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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instruc-
tions. The following information is based on that document and is included here for emphasis

and for the convenience of the user of the Supplement. It is expected that the Code user is fully,
cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this Supplement,

ASME Performance Test Codes provide test procedures that yield results of the highestlevel
of accuracy consistent with the best engineering knowledge and practice currently available.
They were developed by balanced committees representing all concerned interests, dng*specify
procedures, instrumentation, equipment-operating requirements, calculation methods,'and uncer-
tainty analysis.

When tests are run in accordance with a Code, the test results themselves, fyithout adjustment
for uncertainty, yield the best available indication of the actual performance of the tested equip-
ment. ASME Performance Test Codes do not specify means to compare those results to contractual
guarantees. Therefore, it is recommended that the parties to a commercialtest agree before starting
the test and preferably before signing the contract on the method, to{be used for comparing the
test results to the contractual guarantees. It is beyond the scope)of any Code to determine or
interpret how such comparisons shall be made.

ix
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FOREWORD

The history of this Instruments and Apparatus Supplement began with the Research Committee
on Fluid Meters being organized in 1916. One of its stated objectives was “the preparation of a

textbook on-the H‘\nr\v.‘/ and -use of fluid meters sufficient asa standard reference.” In nqrrying

out this objective, the first edition of Part 1 of this report was published in 1924, received immediate
approval, and was widely referenced by the users of fluid meters and educators. As originally,
planned by the Committee, the report was to be issued in three parts: Part 1, Theory and
Application, was the first one published; followed by Part 2, Description of Meters; and Parf)3,
Installation. Part 1 was so well received that the second and third editions of this Partwere
needed before the preparation of the other two parts could occur. The second edition of Part 1
was considerably different from the first, though it followed about the same format‘and arrange-
ment; the third edition was very similar to the second. These were published in“1927 and 1930,
respectively.

Part 2 of the report was published in 1931 and contained a complete description of the physical
characteristics of the meters then being manufactured. However, it wasfound that the material
in this Part became obsolete rapidly and it was decided to inform anyone interested in these
descriptions that they should be secured from the manufacturers,‘since their literature must
necessarily be up to date.

Part 3, published in 1933, gave instructions for correct installation of meters and discussed the
effect of incorrect installation. However, Part 3 was abandoned also because the Committee
decided the material in it should be an integral part of the/complete report of the Committee.

The fourth edition of Part 1 was prepared in 1937 anld'was a completely new draft of this Part
of the report. It was altered because there had been’considerable criticism of the fact that the
material presented was difficult to put to pragctical use. The changed format and additional
material presented apparently corrected this ¢ondition, since this edition went through many
printings.

The fifth edition, issued in 1959, followed the same general format as the fourth and included
material gained in the long interval sirice the last edition. Another publication by the Committee
was a manual, Flowmeter Computation Handbook, which was issued in 1961. The procedures
in it could be adapted to computer programming.

The format of the sixth edition differed slightly from that of the fourth and fifth editions. Each
section by itself was complete’'so that altering one section would not affect preceding or following
sections.

The sixth edition,-semewhat like the third edition and its Part 3, was divided into two parts.
The material on installation and application were both a part of the complete report and a separate
publication, whichbecame ASME PTC 19.5, Flow Measurement, in accordance with an agreement
made betweén the Research Committee on Fluid Meters and the Performance Test Code Committee
in 1964. Pfactically all of the material in ASME PTC 19.5 was taken from Fluid Meters, and most
of the wiiters also were members of the Research Committee on Fluid Meters. It was the decision
of thetwo committees that combining the material into one publication, in such a way that the
sections dealing with specifications and instructions could be published separately, would reduce
the work of the committees and the number of separate publications. However, this publication

prompted considerable criticism that the material presented was difficult to put to practical use.
Consequently, the Board on Performance Test Codes formed a committee to address these concerns,
and the result is the current version of ASME PTC 19.5, Flow Measurement.

This edition includes a much broader range of methods of flow measurement than any of its
predecessors. Even so, it does not include every method — only those that were judged at the
time to meet the requirements and needs of Test Codes by providing results of the highest level
of accuracy consistent with the best engineering knowledge and practice currently available.

This edition was approved by the Board of Performance Test Codes on April 16, 2001 and
February 18, 2004 and by the ANSI Board of Standards Review as an American National Standard
on July 10, 2002 and March 10, 2004.
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CORRESPONDENCE WITH THE
PTC 19.5 COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus
of concerned interests. As such, users of this Supplement may interact with the Committee by
requesting interpretations, proposing revisions, and attending Committee meetings. Correspon-
dence should be addressed to:

Secretary, PTC 19.5 Standards Committee
The American Society of Mechanical Engineers

Three Park Avenue
New York, NY 10016-5990

Proposing Revisions. Revisions are made periodically to the Supplement to incorporate changes
that appear necessary or desirable, as demonstrated by the experience gainéd from the application
of the Supplement. Approved revisions will be published periodically:

The Committee welcomes proposals for revisions to this Supplement. Such proposals should
be as specific as possible, citing the paragraph number(s), the ptoposed wording, and a detailed
description of the reasons for the proposal, including any, pestinent documentation.

Interpretations. Upon request, the PTC 19.5 Committee*will render an interpretation of any
requirement of the Supplement. Interpretations can only be rendered in response to a written
request sent to the Secretary of the PTC 19.5 Standards Committee.

The request for interpretation should be clear’and unambiguous. It is further recommended
that the inquirer submit his/her request in thefollowing format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry.

Edition: Cite the applicable edition of the Supplement for which the interpretation is
being requested.

Question: Phrase the question as a request for an interpretation of a specific requirement

suitable for, general understanding and use, not as a request for an approval
of a proprietary design or situation. The inquirer may also include any plans
or drawings, which are necessary to explain the question; however, they
sheuld not contain proprietary names or information.

Requests that arfe not in this format will be rewritten in this format by the Committee prior
to being answeted, which may inadvertently change the intent of the original request.

ASME precedures provide for reconsideration of any interpretation when or if additional
informatienthat might affect an interpretation is available. Further, persons aggrieved by an
interpretation may appeal to the cognizant ASME Committee or Subcommittee. ASME does not
“approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The PTC 19.5 Standards Committee regularly holds meetings,
Which are open to the public. Persons wishing to attend any meeting should contact the Secretary
of the PTC 19.5 Standards Committee or check our Web sitehttp:/ /www.asme.org.org/codes/.
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FLOW MEASUREMENT

Section 1
Object and Scope

1-1 OBJECT

thd
mg
mg

he object of this Supplement is to define and describe
proper measurement of any flow required or recom-
nded by any of the Performance Test Codes. Flow
asurements performed as specified herein satisfy the

requirements of all relevant ISO flow measurement stan-

da

-
'

od|

Fds in effect at the time of publication.

P SCOPE

[his Supplement describes the techniques and meth-
5 of all flow measurements required or recommended

by the Performance Test Codes. Newer flow m
ment techniques of comparably high @ccurd
included to provide alternative flow,measurem

Pasure-
cy are
bnts for

special situations in which deviations from the gequire-

ments of a code are agreed t§ be necessary. T
supplementary document that does not supers
mandatory requirements, of any code unless s
agreement has been expressed in writing prior to

nis is a
bde the
uch an
festing.
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Section 2
Definitions, Values, and Descriptions of Terms

Except where specifically noted, the equations in this
Editioh are written in the primary system of units
explairjed below. The reason for this practice is to sim-
plify tHe text and focus on the physical, scientific princi-
ples inyolved in the measurement of flow. There are too
many fustomary units in use throughout the various
industties to publish all such physically identical varia-
tions ih this book. It behooves the user, therefore, to
conver} his particular units into these primary units,
calculalte the flow, and reconvert the result back into his
desired units. For international use, equations written
in whi¢h force is in pounds, mass is in slugs, length is
in feetand time is in seconds appear identical to equa-
tions i which force is in newtons, mass is in kilograms,
length [is in meters, and time is in seconds.

2-1 RRIMARY DEFINITIONS AND SYSTEMS OF
NITS

(a) The force of 1 Ib applied to a mass of 1 slug (alse
known| as the geepound) will accelerate said mass_at
the ratp of 1 ft/sec’.

(b) The force of 1 N applied to a mass ofs\lkg will
accelerpte said mass at the rate of 1 m/s>.

(c) Hquations written in these units will appear identi-
cal. Converting measured valuesfor the test from
English units commonly used to tlie above primary U.S.
Customnary units can simplify"the expression of test
results|in Systeme Internationale (SI) units.

(d) By way of contrastnd for clarification, the force
of 11b gpplied to a massof 1 Ib will accelerate said mass
at the fate of g. in feet_per second squared. This fact is
the origin of the appearance of the conversion factor g. in
enginepring eqliations expressed in traditional English
units. INote that'q. is not the local acceleration of gravity
at the fest ‘sife.

(e) The rpr}nirpr‘] source for prpriqp p]’n sical values

of these physical definitions have been refined over the
years, so that the following historic definitions @hdy|be
no longer numerically exact and should nothe.uised in
Code tests under those circumstances. Nonetheless, the
embodied physical concepts can improve one’s under-
standing of a measurement or test result.

British thermal unit (Btu): a unit of heat energy equal to
the heat needed to raise the temperature of a 1-Ib mpss
of air-free water from 60°F t6,61°F at a constant pressfire
of 1 standard atm; the nfean Btu is equal to Yigo of the
heat needed to raise a.1=lb mass of air-free water frpm
its freezing point totits'boiling point at a constant pes-
sure of 1 standard‘atm [1].

calorie: the amount of heat energy required to raise the
temperature/of 1 g of pure water from 14.5°C to 15.§°C
at a constant pressure of 1 standard atm [1].

Celsins: a thermometer invented in 1742 by Anders (el-
sitfs,"a Swedish astronomer, who graduated the interfval
between the freezing point of water and its boiling pdint
into 100° (wherefrom centigrade) at an atmospheric pres-
sure of 760 mmHg. The present scale has the freezing
point at 0°C and the boiling point at 100°C, just the
reverse of the numbering by Celsius [2].

Fahrenheit: the scale used by Daniel Gabriel Fahrenhpit,
who invented a thermometer containing alcohol in 1709
and a mercury thermometer in 1714. The zero point|on
the scale was established by mixing equal quantities|by
weight of snow and common salt. The freezing poin{ of
water was found to be at 32° of graduation and the
boiling point very near 212° under standard atmosphgric
pressure [2].

foot: one-third of a yard, originally based on the length

of a man’s foot [2].

oS

force: units of pound or newton; no one has ever sg¢en
a force.

geepound or slug: 1 slug weighs 32.174 Ib at sea level gnd

conversion factors, and definitions is ASME PTC 2.

