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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.


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2004.pdf

FLOW MEASUREMENT ASME PTC 19.5-2004

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
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ASTM D 3588, Standard Practice for Calculating Heat Value,
Compressibility Factor, and Relative Density of Gaseous
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Mechanical Engineers; 1971.

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.
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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-
ters installed specifically for test purposes are assumed
to be of the 0.075% accuracy class. For the purposes
of this calculation, it is assumed that transmitters are
selected for a specific application so that their range

38

does not affect uncertainty. It is also assumed that lgcal
ambient temperature is 80°F, and that there is insigniifi-
cant water leg error.

<

(3) vibration effects

Other small error sources can be from power supply
effects or RFI effects and are considered zero. Each man-
ufacturer documents the influence of these effects
their instrumentation. Typical values and total differgn-
tial pressure uncertainty at steady state conditions
given in Table 4-12.4-1. With the above assumptiogns,
0.23% represents the total instrument uncertainty] i

cady dalc.
uncertainty of differential pressure in the uncertainty
calculations in this Section.

(b) Static Pressure. Making the same assumptions as
for the differential pressure measurement, static pres-
sure uncertainty at steady state conditions is estimated,
for a 0.075% class gage pressure transmitter, in Table 4-
12.4-2. With the above assumptions, 0.21% represents the
total instrument error in steady state. To be conservative,
0.25% is used for the uncertainty of static pressure in
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Table 4-12.4-1
Total Steady State Uncertainty, 0.075%
Accuracy Class Differential Pressure Transmitter

Steady State
Instrument Bias

ASME PTC 19.5-2004

inspection, which by definition would change the cali-
bration slightly, would not be necessary. In practice, this
is cumbersome and out of the ordinary.

Water calibration of an orifice meter does not increase
measuring uncertainty when the meter is used in gas

Sensitivity, and Precision  Sensitivity flow measurements. The uncertainty of the € expansion
Parameter " Error Combined  x Error factor of the fundamental flow equation [Eq. (4-12.5)] is
o the same whether or not the orifice is water calibrated
Calibration 1.0 0.075% 0.075% . 1l s 1
Stafic pressure 1.0 0.1% 0.1% TS SRS
Temperature effect 1.0 0.15% 0.15% G
Vibfation 1.0 0.1% 0.1% €= q_ (4-12.5)
m.
Repeatability 1.0 0.05% 0.05% l
Daffa acquisition system 1.0 0.04% 0.04% As shown in para. 4-10, the uncertainty in tHe com-
Rogt sum square 0.23% pressibility effects is proportional to the ratio of djfferen-
tial pressure and static pressure’ or the velocityf of the
fluid. This makes sense‘because as Mach njumber
fable 4-12.4-2 Total Steady State Uncertainty, iﬁcreases, c‘omp?essibilit}'rf e.ffec’ci1 also increase, s does
0.075% Accuracy Class Static Pressure Transmitter ¢ Uncertainty in guanfifying them. . =~~~
The uncertainty-in-the discharge coefficient is [treated
Steady State separately fronikthe uncertainty due to compregsibility
Precision and effects.
Parameter Se";;/'v'ty’ E(')ﬁ'b?::; Si"?:‘:rty Water flow rate is claimed to be measurable in [labora-
- tories to/within 0.2%. Data points from an orifice meter
Calfbration 1.0 0.075% 0.075% calibration tend to have much less scatter than f¢r other
Temperature effect 1.0 0.15% 0.15% deviees. The correlation coefficients for orifice mefer cali-
Vibfation 1.0 0.1% 0.1% brations tend to be very nearly unity. A consdrvative
Repeatability 1.0 0.05% 0.05% estimate of the uncertainty of the discharge codfficient
Data acquisition system 1.0 0.04% 0.04% uncc.ertai.nty of a laboratory-calibrated orifice-mletering
Barfometric pressure 0.05 0.1% nil section is 0.25%.
Rodt sum square 021% Substituting 0.25% in Table 4-12.2.3 for the uncgrtainty
of the discharge coefficient is shown in Table 4412.5.
The laboratory-calibrated orifice-metering sectfion has
an uncertainty of 0.35% for fuel gas flow rate, reduced
the¢ uncertainty calculations in this Section. from 0.65% if the empirical formulation for the digcharge
c) Temperature. Several options exist to determine  coefficient is used.
teqperature within 0.5°F (asstiming no temperature
StratlflCathl’l) For example, RTDs typlcally have dlgltal 4_13 PROCEDURE FOR FITTING A CALIBRAT ON
acquracies of 0.3°F in broad femperature ranges. Com- CURVE AND EXTRAPOLATION TECHNIQUE
bined with data acquisition uncertainty and other
effects, 0.5°F maximutn’ uncertainty is achievable and  4-13.1 Discharge Coefficient Equations Based fon
caf be improved¢with applied laboratory calibrations. Fluid Dynamic Theory
4-12.5 Uncertainty of Typical Gas Fuel Flow T.he deriv%ﬁon.c’f.the d.iSCharge Coe.fﬁdent bg * d on
Méasurement for a Laboratory-Calibrated ﬂl%ld dynamic P rinciples S pres.ented in Appen :hX.I of
Orifice-Metering Section ’.ch.1s C.c)fie. To f1F an equation sultable.for extrap lation,
it is critical that it be based on such fluid dynamid theory
[his-shows the recalculation of the uncertainty of the  rather than an empirical formulation based on curve-
natural gas rlow rate measurement example, exceptthat — fits. Thus, the Appendix I equations are used for fitting

the metering section is assumed to be laboratory cali-
brated at the Reynolds number of the flow. The uncer-
tainty is then significantly reduced due to the better
knowledge of the discharge coefficient versus Reynolds
number characteristics of the specific metering run.

If it is desired to use the reduced uncertainty number,
then the metering section would have to be shipped in
one piece and installed closely enough to the time of
the test such that removing the orifice plate for pretest

39

a calibration curve and extrapolating the calibration
beyond the highest Reynolds number that the orifice-
metering run was calibrated. Some of the equations in
Appendix I are repeated in this section for the user’s
convenience.

The fluid dynamics-based equation for flange and
corner tap orifice-metering runs is as follows:

C = Cy+af +bB" + d[f(Eu, Rep)] + ep  (4-13.1)
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Table 4-12.5 Steady State Uncertainty Analysis for
Given Gas Flow—Metering Run With a Laboratory Calibration

Parameter Total Uncertainty Sensitivity Factor on
Ux % Flow Measurement, %S
Parameter X" S X
Discharge coefficient, C Uc/C = 0.25 1.00 0.25

(laboratory calibration discharge
coefficient vs Reynolds number

signature used)

Expansion factor, e Us  4AP 1.00 0.045
G
4.234\ o

4( 375 ) = 0.045%
Pipe diameter, D 0.2% 0.0 0:0
Orifice diameter, d 0.05% 0.0 0.0
Differential pressure AP 0.25% 0450. 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 uncertainty: 0.2%

Root mean square: 0.34%
Total steady state uncertainty 0.3%

where
Co F 0.5957 + 0.000186 for an uncalibrated orifice-

metering run

=+ 0.03371 — 0.0239(L) + 0.002141

+ 0.1496 + 0.0318

0.2232 + 0.003417

£ -0.3343 + 0.2241(L) + 0.0169

/1(— E
/1 e
{1 - 30.78Rep0%)?

[SNEIRSTIRS N
Il
H

f(Eu, Re) = -1 (4-132)

and

-1 (4-13.3)

Only the Euler/Reynolds number function remains
extrapolation.

Shifting the terms in Eq. (4-13.4) and distributing
value of d,

/1 — @
\/1 B
(1 - 30.78Rep™0%)2

The C, term is the difference between the measu
coefficient of discharge and the Euler/Reynolds num
function.

