.
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Figure 10-5-1
Schematic Control Volume

Dye flow
av Cm1
Control volume boundary

Qo [Note (1)]
S

@, Cono ,—>
v "’°(' % %(qﬁ qv1)C%

Sample
<—Required mixing length —— >
GENERAL NOTE: Used with permission from ASCE.
NOTE: (1) Secondary transp¢rt flow, if required.
Figure 10-5.1-1
Experimental Results

10A

9

7 \ Four orifices at 0.63 radius

Four orifices at the pipe wall

Single orifice on pipe axis

< Single orifice at the pipe wall

Allowable Variations in Tracer Concentration Across Conduit, %
ol

0 50 100 150

Mixing Distance, L,,,/D
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ing the Mixing Distance

used to reduce the mixing distance. These include ring injection, multiple-orifice injectors,

pumps and turbines, and piping bends, valves, or other obstructions in the conduit.

10-5.2.1 Ring Injection. Uniform injection over a ring installed within a conduit, with a radius of 0.63 of the conduit
radius, reduces the mixing distance to about one-third of that achieved with a central (axial) injection. See Figure 10-5.1-1.

10-5.2.2 Multiple-Orifice
conduit, the mixing distance
reduction in mixing distance

Injectors. When the tracer is injected equally through several orifices spaced across the
can be reduced compared to that associated with a central injector. An example of the

at can be achieved using four injectors, equally spaced around the wall of a conduit with a

radius of 0.63, is shown in Fjgure 10-5.1-1.

10-5.2.3 Pumps and Turbipes. Injecting the tracer upstream of a pump can effect a considerable reduction in mixing

distance. Information on mix
diameters.

-flow pumps indicates that this type of pump can reduce the mixing distance by about 100

10-5.2.4 Bends, Valves, ad Other Obstructions. Obstructions in the conduit introduce additional turbulence, which
tends to reduce the mixing distance. Quantitative information on these types of mixing promoters is not available, but
measuring sections that inclyde these devices are preferred.

10-5.3 Experimental Cheg¢king

Itis sometimes possible to
consists of

eck experimentally the homogeneity of the mixture in conduits. In practice,this evaluation

(a) checking at the time off the measurement that the mixture is homogeneous by taking samples.from at least two

points of the measurement

0ss section.

(b) sampling atanother crdss section further downstream to determine if any systematic difference between the mean
concentrations at the two mgasurement cross sections occurs. This method also permits verification that the injected

tracer was not absorbed in

e mixing length either by entrained products in the liguid or by the conduit’s walls.

(c) evaluating the stability] of concentration of the tracer as indicated during the“sampling period as described in

para. 10-8.3.

10-6 PROCEDURE

10-6.1 Preparation of the Injection Solution

Itis essential for the injectegl solution to be homogeneous. The homegeneity of the solution can be obtained by vigorous
mixing, or by means of a mechanical stirrer, or by a closed-circuit pump. The injection solution should be prepared in a

container separate from the s
mixingis carried outin the sup
or tracer during the injection,
shall be taken to prevent undi
oflong duration, provisions s}
tion under the influence of a

10-6.2 Injection of the Cq

The concentrated solution
constant concentration at the
of the measurement’s mean ¥
devices, it must be possible

(a) the injection system is

ipply container using water thatywas filtered using an appropriate procedure. However, if
ply container, the latter shall have sufficient capacity so thatitis not necessary to add liquid
The solution shall be takenyfrom above the bottom of the container, and every precaution
solved particles of theltracer from being carried into the injected solution. If the injection is
1all be made to avoidhavariation of the solution’s concentration with time (e.g., by evapora-
mbient temperature).

ncentrated Solution

shall bé.injected into the conduit at a constant rate and for a sufficient time to ensure a
meaSurement cross section and sufficient averaging time to reduce the random uncertainty
ralure. Several devices may be used for the injection of the concentrated solution. For all

to check that
always free from leaks

(b) the injection rate is constant over the duration of the injection

Typically, a variable displac
injected flow uncertainty.

ement piston pump with a high pulse rate is used with a constantinlet head to achieve alow

Any entrained impurities in the solution shall be eliminated because they could partly or totally block the injection

circuits.
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of Injected Flow

The accuracy with which the injected flow can be measured depends on the measuring instruments used. The accuracy
of the device shall be considered in the estimation of the total uncertainty of flow measurement. Various measuring
devices can be used provided they comply with one of the following requirements:

(a) They satisfy a princ

basic quantities of mass,
(b) They are calibrate

iple directly involved in the definition of the quantity of flow based on the measurement of the
length, and time.
d in the conditions of use by measuring basic quantities involved in the flow definition (e.g.,

calibrated capacity method, weighing method).

(c) They are installed
accuracy obtained.

10-6.4 Samples

Samples shall be takel
(a) from the conduit {
(b) from the conduit t
concentration is homogse
(c) from the injected
(d) fromtheinjecteds
tracer in the samples tal

10-7 FLUOROMETRIC

Fluorescent substance
incident light. Fluoromet
of known dilution ratios
and is also called the dye-

nd used in conformity with the requirements of a Standard, making it possible to calculate the

)
o verify that the background concentration of tracer in the flow system is constant

b determine the tracer concentration in the measuring cross section, to check that the tracer
neous in the sampling cross section, and to check the concentration level

bolution to check the homogeneity of the tracer concentration

blution to compare the concentration of tracer in the injected solution with the coficentration of
ken from the conduit

METHOD OF ANALYSIS

are those which, when illuminated, emit radiation having wavelengthslonger than those of the
ic analysis is based on comparing, with a fluorometer, the fluorescence obtained from samples
control solutions). This is the most widely used tracer technique for water flow measurement
Hilution method. With the dye-dilution method, a fluorescentdye is injected at a known constant

rate, and downstream samples are taken in accordance with guidelines given imthis Section. A fluorometer is used to

measure the downstream
in the conduit.

10-7.1 Fluorometer D

The fluorometer oper
fluoresce. This waveleng

concentration of dye in the sample. Equation (10-3-2) isithen used to calculate the flow of water

pscription

tes by directing a beam of light at a select wavelength that causes the tracer in the sample to
is determined by a color filter placed(over the light source. A second filter is used to absorb the

transmitted beam and pgss only the fluorescent light. The intensity of the light is linearly proportional to the concen-
tration of tracer in the spmple.

10-7.2 Factors Affect

Several factors can affe
in the sample stream. So
escence. Forexample,a 1
(1.8°F) increase in tempg
mated and calibrated to
curves must be used whe
for various dyes and are

ng Fluorescence

ct the fluorescence of the)sample, including temperature, pH, tracer quenching, and air bubbles
me of these factors haye a significant effect. Cooler temperatures typically increase the fluor-
C (1.8°F) decreaseintemperature raises the fluorescence by 2.6% in some dyes. Likewise,a 1°C
rature can lowgr the fluorescence by 2.6%. It is recommended that the fluorometer be accli-
the temperature of the water being measured to within 1°C (1.8°F). Temperature correction
n measufenients are taken at varying temperatures. Correction equations have been developed
givensin' eq. (10-7-1) and Table 10-7.2-1.

Table 10-7.2-1

Temperature Exponents for Tracer Dyes

Dye n, 1/°C (1/°F)

Rhodamine WT

Pontacyl pi

Fluorescein

Acid yellow 7

-0.0267 (-0.01483)
-0.0285 (-0.01583)
-0.0036 (-0.0020)
-0.00462 (~0.00257)

nk
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F, = Fexp[n(T — Tj)] (10-7-1)

at measured temperature

= fluorescence at calibration temperature, T

where
F = fluorescence reading
Fs
T = temperature of sample
Ts; = calibration temperature

If the water flow to be meas
commonly used dyes, rhodan
chemicals in the measureme

(a) absorbing the exciting

(b) absorbing the light em

(c) reducing the excited sf

(d) chemically altering thg

Air bubbles in the sample t
the instrument will indicate |
concentrations.

10-7.3 Fluorometer Calib

The signal generated by th
development of a calibration
creating a set of known conce
tration, C,,;, by a precise am
concentration, C,,;. A linear
WT. Examples of typical ca
should be used; the two cur
before and after each series

10-8 FLOW TEST SETUP

Although various testing s
should be followed. Paragrap

Lired is highly acidic, a decrease in fluorescence may be observed. However, one of the most
iine WT, is stable in the pH range of 5 to 10. Fluorescence may also be affected by other
ht stream, which act by

light

itted by the tracer

ate energy

fluorescent compound
end to scatter the exciting light within the fluorometer measurement chamber. As a restilt,
igher than actual fluorescent intensity. This effect can be minimized by using highér/dye

ration

e fluorometer is proportional to the fluorescent intensity of the sample. Therefore, the
curve is necessary to relate fluorescence to tracer concentration. Phisis accomplished by
ntration standards. The standards are produced by diluting the stoek, or injected concen-
punt. Normally, a series of dilution standards are selected to.bracket the expected test
relationship exists for concentrations up to 0.5 ppm (parts per million) of rhodamine
ibration curves are shown in Figure 10-7.3-1. Only‘calibrations in the linear range
ves on the right are unacceptable. It is recommended that a calibration be performed
pf flow tests to verify the stability of the fluoromeéter.

etups and methods can be used, the basictheory and guidelines outlined in this Section
s 10-8.1 through 10-8.3 give an example of a typical testing setup and procedure for flow

measurement in a closed conduit.

10-8.1 Tracer Injection S¢

The tracer injection system
precise volume of tracer dye
small amount of water is ad

Other methods of injection
mass per time basis.

tup

is shown in Figure 10-8.1-1. The injection rate, q,, is measured by timing the delivery of a
rom a calibrated burette! A metering pump delivers the dye to a mixing chamber where a
led to carry the dye\to the injection point in the conduit.

nclude using a ealibrated injection pump or a weighing scale to measure injection rate on a
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Figure 10-7.3-1
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Figure 10-8.1-1
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10-8.2 Sampling Methods

The downstream sampling system for real-time flow-through analysis is shown in Figure 10-8.2-1. The continuous
sample first passes through a chamber to separate air bubbles from the sample stream. The sample then passes through
the fluorometer and the fluorescent intensity is recorded.

The sample temperature is measured within the fluorometer so that correction factors can be applied. The sample
stream can be discharged into a drain or returned to the conduit.

10-8.3 Flow-Through Tracer Flow Signal

Atypical flow test will thke between 10 min and 20 min. If a plotis constructed of dye concentration versus time, a trend
similar to Figure 10-8.3{1 should be observed.

An average signal is reqorded during the plateau period of the concentration curve. This value is corrected for tempera-

ture and the background|of tracer in the stream. The concentration, C5, is determined from the previously established
calibration curve.

Figure 10-8.2-1
Sampling System

From sample point
Airvent| |

Discharge
to drain Fluorometer
D — [] Computer terminal

Data
acquisition

system

Figure:10-8.3-1
Fluorometer Signal Versus Time

Plateau period

Signal

J \_

Time, sec
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The determination of flow in a conduit by tracer methods is subject to uncertainties related either to systematic errors

in the measuring apparatus or
the measuring equipment.

10-9.1 Systematic Errors

the measuring process used or to random error obtained by variations in the flow system or

In the measurement of flow with tracers, a type of systematic error can exist in which the direction may be defined but

the magnitude cannot be esti
water results in the loss or tr
injected tracer may react wit|
points. When using dilution m|
due toloss of tracer. This over
the use of appropriate inject

10-9.2 Example of Uncer;

Elementary error sources
tracer losses. Tracer loss can
With proper care and technig

Phenomena
nsformation of the injected tracer and subsequently this type of error. In some cases, the
h the water in the conduit or with other substances between the injection and sampling
pthods, the systematic error caused by such reactions leads to an overestimation of the flow
bstimation can be reduced to insignificance by selection of a suitable nonreactive tracer and
on, detection, sampling, and analysis.

fainty Analysis — Fluorescent Tracer

n the tracer method include the injected flow, concentration measurement, mixing, and
pe caused by reaction of the tracer or physical loss from the flow before full mixing'eceurs.
ue, this error source may be eliminated and will not contribute to overall uncértainty. If

fluorometer calibration samjples are constructed with the tracer to be injected, its absolute concentration does not

contribute to overall uncertd
Injected flow may be meas
time and volume or weight. Sir
and the calibration samples
Tracer concentration is ust
brated before and after the m
with the injection solution and
quality affecting the concenty
tration measurement include
tion curves, and data acquisiti
mathematically corrected an
Table 10-9.2-1 includes typ
water quality during the test|
confidence interval of 68% (|

inty.

ired by volumetric or gravimetric methods that carry elementary errot sources, including

lce mass concentration of tracer is required, density differences between the injected tracer

must be considered when estimating the uncertainty in the injected flow.

ally measured using a fluorometer acting as a comparator. The\fluorometer must be cali-

easurements by using concentration samples constructed by the serial dilution technique
water being tested. Before and after calibrations are usedtoindicate any changes in water
ation measurement as well as to document the stability of the fluorometer. The concen-

5 the elementary error sources due to the preparation of the calibration solutions, calibra-

on. Differences in temperature of the sample from-that of the calibration solutions shall be

l considered when estimating the uncertainty.

ical values for the elementary error sourcesland assumes no tracer loss and no changes of
This example includes typical systematic-and random standard uncertainties, each at a

1 standard deviation).

Table 10-9.2-1
Typical Uncertainties Using a Fluorescent Tracer

Systematic Standard Random Standard

Elementary Error Source Uncertainty Uncertainty
Injected flow 0.54% 0.34%
Fluorometer calibration 0.25% 0.26%
Concentration measurement 0.65% 0.34%
Mixing 0.55% 0.00%
Tracer loss 0.00% 0.00%
Root sum square 1.039% 0.547%

Combined standard uncertainty

1.17% [Note (1)]

Expanded uncertainty

2.34% [Note (2)]

NOTES:

(1) The combined standard uncertainty is calculated from the root sum square (RSS) combination of the systematic and random uncertainties as

follows:

combined standard uncertainty, u = \/(1.039%)2 + (0.547%)2 =1.17%

(2) The expanded uncertainty is at the 95% confidence interval (2 times the combined standard uncertainty).

expanded uncertainty, U = 2u = 2 X 1.17% = 2.35%
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Section 11
Vortex Shedding Meters

11-1 NOMENCLATURE

Symbols used in Section 11
symbols with units shown in

11-2 PRINCIPLE OF MEAY

Vortex meters are flow mea
the volumetric flow of a fluid
forms and grows along the sy
separation occurs and an inh
alternately from the sides of
vortex sheet (see Figure 11-2
Since the shedding process i

Sensors are used to detect
vortices into electrical signals
bluff body, followed by anoth
sensor varies at the shedding
Strouhal number, St, relates th
velocity, V.

For certain bluff shapes, thg
This means that the Strouhal 1
this behavior, the flow velocity

are included in Tables 2-3-1 and 11-1-1. For any equation that consists of a combination of
Tables 2-3-1 and 11-1-1, the user must be sure to apply the proper conversion factors.