2-2 HISTORICAL DEFINITIONS OF UNITS OF
MEASUREMENTS

It is often useful to be aware of the historic physical
bases for many of the units of performance measure-
ment. The reader is cautioned that the numerical values

75 deg of latitude [2]-

gram: the mass of 1 cc of pure water in a vacuum at its
maximum density [2].

heat: energy in transit between a source at a higher tem-
perature from which the energy is coming to a sink
toward which the energy is going. Other types of energy
in transit are called work [1].

inch: the twelfth part of a foot, originally established by
statute, apparently of Edward II, given in the Cottonian
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ya

(2]

coeffi-

/T

Manuscripts (Claudius D.2) to be that of three grains of T = temperature, deg
barley dry and round placed end to end lengthwise [2]. V, v = velocity, L/T
joule: the unit of work or energy equal to the work done z i compressibility factor for a gas
by a force of 1 N when the point at which the force is ¢ _ mass%f'corﬁcenh;l{lo&
applied is displaced 1 m in the direction of said force. ¢ = spealic eat, FL/
. . d = diameter, usually of meter bore, L
Also known as a newton-meter of energy. It is also practi- . ) . -
. . d = spacing, separation dimension, L
cally equivalent to the energy expended by an electric
tof 1 A flowine for 1 s th h ist £1 e = electrode voltage, V
E}urlier; o owing for 1 s through a resistance o £ — frequeney iz L/T
2l ¢ = local acceleration of gravity, L/T?
mefer: an SI unit of length, originally one ten-millionth h = enthalpy, or convective heat transfe
of the distance along a meridian on earth from the equa- cient, FL/M
to to the pole [2]. k = loss coefficient for a flow_conditiomer
seqond: a measure of an interval in time, originally the I = length or distance, as'to the presspre tap
period of a pendulum, 1 m in length at sea level and 45 loci, L
defy of latitude [2]. s = entropy, FL/M-deg
. . s = streamline coerdinate, L
temperature: the property of an object that determines _ 20
N L u = uncertainty; %
th¢ direction of heat flow when that object is placed _ o . 3
) ) . . v = specific'velume, 1/density, L°/M
in [thermal contact with another object at a different _ R
1] w = weighting factor
temnperature [1]. w, q,, = mass flow, M/T
d: a unit of length containing 36 in.; in Great Britain, z = elevation, as in head, L
it ip the distance, at 62°F, between two transverse lines in a=X acoustic velocity, speed of sound,
gold plugs set in a bronze bar, called the British Imperial B <= diameter ratio, d/D
Yard, and kept at the Standards office of the Board of A = difference operator
Trade at Westminster [2]. 8 = small difference, sometimes an op¢rator
€ = expansion factor of a flowing compress-
2-2.1 References for Para. 2-2 ible fluid
[1]| Lapedes, D., ed. Dictionary of Scientific and Technical @ = angle of the divergent, rad or deg
[erms. New York: McGraw-Hill Book Co.; 1974. I" = average isentropic exponent of a r¢al gas
v = ratio of specific heats, constant pr¢ssure/
Webster’s New International Dictionary, 2nd\edition constant volume
inabridged. Springfield, MA: Merriam, Co:;-1934. n = efficiency, as in volumetric

isentropic exponent, as in the exparfsion or
compression of gas
friction factor of a conduit

2-3  SYMBOLS AND DIMENSIONS pm = absolute viscosity, M/LT
A = area, L2 = kinematic viscosity, L2/T
B = magnetic flux.density, Tesla p = density, M/L’
C = coefficientof discharge o = standard deviation
C* = critical flow function Q, w = frequency, rad/sec in both U.S. Customary
D = diameéter, usually of pipe, L . and S[ units, 1/T
D = dfag torque coefficient, for turbine meters, ~ Subscripts and superscripts
subscripted B = back (pressure)
E \=felative error D = based on pipe diameter
E~= fluorescence L = local
F = velocity of apprqac\h factor R = real gas
G = mass tlux, M/(L717 a = area
K = structural blockage coefficient ¢ = constant, as in the proportionality between
M, Ma = Mach number slugs and Ibm
P p = pressure, F/L? d = based on bore or throat diameter
Pr = Prandtl number f = fringe, as in light interference patterns
Q, q = flow, L3/T i = ideal
R = gas constant, FL/M deg m = mass
Re = Reynolds number meas = measured value
S = frontal area, L? o = plenum inlet or stagnation conditions
S = velocity profile correction factor p = constant pressure
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= at throat conditions
universal

constant volume

= at sonic or critical conditions

*» Q@ 8 =
Il

2-3.1 Common Conversion Factors

See Tables 2-3.1-1 through 2-3.1-8 for common conver-
sion factors.

FLOW MEASUREMENT

t = temperature, °C
Values of coefficients of Eq. (2-4.3) for the selected
materials are given in Table 2-4.3.
Similarly, Table 2-4.2 for U.S. Customary units was
calculated by multiplying Eq. (2-4.3) by % and substitut-
ing equivalent values of ¢ in °C.

2-5 SOURCES OF FLUID AND MATERIAL DATA

2-4 THERMAL EXPANSION

This|paragraph deals with piping and primary ele-
ment rhaterials. In most cases, the piping and primary
elemer|t diameters are measured at room temperature
but ar¢ used at the actual temperature of the flowing
fluid (gssumed to be the same as piping and primary
elemerft temperature). It is customary to assume, unless
given ptherwise, that the dimensional measurement
takes place at 68°F (20°C).

2-4.1 linear Thermal Expansion

The mean coefficient of linear thermal expansion is
definedl by
_ (1
Y=L ar
where

of = mean coefficient of linear expansion from
base temperature b to actual temperature ¢
(1/t)

Ly = length at base temperature b

(2-4.1)

The fatio of length at temperature ¢ to base'tempera-
ture b s given by

L/L, = 1+ alt - b (2-4.2)

where
Ly o length at temperature\t

2-4.2 [Tables of Linear Thermal Expansion for
Selected Materials

Tabl¢ 2-4.2-1 contains values of @ and L;/L;, in SI units
and Taple 2-4.242 “contains the same values in U.S. Cus-
tomaryf units. Thése data are for informational purposes
only, and t“should not be implied that materials are
suitablp for all the temperature ranges shown.

Abramowitz, M.; Stegun, 1. Handbook of Mathematjcal
Functions With Formulas, Graphs, and Mathéiiatical
Tables. NBS-AMS 55. Washington, D.C.,,U.S7 Depgrt-
ment of Commerce; 1964.

ASHRAE Brochure in Psychrometryf Atlanta: Ameri¢an
Society of Heating, Refrigerating and Air-Conditipn-
ing Engineers.

ASHRAE Thermodynagic Properties of Refrigerants.
Atlanta: American Society of Heating, Refrigerating
and Air-Conditipniing Engineers; 1991.

ASME Fluid Meters: Their Theory and Application, 6th edi-
tion. New<York: American Society of Mechanical Engi-
neers; 1971.

ASME Steam Tables: Thermodynamic and Transport Proger-
ties of Steam, 6th edition. New York: American Socipty
of Mechanical Engineers; 1993.

Avallone, E.; Baumeister, T. Mark’s Standard Handbook{for
Mechanical Engineers. New York: McGraw-Hill; 1987.

Aviation Fuel Properties. Warrendale, PA: Society of Ayto-
motive Engineers; 1970.

CTIPublication ATC-105 Field Test Handbook. Houstpn,
TX: Cooling Tower Institute.

Eshbach, O.; Sanders, M. Handbook of Engineering Funyla-
mentals. New York: John Wiley & Sons; 1975.

Handbook of Chemistry and Physics. Cleveland: The Chegm-
ical Rubber Co.; 1978.

Joint-Army-Navy-Air-Force (JANAF) Thermochemical
Tables. Melville, NY: American Institute of Physics;

2-4.3 Automatic Data Processing
Table 2-4.2-1 was generated using the following
equation:

10% = a + bt + cf? + di® (2-4.3)

where
a = mean coefficient of linear expansion from 20°C
to indicated temperature, mm/(mm/°C)

1998.

Kutz, M. Mechanical Engineers’ Handbook. New York: John
Wiley & Sons; 1955.

Machinery’s Handbook. New York: Industrial Press.

Miller, R. W. Flow Measurement Engineering Handbook,
3 New York: McGraw-Hill; 1996.
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Table 2-3.1-1 Conversions to SI (Metric) Units

Conversion
Quantity From To Multiplication Factor
Acceleration, linear ft/sec? m/s? 3.048 [Note (1)] E-01
standard gravity m/s? 9.806 65 [Note (1)] E+00
Area in.?2 m? 6.451 6 E-04
ft? m? 9.290 304 [Note (1)] E-02
Coefficient of thermal expansion oR! Kt 1.8 [Note (1)] E+ 00
Density lbm/ft3 kg/m?3 1.601 846 E}o1
slugs/ft kg/m?> 5.153 788 £} 02
Engrgy, work, heat Btu (IT) J 1.055 056 E} 03
ft-lbf J 1.355 818 E ¥ 00
Floy rate, mass lbm/sec kg/s 4.535 924 Et 01
lbm/min kg/s 7.559 873 Et 03
lbm/hr kg/s 1.259 979 Ef 04
slugs/sec kg/s 1.459 390 E} 01
Floy rate, volume ft>/min m’/s 4.719474 El 04
ft3/sec m?/s 2.831 685 Et02
gallons (U.S. liquid)/min m3/s 6:309 020 Ef 05
Forfe Ibf (avoirdupois) N 4.448 222 E} 00
Frefjuency sec’! Hz 1 [Note (1)] E} 00
Gag constant Btu/lbm-°R )/ (kg - K) 4.186 8 [Note (1)] E} 03
ft-1bf/Ibm-°R )/ (kg - K) 5.380 320 E 3 00
Hegt rate Btu/kWh k)/kWh 1.055 056 E} 00
Heat transfer coefficient Btu/hr-ft?-°R W/ (m3 %K) 5.678 263 E} 00
Lenlgth in. m 2.54 [Note (1)] Et 02
ft m 3.048 [Note (1)] Et+ 01
mile (U.S.) o7 1.609 344 [Note (1)] E} 03
Mags Ibm (avoirdupois) kg 4.535 924 Et 01
slug kg 1.459 390 E} 01
Plahe angle deg rad 1.745 329 E{ 02
Power Btu(IT)/hr W 2.930711 Et 01
ft-Ibf/sec W 1.355 818 E¥ 00
hp (550 ft-lbf/sec) W 7.456 999 E} 02
Prefsure standard atmosphere Pa 1.013 25 [Note (1)] E} 05
bar Pa 1 [Note (1)] E} 05
[bf/ft? Pa 4.788 026 E}01
lbf/in.? Pa 6.894 757 E} 03
Rotitional frequency min? 57! 1.666 667 Et02
Sp¢cific enthalpy Btu/lbm J/kg 2.326 E} 03
Specific entropy Btu/lbm-°R )/ (kg - K) 4.186 8 [Note (1)] E$ 03
Spécific heat Btu/lbm-°R )/ (kg - K) 4,186 8 E} 03
Spécific internal energy Btu/lbm J/kg 2.326 E} 03
Spécific volume ft>/lbm m3/kg 6.242 797 Ef 02
Spécific weight (force) Ibf/ft3 N/m? 1.570 875 E} 02
Sufface tension Ibf/ft N/m 1.459 390 E} 01
Temperature interval °F °C 5.555 556 Et 01
Temperature, medsured °F °C tc = (tr—32)/1.8
Temperature,hermodynamic °C K Tk = tc + 273.15
°F K Tk = (tr + 459.67)/1.8
°R K TK = TR/l.S
Thelrmal conductivity Btu-ft/hr-ft?>-°R W/(m - K) 1.730 735 E} oo
Time AT S 3.6 [Note (1)] E+ 03
min s 6 [Note (1)] E+01
Torque Ibf-in. N-m 1.129 848 E+01
|bf-ft N-m 1.355 818 E+ 00
Velocity ft/hr m/s 8.466 667 E-05
ft/min m/s 5.08 [Note (1)] E-03
ft/sec m/s 3.048 [Note (1)] E-01
knot (international) m/s 5.144 444 E-01
mile (U.S.)/hr m/s 4.470 4 [Note (1)] E-01
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Table 2-3.1-1 Conversions to SI (Metric) Units (Cont’d)

Conversion
Quantity From To Multiplication Factor
Viscosity, dynamic centipoise Pa-s 1 [Note ()] E-03
poise Pa-s 1 [Note (1)] E-01
lbm/ft-sec Pa-s 1.488 164 E+00
Ibf-sec/ft? Pa-s 4.788 026 E+01
slug/ft-sec Pa - s 4.788 026 E+01
Viscosity, kinematic centistoke m?/s 1 [Note (1)] E-06
stoke m?/s 1 [Note (1)] EC04
ft?/sec m?/s 9.290 304 E502
Volume gallon (U.S. liquid) m> 3.785 412 E-03
ft 3 m> 2.831 685 E-02
in’ m> 1.638 706 E-05
liter m> 1 [Note (1)] E-03

GENERAL NOTE: The factors are written as a number greater than one and less than ten with six decimal places: The num-
ber is followed by the letter E (for exponent), a plus or minus symbol, and two digits that indicate the power of 10 by
which thHe number must be multiplied to obtain the correct value. For example:

3.785 412 E — 03 is 3.785 412 X 107> or 0.003 785 412
NOTE:
(1) Exaqt relationship in terms of the base units.