Once a Cj term has been computed for all of the giy
Reynolds numbers and corresponding coefficientg

Co = Crneas — 0.2232 +0.2232

(41

for

he

B.5)

ed

Der

en
of

4-13.2-Catibratiom Fitting Procedure————————————<Hscharge—ofa—calibration—the—average—oi—allthese

Combining Egs. (4-13.1) and (4-13.2) to consider labo-
ratory calibration data,

Cimeas = Co + d[f(Eu/ RED)] (4-134)

where Cpnens is the coefficient of discharge determined
from a laboratory calibration at a specific calibration
point. Note that the missing terms from Eq. (4-13.1) are
included in the measured coefficient of discharge term.
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computed by

where
n = the number of calibration points

is

(4-13.6)
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Table 4-13.3 Example Coefficient Curve Fit
and Extrapolation for an Orifice—Metering Run

Tap Set A Tap Set B
Rep Cimeasured Go Ciitted Rep Cimeasured Go Critted
664 900 0.607 4 0.606 0 0.607 0 664 900 0.607 6 0.606 2 0.607 0
733 400 0.607 2 0.605 9 0.606 9 733 400 0.607 3 0.606 0 0.607 0
790 000 0.607 2 0.606 0 0.606 9 790 000 0.607 4 0.606 2 0.606 9
801000  0A077 Q6A0A5  06A0AQ 801900 06078 06066 06069
850 000 0.607 1 0.605 9 0.606 8 850 000 0.607 3 0.606 1 0.606 9
917 400 0.607 0 0.605 8 0.606 8 917 400 0.607 1 0.605 9 0.606 §
975 500 0.606 9 0.605 8 0.606 7 975 500 0.607 0 0.605 9 0.606.8
1043300 0.606 8 0.605 7 0.606 7 1043300 0.606 7 0.605 6 0,606-8
1088 000 0.606 7 0.605 6 0.606 7 1088 000 0.606 8 0.605 7 0.606 7
1171000 0.606 6 0.605 6 0.606 6 1171000 0.606 6 0.605% 0.606 7
1228900 0.606 6 0.605 6 0.606 6 1228900 0.606 5 0.605 5 0.606 7
1293 800 0.606 3 0.605 3 0.606 6 1293 800 0.606 2 0,605 2 0.606 6
1358000 0.606 5 0.605 6 0.606 6 1358000 0.606 4 0.605 5 0.606 6
1423700 0.606 5 0.605 6 0.606 5 1423700 0.606 6 0.605 7 0.606 6
1482900 0.606 1 0.605 2 0.606 5 1482900 0.606 2 0.605 3 0.606 6
1539100 0.605 9 0.6050 0.606 5 1539100 0:606 0 0.605 1 0.606 6
1568 000 0.606 3 0.605 4 0.606 5 1568 Q00 0.606 3 0.605 4 0.606 6
1664 300 0.606 3 0.605 5 0.606 5 1 664,300 0.606 3 0.605 5 0.606 5
1738300 0.606 1 0.605 3 0.606 5 1,738:300 0.606 1 0.605 3 0.606 5
1791000 0.606 0 0.605 2 0.606 4 1791000 0.606 1 0.605 3 0.606 5
20 000 000 0.605 9 20 000 000 0.605 9
30 000 000 0.605-8 30 000 000 0.605 9
40 000 000 0.6058 40 000 000 0.605 8
50 000 000 0.605 8 50 000 000 0.605 8
G, (avg) = 0.605% Co (avg) = 0.6057
[he fitted calibration curve afid)the one from which As an example of the calculations, the averpge Co
cogfficients of discharge for higher Reynolds number  for Tap Set A is 0.6056. At a pipe Reynolds number of
vajues may be extrapolated is 1,088,000, the fitted discharge coefficient is detefmined
by substituting into equation 4-13.7.
— =g
C = Cp +0.2232 -0.2232
R — C = 0.6056 + 0.2232 V1 - 06024
(1 - 30.78Rep %) = 0.6056 + 0. YA
4-13.7 -
( ) (1 - 30.78 x 1,088,0001°7)>
Hquation (4-13.7) may be used to fit a calibration curve - 0.2232 = 0.6067 (4-13.8)
anfl fer“extrapolation of all corner tap or flange tap
orifite-Tretering Turs thatare builttimaccordarce with The fittod coctficient of 06067 15 tdentical, i this case,
this Code. to the tested coefficient to four significant digits.

4-13.3 Sample Calculations of Curve Fit and

Extrapolation

Table 4-13.3 shows actual calibration data for an ori-

fice-metering run for both sets of taps. The metering
run is 7.9460 in. in diameter with a B ratio of 0.6024.
Extrapolations were performed to pipe Reynolds num-

be

rs of 20, 30, 40, and 50 million.

41

For the test point at a pipe Reynolds number of

1,664,300,
T - 0.6024*
C = 0.6056 + 0.2232
\/1 0.6024*
(1 -30.78 x 1,664,3007°%)2

- 0.2232 = 0.6065 (4-13.9)
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This time the fitted discharge coefficient is 0.03% dif-
ferent from the measured discharge coefficient of 0.6063.

The data points and fitted curves are shown in Fig.
4-13.3.

To extrapolate to higher Reynolds numbers above the
highest calibrated point, the fitted curve is applied by
substituting the Reynolds number to which the extrapo-
lation is being made for the Reynolds number term in

FLOW MEASUREMENT

ISO 5167-1(E), Measurement of Fluid Flow by Means of
Pressure Differential Devices Part 1: Orifice Plates, Noz-
zles, and Venturi Tubes Inserted in Circular Cross-Section
Conduits Running Full. Geneva: International Organi-
zation for Standardization; 1991.

ISO 5167-1(E), Measurement of Fluid Flow by Means of
Pressure Differential Devices Part 1: Orifice Plates, Noz-
zles, and Venturi Tubes Inserted in Circular Cross-Section

Eq. (4-t37

Notife that in extrapolating to a Reynolds number
of 50 million based on the curve-fit, the extrapolated
dischatge coefficient of 0.6058 is only 0.1% lower than
the fitted coefficient at the highest Reynolds number
for which the metering run was calibrated (0.6064 at a
Reynolds number of 1,791,000). The very low depen-
dence pf the discharge coefficient on Reynolds number
at higher flows is one of the reasons for the orifice-
metering run being an excellent and recommended
choice [whenever flow must be measured beyond the
range ¢f the calibration data.

4-14 |SOURCES OF FLUID AND MATERIAL DATA

ASMEMFC-3M, Measurement of Fluid Flow in Pipes Using
Orifite, Nozzle, and Venturi. New York: American Soci-
ety ¢f Mechanical Engineers; 1989.

Bean, . S., ed. Fluid Meters: Their Theory and Application,
6th edition. New York: The American Society of.
Mechanical Engineers; 1971.

Conduits Running Full. Geneva: International Oxgani-
zation for Standardization; 1998.

Keyser, D. R. How Accurate Are Flow Calibratiohs Anywgy?
Proceedings of the 1996 International Joint Power Gpn-
eration Conference, PWR-v.30, ASME publicatjon
HO01077, pp. 131-137.

Keyser, D. R. A New, Improved Equation for the Coefficient
of Discharge of an Orifice Flow,Meter. ASME Fluids Erlgi-
neering Division Annual\Summer Meeting, Procegd-
ings Paper FEDSM9825286, June 1998.

Keyser, D. R. The Systématic Uncertainty of Laborat
Flow Calibrations? Journal of Fluids Engineering 120:
22; 1998.

Reader-Harris, M. ].; Sattary, ]. A. The Orifice Plate I}i
charge Coefficient Equation. Flow Measurement Insf
mentsv1:67-76; 1990.

Reader-Harris, M. J.; Sattary, J. A.; Spearman, E. P. The
Orifice Plate Discharge Coefficient Equation — Flr-
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114; 1995.
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FLOW MEASUREMENT

Section 5
Nozzles and Venturis

This
which
proper

Section must be used in concert with Section 3,

describes the theory of operation necessary for

flow measurement, and Section 7, which pro-

vides guidance and recommendations for the installa-

tion of]
then ¢

Only
specifi

these primary elements into a flow section that
mprises the fluid meter.

four types of primary elements are described
ally in this Section.

(a) ASME low B ratio nozzles (8 < 0.5)
(b) ASME high B ratio nozzles (0.45 < 8 <0.8)
(c) ASME throat tap nozzles (only 8 = 0.46 or 0.5

have b

ben used)

(d) ASME (classical Herschel) venturi
Thesge are the ones for which the most experience and

data e
ones n]

ist in the current literature. They are also the
ost often used in Performance Test Codes work.

Other nozzles and flow tubes may be used by agreement,

and if
installg
with t
herein,

pquivalent care is taken in their fabrication and

tion and if they are calibrated in a laboratory

he same care and precision as recommended

there is no reason for these fluid-metering sec-

tions npt serving with equivalent accuracy, repeatability,

and re

The
nozzle
The flqg

iability.

highest accuracy and confidence will resultiif the

is installed in a flow section as shownrinFig. 5-0.
w section consists of the primary. element, the

diffusing section if used, the flow conditioner, and the

upstream and downstream pipe lengths. The upstre
pipe section shall be at least 20 diameters of strai
pipe and include an appropriate conditioner.reco
mended in Section 7, which shall be installed”apprd
mately 16 pipe diameters upstream of the nozzle. ]
downstream section shall be at least 10 diameters
straight pipe. This flow meterassembly should
assembled, calibrated, left intaetyfor the duration of
test, and recalibrated (or at ledst inspected for damagg
deposits) after a test. Once calibrated, the flow-meter
section should not be disassembled from the prescril
length upstream of .the"flow conditioner to the reco
mended length downstream of the nozzle exit. If i
necessary to disassemble the section to inspect it bef
or during the\test, provisions for the accurate reali
ment and\ réassembly, such as pins, must be built i
the section.

5-1© RECOMMENDED PROPORTIONS OF ASME
NOZZLES

hm
bht
-
Xi-
'he
of
be
the
or
ng
ed
m_
is
bre
p11-
hto

Figure 5-1 shows the proportions of each of the thfee

types of ASME nozzles with respect to the throat 4
pipe inside diameter.