SUREMENT

surement devices that use the phenomena of vortex shedding from a bluff body to measutre
in a pipe. When a bluff body is placed in a pipe in which fluid is flowing, a boundarydayer
rface of the bluff body. Due to insufficient momentum and an adverse pressuge gradient,
erently unstable shear layer is formed. This shear layer rolls up into vortices:that shed
the body and propagate downstream. This series of vortices is called a von Karman-like
L1). The frequency at which vortices are shed is directly proportional to,the fluid velocity.
5 repeatable, it can be used to measure flow.
the shedding vortices to convert the pressure or velocity variations ‘associated with the
One shedding cycle corresponds to the generation of two vortices;one from one side of the
br from the bluff body’s other side. The electrical signal generated by a flowmeter’s vortex
¥ frequency, f, one cycle of which corresponds to the shedding of a pair of vortices. The
e frequency, f, of generated vortices, the bluffbody characteristic dimension, d, and the fluid
St=fxd/V (11-2-1)
Strouhal number remains essentially constant within a large range of Reynolds numbers.
umber is independent of density, pressure;viscosity, and other physical parameters. Given
isdirectly proportional to the frequeneyat which the vortices are being shed. By taking into

Table-11-1-1
Symbols Spdcifically Applied in Sectien 11 (in Addition to Symbols in Table 2-3-1)
Dimensions Units
Symbol Description [Note (1)] SI U.S. Customary
d Width of bluff body pdrpendicular to(the flow L m ft
f Frequency T Hz 1/sec
K K-factor L3 m™ ft3
St Strouhal number Dimensionless Dimensionless Dimensionless
%4 Average fluid velocity LT! m/s ft/sec
qy Volumetric flow rate L3717t L/s gal/min
a Thermal expansion coefficient p7! 1/°C 1/°F
pr Density at flowing conditions ML3 kg/m? Ibm/ft3
Pp Density at base conditions ML3 kg/m?> bm/ft?
NOTE: (1) Dimensions:
L = length
M = mass
T = time
0 = thermodynamic temperature
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Figure 11-2-1
Vortex Formation
Bluff body

Shear layer Conduit

N

/TVortex pair
Y

ity, V
—>

|

!

| Il e/

D

pometry, the Strouhal number can be converted to a K-factor, K, and the volumetric flow'can be
ctor.

q,=f/K (11-2-2)

wing temperature and pressure is known, the mass flow, g, [see eq. (1162-3)], and the volu-
itions, i.e., the standard volume flow, g, [see eq. (11-2-4)], can be defermined.

4y, = Pp X (f/K) (11-2-3)

9, = (pr/py) X f/K (11-2-4)
e equations, the user shall follow subsections 11-3.and 11-4.

SCRIPTIONS

11-3.1 Physical Components

The vortex shedding f]
11-3.2 Flow Tube

The flow tube is made

The meter’s body is ty

(a) a flanged version

(b) a wafer version th

The bluff body is the sh
the ratio of the frontal ar]
factor. Figure 11-2-1 shoj
shape.

The sensor detects the
meter’s design. The most

owmeter consists of two elements, the! flow tube and the transmitter.

up of the meter’s body, the bluff bodies, and the sensor.

pically available in two (styles

that bolts directly to.thel flanges on the pipeline

at is clamped between two adjacent pipeline flanges via bolts

edding elementpositioned in the cross section of the meter body. Its shape and dimensions and
ba in relation’to the open area in the meter body cross section influence the linearity of the K-
vs the bluff-body as having a square cross section, but that is not intended to imply a preferred

shedding vortices (see subsection 11-5). Sensor technology and location vary with each flow-
common methods used in sensing the vortices include piezoelectric-based pressure or force

sensors, capacitive senso

11-3.3 Transmitter

| e o |
IS, dlIt dLUUSTILTSLYIT STIISUTL S,

The electronic transmitter processes the raw input frequency signals and provides usable output signals. This output
can be analog 4-20mA analog output, pulse output, or a digital output such as HART (Highway Addressable Remote

Transducer), Foundation

Fieldbus, etc.
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11-3.4 Equipment Markings

Meters shall be marked by the manufacturer to identify the manufacturer, serial number, pressure rating, allowable
temperature range, mean K-factor or meter factor, and hazardous location certification, if any. The direction of flow shall
be indicated by the manufacturer permanently on the meter’s body.

11-4 APPLICATION CONSIDERATIONS

Primary considerations in vortex meter measurement are sizing, flow influences, and safety.

11-4.1 Sizing

The meter should be sized
sizing is critical to ensure m
smaller than the nominal line
maximum and minimum flo

11-4.1.1 Maximum Flow. The maximum flow for a vortex meter can be determined by the structural limits of the metef;
the pressure drop at the shedder bar, or the maximum “accurate” velocity specified by the vendor.

Meter manufacturers provide a series of upper velocity limits. Manufacturers may specify an upper velocity limitas a
function of fluid density. This {s usually for structural integrity relating to the maximum stress caused by vortex shedding
that the sensor or meter body]is able to withstand. For liquid flows, the maximum flow limit is generally setiferpressure
drop. Pressure loss increases|with flow; as a result, the meter has a maximum velocity due to cavitation.for any given
pressure. Also, most meters have a maximum velocity for which an analog current output may he,obtained.

ccording to the desired flow range rather than the nominal pipe size. Proper vortex meter
asurement accuracy and commonly results in the measurement section diameter being
ipe size. The flowmeter’s size shall be selected such that the expected flows fall between the
s that provide the required uncertainty.

11-4.1.2 Minimum Flow. The minimum volumetric flow is determined by the manufacturer’s,recommended limits.
The manufacturer specifies rqfcommended measurement limits based on the minimum measurable and minimum “accu-
rate” flows. Minimum measurpble flow can be useful for start-up operations or when havingaless accurate indication of
flow is useful. Minimum “accfirate” flow is useful for testing where accuracy is important. The transmitter provides a
means of configuring a low-flow cutoff for the output of the meter based on these reCcommendations or other specific
applicable requirements. See| para. 11-4.1.2.3.

Manufacturers generally pijovide sizing programs or published equations to calculate the minimum measurable flow
and minimum “accurate” floys.

11-4.1.2.1 Minimum Measurable Flow. The minimum measurable flaw, V,,i,, is the rate at which the force exerted on
the sensoris too small to genefate a signal strong enough for the meterto'reliably differentiate between the flowing signal
and noise. This limitis a functipn of the fluid’s momentum and therefore is described by the following equation, where Cis
a manufacturer-specified valpe:

JT

)

= 11-3-1
qv,min ( )

Generally, this equation wil
range of values in gases will

| yield values around 03048 m/s (1 ft/sec) inliquid and 3.048 m/s (10 ft/sec) in gases. The
be higher due to thie wider range of densities seen in gas flows as compared to liquids.

11-4.1.2.2 Minimum “Ac
the specified accuracy. This is
will be near Re = 20,000. A
Manufacturers may have rec

11-4.1.2.3 Low-Flow Cu
defines the velocity, or volum

turate” Flow. The.minimum “accurate” flow is the lowest flow at which the meter reads at
generally expressed in terms of Reynolds number. Generally, the minimum accurate flow
pecific méter’s design and size may have accuracy limits above or below that number.
bmmendations for use of the meter at lower Reynolds numbers.

off. The meter will have a low flow cut off (LFC). This is a configurable parameter that

value is generally configured to be at or above the minimum measurable flow. It can also be programmed to the minimum
accurate flow or, in a high-noise environment, to a higher flow that increases noise rejection. The meter manufacturer’s
literature should be consulted for the method by which the LFC is programmed.

11-4.2 Process Influences

A number of flowing process influences can affect measurement of temperature, pressure, density, and composition,

etc. (see paras. 11-4.2.1 thro

ugh 11-4.2.4).
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11-4.2.1 Process Effect of Thermal Expansion on the Meter. Measurement accuracy is directly related to K-factor

uncertainty. Flowing tem

peratures that differ significantly from those during calibration can affect the geometry of the

flow tube and hence the K-factor of the meter. When the bluff body and the meter body are made of the same material, the

change in K-factor for a

where

flowing K-factor

given change in temperature is estimated by

K= K0[1—3a(Tf— To)] (11-3-2)

K, = K-factor at calib
Ty = temperature dut
Ty = flowing tempera
a = linear thermal e

Pipe-pressure effects g
manufacturer should be
effects.

11-4.2.2 Process Effeg
Reynolds number. From 4
The fluid density depends
and fluid viscosity, and h
information regarding th

Fation

ing calibration

ture

kpansion coefficient of the meter’s material

n the K-factor by expansion are generally negligible, except in high-pressure applications. The
consulted for information and relevant correction procedures for temperature and pressure

't on Range. The range of a vortex meter generally depends on the K-factor, fluid density, and
practical viewpoint, the K-factor, as described above, depends only on the flowingtemperature.
on its temperature and pressure. The Reynolds number is a function of geometry,fluid density,
nce depends on temperature and pressure. The manufacturer should be consulted for specific
ese effects.

11-4.2.3 Flow. The fluid stream should be steady or slowly varying. Pulsations in flow of"\pressure may affect flow

measurement.

11-4.2.4 Flashing and
reduced cross section ard
the meter under conditi

NOTE: Flashing and cavitaf]

To avoid flashingand c
or greater than Pgy;, of
In the absence of manu|
the meter can be calculatg
be adequate for most ap

or

where
Pymin = minimum alld
Py,p = vapor pressu
AP = pressure droj

Cavitation. Localized reduction of pressure occurs when thefluid velocity is increased by the
und the bluff body of the meter. In liquids, this can lead to flashing and cavitation. Operation of
ns of flashing or cavitation, or both, is beyond the scope of this Standard.

on can lead to measurement errors, structural damagegor both.

vitation in low vapor-pressure fluids, the downstream pressure after recovery must be equal to
eg. (11-4-3) or eq. (11-4-4).

facturer’s recommendations, the numerical value of the minimum back pressure at the outlet of
d by eq. (11-4-3) or eq. (11-4-4), whichever is less. This calculated back pressure has proven to
plications, and it could be conservative for some applications.

= 2.8 X AP+\1.25 X P,

vap (11-4-3)

Fimin

Pimig 5 (3 + Rgp) in bar (11-4-4)

wable downstréam pressure after recovery
e of the liquid at the flowing temperature
through/the meter at the maximum operating flow

Equation (11-4-3)isus

a meaningful comparisom

11-4.3 Safety

eful for all units of measure, though the comparison to eq. (11-4-4) requires a unit conversion for

11-4.3.1 Mechanical. Since vortex flowmeters are an integral part of the process piping (in-line instrumentation), it is
essential that the instrument be designed and manufactured to meet or exceed industry standards for piping codes.
Requirements for specific location, piping codes, material traceability, cleaning requirements, nondestructive evaluation,
etc., shall be the responsibility of the user.

11-4.3.2 Electrical. The water tightness and hazardous area certification shall be suitable for the intended location.
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11-5 INSTALLATION

Adjacent piping, fluid-flow disturbances, flowmeter orientation, and location can affect flowmeter performance. The
manufacturer’s installation instructions shall be consulted regarding installation. Paragraphs 11-5.1 through 11-5.4
discuss some of the factors to consider.

11-5.1 Adjacent Piping

A vortex meter is sensitive to dlstorted velocity profiles and sw1rl including those caused by changes in pipe size or
schedule and by flow through pipe fi
eliminating these effects are |as follows

(a) The diameter of the adjacent pipe should be the same nominal diameter as the flowmeter. Internal pipe diameter
should be the same as that of the pipe used in calibration unless appropriate corrections are applied. Some meters have
pipe diameter corrections byilt into their software.

(b) The flowmeter shall b¢ mounted concentric with the pipe according to the manufacturer’s recommendations.

(c) Gaskets shall not protryde inside the pipe since they can also shed vortices. Flush or recessed gaskets are required.

(d) The flowmeter should e mounted with straight runs of pipe upstream and downstream. The straight runs shall be
free of changes in pipe size or $chedule, and of pipe fittings, valves, and other internal obstructions. The minimum lengths
of straight pipe required to optain the specified accuracy at operating conditions differ depending on the flowiheter’s
construction and the nature of the piping configuration. When there is an unavoidable upstream disturbance,the'manu-

facturers may be able to pro
(e) If more than one pipe sq
with minimal misalignment.
(f) Therequired length of's|
one must accept higher uncer

their effect on meter’s uncerth

flowmeter (see subsection 1

(g) The location of additiot
temperature, or density) can
from the flowmeter.

(h) To satisfy the minimun]
Pipe reducers may be used y
without sufficient downstrea
required. (See Table 11-7.3-]

(i) In some applications, it

ide an expected calibration shift for each particular upstream disturbance:
ction is used within the minimum length of straight pipe, the joined pipe should be straight,
elding rings should be avoided within the required number of straight‘pipe lengths.
raight pipe may be reduced through the use of an appropriate flow conditioner; otherwise,
ainties. The manufacturer should be consulted regarding the use ¢fflow conditioners and
inty. This includes the type of flow conditioner, its sizing, andits location relative to the
-7).
hal process measurement devices external to the meter (e,gthose that measure pressure,
dversely affect the performance of a vortex flowmeter and should be located downstream

measurable flow requirement, a meter size smallerthan the pipe size may have to be used.

pstream and downstream to install such flowmeters. When pipe reducers are installed

m straight lengths of pipe, adjustment of the K-factor and/or to the uncertainty shall be
for guidance.)

may be desirable to inspect or clean thejflowmeter periodically. If a bypass is installed to

facilitate this, the fittings shqll be ahead of the upstream straight length of pipe or flow conditioner and beyond the

downstream straight section
(j) When a particular mete
may desire to perform in sit

11-5.2 Flowmeter Orientd

Flowmeters should be inst
flowmeter in the pipe may de
the temperature of the strea

Inliquid flow measurement
with the flow upward. Review

r installation is expected to,deviate from the manufacturer’s recommendations, the user
1 calibration.

tion

hlled with the orfentation recommended by the manufacturer. Proper orientation of the
pbend on the natiire of the fluid. The orientation of the meter should take into consideration
m being measured and its effect on the transmitter.

the pip€miust be flowing full. One way to ensure this is to install the meter in a vertical pipe
liquidiflowmeter locations during design and avoid installations in horizontal lines located

at the highest point in the p1ping, unless assured that the line will remain full of liquid at all times.

11-5.3 Flowmeter Location

11-5.3.1 Proper Support. The flowmeter shall be supported to reduce any effects of vibration and pipe stress. Good
piping support is important to good vortex meter operation.

11-5.3.2 Noise and Interference. Common mode electrical noise can interfere with the measurement. RF], electro-

magnetic interference (EMI), improper grounding (earthing), and insufficient signal shielding can also interfere with the
measurement. In some cases, it might not be possible to check the noise in the output signal with no flow. The manu-
facturer should be contacted for advice if it is suspected that any of these noise levels is high enough to cause an error.
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Figure 11-5.5-1
Locations of Pressure and Temperature Measurements

® @

11-5.3.3 Bypass.Inap
some cases, a meter can i

11-5.4 New InstallatiJ)

For new installations,
pipeline debris. The flow

4 Downstream _|
Downstream

plications where the process cannot be shut down for maintenance, a bypass may besinstalled. In
e purchased with an online replaceable sensor. In these cases, a bypass might not'be required.

ns

he pipeline shall be cleaned to remove any collection of welding beads;«ust particles, or other
meter should be removed for cleaning.

11-5.5 Complementarly Measurements

For gas or steam flows
be measured to calculat
downstream of the meter
ture sensor 2 diameters d
the pressure measuremsd

11-6 OPERATION

Flowmeters shall be of
tainty and normal servid
The manufacturer’s reg
(s) by over-range, water]

where mass flow is the desired quantity to be measured, préssure and temperature will need to
e density and mass flow [see eq. (11-2-3)]. Pressure ahd temperature should be measured
. The pressure should be measured between 3 and 5 diameters downstream, and the tempera-
ownstream of the pressure to ensure that there is io-influence from the temperature probe on
nt. See Figure 11-5.5-1 for the locations of pressure and temperature measurements.

erated within the manufacturer’s recommended operating limits to achieve the stated uncer-
e life.

ommended startup procedure$ should be followed to avoid damage to the bluff bodies or sensor
hammer, etc.

11-7 CALIBRATION AND UNCERTAINTY.