Perry, [Chilton, Kilpatrick. Perry’s Chemical Engineer’s Tube Propertigs:’HEI Standards for Steam Surface Condepns-

Handbook. New York: McGraw-Hill; 1984. ers, 8thiedition. Cleveland: Heat Exchange Institute;
1984«
Sea Water Properties From Reproduced Charts. Contract No.

14-3(-2639. Washington, D. C.: Office of Saline Water,

U.S. [Dept. of Interior; 1930.
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Table 2-3.1-3 Conversion Factors for Specific Volume (Volume/Mass)

To obtain —
Multiply, by ft3 in2 U.S. gal liter m’
lbm lbm lbm kg kg
5 1728 30.48> 30.48° x 10°°
ft 1 1728 231 453.592 37 0.453 592 37
lbm = 7.480 519 48 = 62.427 960 6 = 0.062 427 960 6
1.0 1.0 2.543 2.543 x 1076
in” 1728 1 231 453.592 37 0.453 592 37
lbm = 0.000 578 703 704 = 0.004 329 004 33 =0.036 127 292 0 =0.000 0367127 292
231 231 X 2.547 231 x(2)547 x 10[°
uss. gal 1728 231 1 453592 37 0.453592 37
bm = 0.133 680 556 = 8.345 404 45 = 0.008 345 404 45
. 453.592 37 453.592 37 453.592 37
iter 30.48° 2.547 231 x 2.543 1 0.001
kg = 0.016 018 463 4 = 27.679 904 7 = 0.119 826 427
m3 0.453 592 37 0.453 592 37 0.453 592 37
kg 30.48% x 107 2.543 x 1076 231 x 2.54> x 1076 1 800 1
[Note (2)] = 16.018 463 4 =27 679.904 7 = 119.826 427
GENERAI NOTE: All values given in the rational fractions are exact except 1 U.S. gal = 231 in.>¢(NBS Misc. Pub. 233 P5).
Example} 1 U.S. gal/lbm =0.133 680 556 ft>/lbm
NOTE:

1) Slu

its for ASME use.
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Table 2-4.3 Coefficients for Thermal Expansion Equation in °C

Coefficients

Data Source

Material a b c d Reference

Carbon steel: carbon-moly steel 10.728 0 0.008 172 5 -1.695 1E-06 -2.037 4E-09 (@)
Intermediate alloy steels 10.150 0 0.007 3380 -5.064 2E-06 2.058 OE-09 (@
Austenitic stainless steels 16.224 0 0.006 307 6 -5.957 5E-06 3.609 8E-09 (@)
Straight chromium stainless steels 9.2559 0.006 841 8 -3.845 1E-06 4.744 1E-09 (@
25Cr-20Ni 13.2370 0.007 726 4 —5.885 9E-06 1.952 9E-09 (@)
Monel(6fNi-30Cu) 13.1720 0.011 1530 -1.503 7E-05 1.201 2E-08 (@
Monel [§6Ni-29(Cu—Al)] 12,5710 0.010 7140 -1.256 6E-05 1.021 7E-08 @
Aluminum 21.6720 0.017 401 0 -1.375 9E-05 -9.776 9E-09 (@)
Gray casf iron 9.839 5 0.005 3530 1.569 9E-06 —-1.540 4E-09 (@)
Bronze 17.0590 0.008 427 9 -1.118 3E-05 7.092 0OE-09 @)
Brass 16.587 0 0.009 381 9 -3.127 9E-06 1.342 3E~09 (@)
Wrought|iron 12.396 0 0.008 353 1 -1.146 7E-05 9.920 7E~09 (@)
Copper—hickel (70Cu-30Ni) 14.510 0 0.010 174 0 -1.370 5E-05 £9.622 3E-10 (@
Hastelloy B 8.896 3 0.019 1820 -1.223 2E-05 4.042 6E-10 (b)
Hastelloy C 9.123 4 0.015 0180 -3.973 3E-07 -6.546 OE-09 (b)
Inconel X annealed 12.3430 0.015 3530 —2.006 9E-05 1.493 1E-08 (©
Haynes tellite 25(L605) 7.5427 0.0315720 —-4.530,1E£05 2.397 5E-08 d)
Copper 16.178 0 0.0102210 —-7.335\3E-06 6.560 4E-09 (e)
Beryllium copper 25 15.954 0 0.011 9520 -6.142 9E-05 1.333 3E-07 ®
Titanium| 8.358 6 0.002 560 6 13241 3E-06 -2.156 2E-09 (g
Tantalun 6.2737 0.003 642 9 -5.348 5E-06 2.926 5E-09 (h)
GENERAL NOTE: The equation for the coefficient of thermal expansion attemperature, T, °C, is

10%¢ = a + bTH cT? + dPP

DATA SOURCE REFERENCES:

(@) ANS|/ASME B31.1-1986 Edition, Power Piping, Appéndix B.

(b) Y. S| Touloukian et al. “Thermal Expansion of Metalljc Elements — Alloys,” Thermophysical Properties of Matter, Vol. 12,
p. 1R45, IF/Plenum Press, 1975.

(©) Amefican Institute of Physics Handbook, 3vd.Ed., p. 4-136, McGraw-Hill, 1975.

(d) Readtor Handbook — Volume | — Materials) 2nd Ed., p. 522, 1960.

(e) Y. S| Touloukian et al. “Thermal Expansidn of Metallic Elements — Alloys,” Thermophysical Properties of Matter, Vol. 12,
p. 7f, IF/Plenum Press, 1975.

(f) “Mefhanical Properties of Metalsiand Alloys,” NBS Circular C447, 12/1/43, p. 148.

(g) Beaton C. F. and G. F. Hewijtt (Eds.). Physical Property Data for the Design Engineer, p. 386, Hemisphere Publishing
Corp., 1989.

(h) American Institute of Physics Handbook, 3rd Ed., p. 4-131, McGraw-Hill, 1975.
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Section 3
Differential Pressure Class Meters

w
[1

ref
tio
M

1

NOMENCLATURE A = finite difference operator, as in differential
AP
bome symbols are also shown in para. 2-3 and are _ Pressure o . .
. - 8 = calculus differential operator;as inchange
eated here for convenience. Refer to this list for Sec- .
. . . in heat 8Q
ns 3 through 5; dimensions are L = length, T = time, . .
= ~ € = expansion factor corréction for comppress-
= mass, and 6 =temperature. - . ) .
. . ible fluids, dimensionless
A = cross-sectional area of pipe or of flow ele- . . . .
ment. 1.2 = isentropic exlponent, dimensionlesf
C = discharge coefficient of flow meter, dimen- P i dlinsllty, M,L v, MLAT!
sionless M = absolute viscosity,
Cp = specific heat at constant pressure, L*T29™" ;
= d; : Subscripts
D = diameter of pipe, L D=b . .
Eu = Euler number, dimensionless 4 : 4setl on pipe diameter )
L = ratio of location of a pressure to D, dimen- g, Dased on bore or throat diameter
sionless meas~=. measured
MW = molecular weight, M 1= upstream location, cross-section, of condi-
P = pressure, MLIT? tions
Q = heat, L2MT? 2 = dowps.:tream location, cross-sectiion, or
Re or R = Reynolds number, dimensionless conditions
T = absolute temperature, 6
U = energy, L'"MT?
U - inty | ts of 3-1 GENERAL EQUATION FOR MASS FLOW RATE
= uncertamty, in urits of measure THROUGH A DIFFERENTIAL PRESSURE (LASS
V = VelOClty, LT METER
22
W = work, L°"'MT"
d = diameter of flow element, sometimes (a) The general equation for mass flow is as follows:
called bore diameter, L
gc = proportionality constant, see Table 3-1 T, 2p(AP)gc
g1 = local acceleration oFgravity, LT? n = n g dCe 1- 4 (3-1.1)
ly or I, = dimension for spacing a pressure tap as
measured frgmyits centerline, L Equation (3-1.1) is applied to flow calculationg for all
n = u.nits conversion factor. for ger_leral equa- orifices, nozzles, and venturis described in Sedtions 4
tion of flow through a differential pressure  through 6, and is valid both for liquids and for gases
classymeter; see Table 3-1 for dimensions flowing at subsonic velocity.
Gu = myass flow, MT" ' ) (b) Values of n and g, for commonly used combina-
dm,_ F<imass flow (compressible), MT ) tions of units are shown in Table 3-1. SI units jare the
m = /mass flow (incompressible), MT first set of units shown. The second set is frqm U.S.
A, = mass flow (theoretically compressible), Engineering units, which are commonly used in the
MT" United States. The third set is U.S. Absolute Engifeering
T, = Imass ttow—theoreticattyrrcompressibte),—umits, whicth are tess commonty used, but, Stimtiar to the
MT! SI units, derived by setting the proportionality constant
gy = volumetric flow, LT equal to unity. Use of other units for any parameter(s)
r = pressure ratio, dimensionless in the general equation is permissible, provided the n
z = elevation, L factor is correctly determined.
@, = pipe material thermal expansion factor, 67" (¢) If manometers are used to measure the differential
ay. = flow element material thermal expansion  pressure, then the acceleration of gravity g; at the loca-
factor, 67 tion of use must be taken into consideration. Refer to
B = ratio of bore to pipe diameters, d/D, ASME PTC 19.2. When manometers are used, P = ph(g,/

dimensionless

gc), where & is the height of manometer fluid and the

19
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Table 3-1 Values of Constants in the General Equation for Various Units

Mass Flow Differential l fC
Rate Units, Meter Geometry Fluid Density Pressure Values of Constants
Gm Units, d or D Units, p Units, AP Proportionality Constant, g, Units Conversion Constant, n
(1) kg m kg Pa g = 1.0 dimensionless iy
=) = kg 2
S m3 n=1.0 ( 5 )
m-s-Pa
@ Horr i T ot Horrrt . y
- — gc = 32.174 048 6 ft? (in.? sec{\”
hr ft3 in.2 Ibf — sec?  N=300.0 — |— >4
sec? \ ft2 (hr?
3) slugs ft slug Ibf g. = 1.0 dimensionless Slugft y
sec 3 f2 n=10 ===
[bf-sec
density of the manometer fluid is corrected per ASME  (z, — z;) must be considered. The measured differential
PTC 19.2. pressure is corrected for thé difference in elevation| of
(d) The development of the general equation follows. the pressure taps before the‘flow is calculated, so that
the elevation term is always zero.
3-2  BASIC PHYSICAL CONCEPTS USED IN THE The integration ©f Eq. (3-2.2) depends further[on

ERIVATION OF THE GENERAL EQUATION FOR
ASS FLOW

(a) The physical concepts and assumptions used for
the detfivation of Eq. (3-1.1) are well documented in the
literatyre. The equation is derived from the principles
of confservation of energy and mass between the
upstrepm and downstream taps. Flow behavior and
fluid properties are idealized, and errors introduced by
these dssumptions are corrected by the factors C and, e
for accprate calculation of mass flow.

The foefficient of discharge, or discharge coefficient,
C, corrpcts for the idealized theoretical assimptions of
flow Hehavior made in the derivation of the flow
equatign.

The gxpansion factor, €, corrects for the compressibil-
ity effdcts of a gas as it flows between 1 and 2.

(b) Bnergy Equation. Flow threugh a differential pres-
sure meter is idealized as Newtonian steady state flow,
with ope-dimensional velocities across the flow areas.

whether the fluid is) treated as incompressible or cqm-
pressible.
(c) Consefvation of Mass Equation. Under the assump-

tions of para. 3-2(b), conservation of mass is writter] in
the fofm
I = pVidi = pVody (3-23a)
or
vy = %,BZVZ (3-213b)

in any set of consistent units.