(a) Entrance Section. All ASME flow nozzles are lo
radius nozzles that have the shape of a quarter elljj

nd

g~
DSe

in the entrance section. The values of the major axis gnd

Compressed gasket
thickness not to
exceed /15 in. (1.6 mm)

Valved vent
= Flow straightener _
(mm|
S I e P fo TN JF————--1-
Fan) D d
_e v In ( -
(( ! l T m
L J L L_l : : ) | \‘
|| dl_é ||
2D 2D <~— D —>
min. min. 16D ‘
min.
20D 10D
min. l min.

GENERAL NOTE: No obstruction, such as thermocouple wells, backing rings, etc.

Fig. 5-0 Primary Flow Section
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zZ @ 2 t
P R <= zz
\
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S 97\ | N pyte

\
\
1
Detail of nozzle outlet ‘\ %- /
) t2 /
(a) High B Nozzle \\ 45 deg //’
[Note (1)] S

NOJES:
(1) | For sketch (a):

0.50 < 8<0.80
rn = D/2
r, = (D-d)2
L £0.6dor<D/3
2t< D[ - d +0.13 in. (3;mm)]
0.13 in. (3 mm) < £ 0.15D
(2)| For sketch (b):
0.20< 8<0.50
rn=d
0.63d <r,<0.67d
0.6d < [, <0.75d
0.13 in. (3 mm) <t < 0.5 in. (12 mm)
0.13 in. (3 mm) < t, < 0.15D

(3)| For sketch (c):

0.25 < < 0.50
r = d

0.63d<r, <0.67d

(b) Low B Nozzle [Note (2)]

(c) Low B Nozzle With Throat [Taps
[Note (3)]

Ly = 0.75d
d; = 1.25d
t = 0.25d

t, = 1.5 in. (38 mm)
0.13 in. (3 mm) <& £ 0.25 in. (6 mm)
T = 0.25d

Fig. 5-1 ASME Flow Nozzles
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the minor axis of the ellipse are shown in Fig. 5-1 for
each type of flow nozzle. The major center of the ellipse
shall be parallel to the centerline of the nozzle within
0.1%. The ellipse shall terminate at a point no greater
than D regardless of the value of the minor axis. The
profile of the ellipse may be checked by means of a
template.

(b) Throat Section. The throat section shall have a

FLOW MEASUREMENT

Flow

4D

—
-,

17
&77/,

diameterratrd—= 1C116t1u as—showmrir r% S=t+—Hre-mea
sured yalue of d shall be the average of four equally
spaced|radial measurements of the throat diameter taken
in eacH of three equally spaced planes along the length
of the throat section, covering at least three-quarters of
the thyoat length for a total of 12 diametral measure-
ments.[No diameter shall differ by more than 0.05% from
the av¢rage diameter d. Under no circumstances shall
the thrpat diameter increase toward the nozzle exit. A
decreage in diameter d toward the exit end is acceptable
if it is Within the 0.05% variation allowed from the aver-
age digmeter.

(c) Hxit End Section. The exit end section is shown in
Fig. 5-].

(d) General Requirements for the ASME Flow Nozzles.
The didtance from the pipe inside diameter to the outside
diameter of the nozzle throat shall be greater than or
equal fo 0.125 in. (3 mm).

It is recommended that a shoulder for centering the
nozzlefassembly in the pipe be provided. If this shoulder
is proviided, it should be no larger in outside diameter
than D - 0.060D and should be no longer than ¢,. In no
case sHall the centering shoulder cover any part of the
downsfream tap.

The thickness ¢ shall be sufficient to preventdistortion
of the jnozzle throat from the stresses of machining,
installgtion, or conditions of use.

The purface of the inner face of thetnozzle shall be
polishgd or machined smooth and shall have a maxi-
mum rpughness of 32 pin. (0.8um). The exit end must
not haye rounding or burrs.

The Hownstream (outside), face of the nozzle shall be
cylindfical and machined smooth or otherwise con-
structefd so as to elimihate any pockets or pits that might
retain ¢lebris or matter that may be in the fluid.

ASME long-radius nozzles may be made from any
materigl that de€s not wear easily and remains dimen-
sionally stable with known thermal expansion prop-
erties.

Z |7}
Machine cylindrical
within +0:000 in.

with minimtm
removal)of metal

L Machine with
taper not ex-
ceeding 31/, deg

Fig. 5-3-1 Boring in Flow Section Upstream of
Nozzle

downstream of the nozZzle exit plane and that is fot
permitted. Under ng circumstances may any part of the
downstream tap be)located downstream of the nozzle
exit.

5-2.1 Throat Tap Nozzles

It is‘fecommended that this nozzle be manufactufed
with®our throat taps located 90 deg apart. The pressyire
taps shall be between %4 in. (3 mm) and % in. (6 mm)
in diameter and at least 2 diameters deep. They shall
be machined perpendicular to the bore surface, hgve
sharp corners, and be free from nicks, burrs, scratches,
or wire edges. The surface finish should be 4 pin.|or
better and be free from ripples, scratches, and bufrs.
The holes should be drilled and reamed before the final
boring and polishing of the throat section. A plug may
be pressed into the hole and removed after this fihal
finishing of the throat. Any slight burr may be remoyed
by rolling a tapered piece of maple around the edgg.

5-3 INSTALLATION REQUIREMENTS

In addition to the recommendations given in Sect
7, the pipe internal surface roughness should not excq
0.001 in. (25 pm) over an area of 4D preceding and
following the plane of the inlet face of the nozzle| If
boring and/or honing are required, such machining
should extend for a distance of at least 4D upstrepm

on
ed
DD

5-2 PRESSURE TAP REQUIREMENTS

ASME long-radius nozzles shall use taps that conform
to Section 7. The upstream tap shall be located in the
pipe wall at a distance D (+0.2D, —0.1D) from the plane
of the inlet face of the nozzle. Nozzles without throat
tap shall use wall taps located at 0.5D (+ 0.01D) from
the plane of the inlet face of the nozzle. Under some
installation geometries, this specification places the tap
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and ZD downstream ol the plane of the mnlet face of the
nozzle. The machined portion shall be tapered into the
unmachined portion of the pipe at an included angle of
less than 3'% deg. The depth of the machining should
be the minimum required to obtain the surface finish.
The machined inside diameter D of the pipe should be
uniform throughout the machined length +0.25%. All
machining should be accomplished after all necessary
welding of flanges, pressure taps, or other attachments
has been accomplished (see Fig. 5-3-1).
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L

T >0.050 in.
d
|

a) Flanged Installation. ASME nozzles shown in Fig.
5-() are designed to be installed between raised face pipe
flahges. Nozzles may also be used with-other styles of
flapges if such use does not interfere with the flow.

b) Installation Without Flangés’yASME nozzles may
algo be installed directly in pipe)by welding or pinning
th¢ nozzle to the pipe inside diameter. If such a method
is fised, care should be taken to ensure against any pro-
trysions into the flow upstream or downstream of the
nogzle.

c) Centering( The nozzle shall be manufactured so
that the clearance between the nozzle shoulder and the
pipe inside{diameter shall be uniformly greater than
0.03 in~(0:8 mm) of the pipe into which it is installed.
d) Strazght Pzpmg Lengths The upstream and down-

AGNAT

_d/Z_A\Smooth

1.013d to 1.017d.

Enlarged View of X

Fig. 5-3-2 Nozzle With Diffusing Cone

transition

nozzle-venturi, and this primary element must pe cali-
brated and used with the diffuser always attached.

5-4 COEFFICIENT OF DISCHARGE

The coefficient of discharge, which is definpd and
explained in Section 3, has the same form for all hozzles
and venturis because the physics of the flow in all such
devices is similar. There is a smooth and gradua] reduc-
tion in flow area from the pipe size to the thraat size,
and then a variety of transitions returning the flow to
the pipe size. The coefficient of discharge is influenced
by three major physical effects of decreasing impdrtance:
Bernoulli’s equation, boundary layer thickness at the
downstream pressure tap, and any tap effects o1 errors.
The first is discussed in detail in Section 3. The gffect of

SllLCUJl aucusul. Plt}lllB 1C1[5lllb dltT LllC odl1IlT 1UL AJIVIL
nozzles as for orifice plates, specified in Section 4.

(e) Flow Conditioners. One of the appropriate flow con-
ditioners discussed in Section 7 should be used for best
repeatability between laboratory and field test installa-
tions.