The meter manufactur
marked on the meter. Th
well as a certificate of cg

11-7.1 Calibration Me

The mean K-factor is

br shall calibrate the meter to determine the meter’s mean K-factor. This mean K-factor shall be
e manufacturer'shall provide expected meter uncertainty under stated reference conditions as
libration. This/process should be in keeping with the practices outlined in ASME PTC 19.1.

thods

according to acceptable-s
device, a volumetric tank
weighing, or a volumetri

type, provided the Reynol

established by flow calibration with a suitable fluid. All Calibrations should be performed

w1th pressure and temperature corrections, or crltlcal ﬂow nozzles For llqu1d ﬂows transfer
¢ technique is used. See Figure 11-7.1-1.
Vortex meter calibrations are characterized by the shedding cycles per unit volume. This value is independent of fluid

ds number is above the minimum set by the manufacturer. A great deal of data and historical use

supports the use of vortex meters and gas and steam applications using K-factors generated with water calibrations.
Calibrating a vortex flowmeter with gas will lead to additional uncertainty because the density calculation adds to the
overall uncertainty and has to be taken into account for the vortex flowmeter. For reduced uncertainty, a vortex flowmeter
should be calibrated with liquid. See subsection 11-8.
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Figure 11-7.1-1
Illustration of a K-Factor Curve
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11-7.2 Mean K-Factor Calculation and Uncertainty

Calibration data should be
from mean K-factor for each
calculated as follows.

The mean K-factor, Kcan,

where
Kmax = the maximum K-f4
Knin = the minimum K-fa

Typical systematic uncerta
spectrum of manufacturers.

After calibration, the K-fad

The meter may also be lah

11-7.3 Installation Influe

All commercially available
tional uncertainty from install
design of meter. Consequentl

rovided that includes calibration fluid, flow rate, Reynolds number, K-factor, and deviation
ralibration point. A K-factor for each flow is calculatedsFrom these, the mean K-factor is

is typically defined by
K +

2

max Kmin (11-7-1)

K =

mean

ctor over a designated range
ctor over the designated range

nties for gas flows are 1% and for liquid flows, 0.75%. These values may vary across the

tor shall not be changed unless a new calibration is conducted.
calibrated per Mandatory Appendix I.

nce on Uncertainty

vortex meters use proprietary shedder bar and sensor designs. For this reason, the addi-
ations.wheére the flow profile is not fully developed turbulent flow may be different for each
P, usets should check with manufacturers to determine the impact of piping on any parti-

cular design of vortex meter. T|

able11-7.3-1 lists a minimum recommended upstream length from a disturbance to ensure

less than 0.5% additional un
Some vendors may provide

certainty due to installation issues.
more precise guidance for their particular geometry of shedder bar and sensor. Guidance of

this sort should only be used with that particular type of meter. Testing with different types of shedder bar designs with
the same disturbance, the same fluid, and the same Reynolds number show variations in the added uncertainty of several

percent. It may be possible

to use certain meter designs with upstream distances shorter than those shown in

Table 11-7.3-1; if data exists showing that the meter design has a lower additional uncertainty, then that data
should take precedence over Table 11-7.3-1. In many cases, a flow conditioner will significantly decrease the
impact of upstream disturbances. Meter manufacturers should be consulted about the impact of flow conditioners.
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Table 11-7.3-1

Recommended Distance From Disturbance for Less Than 0.5% Increase in Uncertainty

Generally, there shoulg

impact from piping distu
more upstream length th

Distance, in Pipe Diameter, D,
Required for Less Than 0.5%

Location on Pipe Assembly Impact
Single elbow 17
Double elbow in plane 12
Double elbow out of plane 43
Reducer 14
Expander 16
Gate valve 100% open 5
Gate valve 50% closed 16

| be at least 40 pipe diameters, or 40D, of straight run located upstream of a meter to have mno
bances. However, requirements may differ by manufacturer. In some cases, a meter may need
n that. In cases where data are not available from the manufacturer, and the meterisdised with

less than the recommended 40D upstream pipe length but greater than the value in Table 11-7.3-1, add\0.5% to the

uncertainty. If the upstre

hm pipe lengths are less than those listed in Table 11-7.3-1 and data are not available from the

manufacturer, or from ijdependent testing, add 2.0% to the uncertainty.

11-7.4 Measurement

Uncertainty values ma

tainty. Other factors that
output, the output type b

ment uncertainty for vol

For digital vortex mete

to the uncertainty. This is

40 mm (1% in.) vortex m

gal/min) with a K-factot

L/s (100 gal/min) woul

Tables 11-7.4-1 throug

random standard uncert

combined with the systg
uncertainty at 95% conf]

Forsome applications,

Uncertainty Examples

i vary by manufacturer K-factor, but users should get the necessaty data to verify the uncer-
can affect uncertainty include the fluid temperature, fluid pressiite, and, in the case of analog
bing monitored. This Section presents how some of these factors contribute to overall measure-
umetric and mass flow measurements.

s using an analog output, an additional uncertainty thatis a function of the analog span is added
generally in the range of 0.025% of span. For example, the total measurement uncertainty for a
bter measuring water in a pipe with 40D of straight\pipe upstream of the meter at 1.577 L/s (25
uncertainty of 0.75% and a 4-20mA upper range value for the analog output of 6.30902
be summarized as shown in Table 11-7.4-1.

h 11-7.4-3 show the systematic uncertainties at 95% confidence level. During a test run, the
hinty must be determined, multiplied by the Student’s t value (typically 2 for a test run), and
matic uncertainty by root sum square to determine the expanded uncertainty (the overall
dence level).

tmay be impossible to get the recommended upstream straight pipe length. An example is a case

where there is an elbow fipstream of the meter at20D and the manufacturer states that the uncertainty is increased by
0.30%. Using the same application data as above with the reduced upstream pipe length, the calculation of uncertainty is

shown in Table 11-7.4-2

For applications wherd mass flow of a gas:or super-heated steam is required and pressure and temperature measure-
ments are available to calculate fluid denSity, the uncertainty will be the root sum square of the uncertainty of the vortex

meter, pressure sensor,

d temperature sensor. As an example, using uncertainties of 1% for the flowmeter, 0.05% for

the pressure, and 0.1% for temperature, the overall measurement uncertainty is shown in Table 11-7.4-3.
While values for each ipstallation will vary, the uncertainty of the vortex meter will most often be the dominant portion
of the uncertainty calculafion.The analog output, if used, would be added into the vortex meter uncertainty in the manner

shown in the previous ekample

Table 11-7.4-1
Vortex Measurement Uncertainty Example

Vortex meter K-factor uncert
Analog uncertainty = 0.025%

Root sum square total volu

Component Systematic Uncertainty
ainty 0.75%
x 6.30902 L/s / 1.577 L/s = 0.10% 0.10%
metric flow systematic uncertainty 0.76%
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Table 11-7.4-2

Vortex Measurement Uncertainty Example With Installation Uncertainty

Component Systematic Uncertainty
Vortex meter K-factor uncertainty plus installation uncertainty (0.3%) due to elbow (0.75% + 0.3% = 1.05%) 1.05%
Analog uncertainty = 0.025% x 6.30902 L/s / 1.577 L/s = 0.10% 0.10%
Root sum square volumetric flow systematic uncertainty 1.055%

Table 11-7.4-3

Vortex Measurement Uncertainty Example With Vortex Meter, Pressure Sensor, and Temperature Sensor Uncertainties

Component Systematic Uncertainty
Vortex meter uncertainty 1.00%
Pressure sensor 0.05%
Temperature sensor 0.10%
Root sum square mass flow sysfematic uncertainty 1.01%
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Section 12
Mechanical Meters

12-1 NOMENCLATURE

Symbols used in Sectioh 12 are included in Tables 2-3-1 and 12-1-1. For any equation that consists of a combination of
symbols with units shown in Tables 2-3-1 and 12-1-1, the user must be sure to apply the proper conversion factors.

12-2 INTRODUCTION

This Section addresses|the operation and proper use of turbine meters and positive displacement flowmeters. Most of
the operating conditiong, precautions, and recommendations in this Section apply equally to both types éf’meters.
Therefore, the subsections discussing positive displacement meters are limited to presenting the exceptions‘and differ-
ences in their use relatiye to turbine meters.

Table 12-1-1
Symbolsg Specifically Applied in Section 12 (in Addition to Symbols in Table 2-3-1)
Dimensions Units
Symbol Description [Note (1)] SI U. S. Customary
f Meter frequency T! Hz 1/sec
K¢ Calibration constjnt for flowmeter L3 m™3 ft3
L Calibration linearfity envelope Dimensionless % %
L. Characteristic lenjgth of the meter L m ft
AP, Meter pressure lgss ML'T2 Pa psi
qv Volumetric flow el m3/s ft3/sec
Ro Roshko number Dimensionless Dimensionless Dimensionless
U Uncertainty Dimensionless % %
V4 Displacement volhme L? m? ft?
Uyf Uncertainty of th¢ frequency counter Dimensionless % %
UKf Uncertainty of lalp calibration Dimensionless % %
Uap Flow calibration Jab uncertainty Dimensionless % %
qu/qn Total actual volumetric flow rate uncertainty Dimensionless % %
op Standard deviatidn of two point$ tg define linearity envelope Dimensionless % %
6 Angle of inclinatipn deg deg
0] Viscosity pressurg drop_factor Dimensionless Dimensionless Dimensionless
0 Angular velocity T rad/s 1/sec
Pb Reference fluid dpnsity ML™3 kg/m? lbm/ft?
pr Fluid density ML kg/m? lbm/ft?
Subscript
f Fluid properties
v Volumetric property
NOTE: (1) Dimensions:
L = length
M = mass
T = time
0 = thermodynamic temperature
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All mechanical meters used in performance testing must be calibrated in a mutually agreed-upon laboratory that uses
standard measuring instruments traceable to national standards. These calibrations should be performed using the fluid,
operating conditions, and piping arrangements matching, as closely as practical, the performance test conditions. If flow
straighteners or other flow-conditioning devices are needed in the test, they should be included in the meter piping run
when the calibration is performed.

12-3 TURBINE METERS

Turbine flowmeters contain a turbine wheel (or rotor) that rotates with a speed proportional to the flow through the

meter. These meters produce an electrical frequency (pulse train) related to the rotor revolutions, often tied to the passing
ofindividual blades on the rotpr; to achieve greater resolution. Flow is commonly measured by the frequency of the pulse
train. Totalized flow may be d¢termined by counting pulses. Turbine meters should be operated within the flow range and
operating conditions specified by the manufacturer to achieve the desired accuracy and normal life. Turbine meters are
subject to premature wear apd damage by over speeding the turbine wheel and by debris in the flow.

12-3.1 Meter Design Data and Construction Details

The information provided yvith the meter should include the manufacturer’s name or mark, the meter serial number,
the maximum operating pressure, and the maximum and minimum flow capacities. The meter calibration factor mustalso
beincluded. The calibration faictor may be pulses per volume for pulse output signals or volume per rotation (or-count) for
totalizing outputs. The metef should be designed to withstand occasionally running 20% above the maximum flow
(within the temperatures a)d pressures for which it is rated) for at least 30 min without damagexor significant
change in its calibration curye.

Turbine meters can be us¢d to measure both liquid and gas flows, providing the following fourcriteria are met:

(a) The range of Reynoldd numbers of the calibration data covers the intended performance test requirements.

(b) The Mach number of the flow is less than 0.2.

(c) The turbine wheel fricfion is negligible, as determined by the spin test in para. 12<6:4(c).

(d) The test fluid is compatible with the meter section material.

The construction of a metef with a removable meter mechanism shall be such that the performance characteristics of
the meter are maintained aft¢r interchanging the mechanism and/or repeated mauitting and dismounting of the same
mechanism. The design and njethod of replacement of a removable mechanism shall ensure that the construction of the
meter is maintained. Each removable mechanism shall have a unique serialmumber marked on it, and any removable
meter mechanism shall be cgpable of being sealed against unauthorized interference.

Turbine meters are availablle with single and dual rotor designs. For thé dual rotor designs, the first rotor (main rotor) is
used for the flow measurement and the second rotor (sense rotor) isused for diagnostics. The sense rotor has a different
blade pitch, which causes it to|spin at a slower speed compared to the main rotor. The sense rotor can be compared to the
main rotor at a given flow to dptermine if the two rotors differ sighificantly from the initial calibration. If the outputs from
the two rotors do not correlate, this is an indication of a mechanical issue with the turbine meter that warrants further
investigation.

12-4 TURBINE METER SIGNAL TRANSDUCERS AND INDICATORS

The meter may require an ancillary counteportimer if the output signal is an electrical pulse, or the meter may have an
integral display that indicates|volumetric tgtal or rate of flow. The totalizing register shall have sufficient number of digits
to display a throughput equal to at least-2,000 hr of operation at the maximum flow while maintaining the minimum
resolution desired. When the jonly output of the meter is a mechanical counter, the readout shall enable the meter to be
calibrated with the required qccuracy‘at the minimum flow in a reasonably short time. The smallest division or the least
significant digit of the countgr (or a test element) should be smaller than the minimum hourly flow d1V1ded by 400.
Provision shall be made for cove D 3 v D
direction of rotation shall be marked on the shaft or an adjacent point on the meter. The pulse output is converted
electronically to read flow or totalize volume.

The volume per pulse or its inverse must be defined by calibration.

12-5 CALIBRATION

An individual calibration of each meter shall be made. The results of this calibration shall be available together with a
statement of conditions under which the calibration took place.
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12-5.1 Meter Factor

Meter factor, Kj; is determined by the manufacturer and confirmed by calibration. During calibration, meter pulses are
recorded by totalizing the number along with the total gallons collected through the meter or by measuring the frequency
of the pulse output versus flow through the meter.

The rotation rate of the rotor is affected by viscous forces and drag forces. Reynolds number, Re, or Roshko number, Ro,
characterize the performance of turbine meters for ranges of viscosity and density when operated in the turbulentregime.

Ro = fL_CZ (12-5-1)

U

where
L. = characteristic lefgth of the meter

The pulse per volume|factor, Ky or its inverse shall be plotted versus flow, Reynolds number, or Roshko number
(Cuthbert and Beck., 1999; Hochreiter, 1958; Lee and Karlby, 1960; Mattingly, 1992; Pope et al., 2012; Pope,
Wright, and Sheckels, 2012b; Wright et al., 2012; AGA, 2006). In use, the meter-indicated flow is calculated/using
the meter factor derived|from the calibration. For cases where viscosity and density do not vary from the calibration
properties and a constamt meter factor provides sufficient uncertainty, meter factor may be plotted vensus/flow or
Reynolds number.

In applications where pest uncertainty is desired, Ro is preferable to Re since Ro does not include the-flow while Re
requires an iterative profess to obtain a low uncertainty meter factor. By using Ro for the meter calibration curve, the
frequency readout and the kinematic viscosity are all that are needed to determine the flow from the Ky value.

For meters with displaiy-only output, similar display-based data are collected during calibsation and the meter is
adjusted electrically or thechanically, or both, during calibration.

The Reynolds and Roghko numbers perform adequately only in turbulent flow regimes. In laminar flow regimes,
calibration shall be perf¢rmed with the viscosity and density that will be used.