3-3 THEORETICAL FLOW RATE — LIQUID AS THE
FLOWING FLUID

(a) For the special case where the flowing fluid is a
liquid, or incompressible, integrating the energy eqpa-

tion [Eq.(3-2.2)] between the upstream tap and the
8Q = (Wt du + PAV downstream tap gives Bernoulli’s equation.
8L
+ vdP + o Vdv + o dz (3-2.1) p1 gL B p2 ng a4
p 2gc gc ch &C
Eachy of the terms of Eq. (3-2.1) must be in consistent
units of energy per unit mass (b) Combining Eq. (3-3.1) with Eq. (3-2.3a) and

Further idealizations are made by assuming that the
flow through a differential pressure meter section is
a reversible thermodynamic process in the absence of
external work or heat.

dpP  Vvdv gL
I S L)
P gc gc

0= dz (3-2.2)
In those cases where installation in an inclined pipe
is necessary, the elevation change between pressure taps

20

wd?/4 gives the following theoretical

applying A,
flow rate:

J2p(AP)gc

(3-3.2)

(c) Equation (3-3.2) is equivalent to Eq. (3-1.1) before
correction factors and units conversion are applied. It
is the theoretical incompressible flow equation for the
flow of fluids through differential pressure meters.
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3-4 THEORETICAL FLOW RATE — GAS OR VAPOR
AS THE FLOWING FLUID

(a) Assuming an ideal gas in an isentropic process,

S

(3-4.1)

!

ASME PTC 19.5-2004

(b) P,varies with pressure tap location. The correction
to actual flow rate depends on pressure tap location,
such as flange taps compared with corner taps.

(c) All static pressure taps exhibit an error in static
pressure measurement.

(d) Velocity profiles are not uniform.

(e) Innozzles and venturis, there is some flow separa-
tion in the vicinity of the corner formed between the

Lol 4 P +1 Pid LI .90 C
U) J.llLCBlCllJ.llS LI Clltflsy tfl.lu.dl.lUll |_LA.1. \J'L.L}J 101
se conditions,

[Pz P1:| [V% - V%}
0=—2_ 4
-1, pm 2gc

¢) Substituting Eq. (3-2.3b) to eliminate V; and Eq.
1.1), and from conservation of mass,
0.5
)] (3-4.3)

L

d) Equation (3-4.3) can be modified using P; = AP/

thd

(3-4.2)

—
P

(1| ) and again by Eq. (3-4.1), and is written
V2 (AP
g = T 2P (3-4.4)
AN
05
2 1-— T( -1)/ 1- B4
Pl
e) Equation (3-4.4) is equivalent to Eq. (3-1.1) before
cofrection factors and units conversion are applied and
mgdified by the term in brackets. The bracketed term

is the derived value of € for nozzles and\yenturis.

f) The compressibility effects of flow through an ori-
ficp include sudden radial expansien. The minimum
downstream pressure is, therefofe, dt a different location
thqn that of the downstream {pressure tap. Straightfor-
wdrd derivation of the values)for € to be used for orifices
caqnot be developed with the basic principles of this
paragraph. The values\for € to be used for orifices are
digcussed in para-3-8.

¢) Equation(8*4.4) is the theoretical compressible
eqpation forsubsonic flow of ideal, compressible fluids
thjough differential pressure meters.

3-p ERRORS INTRODUCED IN THEORETICAL MASS

inlet pipe and Nozzle face.
(f) No flow is frictionless or reversible.

3-6 DISCHARGE COEFFICIENT C IN THE
INCOMPRESSIBLE FLUID EQUATION

(a) To correct errors introduced by the idealiz¢d flow
assumptions built into the<incompressible fluid equa-
tion, C is introduced and, defined as

Qm‘

= (3-6.1)

In practice, differential pressure meters are calibrated
to determine C over a range of flows by means of liquid
tests, usually water. The static weight/time tedhnique
is,used to determine g,,;. A series of g,,; versus AP data
is obtained during calibration, and, with g,,;; defjned by
the hydraulic equation [Eq. (3-3.1)], C can be wrjtten as
follows:

Qm,
C=

- (3-6.2)

1
1= 208P)gc

N

(b) It has been found that, for a given meter type and
size, C is a function of bore or pipe Reynolds pumber
and B only. This can also be derived from dimensional
analysis. Calibration data of different meters of the same
type and size is extremely repeatable, provided that the
meters are manufactured and installed in stric{ accor-
dance with Sections 4, 5, and 7, including mafhining
tolerances, dimensions, and straight length or flgw con-
ditioning requirements.

(c) Because the fluid properties that affect the dis-
charge coefficient are inherently contained in Rg¢ynolds
number, a water calibration of a given differentipl pres-

FLOW RATE BY IDEALIZED FLOW
ASSUMPTIONS

The major reasons that g,,;; and g, must be corrected
by the coefficient of discharge to achieve accurate mea-
surement are as follows:

(a) In flowing from A; to A, the minimum cross-
section of the flow stream does not coincide precisely
with the bore or flow element area. This is particularly
true for orifices.

21

sure device is applicable for any measured fluid without
loss of accuracy. This includes gases, provided the cor-
rections detailed in paras. 3-7 and 3-8 are made.

3-7 DISCHARGE COEFFICIENT C AND THE
EXPANSION FACTOR e FOR GASES

(a) For gases, C obtained by liquid calibration is modi-
fied by the expansion correction factor € to account for
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the effects of compressibility. For a given flow meter
calibrated using liquid,

qu "]mc
€= = (3-7.1)

m 1
i JdC——=— 2p(BP)gc

1A

(b) Hence, a water calibration used to determine C

FLOW MEASUREMENT

1

-4

By equating g,,. from Eqgs. (3-8.3) and (3-8.4), it is
seen that

g, = 79°Cer 20,(AP)gc (3-8.4)

6 = € &—e El/
2—1'[)2—1 P,

(3-8.5)

R_c q1.cc ] . 1 1
VEersus \p Tor a CIrerertar pressure metercalt arso- e

used t¢ measure gas flow if €is known.

3-8 (ALCULATION OF EXPANSION FACTOR €

(a) The expansion factor for nozzles and venturi
tubes, yith density determined at the upstream pressure
tap, has been derived [see Eq. (3-4.4)].

0.5
-/ -8
o= {rv[ _ J[ i }[1 e ]] (3-8.1)

Equdtion (3-8.1) is valid for any gas or vapor for which

is known.

(b) Hor orifices, abrupt radial as well as axial expan-
sions take place, and the analytical derivation of Eq. (3-
8.1) is Invalid. It has been determined that the product
of C ar|d € for subsonic flow orifices depends on R; and
the acdustic ratio [AP/( P,)]. Based on the data, if p is
the valjue of density used for the flow calculation, then,

6 =1- (041 + 0358 ATIZ (3:82)

(c) Hquation (3-8.2) has been validated experimentally
for air| natural gas, and steam only. However, it may
also belused for any gas or vapor for which is known.

(d) Hquations (3-8.1) and (3-8.2)\are valid only for
cases where P,/P; = 0.8. Differential pressure meters
must rfot be sized for compressible fluids such that the
pressute ratio is lower than.0.8 to avoid Mach number
effects.

(e) Temperature is)measured downstream of the
meter fo avoid disturbing the flow profile. Static pres-
sure isfusually measured at the upstream tap. Tempera-
ture at|the upstream tap T; can be calculated using Eq.
(3-4.1) pndcthe relationship AP = Py — P,. In most cases,

P, may be obtained for use in Eq. (3-8.5) from (AP +
P,), and p; and ¢, are then used in Eq. (3-1.1)(

(g) Equations (3-8.3) and (3-8.4) can be rewritten| in
the appropriate units, based on the definition of € giyen
by Eqg. (3-7.1), as the general Eq. (3-1.1). Fhus, when fhe
general equation is used for incompressible or liqyiid
flows, € = 1.0.

3-9 DETERMINING COEFFICIENT OF DISCHARGE
FOR DIFFERENTIAL’PRESSURE CLASS METERS

(a) It follows,from paras. 3-6 through 3-8 that, ffor
each type of différential pressure meter specified hergin,

C = C (Rp, B, D) G-9.1)

Due, to the repeatability of hydraulic laboratory cgli-
bration data for differential pressure meters of like type
and size, relationships of C versus Rp are available ffor
each type of meter described in Sections 4 and 5 oyer
the range of allowable sizes and Reynolds numbers. This
is based on the results of thousands of calibrations. The
empirical C versus Rp relationship, along with the cpn-
comitant uncertainty of C, for each type of differenfial
pressure meter is given in those sections.

(b) In Performance Test Code tests, application of the
empirical formulations for discharge coefficient may|be
used for primary variables if uncertainty requirements
are met. In some cases, it is preferable to perfornh a
hydraulic laboratory calibration of a specific differential
pressure meter to determine the specific C versus |Rp
number relationship for that meter.

(c) When a differential pressure flow meter is cpli-
brated in a hydraulic laboratory to determine thq C
versus Rp relationship for that specific meter, the enfire
flow-metering section must be tested. This includes the

T; may| berassumed equal to T,. Rigorous calculation is upstream and downstream piping, manufactured sych
1 2
preferred If uncertainties introduced Dy this assumption nd

are larger than the uncertainties introduced by the mea-
surement of P,, T,, and AP, which is very rare.

(f) In some special cases when orifices are used, static
pressure is measured at the downstream tap P, and
density is determined from P,. To derive e,, rewrite Eq.
(3-7.1) in the following two valid formats:

J2p(AP)gc

G = EdZCE1 (3-8.3)

c

1
J1-8'

other dimensional requirements of Section 7. The cali-
bration is not valid otherwise, except as a validation of
the primary element only. Also, the metering run must
be shipped as one piece, dirt and moisture free, and
not taken apart at the flanges for shipping, installation,
inspection, or any other reason for the hydraulic labora-
tory calibration to remain valid. If the primary element
is removed for inspection, then the empirical formula-
tion for discharge coefficient shall be used for the meter,
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unless it could be reassembled precisely (i.e., dowel
pins).

3-10 THERMAL EXPANSION/CONTRACTION OF
PIPE AND PRIMARY ELEMENT

(a) In actual flow conditions, both d and D change
from the measured values in the factory or laboratory

ASME PTC 19.5-2004

downstream of the primary element, is of adequate
length as prescribed herein.

3-11.2 Cost

Orifices are the least expensive devices; venturi meters
are the costliest. It is important to consider also the
costs of ancillary instrumentation, such as pressure and
temperature instrumentation, installation costs, and

be
when the flowing fluid is at a different temperature than

£l 1 - ‘ — Tl
LAUSC Ul UHICTIIIAL C)\Pdl BIUITUL CUITILACUIOIL 1TSS OCCUILS

thgt at which the primary element and the pipe were
mgasured.
dactual = dmeas + 0Lpedmeas (T - Tmeas) (3'101)
Dactual = Dmeas + 0‘pl)meas (T - Tmeas) (3'102)
da ual
Bactual = l)Ct (3-10.3)
actual

b) The actual values of d, D, and B are used to calcu-
late g,, to account for thermal expansion or contraction.
It {s assumed that the flow element and pipe are at the
same temperature as the flowing fluid. Either T; or T,
mdy be used.

c) For uncalibrated devices, 68°F (20°C) may be
asgumed if Tp,e.s 18 unknown. For calibrated devices,
Tieas i the fluid temperature of the calibration liquid
if the calibration data were not corrected to standard
termnperature.

1 SELECTION AND RECOMMENDED USE:OF
DIFFERENTIAL PRESSURE CLASS METERS

he major considerations when selecting'a differential
bssure class meter are outlined in this paragraph.

w
1

w
1

|1.1 Beta, Pipe Size, and Reynolds Number

Hach meter described in Sections 4 and 5 has limiting
ues for these parameters. In selecting and sizing a
ter, care must be taken' to stay within these limits.
If the metering run is\laboratory calibrated, then it is
sometimes necessaty to extrapolate to higher Reynolds
numbers from the ‘calibrated data.