(f) Diffusers. A diffuser section may be added to the
exit of the nozzle to reduce the amount of permanent
pressure loss. It must be installed in accordance with
Fig. 5-3-2. This transforms the throat tap nozzle into a

the boundary layer is derived and discussed thoroughly
elsewhere [1-3]. The physical concept is simply that the
displacement boundary layer forms a ring around the
cylindrical throat section that subtracts flow area from
the dry area measured and corrected for conditions of
use before it is calibrated and used. The ratio of the
constricted area actually available for the flow to the
dry measured area (corrected for the temperature and
pressure of use or calibration) is in fact the coefficient
of discharge.
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The error caused by the pressure tap is caused by the
same physics that result in drag on an aerodynamic
body with such a hole in its surface. Just as the coefficient
of drag of a hole is constant over the range of Reynolds
numbers within the experimental uncertainties of their
measurements, likewise the effect of the tap is constant
over the range of flow measurement Reynolds numbers,
according to a very large body of data examined by the

ASME PFc39-5-committee-
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where, in Eq. (5-4.1),

H; = laminar shape parameter (2.59)
Hp = turbulent shape parameter (1.28)

L = laminar slope (numerical value from [2] = 6.88)
Re; = transition Reynolds number

T = turbulent slope (0.185)

For ASME nozzles without throat taps, there is zero
correction to be added in their use, The throat tap being

quation for the Coefficient of Discharge. The equa-
the coefficient of discharge becomes the sum

ment

the Reynolds number approaches infinity. The tap effect
i stant added to unity, and its average value is
0.0054 pased on copious data [3]. The complicated func-
tion of the boundary layer depends primarily on several
Reynolds numbers and the ratio of the laminar/turbu-
lent shhpe factors. Those Reynolds numbers are

(1) based on the tap diameter

(2] based on the distance from the entrance of the
nozzle|to the plane of the downstream pressure mea-
suremgnt

(3] at which transition from laminar to turbulent
boundgry layers is determined to begin

For gny given geometry of a primary element (e.g.,
an ASNMIE throat tap nozzle), all of these become propor-
tional fo the throat Reynolds number, and these propor-
tionalify constants are included in the equations._below.
The {ransition Reynolds number may varywith differ-

ent insfallations because it depends onthe. intensity of
the upgtream turbulence, which deperids in part on the
pipe rqughness and upstream fittings./A good estimate
of this|value in the flow meter, installations prescribed
herein [is about 500,000. Transition to fully turbulent
boundgry layers does not occtir’at a single value; instead,
it exteryds over quite a rangg, often up to a throat Reyn-
olds nfimber of 20,000/600. The major part of its effect
occurs [between 1 .and 3.5 million. The following equa-
tion is|applicablefor throat Reynolds numbers above
1,000,0p0 and tay be used, if necessary, down to 700,000
dependling’on transition.

in the area of the highest velocity, is very sensitivg to
very small defects in its shape and to any damage.imrhe-
diately upstream; whereas, in the case of the wall tap
nozzle arrangement, the downstream pressure tap i in
a relatively quiet back eddy in the flow,” which is| in
communication with the exit flow of the nozzle.
(b) Nozzle Calibration. The maify purpose of the flow
calibration is to determine by measurements the lead
constant term in Eq. (5-4.2), The flow calibration labojra-
tory selected for this work'should be reputable and
responsible, its instrumentation should be traceabld to
national standardsand it should be agreeable to |all
parties.
At least 20 calibration points should be run over the
widest range of Reynolds numbers possible, whijch
applies tothe performance test. The spacing of the /points
is recommended to be in equal intervals of Re; /. The
calibration curve should always maintain the same
shape as shown in Eq. (5-4.2), since the variation of the
coefficient of discharge with Reynolds number is well
established both theoretically and empirically. Thig is
the form of equation to use whenever an extrapolatjon
is necessary beyond the calibration data to higlher
operating Reynolds numbers during the test.
(c) Procedure for Fitting and Evaluating the Curve for
Coefficient of Discharge
(1) Determining the Average Value of the Leading Cpn-
stant C,. For each calibration datum, substitute into Eq.
(5-4.2) the throat Reynolds number and the measufed
coefficient of discharge and solve for C,.

the

Co = Cieas + (5-¢-3)

01851
Red

361,239]*°

Red 1/5 :|
Calculate the arithmetic mean of each of these C,; th
that is the leading constant term for the calibration cufve
for that nozzle. Substitute that value into Eq. (5-4.2) and
the result is the fitted calibration curve for that nozgle.

en

T
C =1 + tap eftect — R X (5-4.1)

e4 1/5
y - Raly
- Red

For the dimensions and proportions of ASME nozzles,
this becomes

(HT/HL)5/4 (L/T)5/4 4/5
- Re, 3/3 }

B 361,239]4/ ’

0.185
C=¢,- { &

NTE (5-4.2)
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This curve may be used 10T extrapolation if necessary
without additional uncertainty.

Calculate the standard deviation of the mean for the
C, data; that will be required for the random uncertainty
portion of the calibration curve when ASME PTC 19.1
is applied.

(2) Determining Whether the Calibration Curve Paral-
lels the Theoretical Curve. For each of the calibration data,
calculate the differences between Cp,s and the fitted
curve calculated in (1) above and plot each of these
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differences versus their Reynolds number. (It would be
more correct to plot them versus Red‘l/ 5 but the neces-
sary condition here is a line of zero slope, a horizontal
plot. Such an ideal result is unlikely to occur statistically.)
All that can be done is to determine whether or not
there are statistically justifiable grounds for stating that
a calibration curve is not parallel to the theoretical curve
[Eq. (5-4.2)]. Next, determine the best-fit straight line

ASME PTC 19.5-2004

6.88(Re; ~/?)

C= CD Red

(5-4.6)
in which Re; is the throat Reynolds number at which
transition begins, usually between 500,000 and 800,000,
which is also approximately the range of validity for
this equation.

(f) Uncertainty of the Coefficient of Discharge

th
ex

otrgh-the-differenecesintheteast-sqtares—senseand
hmine the slope of this curve. It most likely will not
belexactly zero; however, it can be determined whether
or [not it is statistically different from zero. If it is proba-
bly not different from zero statistically, one must assume
th¢ slope to be zero; therefore, the nozzle calibration is
indleed parallel to the theoretical curve.

[0 determine such parallelism, calculate the confi-
dehce limits for the slope of the aforementioned linear
regression. These confidence limits give a + range about
th¢ calculated slope. If this range includes zero, the noz-
zlq calibration curve must be accepted as parallel to the
theoretical curve. These calculations are explained in
de}ail in ISO-7066-Part 1 [4].

Denoting the calculated, best-fit slope by b,

—_

data from
the best fit line

) (n — 2dof)

(Variance of the

The variance of b =

variance of the
of the calibration

(n-1) (Reynolds number

(5-4.4)
where
lof = degrees of freedom
n = the number of calibration points

[he square root of the variance is the standard devia-
tion of the slope, which,when multiplied by the appro-
prjate Student’s t fof 95% confidence, provides the
depired range for the\slope.

d) Coefficientof Discharge for the Regime of Wholly Lami-
naf Boundary Layers. This equation is valid from very
loy Reynolds‘numbers up to about 500,000 for ASME
nofzles ‘and venturis.

C=C, - 688 Re, "1/2 (5-4.5)

H—CntibrotertFrow-Sectioms—Tieurcer laiul_y f a cal-
ibrated flow section shall be determined using thf meth-
ods in ASME PTC 19.1, Test Uncertainty,yapplied to
both the laboratory facilities and the,calibration data.
Normative values of the bias uncertainties|found
between calibration laboratories that’have partifipated
in transfer standard comparisgns are

(a) +%% for water calibrations (when evefything
is ideal, perhaps +%%)

(b) +'4% for hydtdcarbon liquids and yiscous
fluids

(c) somewhere between these two val
well-known gases

(2) Uncalibrated Flow Sections. When the n¢zzle is
made and ihstalled in accordance with this Supglement
and whén B and the Reynolds number are assujmed to
be known without error, the uncertainty in the cogfficient
of discharge is as follows:

(a) ASME high g with wall taps, +1%; +1{5% for
B>0.7

(b) ASME low B with wall taps, +1%

(c) ASME throat tap nozzle, always calibrated

ies for

(g) Unrecoverable Pressure Losses. For ASME rjozzles,
the fraction of the signal differential pressure|that is
permanently lost may be estimated by

pressure loss _ 3
differential pressure 1+0.0145 (5-4.7)
-2.068% + 1.188°
5-5 THE ASME VENTURI TUBE
The venturi tube combines into a single unit § short,

constricted portion between two tapered sectigns and
is usually inserted between two flanges in a pipe. Its
purpose is to accelerate the fluid and temporarily lower
its static pressure. Suitable pressure connections gre pro-

(e) Coefficient of Discharge for the Regime of Partly Lami-
nar and Partly Turbulent Boundary Layers. This is a very
narrow regime that could be ignored except that it pro-
vides the physics of the beginning of the transition hump
often discussed in the literature in connection with
throat tap nozzle calibrations. It had been assumed that,
once the data were over the hump, the flow was in the
fully developed turbulent boundary layer regime.
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vided for observing the dillerence m pressures between
the inlet and the constricted portion or throat.