12-5.1.1 Calibration Qata The calibration data shall include
(a) for each calibration run of pulse-output meters
(1) number of pulsgs collected (gated)
(2) the average output frequency
(3) duration
(4) volume of colle¢ted calibration fluid
(5) average rate of fflow (laboratory)
(b) for each run of display-only mechanical meters
(1) initial meter regding
(2) final meter reading
(3) duration
(4) volume of colle¢ted calibration fluid
(5) average rate of fflow (laboratory)
(c) the indicated (meter) flow versus actual (laboratory) flow between the gy min and g, max of the flowmeter. The
following is a suggested [calibration flow-rate range: g, min 0.01qymax 0.25¢y,max 040Gy max, and 0.70q,, max and gy, max
(d) the name and the[location of theyecalibration facility
(e) the method of calipration (gravimetric, bell prover, sonic nozzles, secondary standard)
(f) the estimated califration dncertainty using ASME PTC 19.1
(g) the characteristicq (pressure, temperature, viscosity) of the test fluid
(h) the position of thqg meter (horizontal, vertical — flow up, vertical — flow down)
(i) the piping geometry carrand-downstres enreter—ate i etoeatt
devices

12-5.1.2 Calibration Conditions. The preferred calibration is one that is performed at conditions as close as possible to
the conditions under which the meter will operate. Special consideration should be given to the fluid used for the
calibration to ensure that it is representative of the fluid that will be used in the field. Density and viscosity are
known to affect turbine meters and matching the operating values should be considered when choosing a calibration
facility. The facility at which the calibration is performed shall provide primary standards of mass, length, time, and
temperature.
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To achieve the specified performance, the mounting position of the meter shall be stated. The following positions shall

be stated and considered:
(a) horizontal
(b) vertical — flow up
(c) vertical — flow down
Where a mechanical output

and/or mechanical counter is used, the different possible positions of these devices shall be

taken into consideration when specifying the meter position.

12-5.2 Temperature Range

The meter shall have a st3

12-5.3 Pressure Loss

Pressure loss data for the
The pressure loss of a turbi
due to the internal passage fri
point one-pipe diameter upst
the meter. Care should be tak
distortions do not affect the

construction of pressure taps.

The pressure loss follows

ted operating fluid, range of fluid temperature, and ambient temperature.

meter shall be provided.

he meter is determined by the energy required for driving the meter mechanism, the losses
ction, and changes in flow velocity and direction. The pressure loss is measured between,d
‘eam and a point six-pipe diameters downstream of the meter in piping of the same siz€ as
en in selection and manufacture of the pressure tap locations to ensure that flow pattern
bressure readings. Refer to subsections 4-7 and 5-4 for recommendations regardihg the

the turbulent flow loss relationship (except at very low flow rates).

AB, o pf qvf2 (12-5-2)

12-5.4 Installation Conditions

Consideration shall be give,
and/or the type and location
the flowmeter and the locatio
tion. Paragraph 12-7.2 provid
meter installations.

12-5.5 Mechanically Dri

Loading of an output shaft
output. This effect is largest
maximum torque that may be
densities, and the range of fl

12-5.6 Temperature and

Changes in meter performd
calibration conditions. Thesd
phenomena in the meter flui
cavitation. The manufacturer

12-6 RECOMMENDATION

h to such items as the straight lengths of pipe upstream and /or-downstream of the meter
f flow conditioner required. Where practical, the piping geofietry at the inlet and outlet to
h of the flow conditioner should match between the flow*calibration and the field installa-
es guidance on a recommended piping configuration-with a flow conditioner for turbine

\In External Equipment

at drives instrumentation other thanthé\normal mechanical counter can affect the meter
for small flows and low gas densities.“Fherefore, the meter specifications shall state the
applied to the output shaft, the effect of this torque on the meter performance for different
pw for which this statement jS"valid.

Pressure Effects

nce can occur when-the-/operating temperature and pressure are very different from the

changes may be taused by changes in dimensions, bearing friction, or other physical
d (density and¢viscosity). Sufficient back pressure is required in liquid flow to prevent
should praovide'a cavitation index to allow determination of minimum back pressure.

5 FOR'USE

12-6.1 Start-up Recommqndation

Before placing a meter installation in service, particularly on new lines or lines that have been repaired, the line should
be cleaned to remove any collection of welding beads, rustaccumulation, and other pipeline debris. The meter mechanism
should be removed during all hydrostatic testing and similar line-cleaning operations to prevent damage to the measuring

element.

Foreign substances in a pipeline can cause serious damage to turbine meters. Strainers are recommended when the

presence of damaging foreign

material in the gas stream can be anticipated. Strainer should be sized so that at maximum

flow there is aminimum pressure drop and installed so that there is no excessive flow distortion. A greater degree of meter
protection can be accomplished through the use of a dry-type or separator-type filter installed upstream of the meter inlet
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d that the differential pressure across a filter be monitored to maintain it in good condition to

12-6.2 Over-Range Protection

Turbine meters can usually withstand a gradual over-ranging without causing internal damage other than accelerated

wear. However, extreme

velocity encountered during pressurizing, venting, or purging can cause severe damage from

sudden turbine wheel overspeeding.

As with most flowmete
by opening valves quickl
bypass line around the

In those installations
nozzle may be installed td
the piping downstream o
a critical flow orifice will

12-6.3 Bypass

rs, line
—
pressure.

here adequate pressure is available, either a critical flow orifice or sonic (choked-flow) venturi
help protect the meter turbine wheel from over speeding. The restriction should be installed in
the meter and sized to limit the meter loading to approximately 20% above its q,,max- Generally,
esultina 50% pressure loss and a sonic venturi nozzle will result in a 5% to 20% pressure loss!

If interruption of the fluid cannot be tolerated, a bypass should be installed so that the meter can be removed for

maintenance.

12-6.4 Maintenance 4

In addition to sound de
and frequent inspection.
require more frequent a

12-6.5 Other Installa

In addition to the recor
tion to avoid errors:
(a) Install the meter ¢
(b) Use care to ensure

nd Inspection Frequency

Kign and installation procedure, turbine meter accuracy depends on good niaintenance practice
The meter inspection period depends on the fluid condition. Meters used in dirty fluids will
[tention than those used with clean fluids, and inspection periods should reflect this.

lion Considerations

hmendations in paras. 12-6.1 through 12-6.4, the following steps shall be taken during installa-

nd meter piping so as to reduce strain on the metér from pipeline stresses.
a concentric alignment of the pipe connections with the meter inlet and outlet connections.

(c) Prevent gasket angl/or weld bead protrusion into the pipe bore;-which could disturb the flow pattern.

(d) In gas flow cases w
separator upstream of th
meter calibration.

12-6.6 Accessories In

Accessory devices used
should be installed prop

(a) Temperature Meas
for a thermowell is down|
upstream of any outlet v
measured is not influenc

(b) Pressure Measuren
measurement of the statig
tapping shall be marked }
Pa (0.015 psi) at maximu

here a considerable quantity of liquid is expeeted, consideration should be given to installing a
e meter. Flow distortion by the separatoi~should be considered during the piping design and

stallation

for converting indicated yolume to standard conditions or for recording operating parameters
erly and the connections.made as follows:

rement. Since upstream-disturbances should be kept to a minimum, the recommended location
stream of the turbine*wheel. It should be located 5 pipe diameters from the turbine wheel and
alve or flow restriction. The thermowell should be installed to ensure that the temperature
ed by heat.transfer from the piping and well attachment.

ent. For gasflow applications, at least one pressure tap shall be provided on the meter to enable
pressureat the turbine wheel of the meter at flowing conditions. The connection of the pressure
- lfmore than one P, tap is provided, the difference in pressure readings shall not exceed 100
n'flow rate with air at a density of 1.2 kg/m? (0.7 Ibm/ft?). The pressure tap marked P,, on the

meter body should be used as the pressure-sensing point for recording or integrating instruments.
(c) Density Measurement. For liquid applications, the conditions of the fluid in the density meter should represent the

conditions in the turbine

wheel over the operating rates of the meter. Consideration should be given to the possibility of

unmetered fluid when using purged density meters. Density meters installed in the piping should be installed down-
stream of the turbine wheel.

For gas applications, the density is generally calculated using an equation of state along with the measured pressure,
temperature, and gas composition. Since the turbine meter measures volumes at metering conditions, the density of the

metered fluids may be a
conditions are constant.

pplied to convert the indicated volume to a volume at conditions or to mass flow when the
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N AND DISTURBANCES

The following paragraphs provide guidance for evaluating flow disturbances that may affect meter performance and
standardized tests to assess the effects of such disturbances. During calibration and in actual use, the meter should be

installed such that the conditi

ons that are described in paras. 12-7.1 and 12-7.2 are mitigated through the use of straight

upstream piping and a flow conditioner. Section 6 provides a recommended upstream piping configuration including the
location of a flow conditioner. For gas applications, American Gas Association Report No. 7 (2006) also provides rec-

ommendations for upstream

12-7.1 Swirl Effect

Swirl entering a turbine m

turbine wheel speed, whereas
flow measurement, such a sw

tioning.

straight piping lengths and the location of a flow conditioner.

bter can influence its reading. Swirl in the direction of turbine rotation may increase the
a swirl in the opposite direction may decrease the turbine wheel speed. For high-accuracy
irl effect must be reduced to an acceptable level by installation of upstream flow condi-

12-7.2 Velocity Profile Effect

Turbine meters are design

bd to have a uniform velocity profile at the meter inlet. In general, a nonuniform velocity

profile results in a higher turlhine wheel speed than that produced by a uniform velocity profile. For high-accurdeyflow

measurement, the velocity py

conditioning.
12-8 EXAMPLE OF FLOW
12-8.1 Meter Flow

Volumetric flow through aj

where
q, = meter volumetric flo
f = flowmeter output fre
Ky = calibration constant

ofile at the turbine wheel should be conditioned by proper installation of upstteam flow

MEASUREMENT BY TURBINE METER WITH NATURAL GAS

turbine meter with pulse output is

The uncertainty of K is caJculated as

where
L = linearity envelope
constants, K and i

type, but is typically

Ulab

Op

flow calibration lalj
standard deviation

If the laboratory calibration]

q = f (12-8-1)
v Kf
v
quency
for flowmeter from laboratory calibration
Uk, = Unp + (L*% 40, (12-8-2)

pf calibration; thedinearity envelope brackets the range of lab-determined calibration
5 expressed as,a percentage (%); the linearity envelope can vary depending on meter
in the range of 0.5% to 1%

oratory uncertainty, %; laboratory estimates are typically 0.25% for gas flow

of twoddta points used to define linearity envelope; 0.05% is assumed

is-done at the actual operating conditions (temperature, pressure, viscosity) and includes

the operating mass flow or Rej
the laboratory uncertainty.
Most gas flow calibrations a

re done at either atmospheric or low pressure, ignoring pressure effects, or at relatively low

flow rates relative to operational conditions and at the expected operating pressure. Ideally, the calibration should be
conducted with a fluid that closely matches the operating conditions (pressure, temperature, viscosity, density).

It is assumed in this analy

sis that the calibration was performed at operational line pressure and flow(s).

Hence, the uncertainty of calibration is calculated from eq. (12-8-3) as follows:

05
Uk, = 025 + (05 + 4% 005*) ~ = 0.76% (12-8-3)

f
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Total actual volumetric flow rate uncertainty (actual m®/h or similar units) is calculated as follows:

where
Uy/f = the uncertainty

The calibration shift if

12-8.2 Normalizing M

Metered fuel flow rate |
in U.S. Customary units] y
heating values are usual

To convert actual m>

where
pp = areference dens
conditions are s
pr = density of the fl

Note that the term pf
For the gas industry, t
density or mass flow rat|
determined from the pr
It is important to reali
determined strictly for A(

fluid must be considered.

12-8.3 Systematic Un

The uncertainty in the
conditions.
Thus, in units of NCMH
flow with a turbine met

0.5
U, U, 2 2
ﬁ — ke + ﬂ + (Ucalibration shift) (12-8-4)
q, K f shift
of the frequency counter in fraction units, which is usually 0.002 or 0.2%
assumed to be at maximum 0.3%. Hence, over the operating range of flow
U,
q 0.5
L = [(0.0076)2 + (0.002)% + (0.0030)2] = 0.0084 = 0.84% (12-8-5)

9y

eter Flows

s often in units of mass flow or “normal” volumetric flow, e.g., m*/h [or standard ft* /min{fSCFM)
vhen used to determine the thermal heat input term in calculating heat rate or efficiency. Fuel

y in units of energy/mass.

h (ACMH) to the units of normal m3/h (NCMH)

’f

Py

(12-8-6)

9 ACMH = ( ]qv,NCMH

ty, usually the gas density at 101.325 kPa (14.696 psia) and 15°C (59°F); however, other base
metimes used, and care must be taken in being consistent (note that this is a constant)
wing fluid [see para. 12-6.6(c)]

X gacmy 1S mass flow rate units from fundamental(principles (mass = density x volume).

e ratio of the actual density to a base density is used for applications or calculations requiring

bs. Thus, the units in this calculation are normal m3/h, but it is mass flow rate that is being

duct of the measured volume flow rate and the actual density of the flowing fluid.

e this when comparing uncertainty levels of various meters on the market. If uncertainty is

MH but NCMH is needed, then the additienal error incurred from the density term of the flowing

certainty Calculation of Flow in Units of Normalized Flow

determination of fuel gas density was shown in subsection 4-13 as 0.33% under steady state

or other normal volume flow units, the steady state uncertainty in the determination of gas fuel
br is as follows;

Uy,SCrH 5 110
— = (0.84° + 033 ) = 0.90% (12-8-7)

9y, SCFH

of -Flow

12-8.4 Specific Range

If only a particular range of flow is of interest, then the linearity within that range of flow is probably lower for a properly
sized meter. Enough data must be taken over the smaller range during calibration to ensure adequate precision for
determining the linearity. Under those circumstances, over a smaller range of flows, the uncertainty is lower.

12-9 RANDOM UNCERTAINTY DUE TO TIME VARIANCE OF DATA

The post-test uncertainty analysis must consider variance of data due to unsteady conditions.
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The random standard uncertainty is multiplied by the Student’s t value (typically 2 for a data set) and combined with the
systematic uncertainty by root sum square to determine the expanded uncertainty (the overall measurement uncertainty
at 95% confidence level).

See ASME PTC 19.1 for examples of complete uncertainty analyses, including random errors introduced by time
variance of data. Reference is made to PTC 19.1 for the details of post-test uncertainty analysis requirements for
adding the effects of the time variance of data to the random uncertainty component.

12-10 FIELD CHECKS

Several field checks can be
the meter. These conditions
(a) General The mostcom

sed to determine if significant damage has occurred that would adversely affect accuracy of
ould require immediate correction.

only applied field checks are visual inspection and a spin time test. Meters in operation can
often provide information thrjough their generated noise and vibrations. Severe vibration usually indicates damage that
has unbalanced the turbine wheel and can lead to complete meter failure. Turbine wheel rubbing and poor bearings can
often be heard at relatively low flows, when such noises are not masked by normal flow noise.

(b) Visual Inspection. The [turbine wheel should be visually inspected for missing blades, accumulation of solids;
erosion, or other damage that would affect the turbine wheel balance and the blade configuration. Meter internals
should be checked to ensure there is no accumulation of debris. Flow passageways, drains, breather holes, and lubric¢ation
systems should also be checked to ensure there is no accumulation of debris.

(c) Spin Time Test. The spintime test determines the relative level of the mechanical friction present in the rheter. If the
mechanical friction has not significantly changed and if the meter internals are clean and show no damage, there should be
no change in accuracy. If the mechanical friction has increased, this can indicate that the accuracy of the niéter at low flow
has degraded. Typical spin times for a meter can be provided by the manufacturer on request.

The spin time test must b¢ conducted in a draft-free area with the measuring mechanism jin'its normal operating
position. The turbine wheel i§ rotated at a reasonable speed with a minimum speed of approximately one-twentieth of
rated speed corresponding to|that at q,,max and is timed from the initial motion until the turbine wheel stops. Spin tests
should be repeated atleast thijee times and the average time should be taken. The usual cause for a decrease in spin time is
increased shaft-bearing friction. There are other causes of mechanical friction that<affect spin time, such as heavily
lubricated bearings, low ambient temperature, drafts, and attached accessories.

Other methods of conduct]ng a spin time test are permitted as long as the:method is specified.