Hor example,'if the chosen value of differential pres-
re for_théudesign or expected flow rate in the sizing
of lan orifice results in a calculated B that exceeds the
préscribed limits, it might be necessary to use a flow

va
mg

su

=) £ £ fion
coststo-operation:
3-11.3 Uncertainty

The bias uncertainty of the empirical‘formuldtion of
the discharge coefficient and the exparision factor in the
general equation is given for each device in Sedtions 4
and 5, only if it is manufactured, installed, and fised as
specified herein. The results“are’ summarized i Table
3-11.3.

Detailed calculation’ef,overall uncertainty
measurement by differential pressure meters
cussed in Section-4:“The uncertainty of the di
coefficient usually'is by far the most significant
nent of flow-measuring uncertainty, assuming tk
cess and-differential pressure instrumentat
satisfactory.

It 3s\.seen that, among differential pressure
orifiee-metering runs are usually the choice in P
ance Test Code work on an accuracy basis whe
the empirical formulation for discharge coeffici¢nt.

Qualified hydraulic laboratories can usually calibrate
within an uncertainty of 0.2%. Thus, with irfherent
curve-fitting inaccuracies, the uncertainty of
charge coefficients of all meters may be mad
within approximately 0.3% or less with laboratgry cali-
bration, if the measured flow is within the R¢ynolds
number range of the laboratory and the caveats ¢f para.
3-9(c) are met.

The total measurement uncertainty of the flqw con-
tains components consisting of the uncertainty in the
determination of fluid density, and of pressure, tempera-
ture, and differential pressure measurement unc¢rtainty
(see Section 4), in addition to the components |caused
by the uncertainty in C. For an orifice-metering fun, the

n flow
is dis-
charge
fompo-
at pro-
on are

Mmeters,
brform-
 using

for nozzles or venturis. Due to higher uncertdinty in
the empirical formulation of discharge coefficient for

nozzle or venturi. Both devices have a higher capacity
for the same size. Discharge coefficients for nozzles and
venturi-metering runs are in the order of 1.0 compared
to typical discharge coefficients of orifices in the order
of 0.6.

In some cases, when there are sizing problems, pipe
expanders or reducers are used at the flow section
flanges so that the flow section diameter D is different
from that of the surrounding process pipe. This is per-
missible provided the flow section, both upstream and

23

nozzles and venturis, the improved accuracy of these
meters when hydraulically calibrated is significant.

3-11.4 Overall Stagnation Pressure Loss

The overall nonrecoverable stagnation pressure loss
due to the downstream portion of the primary element
is significantly less for venturi tubes than for nozzle
or orifice-metering runs because venturi tubes have a
diffuser. Orifices have the highest nonrecoverable stag-
nation pressure loss relative to devices of the same 8
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Table 3-11.3
Summary Uncertainty of Discharge Coefficient and Expansion Factor

Uncertainty of

Uncertainty of

Location Discharge Coefficient, C Expansion Factor, €, %
Orifice 0.6% for B< 0.6 4LAP
B% for 0.6 < B<0.75 P,
Venturi 0.7% (4 + 10088)AP
Py
Nozzle, wall taps 1.0% for 0.2 < 8<0.8 2AP
Py
Nozzle, throat taps See Section 5 2AP
Normally calibrated P,

and dipmeter. The nonrecoverable stagnation pressure
losses for each device are given in Sections 4 and 5.

3-11.5| Installation

Orifices are the lightest weight and easiest to install
or replhce if laboratory calibrations are not required for
a giver] line size. Venturi tubes have the heaviest weight
for a gliven line size and require less upstream piping
than npzzles and orifices.

RESTRICTIONS OF USE

The following restrictions must be met for proper use
of thesp meters:

(a) The flow meter, flow section, pressure taps;-and
connedting tubing must be manufactured, installed, and
used i strict accordance with the specifications herein.

(b) The pipe must be flowing full.

(c) Nefer to pulsating flow in Sectiony7. The flow must
be steady or changing very slowly(as a function of time.
Pulsatipns in the flow must be §mall compared with the
total flow rate. The frequency)of data collection must
adequadtely cover severalyperiods of unsteady flow.

(d) If the fluid does notremain in a single phase while
passing through thenjeter, or if it has two phases when
entering the meter,then it is beyond the scope of this
Performance Test,Code.

(e) If the-fluid contains suspended particles, such as

sand, flow -measurement is beyond the scope of this
PerfortanceTFest-Code—Coloidalsolutions—withan

3-12

and the fluid conditions ovét/the expected flow rarge
are known.

(b) One method of sizing the meter is to assume that
the metering run pipe diameter D will be the same| as
that of the surrdunding pipe, and to select a differential
pressure to correspond to the maximum expected flpw.
All terms,in<Eq. (3-1.1) are known except C and d. Eqpa-
tion (3-1:1)° may be used to solve for d by iteration| or
successive approximation.

(©)-"1t can be preferable to specify the size of the mefer,
such as that corresponding to a S8 of 0.6 for an orifice-
metering run (e.g., to optimize accuracy while mininjiz-
ing pressure loss). All terms in Eq. (3-1.1) are then knon
except for differential pressure, which should be calfu-
lated by the user at maximum expected flow to enspire
that the pressure ratio is within limits.

(d) The user must be careful when sizing a differential
pressure class meter that the calculated B, d, and Reyn-
olds number are within the specified ranges for each
meter, as described in Sections 4 and 5. If any limitatigns
are exceeded, then either a different size of the same
meter type (d, D, or both) must be used or a differpnt
type of differential pressure class meter should be evalu-
ated for the application. The metering run’s length
dimensions, per Section 7, must also be met and condid-
ered when sizing the meter.

(e) The values of dneas and Di,eqs are the values of fhe
diameters specified to the supplier (see para. 3-10).

index of dispersion not materially different from that of
a homogenous liquid (e.g., milk) may be measured.

3-13 PROCEDURE FOR SIZING A DIFFERENTIAL
PRESSURE CLASS METER

(1) When differential pressure class meters are being
considered, they are sized to suit the user’s needs. Usu-
ally the surrounding pipe diameter of the metering run

3-14 FLOW CALCULATION PROCEDURE

(a) Equation (3-1.1) is used for all differential pressure
class meters and is valid for both liquid and subsonic
gas flow measurement.

(b) Used for gas flow, ¢ is given by Eq. (3-8.1) for
nozzles and venturi tubes; € and ¢, are given by Eq. (3-
8.2) and (3-8.5), respectively, for orifices; and, for liquid
flows, ¢ = & = 1.0.
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(c) Per para. 3-10, 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, from the constit-
uent analysis. Determine fluid viscosity to calculate
Reynolds number. See Section 2 for references on fluid
properties.

thd

th
de

flo)

co
C
fic
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Table 3-15 Natural Gas Analysis

C/\ All Llualli.i;.itb ill 'Lllt Sﬁlltld‘l E\.i. (3'1.1}, E)\LtfP'L
discharge coefficient, are known once steps 3-14(b)
fough 3-14(d) have been completed. Because C
bends on Reynolds number, which itself depends on
w rate, Eq. (3-1.1) is now solved by iteration. It is
(wenient to initially guess a discharge coefficient of
= 1.0 for nozzles and venturi tubes and 0.60 for ori-
ps. The corresponding flow rate, and thus, Reynolds

number, from the initially assumed discharge coefficient

is
va
ne

be
of
ex
s

=

V
als
fiv]

hen calculated. A reiteration is begun using the new
ue of the discharge coefficient as calculated from the
v Reynolds number from the previous iteration.

f) This process is continued until the difference
ween successive calculated flow rates is less than 2%
the estimated uncertainty of the measurement. For
hnmple, if the estimated uncertainty is 1.0%, the succes-
e iterations must be within 0.02% of each other. It is
0 convenient to simply iterate until convergence to
e significant digits is achieved. Usually convergence

caf be achieved with only two to four iterations.

thd
lat]
the
thd

co

ceq
saf

w
1

mg
lah
me
ral
thd

g) Another convenient algorithm is to initially guess
flow rate based on knowledge of the process, calcu-
e the corresponding Reynolds number, and then find
corresponding discharge coefficient. Flow rate is
n calculated with the new discharge coefficient and
mpared to the initial guess. Again, theliterative pro-
s is repeated until the same criterion as above is
isfied.

|5 SAMPLE CALCULATION

A sample calculatiof of flow rate through an orifice-

tering section, which is not calibrated in a hydraulic

oratory and given the appropriate process measure-

nts and fluid.constituent analysis, is shown for natu-
gas. The expected bias component of uncertainty in
flow.measurement is 0.7%.

All flaid properties, materials properties, and proce-

dulres for calculation of fluid properties of mixtures are
taken from the references in this Section and in Section 2.

Constituent Mole Percent Molar Mass
Nitrogen 0.656 3 28.013 4
Carbon dioxide 0.769 6 44.0100
Methane 96.033 3 16.043 0
Ethane 1.965 8 30.043 0
Propane 0.328 3 44.097 0
N-DUtane 0.0700 58.123 0
Isobutane 0.070 0 581123 0
N-pentane 0.0300 72.150 0
Isopentane 0.040 0 72.150 0
N-hexane 0.036 7 86.177 0

100.00 Moleculdr weight
= 16828
Static pressure attheupstream side of thq plate:
292.85 psia
Temperature at{the downstream side of thq plate:
53.56°F
Differentidl pressure: 1.4106 psi
For natural gas analysis, see Table 3-15.
(b)xTemperature at the Upstream Side. Usually tempera-
tute at the upstream side of the orifice can be agsumed
to,be equal to the temperature at the downstregm side
without significant loss of accuracy.
As an example for gases, is a function of the $pecific
heat Cp and the molecular weight
C
- 0509 [(315)
c 1986~ - 1986
PTMwW 16.828
Assuming a pressure recovery of about 40%|[AP to
downstream thermowell is (0.6)(1.4106) = 0.844],
P, [T,V
7= [x
292.85 — 0.846
292.85
B 53.56 + 459.67 1.309/(1.309 - 1)
Ty + 459.67
= T, = 53.92°F (3-15.2)
The estimated temperature difference is insighificant
at 0.07% on an absolute basis.
(c) Fluid Prn'nprfipq From the constituient analssis and

U.S. Engineering units are used in this example.
(a) Orifice Geometry and Data

Dineas = 7.981 in.
Tieas = 68°F
dyene = 4754 in.

Taps: flange type
Orifice material: 316 stainless steel
Pipe material: carbon steel

25

at 53.56°F, 292.85 psia,

p = 0.935810 Ibm/ft?
M 7.40E — 06 Ibm/ (ft-sec)

(d) Thermal Expansion Coefficients of Materials. At the
temperature of the flowing fluid,

9.E - 06 in./in. - °F
6.E — 06 in./in. - °F

QpE
ap
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(e) Calculation of d, D, and B. From Eq. (3-10.1),
= dmeas + O‘pedmeas (T - Tmeas)
= 4.754 + (9.E — 06)(4.754)(53.56 — 68)

dactual

FLOW MEASUREMENT

(2) Iteration 2. Discharge coefficient is a function of
metering geometry and Reynolds number. Equation (4-
8.4) is applicable and is given for convenience. (See Sec-
tion 4 for empirical equations for discharge coefficients

= dycual = 4.753 in. (3-15.3) for orifice meters.)
From Eq. (3-102), C = 05959 + 003128 - 0.18404" + L0%008"
D(1 - B
Detee=Domenst- 0ty Do AT = T TR
= 7.981 + (6.E — 06)(7.981)(53.56 — 68) -—5 7 (4-$.4)
= Dacrual = 7.980 in. (3-15.4) b
For this specific meter, from Egs. (3-15.4), (3-15.5), qnd
From Eq. (3-10.3), (4-8.4), it is seen that C as a function of-Rp-is
_ dactual _ 4.753 _ 25.109
Bactual = Do — 7980 0.59561 (3-15.5) C = 0.60465 + o (3-15[11)
Notd that at flowing temperatures close to 68°F, geom- From Egs. (3-15.10) and (8415.11),
etry is|[fundamentally unchanged when corrected to
flowing temperature. Correction to geometry of higher Cliteration 2) = 0160465 + 25109 _ () 60508
tempetature flows, such as for steam, can be far more 2,258,00007°
signifidant. (3-15[12)
(f) Hxpansion Factor. From Eq. (3-8.2),
Note that the difference = (0.60508 — 0.60000)/
_ AP 0.60000 = _0:85%. By the criteria of para. 3-14(f), this is
i = 1- 041+ 0.356) 7 far tog large and another iteration is clearly requirpd.
1 " 9561 1.4106 With-auncertainty requirements in the flow of 0.7%, cpn-
= 1-|041+(0:35)(0.59561) (1.309)(292.85) vergence must be within 2% of 0.7%, or within 0.014%.