The proportions of venturi tubes used for metering
liquids or gases are usually substantially the same as
those originally adopted in 1887 by its inventor, Charles
Herschel. A typical form of construction is shown in
Fig. 5-5. Starting at the upstream flange, the first portion
is a short, cylindrical inlet that is a continuation of the
upstream pipe line. This part is either machined inside
or cast smooth so that its diameter can be accurately
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z=D/4
L, = D + 0.05d
x =4d/2
Ry = 1.375D + 20%
R, = 3.625d + 0.125d
54 < R, < 15d
a; = 21 deg + 1.deg
7 deg <3< 15 deg
Pressure tap size: % 1 (4 mm) < & < %, in. (10 mm) and
Upstream tap: 8 < 0.1D or
Downstream tap: 8 = 0.13d
Fig. 5-5 Profile of the ASME Venturi

deternfined. The static pressure of the fluid at the inlet ~ and in its vicinity there is usually located a joint, a
may beobtained through'a single side-wall hole, prefera- ~ handhole, or even a manhole in the large sizes, whijch
bly thgre may be sdeveral holes evenly spaced around  permits inspection of the condition of the throat and sjde
the inlet section, 0r'it may be measured individually. holes and facilities measurement of the throat diamefer.
Follgwing the Rrehmmary straight part is the entre}nce The end of the throat leads, by another easy curje,
cone that hac.l an included z.m.gle of 21 deg. The straight into the exit or diffuser cone, which has an included| or
and cqnverging parts are joined by a curved surface. total angle between 7 deg and 15 deg. This terminaltes

The enfrance cone leads to the short cylindrical throat
that is accurately machined. The pressure taps in the
throat measure static pressure in the throat. The transi-
tion from the entrance cone into the straight throat is
rounded off by an easy tangential curve to avoid the
resistance caused by a sharp corner and also to preclude
the possibility that the fluid might break away from the
wall at high speeds and not fill the throat completely.
The diameter of the throat is usually between one-third
and three-fourths of the entrance or pipe line diameter,
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in the outlet flange, or other type of end, for connecting
the venturi to the pipeline.

Small venturi tubes are commonly made of brass,
bronze, and stainless steel and smoothly finished all
over the inside to reduce the resistance. Larger venturi
tubes are usually of cast iron, the throat and sometimes
the straight entrance portion being lined with brass,
bronze, or stainless steel and machined to a smooth
finish. Very large venturi tubes, up to 20 ft in diameter,
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have been made almost entirely of smooth-surface con-
crete with only the throat being of finished metal.

5-6 DESIGN AND DESIGN VARIATIONS

Small variations from the proportions shown in Fig.
5-5 may or may not affect the flow measurements appre-

ciably. For example, small changes of the angle of conver-

ASME PTC 19.5-2004

The inside diameter d shall be measured in the plane
of the pressure taps at four equally spaced radial mea-
surements passing through the centerline of the throat.
The location of these measurements may be made begin-
ning at any point on the internal circumference as long
as at least one measurement is taken at or near each
pressure tap. No inside diameter measurement shall

vary from the average of these measurements by more
019,

hce of the entrance cone from the usual value of about
deg may be expected to have some slight influence
on| the discharge coefficient, but very little information
is gvailable on this point. An essential feature is that the
transition from the cone to the throat be made by an
eagy tangential curve.
[he angle of the diverging cone does not influence
the discharge coefficient, which is not appreciably
affected by removing the exit cone altogether. The origi-
nal] 5 deg to 7 deg total angle was adopted because it
giyes the lowest resistance at ordinary speeds of flow
anf ratios of throat diameter to pipe diameter commonly
used at that time. If the amount of the overall drop is
nof important, the diverging cone can be omitted (i.e.,
eqpivalent to an exit cone angle of 180 deg) and the loss
characteristics of such a venturi tube will resemble those
of p flow nozzle. However, when the cone angle exceeds
abput 15 deg, the differentials produced are quite
unteady.
a) Entrance Section. The entrance section shall haye
an| inside diameter D and shall be at least one-pipe
indide diameter long. The inside diameter of the.entrance
se¢tion shall not vary from the matching pipe inside
digmeter by more than 0.01D and it shallbe’concentric
with the matching upstream pipe when‘examined visu-
ally. The inside diameter of the ertrance section shall
be|measured in the plane of the pressure taps at a mini-
myim of four equally spaced (approximately 45 deg)
m¢asurements passing throtigh the centerline of the sec-
tion. These measurements must be made so that at least
onp measurement is tdken at, or near, each pressure tap.
Ngq inside diametefimeasurement shall vary from the
average of these~theasurements by more than + 0.5%.
b) Convergent Section. The convergent section shall be
cofical with/an included angle of 21 + 1 deg. The profile
of fhe convergent section may be checked with a straight
telelate and shall not deviate from the template by
la.

Q0001

ge
21

4l n

(d) Divergent Section. The divergent sectionghall be
conical and shall have an included angle bétweeh 7 deg
and 15 deg. It is recommended that an angle of 7 deg
be chosen for minimum unrecoverablé pressufe loss.
The smallest diameter of the divergent section ghall be
not less than the inside diameter d. There mus} be no
protrusion, step, or shoulder\impeding the floyw from
the throat. The larger end of the divergent sectign shall
have an inside diameter, P and shall terminatq at the
matching pipe inside diameter, unless truncgted as
allowed by agreemernt. When furnishing ventufi tubes
without flanged‘ends, the venturi may be suppli¢d with
an exit cylindet-section attached to the divergent|section
to accommgpdate installation to the matching|down-
stream‘pipe.

A yenturi tube may be shortened by up to 359
divergent section length by truncation. A ventdri tube
i§/ truncated when the inside diameter of the venturi
outlet end is less than the diameter D. Such trupcation
may increase the unrecoverable pressure loss.

(e) Roughness. The entrance section, convergg¢nt sec-
tion, and divergent section shall have a makximum
roughness of 20 in. (0.5 m), except that, for the¢ larger
sizes, the roughness relative to the diameter sh¢uld be
the same or that recommended for a throat tap jnozzle.

(f) Materials. Venturi tubes must be manufgctured
from a material that does not wear excessivdly and
remains dimensionally stable in continued use. It is rec-
ommended that the convergent section and thqg throat
be manufactured from one piece of material. If this is
not possible, it is recommended that either ong of the
following applies:

(1) The throat section is machined after it is
to the convergent section.

(2) The throat section is of sufficient length tp allow
for the machining of the radius R, and a portion of the
convergent angle, requiring the joining of the conyergent
section to the throat at a diameter greater than ld.

\vrm awaen

of the

joined

more-than—+6-885b-

(c) Throat. The throat shall have an inside diameter
D that shall be cylindrical to within +0.1% of the average
inside diameter. The throat shall be parallel with the
centerline of the venturi tube assembly. The throat begins
at the radius R, and ends at the radius R3, and it has a
length of 1.0d + 0.05d. The radii at each end of the throat
shall be as provided in Fig. 5-5, and, compared with the
template, they shall not deviate from the template by
more than 0.024.
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(3) In joining the divergent section to the throat,
care shall be taken to ensure that the divergent section
is centered with the throat. There shall be no steps
between the inside diameters of the two parts.

5-7 VENTURI PRESSURE TAPS

(a) Number of Taps. A minimum of two upstream and
two throat taps shall be provided. It is recommended
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that four upstream and four throat taps be provided
and that they be individually measured.

(b) Tap Location. Upstream taps shall be located on
the entrance section at a distance of 0.50D (+0.0D,
-0.25D) from the beginning of the convergent section.
Throat taps shall be located at (0.5 + 0.02)d. Both
upstream and throat taps shall be located at equal spac-
ings (i.e., 180 deg or 90 deg apart).

(C) T e a

ip Size. The recommended size of the tap hole is
0.15 in. (4 mm) and 0.4 in. (10 mm) inclusive,
but nof greater than 0.1D for upstream taps and 0.13d
for thrpat taps. It is also recommended that pressure
taps b¢ as small as possible while still considering the
possibflity of tap hole plugging by contamination.

(f) Thps With Annular Chambers. The cross-sectional
area off the annular chamber, if used, should be greater
than hplf the sum of the pressure tap hole areas. It is
recominended that the annular chamber be doubled in
cross-spctional area if the venturi is to be installed with
insuffi¢ient upstream piping from a disturbance that
may cduse swirls or vortices in the measured fluid.

5-8 DISCHARGE COEFFICIENT OF THE ASME
VENTURI
The ¢liscussion of coefficients of dischargein para. 5-4,

in partjcular those parts relevant to throat tap nozzles,
applieg equally well to the venturis. This is because it
is a primary element with a set of throat taps, and the
same physics apply to this design.)If the ratio of the
boundgry layer thickness to thé diameter is in the same
range 4s that found for throat.tdp nozzles, the operating
range ¢f the Reynolds numiber based on tap diameter is
of similar magnitude, and the remaining flow conditions
are sinilar, the coefficient of discharge should be identi-
cal to fhe equations in para. 5-4 relevant to the appro-
priate|rangewof/throat Reynolds numbers. These
equati¢ns are“the best estimate for the coefficient of
dischafge-fot an uncalibrated venturi. Smce itis a prl-
mary €te i atta Zlenge

C, should be 1.0054; recent data on a few venturi calibra-
tions support this statement.

In cases such as very large venturis, for which the
similarity proportions with the throat tap nozzle are
found not to hold, reference [1] provides the theory
and practical application to estimate the coefficient of
discharge.