The spin time test may not be applicable for all types of turbine meters. The manufacturer of the turbine meter should
be consulted to determine if|the spin test is relevant for the specific modek

(d) Other Checks. Meters equipped with pulse generators at the turbine wheel can assist in detection of the loss of a
blade on the wheel. This can be accomplished by observing the output pulse pattern or comparing the pulse output from
the turbine wheel pulse gengrator to a pulse generator on a follower disc connected to the turbine wheel shaft.

A pulse generator activated|by the turbine wheel blading, or atany other location in the drive train between the turbine
wheel and the meter index, caip be used in conjunction with a pulse generator on the index to determine the integrity of the
drive train. The ratio of alow-frequency pulse from the indexto a high-frequency pulse generated from any location down
the drive train should be a constant regardless of rate.

Certain volume conversion devices attached to turbine meters also indicate volumes at flowing conditions. The change
in the registered volume on the conversion device should equal the change in registered volume on the mechanical index
of the turbine meter over thg same period.

12-11 POSITIVE DISPLACEMENT METERS

The general approach presgntedsin, this subsection should work with many designs of positive displacement meters
(wobble plate, rotating pistoy, rotating vanes, gear, or impeller). All of these meters, which are also called volumeters,
measure flow by channeling itithtough discrete passages of known volumes and counting the volumes. Typical designs in
use are shown in Figure 12-11-1.

In the case of the common wobble plate (or nutating disk) meter, the fluid flows into the lower right port and around the
chamber, either above or below the disk, and out the top left port. In the process, the disk drives a gear train that serves to
convert the number of meter displacement volumes into the desired engineering units. There is a diaphragm between the
top and bottom of the chamber that causes the fluid to flow around the meter, in one side of the diaphragm and out the
other. This diaphragm also prevents the disk from rotating so that its motion is precession without spin.

The metering action of the sliding vane meter, rotating vane meter, and gear-type meter are illustrated in
Figure 12-11-1 with arrows showing the flow path.
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Figure 12-11-1
Positive Displacement Volumeters

Outlet Inlet

Housing
Sliding vane
Cam roller

Measuring
chamber

(a) Metering ChamMyer of a Sliding Vane Meter (b) Measuring Chamber/and Disk

Measuring cham
Rotating Z

(c) Schematic Represgentation of the Operating (d) Cross Section Through a Gear-Type Meter [Note (1)]

Features of a Rotating Vane Meter

NOTE: (1) The gears in this illustration have two “teeth” or lobes.
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12-11.1 Positive Displacement Meter Performance

If all of the seals in the meter were perfect, the only errors in flow measurement that these meters would exhibit would
be those due to the inaccuracies of the measurement of the meter displacement volume and the fluid properties and to the

accuracy of the calibration lab
to slip by uncounted.
Dimensional analysis using

oratory. Obviously, the seals cannot be perfect. Clearances allow a small portion of the flow

Buckingham’s pi theorem (AGA 2006) has shown that two dimensionless groups describe

the meter performance. The first is the meter’s volumetric efficiency, in which g,_ is the actual number of meter dis-
placement volumes counted before conversion to engineering units by the gear train and readout device.

The second consists of a v

where
6P = incremental change
u = dynamic, or absolutg
¢ = viscosity pressure d
Q) = angular velocity

Generally, pressure drop in
absolute viscosity, but not in 3
the middle of the range of th

q,.
y, = —nd (12-11-1)
q"act
iscosity pressure drop factor related to the speed of the meter’s moving parts.
o=t (12-11-2)
&P
n pressure
, Viscosity
op factor

creases relative to the meter speed and the volumetric efficiency inereases with increasing
directly proportional or linear way. The maximum volumetric efficiency usually occurs in
e viscosity pressure drop factor [see eq. (12-11-2)].

12-11.2 Calibration Requirements

Positive displacement metd
intended performance test er]
piping installations and othe
anything else upstream or doy
procedure is to calibrate the
ommendation implies duplic
reported (AGA 2006) that ten
of the meter. Under most uses
should be calibrated periodic3
the volumetric efficiency and

12-11.3 Interpolation of (

Positive displacement mete
the calibration data to the se

The following procedure sh|
actual calibration, based on

(a) Obtain a current calibr
possible. The calibration proc

s should be calibrated using the same fluid at the sametemperature as is expected in their
vironment or service. Unlike turbine meters, these.machines are relatively insensitive to
'wise poor flow conditions; in fact, they are more of a flow disturbance than practically
bn in plant piping. If the calibration laboratory does not have the identical fluid, the next best
meter in a similar fluid over the same:range of viscosity expected in service. This rec-
hting the absolute viscosity of the twio fluids as described in para. 12-11.3. It has been
perature effects, apart from influence,on viscosity, were negligible relative to the accuracy
an uncertainty of 0.5% to 1% cdn-be expected from such a calibrated meter. These meters
lly because mechanical wear-enldrges the internal clearances in the meter, which degrades
, therefore, changes the meter factor or registration.

alibration Data

rs are typically uSed within the calibration data envelope but may require interpolation of
rvice conditien‘of the meter as explained herein.

puld be usedito’predict the meter calibration for fluid conditions different from those of the
J.S. Navytest data (Keyser 1973):

htion as.closely matching the range of viscosity pressure drop factor [see eq. (12-11-2)] as
bduremust include measuring the pressure drop across the meter. Whenever possible, two

calibrations should be perforn

the meter calibration under service conditions.

The multiplicative factor of the gear train ratio can be changed to bring the viscosity pressure drop factor closer to unity
over the new range of use, so this factor must be removed for the dimensional analysis. The precise volume of the meter is
not required; the statistical mean value normally found for that size and make of meter will suffice.

(b) Find the point of minimum meter error (relative maximum of the volumetric efficiency). This is the point that will

be interpolated to the new o

perating conditions.
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Figure 12-11.3-1
Method of Interpolation of Positive Displacement Meter Performance From Calibration Data to Other Fluid Viscosity
and Operating Conditions

>
& 6
>: - .
2 Calibration extremum
[S]
£ N
w
2
g Direction of increasing meter speed
=}
9 _p0
> ¢=5p

In ¢

(c) Calculate the angldg of inclination, the line along which the maximum efficiency is to move. Fhis is done best by
drawing a line between the maxima of two different calibrations with the given meter on a plet of efficiency versus
viscosity pressure drop factor, as shown in Figure 12-11.3-1. Alternatively, it can be estimated from the meter displace-
ment volume using eq. ([12-11-3).

O(deg) = — 12.35 — 11.42InV; (12-11-3)

(d) Calculate the predicted maximum volumetric efficiency. To calculate the'viscosity pressure drop factor [see
eq. (12-11-2)] at the new operating conditions, assume that the maximumsefficiency occurs at the same ratio of
6,/0Q. Then the shift in the locus of the maximum efficiency along the ling shown in Figure 12-11.3-1 is

O(Mpax) = 0.01467 tan Olln(u/p y)] (12-11-4)

In other words, this shift of maximum efficiency is proportional;to the logarithm of the ratio of viscosities.

(e) Draw the predictefl calibration curve. The predicted volumetric efficiency must be transformed, using the gear
ratio, to either percentage registration or its reciprocal, the meter factor, whichever is intended for use. This latter value
should be plotted versus the indicated flow. If the change in-viscosity from the calibration conditions is not too great, the
same shape of curve can|be used as in the original calibration. Since the meter calibration curves normally are nearly
constant, this assumptiop results in negligible additienal error.
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Section 13
Coriolis Mass Flowmeters

13-1 DEFINITIONS AN

13-1.1 Definitions
drive coil: the coil that is

drive current: the current|
allowable.

downstream sensor coil (1
drive coil. Also known a

flow calibration factor (F(
nondimensional factor.

measuring tube(s): single
coils and make up the n

resistance thermal device
influence of thermal exp3

sensor case: an enclosure
leakage resulting from a
housing.

NOTE: Some sensor designs|
ment rating.

upstream sensor coil (USC|
Also known as upstream|
zero offset: the value of

zero stability: the base V|

13-1.2 Nomenclature

Symbols used in this Se
of symbols with units shqg

13-2 INTRODUCTION

Coriolis flowmeters ca
sure. Coriolis mass flow s
generating a rotating refg

D NOMENCLATURE

actively energized to establish the oscillation of the flow tubes.

supplied to the drive coil. This current may also be represented as a percentage of total current

DSC): a passive magnet and coil set used to measure flow tube oscillations downstream of the
5 downstream pickoff coil or pickup coil in industry.

F): the ratio of mass flow per unit time expressed in units of grams/second /microsecond or as a

pr multiple sets of tubes, which contain the fluid being measured, that afe’oscillated by the drive
easurement section of the device.

[RTD): adevice used to measure tube and/or sensor housing temperature to compensate for the
nsion as well as the changes in modulus of elasticity on the mass/flow and density calculations.

surrounding the measuring tubes that protects the internal‘components and will contain fluid
ube failure. Some Coriolis sensor cases provide secondary containment. Also known as sensor

have pressure-rated secondary enclosures. The manufacturer should be consulted for pressure contain-

:rapassive magnet and coil set used to medsure flow tube oscillations upstream of the drive coil.
pickoff coil or pickup coil in industry,

\t, (see para. 13-1.2) captured inva no-flow condition and stored in the transmitter.

hriation of the flow signal expressed in mass flow units.

ction are included in'Tables 2-3-1 and 13-1.2-1. For any equation that consists of a combination
wn in Tables 2-3«<land 13-1.2-1, the user must be sure to apply the proper conversion factors.

h measurediquids, gases, and slurries within acceptable ranges of fluid temperature and pres-
ensershave a fluid-conveying tube or tubes that are oscillated at a resonant frequency, thereby
rénce frame. The flow of the fluid in the oscillating tube results in the development of Coriolis

forces along the length o
motion along the length o

[ The tube. The Coriolis forCes, perpendicular to the direction of {low, Tesist and accelerate the
fthe tube causing a delay of its basic motion. Coriolis flowmeters provide measurement of mass

flow and density. The continuously measured density and mass flow rate are used to calculate the volumetric flow rate.

13-2.1 Sensor Physical Properties

Coriolis flowmeters operate by oscillating a single or multiple set of tubes through which fluid is flowing. The tubes may
be straight or have a curved geometry, each providing benefits to best suit different flow applications. The oscillation of
the tube(s) is analogous to a simple spring-mass system. The natural frequency, f, of the Coriolis sensor is derived from
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Table 13-1.2-1
cifically Applied in Section 13 (in Addition to Symbols in Table 2-3-1)

tube stiffness, C,, tube mass, n
sensor stiffness to mass.

During operation, the tube
scale, erosion, corrosion, matg
fluid and any changes in the n3
constant, the changes in naty
provide a fluid density meas

thermodynamic temperatuf

Dimensions Units
Symbol Description [Note (1)] SI U.S. Customary
Cs Flow tube stiffness MT? N/m 1bf/ft, Ibf/in.
f Natural frequency T! Hz 1/sec
FCF Flow calibration factor MT2 g/s/us Ibm/s/us
mg Fluid mass M kg Ibm
m, Tube mass M kg Ibm
Pr Test pressure MLIT2 Pa psi
qm Mass flow rate MT™? g/s Ibm/sec
T Coriolis flowmeter temgerature output 0 °C °F
At Time difference betweeh the left and right pickoff coil signals T us usec
At, Time difference between|the left and right pickoff coil signalsatno T us usec
flow

NOTE: (1) Dimensions:

L = length

M = mass

T = time

9 =

o

¢»and fluid mass, mg Natural frequency is linearly related to the square root of the ratio of

f= Cs (13-2-1)
my + mg

mass and stiffness values remain constant (ignoring any potential long-term effects like
rial fatigue, or hardening), creating a direct correlation between changes in the mass of the
tural frequency of the system. Since the volumeef fluid contained in the meter also remains
ral frequency are directly related to fluid-density. This allows the Coriolis flowmeter to
irement and makes it possible to caleulate a volumetric flow rate.

The oscillation of the flow tybe(s) creates a rotating reference framefor the fluid to pass through. When there is no flow

through the meter, the flow
reference frame of the flow ty

ube oscillations are symmetric. However, once the fluid is flowing through the rotating
bes, its inertia generates the Corjolis force, which creates an asymmetric deflection of the

flow tube upstream and dow

stream of the drive coil. The greater the mass flow rate through the meter, the larger the

asymmetries in flow tube osci)lations at the pickoff coil§ become. A Coriolis flowmeter measures the deflection of the flow
tubes at a point upstream and|downstream from the driving coil and compares the time difference, or phase shift, in their
sine wave signals to determine the mass of the fluid passing through the meter. As the fluid flow increases, the asym-
metries in the flow tube oscillgtions become greater, creating a larger phase shift between the sine wave signals of the two

Sensors.

Due to variation in manufdqcturing, all-Coriolis flowmeters have a zero offset. This is the At or phase shift observed
during zero flow conditions. This zero-effset value must be captured during calibration and is usually verified or captured
again in the final installation| These zero offsets must be subtracted from the total flow signal by the transmitter to
correctly calculate flow. This| calculation is shown in eq. (13-2-2).

Mass flow is determined by-the—feowingequation:

q,, = (At — At,) X ECF (13-2-2)
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Figure 13-3.1-1
Typical Mechanical Arrangement

Drive coil

Process <
conneegtion

GENERAL NOTE: Courtesy off Emerson Electric.

where
FCF = flow calibratiop factor, g/s/us (Ibm/sec/usec)
qm = mass flow, g/s|(Ibm/sec)
At = time differencq between coil signals, us
At, = time differencqd between coil signals at a no/flew condition, us

NOTE: Some manufacturer§ use nondimensional factors for the variables shown above.

13-3 METER CONSTRUCTION

Coriolis flowmeters consist of two components, the meter body or sensor (primary) and the transmitter or electronics
(secondary).

13-3.1 Primary Device¢

The primary device of the/Coriolis flowmeter is the mechanical sensor (see Figure 13-3.1-1). It consists of flow tubes,

sensor coils and magnets, driver coil and magnet, process connections, a resistance temperature detector (RTD), and case
or housing.

Coriolis flowmeters employ a single or multiple oscillating flow tubes. The geometry of the flow tubes varies and can be
straight or have a curved design similar to the one shown in Figure 13-3.1-1. The primary device or sensor is installed in
the process line, so the user measures the entire flow stream. During operation, the drive coil is energized periodically,
pushing or pulling the flow tube(s) in an oscillating manner. Energizing the drive coil causes the flow tubes to oscillate at
their natural frequency (see Figure 13-3.1-2). Once process fluid is flowing through the oscillating tube (the rotating
reference frame), the Coriolis force is generated.
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Figure 13-3.1-2
Oscillating Flow Tubes

No Flow + No Driver Oscillation

No Flow + No Driver Oskillation

Flow + No Driver Oscill

® Upstream sensor
®  Driver coil
® Downstream sen

GENERAL NOTE: Courtesy of KRO

The Coriolis force creates tl
measured by the sensor coil(|
mounted on either an adjoini
creating the measurement sig

The RTD is used to measur
and is discussed in para. 13-

13-3.2 Secondary Device

The secondary device cons
natural frequency, as well as
typical transmitter that wou

Additionally, the secondary
circuit transmits a current to
and compensate for the tempe

0il

r coil

HNE, Inc.

e asymmetric distortion of the tube set described in para. 13-3.2. The flow tube response is
5) and magnet sets. These are passivé coils mounted on the flow tube, with the magnets
ng tube or the meter body. The magnets pass through the coils as the tube is oscillating,
bnal. The time difference, At, uséd-to calculate mass flow is measured from these signals.
e the tube’s temperature. This measurement is used by the transmitter (secondary device)
3.2.

sts of the electronics that energize the drive coil(s), causing the tubes to oscillate at their
the hardware-to.provide the corresponding data output. Figure 13-3.2-1 is an image of a
d be installed-on a mass flowmeter.

 deviceddetermines temperature by using a RTD mounted on the sensor tube. The RTD
the RTD,and, by monitoring the voltage output, can indicate the tube surface temperature
ratute effect on flow tube response. Temperature variation changes the stiffness of the flow

tubes and influences the mea
without intervention.
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Figure 13-3.2-1
Electronic Transmitter

GENERAL NOTE: Courtesy off

13-4 CALIBRATION A
13-4.1 Calibration

The calibration factor
periodic calibration may

Emerson Electric.