= 0.99833 (3-15.6)

(g) Iferations. All terms in the general Eq. (3-1.1) are
now khown except for the discharge coefficient. t-is

From Eq. (3-15.7), the corresponding flow to C (itera-
tion 2) is

(52,361)C = (52,361)(0.60508)
31,682 Ibm/hr (3-15

gm(iteration 2)

(3) Iteration 3. From Egs. (3-15.4), (3-15.9), and
15.13),

Ryiteration 3) = 31,682
DULETAtON ) = 757 40E — 06)(m)(7.980)
= 2,277,000 (3-15[14)
From Egs. (3-15.11) and (3-15.14),
C(iteration 3) = 0.60465 + 2109 60508
2,277,000%73
(3-15[15)

The discharge coefficient, and therefore, the mass flpw
rate, have converged within five significant digits. This

solved|for iteratively. Equation (3-1.1) is repeated for
converfience.
™ 2p(AP)gc
= n=dCe [Z2215C 3-1.1
q 19T 7 G-11)
G = 300.0%(4.752)%(0.99833)
8 \/(2)(0.935810)(1.4106)(32.17405)
1 - (0.59561)*
= qu = (652861HC (3-15.7)
(1) Iteratioi/L: For the first iteration, guess C = 0.6.
qu(iteration 1) = (52,361)(0.600) (3-15.8)
= 31417 lbm /hr
pV% g
Rp = —= =705 (3-15.9)
From Egs. (3-15.4), (3-15.8), and (3-15.9),
L 3 31,417
Rp(iteration 1) = e 26E —6)(m)(7.980)
= 2,258,000 (3-15.10)

26

15 Iess than U.002% dilfference and well within the 0.014%
criterion.

Thus, the calculated flow rate is 31,682 Ibm/hr.

(h) Notes on Sample Calculation. It is seen from Eq.
(3-15.11) that at large enough Reynolds numbers, the
discharge coefficient is a very weak function of Reynolds
number, which is why so few iterations are required for
convergence. If enough about the measured process is
known, then the alternative iterative process described
in para. 3-14(g) can be used. Instead of initially guessing
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the discharge coefficient, the initial guess would be the
flow. With digital computational techniques, it is not
critical which method is selected.

The low dependence of the discharge coefficient on
the Reynolds number at higher Reynolds numbers
makes the orifice-metering run a good candidate for
extrapolation of laboratory calibration data to higher
Reynolds numbers than are available in the laboratory.
Thiss

ASME PTC 19.5-2004

ASTM D 3588, Standard Practice for Calculating Heat Value,
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Benedict, R. P. Fundamentals of Pipe Flow. New York: John

isis-cisetrssecHnrdetattinSeetiondandinAppendiet:
f the pressure correction to temperature was used so
thgt in this sample calculation 53.92°F was the fluid
tetpperature [Eq. (3-15.2)], then the resulting flow would
be|31,668 Ibm /hr. The difference of 0.04% is small. The
Cqde user may use the upstream temperature as esti-
mgted in this sample calculation, but it is not a
requirement.

3-16 SOURCES OF FLUID AND MATERIAL DATA

AGA Report No. 8, Compressibility and Supercompressibil-
ty for Natural Gas and Other Hydrocarbon Gases. Wash-
ngton, DC: American Gas Association; 1985.

AJME MFC-3M, Measurement of Fluid Flow in Pipes Using
Drifice, Nozzle, and Venturi. New York: American Soci-
bty of Mechanical Engineers; 1989.

AQTM D 1945, Standard Test Method for Analysis of Natural
Gas by Gas Chromatography. West Conshohocken, PA:
American Society for Testing and Materials; 1996.

Wiley & Sons; 1980.
Benedict, R. P. Fundamentals of Temperature, Pressyire, and
Flow Measurements. New York: John Wiley & Sons;
1977.
ISO 5167-1(E), Measurement of Fluid\Flow by Means of
Pressure Differential Devices. Part 1: Orifice|Plates,
Nozzles, and Venturi Tubesdnserted in Circulag Cross-
Section Conduits Running Full. Geneva: Interrjational
Organization for Staridardization; 1991.
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Maemillan; 1971.
Shapiro, The Dynamics and Thermodynamics of Campress-
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Section 4
Orifice Meters

4-0

See

IIhOMENCLATURE

e nomenclature at the beginning of Section 3.

4-1 INTRODUCTION

This|type of differential pressure class meter consists
of a flpt plate through which the diameter, d, in the
genera| equation for mass flow [Eq. (3-1.1)], has been
bored precisely and is thin relative to the diameter of
the flow section. The upstream edges of the meter that
are expjosed to flow must be sharp. The primary element
is, thetefore, referred to as a thin-plate, square-edged

orifice|It is the most widely used differential pressure
class nmpeter because of its low cost and high accuracy.
4-2 PES OF THIN-PLATE, SQUARE-EDGED

RIFICES

Thinfplate, square-edged orifices are classified based
on theflocations of their differential pressure taps. The
followfing three types of tap geometries are recom-
mendefd by this Supplement for primary data when con-
ducting ASME performance tests in accordance with
a code

(a) flange taps

(b) Ip and D/2 taps

(c) cprner taps

Presgure tap locations for flange-taps and D and D/2
taps arg given by the measured distance from the center-
line of [the pressure tap to the-upstream face A or to the
downsfream face B of the orifice plate (Fig. 4-2-1). The
thicknpss of the gaskets\or’other sealing material is
includ¢d in the given{dimension.

In a forner tap afrangement, the pressure holes open
in the forner forfed by the pipe wall and the orifice
plate (Fig. 4-2:2)/ The pressure taps may have several
locatiops.

(d) location of temperature and static pressure mpa-
surements

(e) Reynolds number limitations

(f) metering section and flange dimensipns’and ¢
struction

(g) effect of flow conditions on.swirl or upstre
obstructions on accuracy

(h) pressure tap constructioriand geometry

This Section addresses paras, 4-3(a) through (e). Cqm-
pliance requirements foreparas. 4-3(f) through (h) pre
discussed in Section 7.

n-

jv)

4-4 MULTIPLE,SETS OF DIFFERENTIAL PRESSURE
TAPS

It is re¢emmended that two sets of differential pres-
sure taps’separated by 90 deg or 180 deg be provided.
It is(@ometimes necessary for them to be provided at
90.deg for situations where connecting tubing must|be
routed either vertically upward or horizontally or ve}ti-
cally downward or horizontally; the vertical positipns
are preferred.

Orifice degradation through use, dirt, or other irregu-
larities can go unnoticed if only one set of taps are used.
Differential pressure is measured at each set of taps. The
flow calculation is done separately for each pair gnd
averaged. Investigation is needed if the results differ
from each tap set calculation by more than the flpw
measurement uncertainty.

When using a calibrated orifice for precise measure-
ment, two sets of differential pressure taps are required.

4-5 MACHINING TOLERANCES, DIMENSIONS, AND
MARKINGS FOR ORIFICE PLATE

Unless otherwise noted, all symbols correspond
those in Fig. 4-5.

to

D

4-3 CODE COMPLIANCE REQUIREMENTS

Thin-plate, square-edged orifice-metering runs must
be manufactured and installed in accordance with this
Section and Section 7 to be in compliance with this
Supplement. Flow measurement accuracy is affected by

(a) thermal expansion and pressure-induced distor-
tion affecting orifice geometry

(b) orifice plate dimensions and construction

(c) orifice bore concentricity to the pipe

28

451
Orifice Plate

Deflection of the orifice plate during flowing condi-
tions is unavoidable (Fig. 4-5.1), but must be small
enough so that the total deflection 7is less than 0.005(D
- d)/2 (assuming the plate was perfectly flat with zero
differential pressure applied). Table 4-5.1 shows mini-
mum orifice plate thickness E for stainless steel orifices.

The minimum plate thickness E shall be those values
given in Table 4-5.1. Maximum plate thickness shall not
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Fig. 4-2-1 Location of Pressure Taps for Orifices With Flange Taps and With D and D/2 Taps
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Fig 4-2-2 Location of Pressure Taps for Orifices With Corner Taps
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4>( ‘<—Thickness E of the plate

Upstream face A —> <— Downstream face B

Angle of bevel F
| | /
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Simple support (fitting)

_ |/
Thickness e of the orifice
—
D d Axial ce_nter line
—
Direction of flow
Downstream
edges Hand /
—
Upstream —/
edge G

Fig. 4-5 Standard Orifice Plate

exgeed 1.5 times the minimum value, and in no case can
it be larger than 0.5 inx(13 mm).

[he values of Eymeasured at any point of the plate
shall not differ @mong themselves by more than 0.001D.

4

5.2 Upstream Face A

Withtzero differential pressure applied, the plate
upstiteam face A must be flat within 0.01(D — d)/2. The

g D—d_|

Fig. 4-5.1 Déflection of an Orifice Plate by
Differential Pressure

(b) measured bore diameter to five significant digits

(c).measured upstream pipe diameter to five [signifi-
cant digits if it is from the same supplier as thq orifice
plate

(d) instrument or orifice identifying number

It is also suggested, but not mandatory, that the tag
be marked with the plate thickness and angle of bevel,
even if that is zero.

4-5.3 Downstream Face B

The downstream face B does not have to be mgchined
to the same tolerances as the upstream face. Hlatness
and roughness can be judged acceptable by vispal and
tactile inspection.

4-5.4 Thickness e

The thickness of the cylindrical bore of the grifice e
measured normal to the plane of the inlet face rhust be
between 0.005D and 0.02D, but it must never |be less
than 0.005 in. (125 mm).

The values of e measured around the bore shall not
differ among themselves by more than 0.001D.

4-5.5 Bevel

orifice plate mounting shall have no significant dis-
torting effect on the plate.

The upstream face A must have a maximum
roughness of no greater than 5 win. (1.3 pm) within a
circle whose diameter is not less than D and is concentric
with the bore.

The lip-like upstream side of the orifice plate that
extends out of the pipe called the tag shall be perma-
nently marked with the following information:

(a) identification as the upstream side

31

Hfthethickmessof the orifice ptate £ IS greater than
the thickness e of the orifice, then the bevel shall be on
the downstream side. The beveled surface has the same
smoothness requirements as the upstream side of the
orifice plate A. The angle of bevel F shall be 45 deg
(+2, -0).

4-5.6 Edges G, H, and /

The upstream edge G and downstream edges H and
I'must be completely free of any burrs, nicks, wire edges,
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Table 4-5.1 Minimum Plate Thickness, E, for Stainless Steel Orifice Plate

ENT

AP D <150 mm (D < 6 in.) D <250 mm (D < 10 in.) D < 500 mm (D < 20 in.) D <900 mm (D < 36 in.)
B<05
AP < 250 kPa 3 mm (0.125 in.) 5 mm (0.188 in.) 10 mm (0.375 in.) 13 mm (0.500 in.)
(36.3 Ibf/in.?) [Note (1)]
AP < 50 kPa 3 mm (0.125 in.) 3 mm (0.125 in.) 6 mm (0.250 in.) 10 mm (0.375 in.)
(7.25 Ibf/in.%)
AP < 25 kPa 3.2 mm (0.125 in.) 3 mm (0.125 in.) 6 mm (0.250 in.) 10 mm (0.375 in.)

(3.63 [BT/TA)

p>05

AP < 25D kPa 3 mm (0.125 in.) 5 mm (0.188 in.) 10 mm (0.375 in.) 13 mm (0.500 in.)
(36.3 |bf/in.?)