(a) Uncertainty of the Coefficient of Discharge. Again
assuming the upstream and throat diameters and the

52

FLOW MEASUREMENT

Reynolds numbers are known without error, the bias
uncertainty of an uncalibrated venturi is about +0.7%.
For a calibrated venturi, para. 5-4(f) applies.

(b) Overall Pressure Loss for an ASME Venturi. The static
pressure along a venturi tube decreases rapidly from its
maximum at the entrance to its minimum at the throat,
after which it increases, rapidly at first and then more
slowly, untll its second maximum Value is reached near

X nd
maximum is lower than that at the entrance by apprxi-
mately 10% to 20% of the pressure differencelbetwre
the inlet maximum and the throat minimumi/In ot
words, between 80% and 90% of the venturi’differenti
is recovered in the diverging cone. As\previously indi-
cated, the function of the diverging{cone is to decelerpte
the fluid steam uniformly and~with minimum turbu-
lence so that the outlet maximum pressure will appro
the inlet pressure as nearly‘as/possible. This restorat
is imperfect. The percefitage of pressure loss (i.e.,
10% to 20% mentioned+above) decreases as the spg
of flow increases o1as the size of the venturi tube
increased.

5-9 INSTALLATION REQUIREMENTS FOR THE

ASME VENTURI

The venturi has been criticized for being a long mefer;
however, when its length is combined with the upstrepm
lengths given in Table 7-2.4-2 so that no additional under-
tainty accrues, its length is less than that recommended
for a flow nozzle. For the example of a 0.58 venturi, this
total length is 7.85 pipe diameters compared to the|30
diameters of a nozzle flow section. This is because the
convergent cone is effective as a flow conditioner ffor
the throat section, although the venturi, like all met¢rs,
is sensitive to swirl. If swirl is expected or known| to
exist, an appropriate conditioner reputed to reduce swirl
should be selected and installed as discussed in Sec-
tion 7.

(a) Upstream Line Diameter. The average upstream p
diameter, measured in at least four places, shall
within +0.25% of the average diameter for at least 2
measured upstream from the entrance section.

(b) Roughness of Upstream Pipe. The upstream pjpe
sh%ll not have a relative roughness k/D greater than
0—Fe adhce

pe
be
DI

section of the venturi tube.

(c) Alignment of the ASME Venturi. The offset between
the centerlines of the upstream pipe and the venturi
shall be less than 0.005D and shall be aligned with the
upstream piping to within 1 deg.

(d) Recommended Lengths of Straight Piping for ASME
Venturis. Paragraph 7-2.4 and Table 7-2.4-2 give details
regarding the piping installation requirements for these
meters.
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Section 6
Pulsating Flow Measurement

6-1 INTRODUCTION

There are basically two kinds of unsteady flow: tran-
sient flow and oscillating flow. In Performance Test
Codes [work there is practically no interest in transient
flow, sfnce almost all tests are conducted at a steady
state operating point for the system under test. Slowly

ary focus of this Section. These situations fall
o broad categories: those in which pulsating flow

be desjgned to defeat or attenuate the effects of the
pulsating flow on the performance measurement. It may
be made responsive enough to the flow rate so that the
meterifg indication is correct at each instant, and the
additidnal inaccuracy is within the goals for the test.
On the other hand, the piping system may be designed
to atterjuate such pulsations with the installdtign of low-
pass fiters, gas-filled accumulators in liquid systems,
or volyme-choke flow pulsation damipers in gas flow
systems. Numerous passive filter designs are effective
for vatious pump types operating-/at various speeds.
Design| of such passive filters-with regard to their vol-
ume, rpstrictor size, and leeation in the piping for the
expected frequency range'is'd well-covered subject. Also,
there dre many flow deasurement techniques that are
quite ihsensitive td_pulsating flow, which may be an
alternaftive in ceftain testing situations. These include
electromagneticiflow meters, tracer techniques, some
positiye displacement mechanical meters, and sonic
flow npzzles.
When pulsating flow 15 an unpleasant suipriise, the
test engineer often has no choice but to assess by how
much his test uncertainty, both bias and random, has
increased as a consequence of nonsteady flow. Some-
times minor modifications to the flow-metering system
can ameliorate the problem, such as using a faster-
responding transducer or changing the length of the
pressure-sensing lines to a differential pressure trans-
ducer. However, installing restrictors in these pressure-
sensing lines to reduce pulsations cannot be permitted.
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There are only two favorite types of flow meters [for
which there are sufficient reported studies to_provide
any useful guidance: turbine meters and, more cgm-
monly described, all types of orifices, nozzles,’and ven-
turis.

6-2 ORIFICES, NOZZLES, AND VENTURIS

Actually, almost all of the published investigati¢gns
have been concerned withtorifices. However, since the
physical equations arerfundamentally identical for|all
types of head class meters, it is assumed that the condlu-
sions and results concerning orifices apply as well
the others. SGmmaries of and excerpts from technjcal
papers and\articles have been selected because of their
relevancerand applicability to performance testing
more_complete listing of source publications is at
endof this Section.

The very first mistake to avoid is the square root ergor,
which is the difference between the flow calculated
using the square root of the mean Ap instead of corredtly
averaging the individual square roots of each |Ap
observed during the test period. The error arises as fol-
lows: in Section 3 Bernoulli’s equation is derived, whjich
relates the differential pressure signal to the square of the
velocity, the square of the flow. Averaging the differential
pressures equates to averaging the square of edch
observed instant flow, which result is not the same| as
the average flow unless the observed variations are npg-
ligible.

6-2.1 History

Efforts to measure unsteady flow fall broadly ifito
three categories. The first included attempts to isolgte,
attenuate, or remove the pulsations in the observed p1es-
sures or flows. Since this approach is often unsuccessful,
many attempts have been made to define a pulsatfon

D CT O T S~ v R el e | be
unwise to measure. An even more optimistic third group
hopes to devise or discover a correlation between such
a pulsation number and actual oscillating flow, or at
least its true temporal mean. Approximately half of these
investigations concern flow at low Reynolds number
often with interest in biomedical application, which is
of lesser interest to performance testing.

Among the pulsation numbers published, two have
been experimentally investigated in some detail: the

DUISATIO C Old Oover W WOuld
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E= (5p max ap min)/2 SpBS

Mottram data [para. 6-4.3, (20)]
Schmid data (reciprocating steam engines) [para. 6-4.3, (3)]
Lindahl 3% error curve [para. 6-4.3, (2)]

Fig. 6-2.1 Measured Errors Versus
Oscillating Differential Pressure Amplitude
Relative to the Steady State Mean

Hddgson number and the Strouhal number. The Hodg=
sop number is an attempt to relate the fluid volume
anfl pipe length between the meter and the squrce of
sations (such as the pump, tank, or valve) to the error

erved errors. Others have analyzed the Hodgson
ber further and have found\it)to be proportional to

nafely,none of the experimental investigations have
begnisuccessful in discovering a correlation between the
Strotuhat mumber and their unsteady 1Iow results. Wi
the benefit of perfect hindsight, this is perhaps not so
surprising. A physically meaningful dimensionless
number must represent or summarize a phenomenon
or be derived from relevant equations of physics; the
equations to which the Strouhal number applies is not
the drag of immersed bodies. The conclusion must be
that future efforts at correlating unsteady flow errors
and observations with Strouhal number will be fruitless
also because a correlation is irrelevant.
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§ Table 6-2.1

S . . Error Threshold Versus Relative Amplitude of AP
o %

; 1.05 < E, ratio Error, %

=S .

€ . 0o 0.167 0.25

g " - 0.187 0.34

= ) 0.215 0.5

‘» 0.95 0.268 1.0

)

3 Tt - % [ 0.327 2.0

9] 0.90 O SRSl ks T ’ ’

L_; - : e .=':‘ - .g:j.:"..—.. . 0.422 5.0

2 =g v . LT -

& 0.85 B -

= \ - - -

o f e T MR -

(| .l,, - g o wo

L;) 0.80 O B The problem of measuring unsteady flow is gerious;
2 N this is generally appreciated. However, that th¢ errors
9 0-7% 0 05 = 1.0 15 2.0 can be surprisingly large is’less well known. There is
= ' ' ' ' ' not an abundance of useful data in the literatyre, but

much of what exists hasbeen summarized in Fig. 6-2.1.
This previously published figure [1] has superiposed
data that were published in other reports. It is stii
apparent that the ‘preponderance of error is s

which these observations were made. The soli
on the left of Fig. 6-2.1 represents an attempt at
an empirical pulsation threshold. It is merely
of a normal distribution curve fitted to include
the data for E between zero and 0.75. The equsa
this curve is

90% of
tion of

[ -(1.5 - 2E)?]

0.3103 (6-2.1)

Error = 0.2 exp
The error calculated from the curve versu
observed amplitudes of differential pressurelis pre-
sented in Table 6-2.1. No recommendations ar¢ being
made concerning the use of this curve; its purpose is
oTeSST zhitudes
for various error thresholds in the measurement of
unsteady flow.

b some

6-2.2 Theoretical Background

The Bernoulli equation usually is derived from either
the Navier-Stokes equation or from the principle of con-
servation of energy. The equation preceding it in the
derivation is the Euler equation, which explicitly
includes temporal variation.
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aa—‘:+%/+%g—g=0 (6-2.2)

With the assumption of steady state, the first term
becomes zero and this differential equation can be inte-
grated along any streamline from the upstream tap to
the downstream tap to yield the Bernoulli equation.
Without the assumption of steady state, but using the

FLOW MEASUREMENT

Flow'

Q

!