ND UNCERTAINTY

s the linear relationship of mass flow to time delay. Depending on the Coriolis manufacturer,
be recommended. Some manufacturers have in situ verification systems.capable of performing

verification without disryption of the flowing process. Secondary effects, such as pressure andtemperature, can affect the

calibration factor and ze

Meter calibration will b
and fatigue. If any of the
oscillation should not ind
typically at a higher unc
another flowmeter, usuall
in-field verification tools
verification tools can pro
calibrations (removal, sh

13-4.2 Lab Calibratio

There are several test s
at the manufacturer or i
configuration to reduce

13-4.2.1 Testing Fluid
fluids ranging from natur
a secondary verification
fluids, and manufacturer]
equally well on this wide
a fluid closer to the appli
through 13-4.2.1.3.2.

13-4.2.1.1 Water. M

roing and are discussed in para. 13-4.2

e directly affected by anomalies such as pitting, corrosion, erosion; cracks, alloy decomposition,
se conditions are known to exist, the meter must be recalibrated or replaced. Normal tube
uce fatigue stress that affects the calibration. Coriolis méters can be calibrated in the field but
brtainty than in a factory or accredited laboratory. A field calibration can be conducted with
ly Coriolis, in a portable test rig that is plumbed intohe user’s system. Manufacturer-provided
chould be used as an alternative or complement tofield calibrations where possible. Using field
ong calibration intervals and reduce the risk ef.systematic faults associated with recurring lab
ipping, and reinstallation).

h and Testing Considerations

etup and configuration parameters the user should be aware of when calibrating a meter either
h a commercial laboratory. Laboratory calibration configurations should reflect the end-use
measurement errors incurred’upon final installation.

. Coriolis meters work on-a very wide variety of fluids. They can be calibrated or verified on
] gas to crude oil. Typigally, Coriolis meters are calibrated with water, and the user determines if
br calibration on‘an alternate fluid is required. The water calibration is transferable to other
5 should proyidé documentation supporting this transferability. The Coriolis principle works
ange of fluids;but regulatory or contractual obligations may require verification/calibration on
cation. Some considerations when testing on various fluids are addressed in paras. 13-4.2.1.1

stmanufacturers will calibrate using air and water to determine the primary calibration coef-

ficients (both mass and d

stable temperature conditions and compares meter performance to traceable mass and density references. Many Coriolis
meters have a mass flow uncertainty specification of 0.1% as delivered from the factory. The required application
uncertainty should be considered when selecting a lab for water flow testing.

13-4.2.1.2 Oils (Hyd

rocarbons). Testing laboratories that provide oil or other hydrocarbon calibrations on Coriolis

meters will use products that include mineral oil, diesel or kerosene (light hydrocarbons), and sometimes crude oil or fuel

oil (heavy hydrocarbons)

. This can be a challenging measurement because the labs often employ volumetric technologies

to measure these fluids (i.e., ball or piston provers or a volumetric flowmeter used as a transfer standard). The Coriolis
meter provides a real-time actual volume flow rate output but, because the Coriolis meter calculates volume flow rate
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Table 13-4.2.1.3.1-1
Impact of Meter Tube Gas Velocity on Performance

Mach Number

[Note (1)] Performance Expectation
Ma < 0.2 Ideal performance — pressure drop suitable to most applications
0.2<Ma<03 Acceptable performance — sensors typically meet spec, but degradation in repeatability may be observed. The range of
acceptable performance of a meter is dependent on the meter design, and the manufacturer should be consulted.
Pressure drop may exceed requirements for some applications.
Ma 2 0.3 Not recomipre th terst t t

rate incr

ases.

NOTE: (1) The Mach number is e

output based on continuously

ual to the meter tube gas velocity divided by the speed of sound.

F measured density and mass, the density of the liquid hydrocarbon passing through the

meter needs to be stable relative to the measurement reference. Large temperature differences between the measurigg

points of reference and the C
Greater than expected uncertd
stability. There should beno g
temperature at the measurem
converting the volumetric fld
Heavier hydrocarbons are
reference. If testing on heavie
the solution. Although temper
is the same as previously des
current output of the Corioli
entrained air. The drive curr

13-4.2.1.3 Gas. Asmenti

is important to note that Cori
calculate actual volume from
works well on liquids, it can
sensitivity to measure gas de
(fixed reference density) out
Most gas laboratories offei
meters, but there are test se

13-4.2.1.3.1 Gas Velog
velocity needs to be considers
measurement performance i
Because gas testing pressui
varies. The velocity in the flow
velocity will yield the best me
impacts to performance. Thes
The Mach number serves as g
velocity of the gas in the meter
speed of sound (see Table 1

oriolis meter under test indicate relatively large differing fluid properties (e.g., density).
inties will be observed if the system does not have sufficient fluid temperature and density
reater than a 3°C (5.4°F) difference between the fluid temperature at the meter and the fluid
entreference. These same considerations apply when testing the Coriolis meterinmass and
w rate output of the reference flow rate to mass with a sampled density:

brone to entrained gas, which impacts both the Coriolis measurementand-the volumetric
hydrocarbonsisrequired, the fluid temperature may have to be elevated to drive air out of
pture and density stability are more challenging at elevated temperatures, the requirement
‘ribed. If the user or laboratory has concerns about entrained airduring testing, the drive
meter should be monitored. The drive current will rise quickly with small amounts of
ent is a useful diagnostic tool.

ned above, the water calibration of Coriolis meters canbe transferred to gas applications. It
lis meters are not recommended for actual volume.measurement of gases. Coriolis meters
measured density and mass flow. Although the density measurement of Coriolis meters
have a large uncertainty on gasses. This is because Coriolis meters do not have enough
hsity. As a result, Coriolis meters should only be configured for mass or standard volume
put when measuring gasses.

either natural gas or air calibrations:“Both fluids work equally well for testing Coriolis
fup considerations as listed in paras. 13-4.2.1.3.1 and 13-4.2.1.3.2.

ity. Although most gas flow testing of Coriolis meters is specified in mass rate, flow tube
d. Excessive velocity in the flow tubes will create excessive pressure drop as well as induce
sues.
es and densities vary widely, the velocity realized in the flow tube for a given mass rate also
tube drops by roughly halfevery time the pressure doubles. Higher pressures and lower gas
surement with\€oriolis meters. Table 13-4.2.1.3.1-1 shows guidelines for tube velocity and
e velocities arerelative to the speed of sound (Mach number) of the gas used during the test.
normalized indicator for gas flow velocities regardless of the gas being used. Calculating
tube will¥equire input from the manufacturer on tube diameter and knowledge of the gas’s
-4.21.3.1-1).

13-4.2.1.3.2 Gas Test

measurement. Higher pressure gases have higher densities and provide higher mass flow rates for any given volumetric
flow rate. The test pressure directly impacts what mass flow rates can be reasonably tested, and higher pressures are
always preferable. Since lower pressure gases have lower densities, high velocities in the flow tubes are required to
achieve meaningful mass rates. Excessive gas velocity in the flow tubes can contribute to measurement issues as

mentioned in para. 13-4.2.1.
and testing.

3.1. See Table 13-4.2.1.3.2-1 for gas pressures and recommendations for applications
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Table 13-4.2.1.3.2-1
Measurement Recommendations for Different Gas Test Pressures

Test Pressure

Measurement Recommendation

Pr < 700 kPa (100 psi)

700 kPa (100 psi) < P < 1700 kPa

(250 psi)
1 700 kPa (250 psi) < Pr < 8,

8 270 kPa (1200 psi) < Py

Notrecommended — Coriolis meters can be used in applications below 700 kPa (100 psi),
but accuracy can be greatly reduced. Consult manufacturer for specific sizing
information.

Recommended — suitable pressure range for Coriolis meters. Evaluation of fluid velocity
still required.

fluid velocity still requred, but velocity-iduced issues ar less likely.
Coriolis meters work well inapplications above 8 270 kPa (1 200 psi), but few laboratories
are capable of testing at pressures this high.

13-4.2.2 Test Setup apd Configuration. Coriolis meters are highly configurable to suit a wide variety of applicatigns.

However, misunderstoo
provide a record of the a
mance testing and applic
rate and data collection

13-4.2.2.1 Nominal
pressure drop with wate

l or incorrect setup can have significant impact on performance. Test laboratories, sheuld
-calibrated configuration condition as part of their report. A list of guidelines for both perfor-
htion sizing considerations is provided in paras. 13-4.2.2.1 through 13-4.2.2.6 along‘with flow
times.

Flow Rate. Nominal flow rate is the ideal liquid flow rate for a given meter size; At this rate, the
r is typically 99.9 kPa (14.5 psi). Liquid flow testing should be based on)this rate.

13-4.2.2.2 Maximum Flow Rate. The recommended maximum that can flow through thie meter is determined by

taking pressure drop and
canrange from 2 times to
flow rate is not desirable
nominal, cavitation may

more back pressure (thr
performance and can da

13-4.2.2.3 Minimun
situations, 20:1 turn dow]
tions due to velocity cong
must be fully understoo

cavitation (or structural damage) into consideration. Pressure drop at the maximum flow rate
4 times the nominal flow rate, depending on meter design. Using.or-testing a meter at maximum
Hue to the significant increase in energy required to flow through the meter. At rates at or above
ccur if the downstream pressure is 140 kPa (20 psi) or less-This can be remedied by creating
ugh closure of a valve), or by increasing inlet pressure, or both. Cavitation will impact meter
mage the sensor tubes if it is sustained over long periods.

Flow Rate. Most Coriolis meters are within standard specification at 10:1 turn down; in some
h might be an acceptable range for flow testing.These ratios are greatly reduced in gas applica-
traints (see para. 13-4.2.1). However, large turn down impacts accuracy (see para. 13-4.2) and
I before conducting a test.

13-4.2.2.4 Test Data Collection Time. Data collection time is the duration of the measurement in a testing system

(i.e., the batch or flowing
sufficient to achieve the
quirements.

(a) Example1.Aflowt
uncertainty calculated or
associated statistics are

(b) Example 2. A flow t

period) for a given condition that'is used to calculate uncertainty. Totalization time must be
Hesired uncertainty levels. If pulse output is used, the total pulses must meet uncertainty re-

bst is conducted on a Cotiolis meter collecting data for 1 hr at 30-sec intervals, and the mass flow
the 1 hr aggregate esults meets the criteria listed in Table 13-4.2.2.4-1. The uncertainty and
based on the 1 hr-tesults and not the 30-sec samples.

est is conductedon a Coriolis meter for 20 sec (i.e., flowing to a weigh scale tank), and the mass

flow uncertainty calculaged on this 20-sec measurement does not meet the criteria listed in Table 13-4.2.2.4-1.

Some test requirement
multiple test points to rec
best practices should be

s may démand short measurement batches and that special procedures be employed, such as
uce uncertainty in those cases. Although flow rate and lab capability may limit collection times,
hdhered to when possible. Table 13-4.2.2.4-1 lists the best practices for liquid and gas testing.

Table 13-4.2.2.4-1
Best Practices for Liquid and Gas Testing Data Collection Time

Collection Time, s

Testing Medium Minimum Recommended
Liquid 30 60
Gas 90 120
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13-4.2.2.5 Output Configuration

13-4.2.2.5.1 Flow. Coriolis meters can be configured to measure flow in either mass or volumetric units,
depending on the application requirements. Paragraph 13-4.2.1 covers some considerations for testing in volume
units. A Coriolis meter is a rate of flow-type device, and evaluation of the flow output with minimum damping will
appear noisy. This noise band may be up to 2% of the average flow reading. Although this noisy behavior exists
on the flow signal, the meter is measuring correctly. This output noise can be reduced by increasing the flow
damping parameter in the transmitter. This function will average the flow signal over longer periods, smoothing
the output. Increasing the flow damping parameter will decrease flow output response time and should be evaluated
against[the application requirements.

13-4.2.2.5.2 Frequency Output. A Coriolis meter is a synthesized pulse device. The transmitter synthesizgs a
frequerjcy or pulse output based on the current value of the measured parameter. Because the frequency output is hot
limited by mechanical operation, it is also highly configurable. Most Coriolis transmitters are capable of 0 Hzto 10,000 Hz
output gcaling. The transmitter frequency output can be configured based on units/pulse, pulses/unit, erfrequency equal
to flow fate. The highest frequency output should be used without over-ranging the output. This willprovide the greatest
resolutjon and ensure additional uncertainties are not beinginduced due to lack of pulse resolution, Ira test environmeént,
the frequency output should be configured so that at minimum 10,000 pulses are recordeddor each data point.

1344.2.2.6 Meter Zeroing. Due to asymmetries in manufacturing, Coriolis meters ‘have some measurable flow
reading at zero flow. This flow rate offset reading must be captured in the transmitteryin order to properly calculate
mass flpw as discussed in para. 13-2.1. The process of zeroing should be conducted ilv'stable conditions by experienfed
personfel. Conducting unneeded zero calibrations, or zero calibrations in unstable‘conditions, can make the measyre-
ment worse. Although many manufacturers have their own recommendationsto assist in zeroing Coriolis meters, the
guidelijes below are best practices for all Coriolis meters. For instances where these guidelines cannot be adhered to, the
zero esfablished in the factory calibration should be used.
(a) Temperature Stability. The Coriolis meter temperature output,Icyshould be monitored prior to zeroing the meter.
The following criteria should be met for conducting a zero calibration:
(1) T¢ < 5°C (9°F) difference between fluid temperature.and Coriolis temperature
(2] T¢ < 1.5°C (2.7°F) variation of the Coriolis temperature during the zero calibration
(b) No Flow State. In order to properly conduct a zero calibration, a known no flow state must be created in the meger.
This is pest accomplished by closing upstream and downstream isolation valves. Closing a single downstream isolatjon
valve is|also suitable if upstream and downstream isolation is not possible. The flow output of the Coriolis meter shal| be
monitofed prior to executing the zero procedure. This-can be accomplished through diagnostic parameters or through the
primary mass output. If the primary mass outputis used, the low flow, or mass flow, cutoff and damping will have td be
temporprily set to zero and the flow direction will need to be set to bidirectional flow. Consult the manufacturer for which
flow parameter to monitor prior to zeroing:The selected parameter should be monitored to ensure that no flow is presgent
and thgn zero calibration can take place:
(c) Zero Value. The units of the zéro parameter vary by manufacturer. This parameter may be displayed in flow urfits,
time unjits, or percent. The “goodness” of a specific zero value will depend on manufacturer and specific model. Althofigh
this valpe is model specific, the robustness of the zero process conducted can still be evaluated. This requires prodess
conditipns that allow for multiple zero calibrations in a row.
(1)} Trending. Multiple zero values trending in one direction (i.e., increasingly negative) may indicate a leak in the
block valves. Flows imthe meter section can also be caused by pressure differentials in the system. Localized flows car] be
created when thepressures equalize. Trending the zero value may also indicate a transient temperature condition (j.e.,
the mefer is slowly equalizing to ambient when fluid is warmer than ambient). The leaks may need to be repaired| or
additiopal piirging time may be required to stabilize temperature.
(2] Instability. Normally, zero values will alternate around a central point in sinusoidal fashion. If the values collected
are hig aried-then there mavasustem problemlnalicuid sustemthis could be pped-airin-themeterorpartidlly
full tubes. This will cause an imbalanced condition and yield poor zeros or fail the zero calibration entirely. This is also true
when liquid is presentin the tubes in a gas system. Block valve leaks can also manifest themselves as instability in the zero
values because not all leaks flow at a predictable rate. If none of these issues are present, the manufacturer may need to be
consulted for further diagnosis.