AP < 50|kPa 3 mm (0.125 in.) 3 mm (0.125 in.) 5 mm (0.188 in.) 10 mm-+(0.375 in.)
(7.25 |bf/in.2)

AP < 25|kPa 3 mm (0.125 in.) 3 mm (0.125 in.) 5 mm (0.188 in.) 6 mm (0.250 in.)

(3.63 |bf/in.?)

GENERAL NOTES:

(@) See|para. 4-6 for maximum allowable plate thickness.

(b) Calcplated based on U.S. engineering units, with minimum thickness expressed in multiples of.one-sixteenth of an
inch] as is common practice. Sl units are rounded to the nearest millimeter.

(c) Soufces: ASME MFC-3M, ASME Fluid Meters.

NOTE:

(1) At p|pe diameters of 30 in. and higher, maximum differential pressure is 125 kPa (8.1 Ibf/in.?).

or othgr manufacturing deficiencies detectable by visual
or tact{le inspection.

The ppstream edge G must be sharp. It is defined as
sharp if the radius of the edge is not greater than 0.0004D
for orifices up to D = 3 in. (75 mm) and not greater
than 0.p01 in. (0.025 mm) for orifices of D > 3 in. (75 mun).

Visuhl inspection of the G edge of orifices.of ;D > 1
in. (25 mm) is sufficient to check edge sharpgéss compli-
ance. If the edge does not appear to reflect'a beam of
light when viewed by the naked eye,\the sharpness
requirgments are considered to be_met. If there is any
doubt, |[the edge radius must be measured. For orifices
of D <[l in. (25 mm), it is recommmiended to measure the
edge radius. The edge radius.can be measured by the
lead fdjil impression method, casting method, or paper
recording roughness rethod.

The flownstream(edges H and I do not have the same
rigoroys requirements as the G edge. This is because they
are in the separated flow region. Small defects should be
undetegctable by the naked eye.

No¢’measured diameter can differ by more than 0.0p%
from the mean for orifices of D > 1 in. (25 mm) or|by
more than 0.0004 in. (0.01 mm) for orifices with smaller
diameters down to 0.40 in. (10 mm)

The orifice shall be cylindrical and perpendiculay to
the upstream face.

4-5.8 Eccentricity of Orifice in Metering Section

Centeredness of the orifice diameter with respect to
the upstream metering run diameter, or eccentricity is
defined as the perpendicular distance between the ¢ri-
fice bore center and the metering section bore center.
For line sizes greater than 4 in. (100 mm), eccentridity
must not exceed 0.0025D/(0.1 + 2.348%. In smaller line
sizes, eccentricity must not exceed 0.03 in. (0.8 mm)
toward the taps, or 1.5% of D away from the taps.

An orifice plate must be perpendicular to the center-
line of the metering run within 1 deg.

The manufacturing and installation requiremehts
needed to comply with these restrictions are addresged
in Section 7.

4-5.7 Orifice-Diameter

The diameter D shall be such that 0.20 < 8 < 0.75;
however, it is recommended that a 8 of 0.70 is not
exceeded. The manufactured diameter D is reported as
the mean of four measured diameters at approximately
45 deg spacings. More diametral measurements can be
specified but must be spaced in approximately equal
radial angles to each other.

Caution must be exercised to avoid damaging the inlet
edge G while measuring the diameter.

4-6 MACHINING TOLERANCES AND DIMENSIONS
FOR DIFFERENTIAL PRESSURE TAPS

4-6.1 Flange Tap and D and D/2 Tap Orifice-Metering
Runs — Shape, Diameter, and Angular Position

The centerline of the taps must meet the pipe center-
line and be at right angles to it within +2 deg.

At the point of breakthrough the hole must be circular.
The edges must be flush with the internal surface of
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the pipe wall and be as sharp as can be reasonably
manufactured. Because of the criticality of eliminating
burrs or wire wedges at the inner edge, rounding is
permitted but it should be minimized. The radius caused
by rounding must not exceed 0.0625d. Visually, no irreg-
ularities could appear inside the connecting hole, on the
edges of the hole drilled in the pipe wall, or in the pipe
wall close to the pressure tap.

ASME PTC 19.5-2004

flanges, or in carrier rings, as shown in Fig. 4-2.2.

(c) The diameter a of single taps or the width j of
annular slots are given below. The minimum diameter
is determined in practice by the likelihood of accidental
blockage, such as by air bubbles or built-up dirt.

(1) For clean fluids and steam,
(a) for B <0.65,0.005D < a or j <0.03D
(b) for B> 0.65,0.01D < a or j < 0.02D

he-medmum—alowable-diameters—of-the—tap-holes
thjough the pipe wall or flange are given in Section 7.
Interpolation for intermediate sizes is permitted.
Upstream and downstream tap holes must be the same
digmeter. The minimum size of the tap holes is 0.25 in.
(6 Imm).

[he pressure tap holes must be circular and cylindri-
. They may be constructed such that they may
Fuptly increase in diameter at any location away from
th¢ inner wall. However, if they decrease in diameter,
th¢ decrease must not occur for at least 2.5 hole diame-
tes away from the inner wall.

he axis of an upstream and its respective down-
Pam tap may be located in different axial planes. Cau-

ca
ab

.2 Flange Tap and D and D/2 Tap Orifice-Metering
Runs — Spacing of Taps
he spacing I of a pressure tap is the distafice between
th¢ centerline of the pressure tap and the'plane of one
specified face of the orifice plate. When installing the
préssure taps, take into accountsthe thickness of the
gatkets and/or sealing material.that are to be used.
a) Spacing of Flange Taps. The’center of the tap for P,
is [ = 1.00 in. (25.4 mm)-measured from the upstream
fade A of the orifice plate/ The center of the tap for P,
islp = 1.001in. (25.4 mm)measured from the downstream
fade B of the orifice-plate. Manufacturing tolerances for
flahge tap locations are shown in Fig. 4-2.1.
b) Spacingof D and D/2 Taps. The center of the tap
fof Py is IN&"D + 5% from the upstream face A of the
orffice(plate. The center of the tap for P, is I, = 1.00 in.
(23.4\mm) measured from the downstream face B of the
orifice plate. Manufacturing folerances for Ilange tap
locations are shown in Fig. 4-2.1.

4-6.3 Corner Tap Orifice-Metering Runs

(a) The spacing between the centerlines of the taps
and the respective faces of the plate is to be selected so
that the tap holes break through the wall flush with the
faces of the plate.

(b) The taps may be either single taps or annular slots.
Both types of taps can be located either in the pipe, its

33

{Z) For any vatues of 5,
(a) for clean fluids, 0.05 in. (1 mm) <4\01
in. (10 mm)
(b) for steam with annular chambers, 0.0p in. (1
mm) < orj < 0.5 in. (10 mm)
(c) for steam and liquefied gases with single taps,
0.16 in. (4 mm) < a or j < 0.5,if. (10 mm)
(d) The annular slots usually break through the pipe
over the entire perimeter with no break in contifuity. If
not, each chamber shall.connect with the insid¢ of the
pipe by at least four-@penings, the axes of which are at
equal angles to one another and the individual dpening
area of each being at least 0.02 in? (12 mm?).
(e) If individual pressure taps are used, the cemterline
of the faps/must cross the centerline of the pife at as
neara right angle (90 deg) as possible. If there arejseveral
individual pressure taps for the same upstream o down-
stream axial plane, their centerlines shall fornp equal
angles with each other around the pipe. The pressure
taps must be circular and cylindrical over a length of at
least 2.5 times the diameter of the taps, measurgd from
the inner wall of the pipe.
(f) The inner diameter b of the carrier rings thust be
equal to or greater than the diameter D of the pipe to
ensure that the carrier rings do not protrude ihto the
pipe. The inner diameter must not be great¢r than
1.0025D.
(g) The following restrictions are placed on thg geom-
etry of the pressure taps for corner tap orifice-metering
runs (see Fig. 4-2.2):
(1) D <b<1.0025D
(2) ¢<0.5D
(3) ¢ <0.5D
(4) f=2j
(5) area gh = mjb/2
(h) All surfaces of the ring that can be in contgct with
the measured fluid shall be clean and have h good
machined finish.

j<05

3 5 2 ar cham-
bers to the secondary device are pipe-wall taps, circular
at the point of breakthrough and with diameters a
between 0.15 in. and 0.5 in. (4 mm and 10 mm).

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

(k) The diameter D of the pipe to be used for the
calculation of the diameter ratio is to be measured, as
must be the arithmetic mean of measurements made in
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at least four equally separated diameters in the plane
of the upstream tap. The carrier ring is regarded as part
of the primary device. The mean diameter of the carrier
ring b must be used in the calculation. This also applies
to the length requirement so that the length s is to be
taken from the upstream edge of the recess formed by
the carrier ring.

FLOW MEASUREMENT

Ly

dimensionless correction for downstream tap
location

I,/ D, measured from upstream face A
dimensionless correction for downstream tap
location

(I, = E)/D, measured from downstream face B

L

4-8.2 Discharge Coefficient for Flange Tap Orifices

4-7 1LOCATION OF TEMPERATURE AND STATIC
RESSURE MEASUREMENTS

The general equation for mass flow [Eq. (3-1.1)] was
developed to calculate the velocity at the throat of the
device] Thus, temperature and static pressure measure-
ments for density and viscosity determination are prefer-
ably dptermined at the upstream side of the orifice.
Howeyer, temperature measurement upstream can
interfefe with the flow pattern and introduce errors.
Hence/| the temperature well shall be located between
5D and 6D downstream of the orifice face B.

For 4 gas or vapor, with the requirement that P,/P; >
0.80, of for a liquid, it is acceptable to assume that T;
T, without any loss of accuracy. This can be confirmed
by assyming isentropic expansion of the fluid across the
orifice [and using the measured differential and static
pressyres, taking note that there is some pressure
recovefy.

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 connec:
tion wjith the differential pressure measurement line.
Care njust be taken to avoid introducing errors (when
connedting static pressure measurement in;cemmon
with a] differential pressure measurement (see Section
7). In the case of corner tap orifices, static pressure can
be megsured by means of carrier ringtaps.

Itis 4cceptable to measure static pressure at the down-
stream|tap if, for a gas or vapoy;, the’expansion factor is
calculdted by Eq. (3-8.5).

4-8 HEMPIRICAL FORMULATIONS FOR DISCHARGE
OEFFICIENT/C
4-8.1 General¢ormulation

The ¢mpirical formulation for the discharge coefficient
for orifices.is given by the following equation:

(U-S. Customary Units)
For D>23in., L; = L', and

009008*
D( - B

(4

C = 0.5959 + 0.03128*! — 0.1840/° +

003378 91718
D RY

.2)

For2in. <D <23 in., L= 04333,[', = 1/D, and

0.03908*

C = 0.5959 +0,03128*! - 0.18408° +
1-pH

008375 91.718>°
D R%75

(4-$.3)

4-8.3 Discharge Coefficient for Flange Tap Orifices
(Sl Units)

For D 2586 mm, Ly = L', = 25.4/D, and

2.28608"
D@ - B

(4-

C = 0.5959 + 0.03128*! - 0.18408° +

_ 0.85608° . 91.718>°

B.4)
D RY

For 50.8 mm < D <58.6 mm, L; = 0.4333, L', = 25
D, and

0.03908*
1-p9

C = 0.5959 + 0.03128*! — 0.18408° +

085608 91.718%°
D RYS

(4-8.5)

4-8.4 Discharge Coefficient for D and D/2 Tap
Orifices (U.S. Customary and Sl Units)

For both sets of units, I, = 04333, [/, = 047, and

0.0900L
C = 05959 + 0.03128%! — 0.18408° + 0.0900L, 4"
2 (1-8)
91.718~
- 0.0337L,8 + W (4-8.1)
where
L; = dimensionless correction for upstream tap

location
I;/D, measured from upstream face A

34

. (-8
91.718*
- 0.015845° + = (4-8.6)

Note that for D and D/2 orifices, I,” = (I, — E), the
distance from the downstream face B of the orifice plate
to the center of the P, tap, is defined as 0.47D.
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4-8.5 Discharge Coefficient for Corner Tap Orifices
(U.S. Customary and Sl Units)

For corner taps, L; = L', = 0, and

91.718%5
R%75

C = 0.5959 + 0.03128*! - 0.18408 + (4-8.7)

Note that, with the elimination of the dimensionless

ASME PTC 19.5-2004

4-12 CALCULATIONS OF DIFFERENTIAL PRESSURE
CLASS FLOW MEASUREMENT STEADY STATE
UNCERTAINTY

4-12.1 Derivation

This uncertainty analysis is valid provided that the
calculations of mass flow rate are performed and the
metering runs and orifices are manufactured and

cofrections, corner tap orifice-metering runs are the best
to [study for the development of formulations for dis-
charge coefficient based on fluid dynamic theories for
comparison to test data.