Primary?
element

AP
Transducer

Connecting®

~— 4P — tubing

<— AP —

assumptions of inrnmprpccih]p and one-dimensional

flow,

Q(t) = V(s,t) A(s) (6-2.3)
Equation (6-2.3) can be integrated along a streamline
betwegn the upstream and downstream tap as follows:

o
A} A3

This|is the proper theoretical point of departure for
one-dimensional, inviscid, unsteady flow analysis.
Sourcep using other approximations to calculate pulsat-
ing flow errors have been found to deduce incorrect
conclusgions. Equation (6-2.4) must be solved numeri-
cally.

Therp is a quantitative difference between two cases.
In the|first case, differential pressure oscillations are
driving the flow. In the second case, the flow is unsteady,
consequently the differential pressure oscillates. In the
first cage, the error is positive and increases in proportion
to the }, power of the relative amplitude of the différen-
tial prgssure. In the second case, it is negative because
the mepn differential pressure increases in proportion to
the sqare of the relative amplitude of flow oscillation 4.

For ¢xample, a pipe with a closed«walve at the end
can haye standing pressure waves ifi it,' generated by a
machine somewhere else on the\lihe. Because of the
differept pressure reflections from the upstream and
downsfream sides of the meterand because of the sepa-
ration ¢f the pressure taps;amean and an RMS differen-
tial pressure can be gbserved across the meter even
thougH the flow is Kngwn to be zero. On the other hand,
if a corjtrol valvesinthe line is oscillating slightly, it will
cause the flownto.0scillate and an oscillating differential
pressufe will¥esult, including harmonics. The flow oscil-
lation night be quite small, but if one of the pressure

99 295
ot s As)

2
-0 -n0] 624

1
P

Q

Fig. 6-2.2 Fluid—Metering System Block, Diagrar

=

information is needed. Schmid’s{data are for reciprodat-
ing steam engines. Lindahl’s experiments used an osfil-
lating butterfly valve downstream, as did Bajura’s.
these cases, it is apparent that the flow was oscillat
and the errors shown.in Fig. 6-2.1 are negative,
agreement with this\theory. Mottram’s test rig usedl a
piston compressor-in series with a steady mean fI
sonic element. Depending on frequency and displ

ment, his data should reflect mixed effects of both fl|
and pressuire oscillations. Outside the laboratory,

industtial or performance test in field installations, i
less.€lear what an oscillating differential press
implies; but, when it is observed, an independent mpa-
surement of the flow or velocity variation ought to
made (using, for example, hot wire anemometers, lasg
or probes that might be inserted through existing taf
Then at least a quantitative estimate of the effects|
unsteadiness can be made.

On the other hand, an absence of oscillations in differ-
ential pressure measurements does not guarantee that
the flow is steady. Pressure oscillations easily can|be
attenuated by relatively long connecting tubing and|by
the frequency response of the transducer. All compo-
nents of the system must be considered.

Simplified System Description

The head class flow meter system is assembled frpm
the four major components shown in Fig. 6-2.2. These
are the flow to be measured, the primary element (orif
nozzle, or venturi), connecting tubing, and the differgn-
tial pressure transducer.

A great deal of research has been done and remajns
to be done on flow-velocity profiles, unsteady flow, cin

frequelTCies WeTe 10 eXCite a TeSOTance 1T SOIe Other
component of the metering system (e.g., the connecting
tubing), then obviously any estimate of the mean flow
or even the size of the flow oscillation would be seriously
in error.

The deficiency of standard head class meter installa-
tions in unsteady flow is that the differential pressure
observation is not sufficient. Sensing only the differential
pressure, the difference between pressure pulsations and
unsteady flow cannot be distinguished. Additional
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puter simulations of flow, and so on. Here a rather sim-
ple model of sinusoidal unsteady flow was used as an
analytical test function.

6-2.3 Frequency Response of the Primary Element

The corner frequency or bandwidth of an orifice meter
has been calculated [2, Eq. (14)]

1/2
| (6-2.5)

3
Q. = 2CQ[1 - 35 (0Q/Q)”
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in which C is a geometric constant of the meter installa-
tion that varies with its size.

D@1 - B
2A%(4/ 7 + 0.8913/ 5%

(6-2.6)

The bias uncertainty of C is about +14%, and it is
probably a good approx1mat10n to use for any differen-

mgnts in whrch the frequency is greater than half the
cofner frequency ought to be avoided. Below Q./2, the
Befnoulli equation may be used, and the consequent
erfors may be estimated from the linear time constant
mgdel of the primary element.

NQTE: This statement applies only to the primary element and
nof the entire flow-measuring system shown in Fig. 6-2.2.

or most industrial flows of interest in performance
tegting, findings indicate that the bandwidth of the pri-
m4ry element is considerably greater than the reported
oscillation frequencies. When this is so, it means

.4 Frequency Response of the Instrument Tubing

esearch has been done on the effects of connecting
tubing [3]. The U.S. Navy supported an intensive experi-
mgntal investigation of the frequency response(of con-
nefting pressure tubing and especially the(effects of
vatious source and termination devices onthe dynamic
redponse [3].

he results indicate that it is this component of the
system that ought to be highly suspect when differential
préssure oscillations are observed: The reported pulsa-
tion frequencies were usually i’ the range of 1 Hz to 20
H4, which coincides withrthe’range of resonant frequen-
cigs for typical connecfing’ tubing lengths, for instance,
frgm the meter run.to the top of the manometer. The
effects of tubing on'the pressure signal vary from attenu-
atipn to amplification, and the effects of the transducer,
as|a load términation, are equally important. The net
effect can be'anything from obscuring an actual unsteady
flqw te-amplifying an inconsequential pulsation to
where'it appears serious. The effects of connecting tub-

ASME PTC 19.5-2004

where
o

the speed of sound in the fluid

(b) The tubing diameter should be selected to achieve
unity damping factor. This will tend to curtail resonant
pressure peak amplitudes and maintain tubing as a lin-
ear element of the system. Both the attenuation and
amphﬁcat10n of the unsteady portlon of the signal will
lowing

calculated diameter should be selected

d=4\/%(m,ft)

In most cases, this diameter is vety much smaller than
the half-inch tubing and pipe.sizes recommenfled by
Fluid Meters or the Performance Test Codes. [Conse-
quently, the probable bias is‘toward amplifying the per-
ceived unsteady flow\ir'installations conforming to
various codes.

(6-2.8)

6-2.5 Frequency. Response of the Pressure
Transducer

Considering only the frequency response, th¢ trans-
ducetshould behave as much as possible as a sdlid end
totthe tubing. Its flow impedance should be greafer than
the connecting tubing, and its fluid compliance (capaci-
tance) should be less. A small (2 mm diameter) gas
bubble trapped in a liquid-filled transducer is a[signifi-
cantly large capacitance in terms of its effect jon fre-
quency response. Care must be exercised to remoye these
bubbles. The traditional U-tube manometer obyiously
does not stand up well to the above criteria for upsteady
flow conditions. For the myriad designs of commercial
transducers, the user is at the mercy of the manyfactur-
er’s data unless he chooses to conduct frequency
response tests. Fortunately, their bandwidth is oftpn high
enough that the transducer can be considered lifgear for
all frequencies of interest.

6-2.6 Pulsation Thresholds

The most comprehensive survey and experimentation
on pulsating flow measurement was reported by Head
[4] in 1956. This report covers turbine meters, positive
displacement meters, variable-area meters, and head
class meters, but the great majority of the data doncern
orifices, nozzles, and venturis. The statement i made

ing are in fact complex.

The following recommendations relevant to fluid
metering are presented:

(a) To achieve maximum bandwidth, the length of
tubing connecting the differential pressure sensor to the
pressure taps should be as short as possible. The first
resonant frequency occurs at

f=1 (6-2.7)
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that whenever the peak-to-peak amplitude 7 of the flow
variation is less than 10% of the mean flow, the primary
element will be operating in a quasisteady mode and
negligible flow measurement error will result. It is
restated here, as above, that an independent means, such
as a hot-wire anemometer, is required for determining
this amplitude.
A bias error ratio is defined

Qi/Qmean = (1 + aﬁ)n (6_29)

Ubjas =
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where
n = anexponent determined by meter type and kind
of flow
a = a wave-shape coefficient
I' = 23Q/Q = peak-to-peak amplitude of flow pul-

sation
Values of n depend on meter type and kind of flow.

pressible flow, n = 0.5 when flow is turbulent
0 when flow is purely viscous; in the transition

eam pressure in a region of negligible approach
velocity, n = 0. For turbine, propeller, or positive-dis-
placenient meters, n = 1.