13-4.2.3 Measurement Uncertainty. Coriolis flowmeters are available with varying, specified mass-flow uncertainties
and can range between 0.35% (gas) to 0.1% (liquid) under ideal conditions. There are two categories of parameters that
influence the overall uncertainty of a Coriolis meter’s measurement. The first is the determination of primary calibration
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Figure 13-4.2.3-1
Typical Calibration Curve With Uncertainty Bands (2o Limits Shown)
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for, and the second is the contribution to measurement uncertainty by secandary effects. Detailed uncertainty

rimary calibration factors for a Coriolis meter are the linear calibration factor and the zero value. When a 1
nufactured, a unique calibration factor is determined through.the’manufacturer’s calibration (calibration

ordance with the general practices outlined in ASME PTC 19;1. In addition to the calibration factor, the manu
st determine a zero value during the calibration process.Although the zero value is typically captured again in {
tomer’s installation, evaluation of the zero value during calibration is necessary. As flow is decreased and th
sequent reduction in primary flow signal, zero stability has an increasing influence on the flow calculation
bn quantified by the manufacturer’s zero-stability specification and can be seen on the typical trumpet curve p
the calibration documentation (see Figure 13-4.2:3-1). Although the zero value cannot be improved during cali
stability or random uncertainty contributienrat lower flows can be measured during the calibration process.

econdary effects on measurementuncertainty are also typically quantified by the manufacturer. Most Coriolis

au

omatically compensate for chahges in fluid temperature that affect overall performance, but changes in fluid t4

s of a Coriolis meter with different line temperature and pressure_imipacts are shown in subsection 13-6¢.

evalua-

heter is
ystems

redited to ISO/IEC 17025 are preferred). The process for evaluating the overall calibration uncertainty should be in

acturer
he final
ereisa

This is
Fovided
bration,
\ meter
,or the

meters
mpera-

ture will also influence the zerod.value. This difference has the greatest effect if the operating temperature of the fneter is

dif}

erent from the temperattre at which the zero is determined and the meter is being operated at low flows. In

rder to

undlerstand the impact ofitemperature-related effects, flow performance must be evaluated against the operating flow

an

tion.

pr
w
Se

the manufacturer’sprocess temperature effect specification. See examples in subsection 13-6 for additional if

rocess pressure can also contribute to measurement uncertainty. In cases where a Coriolis sensor is affe
ssure, a systematic negative uncertainty can be observed with higher line pressures. The effect of pressy
ther it Will influence the measurement for a given meter, should be documented in the manufacturer’s lit
para~d3-4.3.2 for additional information on temperature and pressure influences.

hforma-

cted by
re, and
brature.

13-4.3.1 Density. The Coriolis flowmeter measures both mass flow and density independently. The density of fluid is
measured from the frequency of oscillations of the sensor (tube period) and not At, or phase shift, measurement (mass
flow). Because density and mass flow measurements are measured independently, fluid density has no impact on the
mass flow measurement. However, variation in fluid density will impact the volumetric output as volume is calculated
from the measured mass flow and density.

13-4.3.2 Fluid Temperature and Pressure. The effects of temperature and pressure vary depending on geometry and
construction of the meter. Temperature can affect temperature-dependent properties of the tubing material and cause
changes to material sensitivity or stiffness as well as damping. Thermal expansion or pressure forces can cause increased
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Figure 13-4.3.2.1-1
Temperature Effect on Zero (20 Limits Shown)
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tube strjesses and area changes. Temperature effects tend to bethigher in straight tube meters when compared to bent tfibe
meters [because of their inability to flex and accommodate's6me expansion. The Coriolis flowmeter electronics should
comperjsate for temperature variations, as described earlier in this paragraph. These type of temperature effects pre
linear, gnd associated compensation is also linear. Coriolis meters also have a temperature-related zero shift that mustbe

properly adjusted in the field or accounted for in;uncertainty calculation.

Presqure shifts can also result in measuremient uncertainty. As pressure inside the flow tubes increases, the forces
acting dn the tube increase, creating stress inthe tube walls that acts to stiffen the tubes, changing their response. Changes
in presqure tend to have a greater effecten bent tube meters when compared to straight tubes, as the increased presspire
acts to thake the tubes rounder and the tubes try to straighten. Since the tubes are constrained by the meter’s construction,
they capnot fully realize this new shape, and subsequently stiffen. Stiffening of the tube can cause a Coriolis metef to
underr¢ad relative to true mass.flow. Notall Coriolis meters will display this pressure effect, but those that do will reqdire
comperjsation. Compensatignis-typically implemented when the operating pressure is at least 700 kPa (100 psi) gredter

than the calibration pressure.

Exanjples of how preSsure and temperature can impact performance are described in paras. 13-4.3.2.1 and 13-4.3.R.2.

For both high-température and high-pressure applications, consult the manufacturer.

1344.3.2.1 Elevated Temperature Example. Coriolis manufacturers shall automatically compensate the flow signal

for tem
Coriolif
temper

drift, the meter must be zeroed at the process temperature. The magnltude of this zero drift is meter-design specific and

should be provided in the manufacturer’s specifications.

Figure 13-4.3.2.1-1 is a performance curve example of a Coriolis meter that employs automatic span compensation,
operates at 60°C (140°F), and was zeroed at 20°C (68°F). In the example, there are two specification lines. The dashed line
(specification at calibration) represents the standard specification for this particular model and would be the speci-
fication if the meter were zeroed at operating temperature. The solid line (specification at temperature) represents the
specification in the process conditions described above with a 40°C (72°F) difference between zeroing and operating
temperature. The specification at temperature illustrates the maximum possible drift that may be observed for this meter
in these conditions. The meter may not actually drift to this degree, but this is the new specification for the Coriolis meter
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Figure 13-4.3.2.2-1
Pressure Effect on Span (20 Limits Shown)

o =

0 5 10 15 20 25 30 35 4

Mass Flow Rate, Ib/sec

o 'Error' at Calibration Pressure
o 'Error' at Operating Pressure

rrrrrrrrrr Specifciation at Calibration

in the process condition. As the example illustrates, thisds less of a concern as flow rate increases but could impa
flow performance.

Error, %
o
o

t lower

13-4.3.2.2 Elevated Pressure Example. Not all Coriolis meters require pressure compensation. Some designt do not
haye a pressure effect, and many meters aré.operated close enough to the calibration pressure that compensatidn is not
neg¢ded. For meters that do have a pressure éffect and are operated at a pressure thatis 700 kPa (100 psi) or greater from
the calibration pressure, pressure compensation should be considered. Pressure compensation can typically b¢ imple-

mented in one of two ways. The.€ompensation can be a
) fixed value entered intosthe/transmitter, or
) dynamic compensatipn that is based on live line pressure

or instances where linepressure is relatively stable [up to 207 kPa (+30 psi) variation], fixed pressure compensation
is quitable. In systems where larger pressure variation is present, dynamic pressure compensation should be us¢d. With
dympamic pressure compensation, alive pressure value is fed into the Coriolis transmitter via a digital protocol or af analog

oufput from a présSure transmitter. This value is then used in real-time pressure compensation calculationg.

ressure effecton Coriolis meters creates a systematic span uncertainty, which can easily be observed in

a high-

prgssure testinhg laboratory. Figure 13-4.3.2.2-1 is a performance curve example of a Coriolis meter that has a pressure

eff¢ct [-0.00023% of rate/kPa (-0.0016 % of rate/psi)] tested at 3447 kPa gauge (500 psig) on natural gas
cothpensation is implemented. This 0.75% difference between the original water calibration (uncertainty at cal
prgssure) and the high-pressure gas calibration (uncertainty at operating pressure) is the systematic span unc

and no
bration
prtainty

induced by the stiffening of the tubes at elevated pressure.
Some shift in zero value may be observed between a zero captured at ambient and a zero captured at high p

ressure

[2700 kPa (2100 psi)]. A Coriolis meter should not shift more than the stated zero stability of the sensor when changing
from one pressure to another. Ifthe sensor is to be operated at elevated pressure, itis best practice to zero at the operating

pressure.

13-4.3.3 Viscosity. Coriolis flowmeter measurements can be affected by changes in viscosity, particularly wi

ith high

viscosity liquids operated at low Reynolds numbers. The manufacturer should be consulted as to what compensation

techniques are appropriate when measuring high-viscosity liquids. Gas applications are not impacted by vi
regardless of design.
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13-5 APPLICATION CONSIDERATIONS

It is essential for the user of the flowmeter to clearly define and understand the flowing fluid, process conditions, and
requirements of the application to determine a suitable flowmeter. The useable range, or turn down, of a Coriolis meter
will be determined by both pressure drop and stability of the zero.

In applications where maximum flow must be achieved, the pressure drop of the Coriolis meter should be evaluated. In
applications where little pressure drop can be tolerated, using a Coriolis meter with straight-tube geometry or a meter
larger than the nominal pipe size may be desirable.

However, increasing the size of the Coriolis meter will increase (worsen) the overall zero stability of the sensor. This in
turn m¢ves the inflection point of the meter’s specification curve (see Figure 13-4.2.3-1) higher in flow compared fo a
smallerymeter. This increase in uncertainty at low flow may be acceptable, depending on the application requirements.
Also, use of alarge meter will resultin the measured flow being at alower percent of full scale, so the overall zero.stabi]ity
has a 13rge impact on the measured flow.

Conversely, if optimum low-flow performance is required for a given application, the smallest meter pgssible should be
used.

13-5.1| Materials of Construction

The yser must define the fluid and ambient conditions of the application so that a suitable/neter can be selected. This
selectign should be driven by the flowing material and the external environment.

13-5]1.1 Pressure. Pressure ratings of the Coriolis flowmeter will depend on the application and manufacturer. Most
sensor flesigns are equipped with a process connection that may inform a specific yange of available pressure ratings. The
tube pressure rating within the meter will be dependent on manufacturer, design, and material. A primary containmgent
pressuije rating for the measurement tube(s) and process connections of 9990 kPa (1,450 psi) is common. Some mahu-
facturers offer high-pressure designs as well as pressure ratings on the sensor housing as a means of secondary contgin-
ment in/the event of a tube failure. Manufacturers can also provide rupture discs on the case or housing for high-presspre
applications where a tube failure would create excessive pressure inside the case.

13-5.1.2 Pressure Loss. Unrecoverable pressure loss induced\by a Coriolis meter varies by design and manufactufer.
Coriolid meters are commonly sized around a nominal flow that equates to 99.9 kPa (14.5 psi) of pressure loss, but some
specialy designs do not follow this convention. Pressure lossat higher rates may be beyond the application requirements,
and a larger meter should be considered. Consult manufacturer’s sizing recommendations to ensure an appropriate 4ize
has begn selected.

Figure 13-5.1.2-1 shows pressure loss versus-rate. This is a sample of various meter designs, manufacturers, and line
sizes.

13-5/1.3 Temperature Rating. The flowmeter’s temperature range is specific to material and manufacturef. A
temperjpture range of -200°C to 200°C-(-328°F to 392°F) is commonly available from most manufacturers, gnd
high temperature Coriolis meters(rated up to 350°C (662°F) are also available. Most Coriolis meters’ electrorfics
system$ will accommodate for (the:modulus of elasticity-related performance shifts for the entire operating range
of the spnsor. However, the Cdriolis meter must be zeroed at line temperature to achieve lowest possible measuremgent
uncertdinty.

13-5.2| Installation

The mhanufactuferinstallation guidelines should be followed when installing a Coriolis flowmeter and its electronfcs.
The copsiderations in paras. 13-5.2.1 through 13-5.2.3 may help in defining these requirements.

.'onl- e sensorandfheele on A(Corio mete D1CA dgesigned to WOrkwith a proce onnec-
tion bolted into a pipeline, and this typically serves as the primary ground. Improper grounding can cause performance
issues such as excessive zero drift.

13-5.2.2 Piping Requirements. The piping is a function of the specific meter’s design. Manufacturers design Coriolis
meters to national and international standards such as ASME B31.3 and ASME B31.1 and will have obtained various
approvals and certifications that drive the facility’s requirements. The piping alignment should conform to standard
piping practices. During installation, sensor piping should be adequately supported by pipe clamps on either side of the
meter to ensure a sturdy installation and minimize the transfer of any static or dynamic forces from the piping system to
the meter. Block valves should be upstream and downstream of the meter to facilitate zeroing of the Coriolis flowmeter.
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Figure 13-5.1.2-1
Pressure Drop Versus Mass Flow
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3-5.2.3 Flow Conditioning. Because Goriolis meters do not rely on a specific flow distribution to function p
v conditioning is not required. Coriolis meters are highly tolerant of elbows, tees, and other various piping
tions on both the inlet and the\outlet.

\Ithough flow conditioning i§ not required for Coriolis meters, there are still installation considerations that
taKen into account for optimtiim-performance. Improper system arrangement, poor assembly, and some process
tions will impact performiance. The guidelines in paras. 13-5.2.3.1 through 13-5.2.4 provide best practice recd
datjions.

13-5.2.3.1 Flow.Control Valves. A flow control valve should be located downstream of the Coriolis meter. W
trol valve is located upstream, it can reduce line pressure before the meter and cause cavitation in the flow
be pressure drop across an upstream valve can also generate significant flow noise that will impact the
asurenient’

13-5/2.3.2 Pipe Assembly and Gasket Alignment. Poorly assembled pipe work can create cavities that cr
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“hanging” in the flow can create flow noise that interferes with measurement. This is primarily a concer
flow applications but should be avoided in liquid flow as well.

hey are

n in gas

13-5.2.3.3 Process Connections. Coriolis meters are compatible with nearly all process connections. However,
connections such as ring type joint (RT]) flanges require special consideration. RT] flanges create an annular

cavity between the flange faces. This gap between flange faces can create broad flow noise at higher gas ve
It is less of a concern in liquid flows, but particulates can still accumulate in this cavity. If RT] or similar
are used, then a gasket/seal ring with an interior filled to the diameter of the pipe bore should be employe
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13-5.2.4 Tube Orientation. For curved tube Coriolis meters, orientation of the tubes must be considered for the
application. Generally, the tubes are mounted downward for liquid applications (to ensure they remain full), and
upward for gas applications (to ensure no liquid is trapped). In applications where draining is required, a vertical
mount, or ‘flag, position should be used. Other orientations can also be used successfully, but the manufacturer
should be consulted for the specific application. Straight-tube Coriolis meters are less susceptible to trapping gas
or liquid; however, attention should be paid to the connected piping configuration to ensure the meter does not

contain

any trapped fluids.

Special attention should be paid when a Coriolis meter with multiple flow tubes is used with a multiphase fluid in a

horizon

talnine run to prevent the phases from separating and passing through different flow tubes _Thiswaould create a
I I I I (=] I (=] O
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Table 1
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ce in densities between the flow tubes and alter their response from one another, introducing uncertainty‘in
basurement.