£

» LIMITATIONS AND UNCERTAINTY OF EQS.
(4-8.1) THROUGH (4-8.7) FOR DISCHARGE
COEFFICIENT C

Hquations (4-8.1) through (4-8.7) are valid only for
mgtering tube sizes of 2 in. <D <36 in. (50 mm < D <
90 mm), nominal sizes.

At pipe Reynolds numbers Rep between 2,000 and
000, the bias uncertainty of the calculated discharge
pfficient is (0.6 + B)%. Notice from the empirical for-
lations that, for these very low Reynolds numbers,
slope of the C versus Rep curve is steep.

t pipe Reynolds numbers Rep, above 10,000, the cal-
culated uncertainty is as follows:

a) For 0.2 < 8 < 0.6, the uncertainty of the discharge
coefficient is 0.6%.

b) For 0.6 < B<0.75, the uncertainty of the discharge
co¢fficient is equal to B%.

he uncertainties in this paragraph aréto be treated
as |pias uncertainties in the uncertainty analysis of flow.
Thiey are valid only if the orifice afid metering section
ar¢ manufactured and installed strictly in accordance
with the requirements of this Segtion or Section 7 of this

10
co

he upper Reynolds number limit for these equations
is Rep = 10°.

4-10 UNCERTAINTY OF EXPANSION FACTOR e

he numerical value of the uncertainty of the expan-
sign fdctor €, expressed as a percentage, is 4AP/P, with
and P in the same units.

instatled strictty i accordance with this Code. Dgviation
from this Code in manufacture, installation, caletilations,
or any other requirement adversely affects uncgrtainty.

Sample calculations shown are fop orifice-mletering
runs, which have the best accuracy levels'of the empirical
discharge coefficient (hydraulic laboratory calipration
equalizes the discharge coefficient uncertaintiesfamong
all the differential pressure-devices.

Steam and gas are the,chosen fluids for sample calcu-
lation of uncertainty bécadse all terms are then pised in
the fundamental flow~equation [Eq. (3-1.1)], which is
repeated below for-the user’s convenience. Water or
incompressible-flow measurement uncertainty wpuld be

calculated Similarly but without the expansior} factor
term coming into play.
w 5. [2p(AP)gc
q,,,—n4dCe g (3-1.1)
C = orifice discharge coefficient
d = diameter of orifice at flowing fluid temper-
ature
n = units conversion factor for all units to pe con-
sistent
gm = mass flow rate
B = ratio of orifice and pipe diameters (d/IP), both
diameters at the flowing fluid temperhture
AP = differential pressure
€ = expansion factor for gas and vapor flqw

fluid density

Defining U as the uncertainty in the units of njeasure
of its subscripted variable,

om \2 fam, V (om o
] + (520] + (37

f’_’”uz 3_mu2 om, ’
*lap-r) *\5p) *\oap- 4

m

(4-12.1)

4-11 UNRECOVERABLE PRESSURE LOSS

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

1-F-cf,,
J-B+Cp

with Aw and AP in the same units.

Aw = (4-11.1)

35

After differentiation, dividing by m to get fractional
units, and algebra,

N [ e e [

B R e ]

(4-12.2)
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Table 4-12.1
Sensitivity Coefficients in the General Equation
for Differential Pressure Meters

Term in General

Flow Rate Eq. (1) Sensitivity Coefficient

FLOW MEASUREMENT

compressible fluid with a specific heat ratio of 1.3 at a
pressure of 300 psi. The error in the e calculation is
0.003% at typical instrument errors of 0.2%.

Three example uncertainty calculations are given; two
are for steam mass flow rate and one is for natural gas
fuel mass flow rate. It is emphasized that these are steady
state uncertainties. A post-test uncertainty analysis
would have to include random errors caused by data

N PTC 10 1
A\ o g oy

1.00
€ 1.00
D 234

1-8
d 2

1-p84
AP 0.50
p 0.50

Uncg

The
(4-12.2
able X,
Eq. (4-

rtainty as a percentage is then equal to 100U,/ m.
square root of the coefficient of each term in Eq.
is the sensitivity coefficient of the particular vari-
The sensitivity coefficients are summarized from
[2.2) in Table 4-12.1.

4-12.2

The lincertainties of high-quality instrumentation for
measufement of the fluid conditions and orifice differen-
tial prgssure are used in the following calculations. Use
of diffdrent quality instrumentation would result in dif-
ferent fotal uncertainty and must be considered for each
applicgtion. Even if typical orifice and pipe geometries
are usdd, each individual case has to be considered in
practicp.

Therp are no additional uncertainty considerations in
complgtely steady state conditions using Eq.(4212.2) for
uncertainty analysis, if the parameters on theright side
of Eq.[(3-1.1) are independent. Although they are not
entirely independent, the unaccounted-for cross-prod-
ucts arp completely insignificant, @s,shown below.

The Hischarge coefficient C is7a function of Reynolds
number, which is calculated Based on temperature, pres-
sure, ahd constituent analysis if a gas mixture (for den-
sity and viscosity calciflations). Consider that an error
in the Reynolds number of 25% for typical geometries
and flgw rates restilts’in an error in the discharge coeffi-
cient of much less*than 0.1%; the error in the discharge
coefficlent caused by temperature, pressure, and analy-
sis errgrs.is_trivial.

The bxpansion factor e also depends on pressure and

Uncertainty Calculation-General

£] & 41 AC
ot aton S Ptz Yyovi T

4-12.2.1 Example 1: Uncertainty of Typical SteLm
Flow Measurement, Orifice-Metering Run for)’ < Q.6.
Orifice geometry and design flow conditigns are as fol-
lows (see Table 4-12.2.1):

Diness = 10.02 in.
Aens = 4.90124h.
Bmeas = 0.4891
differential pressure = 18.046 psi
fluid pressure =.280 psia
fluid temperature ‘=) 430°F

4-12.2.2 Example 2: Uncertainty of Typical Stepm
Flow Measurement,” Orifice-Metering Run for 8 > Q.6.
Steam flow ofifice geometry and flow conditions ard as
follows (see¢Table 4-12.2.2):

Dieas = 12.00 in.

Ameas = 8400 in.
Bmeas = 0.7000

differential pressure = 7.835 psi
fluid pressure = 65 psia
fluid temperature = 360°F

4-12.2.3 Example 3: Uncertainty of Typical Fuel Gas
Flow Measurement, Orifice-Metering Run for B < Q.6.
Fuel flow orifice geometry and flow conditions are| as
follows (see Table 4-12.2.3):

Dieas = 7.9810 in.
Aneas = 4.6834 in.
Breas = 0.5868
differential pressure = 4.234 psi
fluid pressure = 375 psia
fluid temperature = 60°F

4-12.3 Precision Uncertainty Due to Data
Fluctuations

The post-test uncertainty analysis must consider fljic-
tuation of actual data. The differences in degrees of free-
dom of the required data should be considered)i

differential pressure.
e =1-(041+ 0358 A—If
1

The uncertainty of the empirical formulation of the
expansion factor in the calculations overwhelms the
uncertainty in € due to process measurement error. As
an example, consider a metering section with S ratio of
0.6 and measured differential pressure of 5.4 psi for a

36

calculation of the random component of uncertainty.
The analyses in this document just consider steady state
uncertainty, which is usually treated as bias error only.

For example, consider that fuel samples are taken in
10-min intervals to determine the constituent analysis
for the determination of density, and all other data are
taken in 1-min intervals. Then, the two-tailed Student’s
t distribution for four degrees of freedom (2.776) is
applied to the random uncertainty component of the
constituent analysis portion for the density uncertainty
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Table 4-12.2.1 Example 1: Steady State

Uncertainty Analysis for Given Steam Flow Orifice—Metering Run

ASME PTC 19.5-2004

Parameter Total Uncertainty,

Ux ” Sensitivity Factor on ﬂ(s
Parameter x Flow Measurement, S X
Discharge coefficient, C Uc/C = 0.600 1.00 0.6
Expansion factor, € U,  4AP 1.00 0.26
e P
18.046\ .
( 580 ) = 0.26%
Pipe diameter, D 0.2% 284 0:0242
= 0.121
1-p84
Orifice Diameter, d 0.05% 2 246 0.106
1-p% /.
Differential pressure, AP 0.25% 0.50 0.125
Density, p Up/P = 0.25%, Uy = 0.5°F 0.50 0.135
= U/p = 0.27%
Total steady state uncertainty 0.69%
Table 4-12.2.2 Example 2: Steady State
Uncertainty Analysis for Given' Steam Flow Orifice—Metering Run
Parameter Total Uncertainty,
Ux % Sensitivity Factor on ﬂ(s
Parameter x Flow Measurement, S X
Discharge coefficient, C Uc/C = 0.700 1.00 0.700
Expansion factor, € Ue 4AP 1.00 0.48
« P
7.835\ _ o
Pipe diamefer, D 0.2% 284 0.126
= 0.632
1-p84
4. . o
Qrifice Diameter, d 0.05% 2 2.632 0.132
1-p84
Differential pressure, AP 0.25% 0.50 0.125
Density, p Up/P = 0.25%, Ur = 0.5°F 0.50 0.135
= U/p = 0.27%
Total steady state uncertainty 0.89%
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Table 4-12.2.3 Steady State Uncertainty
Analysis for Given Gas Flow Orifice-Metering Run

FLOW MEASUREMENT

Parameter Total Uncertainty,

Ux % Sensitivity Factor on &S
Parameter X ° Flow Measurement, S X
Discharge coefficient, C Uc/C = 0.600 1.00 0.600
Expansion factor, € U.  4AP 1.00 0.045
€ P
4.234\ o
4( 375 ) = 0.045%
Pipe diameter, D 0.2% 2,84 0.054
= 0.269
1- 8%
. . o
Orifice Diameter, d 0.05% 2 — 2269 0.113
1- 8%

Differential pressure, AP 0.25% 0.50 0.125
Density, p Up/P = 0.25%, Ur = 0.5°F 0.50 0.17

= U,/p = 0.27%, if perfect

analysis

Constituent analysis uncer-

tainty: 0.2%

Root mean square: 0.34%
Total steady state uncertainty 0.65%

deternpination and, for greater than 30 data-points
(2.000)) for the temperature and pressure contributions
to the fandom component of density uncertainty.

The [relative random indices of the.mean of density Additional instrument uncertainties are caused b}
(using|uncertainties in measurement)of temperature, (1) static pressure effects
pressufe, and chemical analysis) and of differential pres- (2) ambient temperature effects

sure dfie to fluctuations are computed and combined
with the bias uncertainties, as calculated in these exam-
ples fof the post-test uncertainty analysis.

Exceflent examples of €omplete uncertainty analyses,
including random uficertainty from fluctuation in data,
are given in ASMIEPTC 19.1, Test Uncertainty. Reference
is made to that_Performance Test Code for details of
5t uncertainty analysis requirements.

Determination of Total Measurement
Uncertainties

The following is a summary of the reasons for selec-
tion of the individual instrumentation uncertainties:

(a) Differential Pressure. Differential pressure transmit-