IELD UNCERTAINTY EXAMPLES

xamples in this subsection provide an estimated uncertainty of a Coriolis meter used in natural'gas and in liq
cate flow measurement applications. These estimates are performed at maximum and minimum flow rate cor
demonstrate the impacts of zero stability on flow rate, zero-related temperature drift, and the pressure effect

Example 1

h this example, the Coriolis flowmeter is used to measure natural gas fuel feed to a power generation turbine.
isunheated, and the flowmeter has been zeroed at the operating temperature. Dynamic pressure compensatio
. Table 13-6.1-1 shows the analysis for maximum flow rate; Table 13<6:1-2 shows the analysis for minimum fl

lowmeter Information and Operating Conditions
150 mm (6 in.) U-tube Coriolis meter
Pulse output
Natural gas — unheated
Operating pressure = 3 500 kPa gauge (500 psig)
Operating maximum flow = 16.5 kg/s (38 Ibm/sec)
Operating minimum flow = 3.5 kg/s (8 lbm/sec)
Zero stability = 0.0183 kg/s (0.042 1bm/sec)
Base uncertainty for gas measurement =/0.35%
Pressure effect on span = -0.00023%jkPa (-0.0016%/psi)
)) Pressure effect residual uncertainty = 0.000015%/kPa (0.0001%/psi)
) Environmental temperature-effect (zero drift) = £0.0003% of maximum flow per °C
') Rated maximum liquid flew-= 391.9 kg/s (900 lbm/sec)
) Calibration pressure (watetr) = 138 kPa gauge (20 psig)
) Operating temperature-= 26.7°C (80°F)
}) Flowmeter zeroing\temperature = 26.7°C (80°F)

Example 2

h this example; the flowmeter is used for a natural gas fuel feed onto a power generation turbine. The fuel ga
hind the flowmeter has not been zeroed at the operating temperature. Dynamic pressure compensation is enab
3-6,251-shows the analysis for maximum flow rate; Table 13-6.2-2 shows the analysis for minimum flow r
lowmeter Information and Operating Conditions

the

nid
di-
on

'he
his

S is
ed.
hte.

(1
&)
3

Pulse output
Natural gas — heated

(4) Operating pressure = 3 500 kPa gauge (500 psig)

(5) Operating maximum flow = 16.5 kg/s (38 lbm/sec)

(6) Operating minimum flow = 3.5 kg/s (8 lbm/sec)

(7) Zero stability = 0.0183 kg/s (0.042 Ibm/sec)

(8) Base uncertainty for gas measurement = 0.35%

(9) Pressure effect on span = -0.00023%/kPa (-0.0016%/psi)

(10) Pressure effect residual uncertainty = 0.000015%/kPa (0.0001%/psi)
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(11) Environmental temperature effect (zero drift) = £0.0003% of maximum flow per °C
(12) Rated maximum liquid flow = 391.9 kg/s (900 lbm/sec)
(13) Calibration pressure (water) = 138 kPa gauge (20 psig)

(14) Operating temperature = 144.4°C (292°F)

(15) Flowmeter zeroing temperature = 26.7°C (80°F)

Table 13-6.1-1
Example 1 — Analysis of Unheated Natural Gas Applications at Maximum Flow Rate

Systematic
Uncertainty
Source of Contribution
Uncertainty Calculation to Achieve Systematic Uncertainty (k=2) Note

Floyvmeter base
specification
($pec.)
Zerp stability
bntribution
.S.) including
hvironmental
mperature
ffect (E.E.)

[ = o)

Base uncertainty for gas measurement = 0.35%

Z.S. without temp. effeet' = 0.0183 kg/s

Spec = 0.35% Water calibration trangferred to
gas manufacturer’s
specification.

Z.S.=0.11% Because the meter wds zeroed

Additional contribution to Z.S. from the environmental specification at operating tempefature,

(E.S):

(%) (ratéd max. flow) (max. operating temp. — sensor zeroing temp. ) =ES.

(0.0003%
100
ES. = 0 kg/s

Systematic uncertainty contribution due to Z.S. at 16.5 kg/s:

Z.S.w/o temp. effect + E.S. ¥100=7Z.S

operating max. flow

)(%)(zwc — 267°C) = Okg/s
S

there is no change fo overall
zero stability due t
temperature induced drift.

Pressure ettect
(P.E)

Systematic uncertainty at 95% confidence level (root-

sum-square)

0.0183kg /s + 0kg/s *100=0.11%

16.5kg/s
Span elfect (5.E.]J without pressure component: F.E. = U0.U5% With the implementation of
(P.E. on span) (operating press. — calibration press.) = S.E. dynamic pressure
-0.00023%/kPa*(3500 kPa - 138 kPa) = -0.77% compensation, only the
SE. =-0.77% residual uncertainty of the
Pressure compensation residual uncertainty at 3 500 kPa (P.E.): pressure compensation
(P.E. residual uncertainty) (operating press.) = P.E. needs to be included.
0.00001S5 % *3500kPa = 0.05%

kPa

The resulting systematic
A spec.2 +2.8% + P.E.2=systematic uncertainty . g .y .
uncertainty in Example 1 is

V0352 + 0.1 + 0.05* = 0.37% 0.37%.

191


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2022.pdf

ASME PTC 19.5-2022

Table 13-6.1-2

Example 1 — Analysis of Unheated Natural Gas Application at Minimum Flow Rate

Systematic
Uncertainty
Source of Contribution
Uncertainty Calculation to Achieve Systematic Uncertainty (k=2) Note

Flowmeter base Base uncertainty for gas measurement = 0.35% Spec = 0.35% Water calibration transferred to
specification gas manufacturer’s
(spec.) specification.

Zero staljility (Z.S.) Z.S. without temp. effect = 0.0183 kg/s Z.S.=0.52%  Becausethe meter was zerodd at
contrilpution Additional contribution to Z.S. from the environmental specification operating temperature, ‘there
including (E.S.): is no change to everall z¢ro
environmental EE. (rated max. flow) (max. operatingtemp. — sensor zeroing temp.) = E.S stability due to temperatyre
tempefature 100 -How - OP g temp- z glemp:) = .o induced drift!
effect [E.E. .0003% \ (391.9k

) (m)(—g)(sz’c — 267°C) = Okg/s.

100 s
E.S. =0 kg/s
Systematic uncertainty contribution due to Z.S. at 3.5 kg/s:
Z.S.w/o temp. effect + E.S. #100=Z.S.

operating min. flow
0.0183k; 0k
M*IOO = 0.52%

3.5kg/s
Pressure| effect Span effect (S.E.) without pressure component: P.E.=0.05%  With the implementation o
(P.E) (P.E. on Span) (operating press. — calibration press.) = S.E. dynamic pressure
—0.00023—2_%(3 500kPa — 138kPa) = — 0.77% compensation, only the
kPa residual uncertainty of the
SE. =-0.77% pressure compensation nqeds

Pressure compensation residual uncertainty at 3 500 kPa (P.E.)
(P.E. residual uncertainty) (operating press.) = P.E.

0,
0.0000151(1/: *3500kPa = 0.05%

a

Systematic uncertainty at 95% confidence level (root- |
Y y % ( v spec.2 +ZSEHPE2= systematic uncertainty

sum-s

uare)

V0.35% + 0:32% + 0.05* = 0.63%

The resulting systematic

to be included.

uncertainty in Example 1
0.63%.

s

S
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Table 13-6.2-1

Example 2 — Analysis of Heated Natural Gas Applications at Maximum Flow Rate

Systematic
Uncertainty
Source of Contribution
Uncertainty Calculation to Achieve Systematic Uncertainty (k=2) Note

Flowmeter base Base uncertainty for gas measurement = 0.35% Spec = 0.35% Water calibration transferred to
specification gas manufacturer’s
(spec.) specification.

Zerp stability (Z.S.) Z.S. without temp. effect = 0.0183 kg/s Z.S.=0.95%  Becausethe meter wasfgeroedat
cpntribution Additional contribution to zero stability from the environmental a temperature(lowéf than
including specification (E.S.): operating temperatyre, the
epvironmental EE. (rated max. flow) (max. operating temp. — sensor zeroing temp.) = E.S temperature/inducefl drift of
t¢mperature 100 -How - oP g temp- z § temp.) = Ee>. zero has been included in the

ffect (E.E. % 11 tability.
effect (E.E.) (%)(391.9 kg/s)(144.4°C — 26.7°C) = 0.13814kg/s VRSP Zero stabtiity
E.S. = 0.1384 kg/s
Total uncertainty contribution due to Z.S. at 16.5 kg/s:
Z.S. . effe ES.
S.w/o temp. effect + E.S #100 = Z.S.
operating max. flow
0.0183 k; 0.1381 k;
3ke/s +O1381Kg/s 0 — 0,959
16.5kg/s
Prepsure effect Span effect (S.E.) without pressure component: P.E. = 0.05%  With the implementatjon of
(P.E) (P.E. on span) (operating press. — calibration press.) = S.E. dynamic pressure
~0.00023—2#(3 500 kPa — 138kPa) = — 0.77% compensation, only fthe
kPa residual uncertainty] of
S.E =—-077% pressure compensat{on needs
Pressure compensation residual uncertainty at 3 500 kPa\(R.E.): to be included.
(P.E. residual uncertainty) (operating press.) = P.E.
0.0000151*3 500 kPa = 0.05%
kPa

Systematic uncertainty at 95% confidence level (root- \e““spec.z +Z%? + PE2= systematic uncertainty The systemati'c uncerthinty for

spm-square) Example 2 is 1.01%

J0.352\+ 095% + 0.052 = 1.01%
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Table 13-6.2-2

Example 2 — Analysis of Heated Natural Gas Applications at Minimum Flow Rate

Systematic
Uncertainty
Source of Contribution
Uncertainty Calculation to Achieve Systematic Uncertainty (k=2) Note

Flowmeter base  Base uncertainty for gas measurement = 0.35% Spec = 0.35% Water calibration transferred
specification to gas manufacturer’s
(spec.) specification.

Zero stability Z.S. without temp. effect = 0.0183 kg/s Z.S. = 4.5% Because the meter was, Zeted
(Z.S) Additional contribution to zero stability from the environmental at a temperature lowerthan
contripution specification (E.S.): operating temperature, the
includng EE. . . temperature induced drift of
envirohmental (E)(rated max. flow) (max. operatingtemp. — sensor zeroing temp. ) = E.S. zero has besti included inl the
z;zste ';.tllsllr)e (0.01(1)(2)3% )(391'9 kg/s)(144.4°C — 267°C) = 0.1384kg/s. overall,zero ‘stability.

E.S. = 0.1384 kg/s
Total uncertainty contribution due to Z.S. at 3.5 kg/s:
ZS.w/otemp.effect + ES. =
operating min. flow 100=25.
0.0183kg/s + 0.1381kg/s £100 = 4.5%
3.5kg/s
Pressure| effect Systematic uncertainty (S.U.) without pressure compensation: P.EX= 0.05%  With the implementation ¢f
(P.E) (P.E. on span) (operating press. — calibration press.) = S.U. dynamic pressure
~0.00023-—-#(3 500 kPa — 138kPa) = — 0.77% compensation, only the
kPa residual uncertainty of
SU. = —-077% pressure compensation
Pressure compensation residual uncertainty at 3 500 kPa (P.E.): needs to be included.
(P.E. residual uncertainty) (operating press.) = P.E.
0.0000ISi*Z% 500kPa = 0.05%
kPa

Systematic uncertainty at 95% confidence level (root- \/m — systematic uncertainty The systemati.c uncertainty for

sum-square) Example 2 is 4.5%.
V0.35% + &5 + 005F = 4.5%

13-6.3| Example 3
(a) Ihthis example, the flowmeter is used for liquid condensate flow in a fossil fuel steam power generation plant. The

condengate is at an elevated temperature, and the flowmeter has been zeroed at the operating temperature. Fixed

pressuije compensation is enabled. Table 13-6.3-1 shows the analysis of liquid condensate application with the flowmgdter
zeroed.
(b) Rlowmeter Information\and Operating Conditions
(1)} 200 mm (8 in.) Ustube Coriolis meter
(2) Pulse output
(3) Liquid condensate flow
(4) Operating-pressure = 2 400 kPa gauge (350 psig)
(5) Operating flow = 1 270 058 kg/h (2,800,000 lbm/hr)
(6] Zero'stability = 136.1 kg/h (300 Ibm/hr)
(7] Base uncertainty for liquid measurement = 0.1%
(8 Pl CTo35UIcT CffCLt UlIl Dpdll - G.GGGlSnU/}\Fa ( G.GGan/FDi)

(9) Pressure effect residual uncertainty = 0.0001%/psi
(10) Environmental temperature effect (zero drift) = £0.0003% of maximum flow per °C
(11) Rated maximum liquid flow = 2558261 kg/s (5,640,000 Ibm/hr)
(12) Calibration pressure (water) = 138 kPa gauge (20 psig)

(13) Operating temperature = 148°C (300°F)

(14) Flowmeter zeroing temperature = 148°C (300°F)
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Table 13-6.3-1

Example 3 — Analysis of Liquid Condensate Application With Flowmeter Zeroed

Systematic
Uncertainty
Contribution
Source Specification (k=2) Note
Flowmeter base Base uncertainty for gas measurement = 0.1% Spec = 0.1% Base liquid specification
specification
(spec.)
ZfT0 stability (Z.5.) Z.S. without temp. effect = 136.1 Kg/n ZS.=0.01% __ Because the meter was feroed at
c¢ntribution Additional contribution to Z.S. from the environmental specification operating temperature, there is no
irffcluding (E.S): change to overallzerostgbility due
epvironmental (E (rated flow)( ting t _ ine t )=ES to temperatunéinduced [drift.
tamperature effect 100 rated max. rlow){max. operatingtemp. sensor zeroing temp.) = E.o.
(k-E) 0.0003% kg
2558261—=|(148.9°C — 148.9°C) = 0kg/h
100 ( h ]( ? 9°C) 8/
E.S. =0 kg/h
Systematic uncertainty contribution due to Z.S. at 1 270 058 kg/h:
ZS. X .S.
w/o temp. effect + E.S #100 = 7.8,
operating min. flow
136.1kg/h+0
B61keMH0) 1100 = 0.01%
1270058 kg/h
Pfessure effect Systematic uncertainty (S.U.) without pressure compensation: PE. = With a fixed pressure
(R.E) (P.E. on span) (operating press. - calibration press.) = S.U. 0.035% compensation, and a relptively

[ZI%2)

m-square)

[V
—0.00015 %
kPa

S.U. = 0.34%

*(2400kPa — 138kPa) = — 0.34%

Pressure compensation residual uncertainty at 2 400 kPa(R.E.):
(P.E. residual uncertainty) (operating press.) = P.E.

0.0000152*2 400 kPa = 0.36%
kPa
P.E. = 0.036%

hstematic uncertainty at 95% confidence level (root-

A spec‘?‘ $7.8 + PE2= systematic uncertainty
VO + 001 + 0.03¢% = 0.11%

stable line pressure, onl
residual uncertainty of t
pressure compensation

be included.

The systematic uncertai
Example 3 is 0.11%.
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6.4 Example 4

b) Flowmeter and Operdting Conditions
200 mm (8 iny U-tube Coriolis meter
Pulse output
Condensate flow
Operating pressure = 2400 kPa (350 psig)
Opetating flow = 1270058 kg/h (2,800,000 lbm/hr)
Zero stability = 136.1 kg/h (300 Ibm/hr)

Base uncertainty for liquid measurement = 0.1%
0-00015%AkRa—{~0-001%6+psi}

a) In this example, the flowmeter is.used for liquid condensate flow in a fossil fuel steam power generation pl
densate is at an elevated temperature, and the flowmeter has not been zeroed at the operating temperatur
ssure compensation is enabled. Table 13-6.4-1 shows the analysis of liquid condensate application with the flo

hint. The
b. Fixed
vmeter

)

T eSsure

Pressure effect residual uncertainty = 0.000015%/kPa (0.0001%/psi)

SrrecTo—Spart

(10) Environmental temperature effect (zero drift) = £0.0003% of maximum flow per °C
(11) Rated maximum liquid flow = 2558261 kg/h (5,640,000 lbm/hr)
(12) Calibration pressure (water) = 138 kPa gauge (20 psig)

(13) Operating temperature = 148.9°C (300°F)

(14) Flowmeter zeroing temperature = 26.7°C (80°F)
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