Valups of the wave-shape coefficient « are as follows:

(a) Hor sinusoidal variation of flow about the average,
a = 1/3

(b) Hor a sawtooth wave, & = %».

(c) Hor any rectangular wave where the maximum
flow persists for a fraction x of the period T and mini-
mum flow persists for the remaining fraction (1 — x) of
the petiod, @ = x(1 — x).

The highest known value of « is that for a symmetrical
rectangular wave where x = 0.5 and a = 0.25.

Prevjously published data [4] are summarized and
presented in Fig. 6-2.6, and the conclusions therefrom
are recpmmended for guidance and advice. It is<further
recominended that all of the techniques discussed in
this Se¢tion be applied to the specific pulsationi problem
presenfly manifest and that the worst case estimate of
the adglitional flow measurement uncertainty be used
in repqrting the performance test/results.

6-2.7

(a) It has been shownythat, from the viewpoint of
accurafte measurement of average flow, pulsation is
potentiially significant only when the intensity /"is
greaten] than 0.1xThis value of /" is recommended as
a pracfical pulsation threshold for official publication,
acceptable for;the most exacting accuracy requirements.

(b) 1 ulsatlon -error magmtude has been shown to
dependp
in a manner readily calculable from Eq. (6-2.9) when b is
assumed unity, and, secondarily, on frequency-response
characteristics of the flow meter.

(c) Flow measurement errors are best eliminated by
the use of pulsation-attenuation equipment selected to
reduce I to the threshold value. When this is impossible
because of large attenuator size needed for low frequen-
cies, errors may be minimized by selecting a high-
response instrument for which b is negligible.

Conclusions and Recommendations
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(d) Flow meters are least affected when viscous or
inertial damping is minimized and when the principle
of operation is such that a large part of the flow oscilla-
tion can be absorbed by small response. Variable-area
and turbine-type meters are of such a character, but this
advantage disappears above frequencies near the low
end of the audio range.

(e) Accurate corrections can only be made when pul-

damping and high inertia to force the coefficient’H
unity. Additional instrumentation for accurate\deterini-
nation of intensity and wave shape will be required. The
Q is equal to the indicated rate divided by, the pulsat{on
factor, as given by Eq. (6-2.6). A tolerance, or twice the
standard deviation (4) of +20% of thejvalue of the erfor,
must be assumed until more precise experimental dpta
become available.

(f) Proper measurement 0f'instantaneous or aver
values of secondary qualities has been assumed through-
out this Performanee Test Code. Secondary sources of
pulsation error, particularly troublesome in variable-dlif-
ferential meters; are associated with nonsymmetrical
damping and‘\capacity in differential manometer lirjes.
To a much.smaller extent, similar errors in measurempnt
of abselute pressure may affect the accuracy of gas mea-
surement with any type of flow meter. No flow-pulsat
threshold can ensure elimination of such errors, but
art of proper measurement of these secondary quantities
is quite well developed.

1ge

6-3 TURBINE METERS IN PULSATING FLOW

Turbine flow meters have been accepted for high acfu-
racy flow measurement of both liquids and gases| i
steady flow. In many applications such as in nuclpar
reactor systems, fossil-fuel power plants, oil refiner
and natural gas facilities (e.g., gas production fields 4
compressor stations), the flow may not be steady

know whether the turbine meter will perform accurat
or will have significant error when operating under
sating conditions determined by the installations.

surement of gases that have relatlvely low dens1ty, the
response of a turbine meter is generally not so good and
significant meter error may result when operating in
pulsating flow of large amplitude.

The maximum flow velocity through the meter must
be at a low Mach number so that the compressibility
effect of the gas on the meter performance can be
neglected. It is assumed that the inlet velocity V; is axial
and has a uniform velocity distribution.
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3.1 Dimensional Analysis

[here are three important dimensionless parameters
affpcting turbine meter performance in pulsating flow

[5]

D; = dragless rotor time constant/period of flow
pulsation

D, = fluid drag torque/fluid driving torque (on
rotor)

D; = bearing frictiomdrag torque/fluid driving
torque

[he methods foricalculating these numbers are given
in |5, 6].

Df course,“chianges in the parameters D, D,, and D;
do|affect themagnitude of meter pulsation error. These
chpnges are brought about from variations in meter
depigi~and meter size and variations in the pulsating

Value of al*2

Fig. 6-2.6 Experimental and Theoretical Pulsation Error

the value of the overrun for large values of D;,|but an
increase in Dj; decreases the steady state rotor|speed,
thus changing the meter calibration.

Even though these figures are for a sine waye flow
fluctuation and for specific values of the paramgters D,
and Dj, the effects are characteristic of other wavelshapes
and other values of D, and D;.

6-3.2 Rotor Response Parameter D, and Pulsation
Period T

With reference to Fig. 6-3.1, it is seen that three[signifi-
cant regions exist on the error graphs based on the value
of the rotor response parameter D;. Region 1 i where
D; =t,/T 21 (i.e., the flow pulsation period T is equal
to or less than the dragless meter time constant 4,,). The
error curves are practically horizontal. Here, th¢ meter
has little ability to follow the flow fluctuation Because

flow. Knowledge of the elfects oI these variations on
meter error can provide a basis for modifying the nature
of the pulsating flow, modifying the meter design, select-
ing the proper meter size, or changing the location of
the meter to minimize the meter error or to perhaps
make the meter error predictable (i.e., if the pulsating
flow is better defined in one location versus another).
For large values of D; where the rotor response is not
good, Fig. 6-3.1 indicates that the meter pulsation error
increases with increasing values of D;. D3 does not affect

oI the rotor imertia and just dithers at a definite
overspeed. This overspeed, and thus the meter pulsation
error, can be quickly calculated by the asymptotic solu-
tion. Region 2 is where 1 > D; > 0.05. The error curves
drop off for decreasing values of D; and reflect the
increasing ability of the rotor to follow the flow fluctua-
tion, resulting in a decrease in meter pulsation error.
Region 3 is where D; < 0.05 (i.e., the flow pulsation
period T is 20 times that of the dragless meter time
constant t,, or longer). The error curves have already
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Fig. 6-B.1 Semi-Log Plot of Theoretical Meter Pulsation Error Versus ‘Rotor Response Parameter for Sine Wdve

droppgd to near the horizontal level. Here, the rotor is
able tq follow the fluctuation, resulting in only small
meter pulsation error due to rotor inertia (the negative
meter pulsation error shown is a result of nonfluid-drag
effect ID;).

It shpuld be noted that the frequency or period T of the
pulsating flow by itself does not determine the degree of
rotor rpsponse or the value of D;. Fhe rotor response
is deteymined by the ratio of the dragless meter time
constant f,, to the pulsation period T. Also, the meter
property term (1 + n)J/ %, which can be considered as
the eff¢ctive mass of the rétor system, by itself does not
deternfine the meter tinfte'constant t,, = (1 + 5)J/7* pQy.
The meter time constant is determined by the ratio of
the effdctive mass of the rotor system to the mass rate pQq
passing through the meter at the operating condition.'

6-3.3
Alth

Fluid-Drag Parameter D,

wnoh the effects of a Fh;n’\(rp in Dy are not shown

Flow Fluctuation, D, = 0.1, and Pulsation‘lndex, / = 0.1 and 0.2

6-3.4 Nonfluid Drag Parameter D

For dragless meter rotor system (i.e., D, = 0 and Dj
0), the meter pulsation error is due to rotor inertia effiect
D; only. Since the rotor responds better at high flpw
than at low flow [t,,a(1/Q)], the rotor overruns mpre
during the low-velocity portion of the flow cycle tH
it underruns during the high-velocity portion of the flow
cycle, thus resulting in a net overrun or positive mdter
error in measuring pulsating flow. As the rotor respo
parameter D; decreases toward zero, the rotor ineftia
effect becomes smaller and the positive meter pulsat
error decreases to zero. However, for a real rotor systpm
where Dj; # 0, the meter pulsation error is caused
both the rotor inertia effect D; and the nonfluid d
effect D;. Figure 6-3.1 indicates that D5 causes the meter
to underrun in pulsating flow for small values of D {D,
< 0.15) where the rotor response is good. The physical

calculations will show the i increasing D, always reduces
the meter error caused by either D; or Dj3. If D; and D3
are zero, there is no meter pulsation error and the change
in D, will only affect meter calibration.

1 The meter time constant, which includes drag effect, can be
determined from a closed-form solution to a differential equation
for a step change in flow and is where the flow rate Q, required
for t,, and Dj is the value after the step change and ] is the rotor
inertia.

60

reason for this is that the meter has more slip dud to
the Dj effect during the low-velocity portion of the flow
cycle than it does during the high-velocity portion of
the flow cycle, resulting in underrun of negative meter
error due to nonfluid drag torque.

Therefore, the meter pulsation error will become nega-
tive as D; approaches zero, especially for high values
of D3, because the meter underrun due to the D; effect
may exceed the overrun due to the D, effect (which
approaches zero as D, approaches zero).
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variations in meter error because of wave shape varia-
tion is a likely cause for the spread in the data at a given
pulsation condition. Also, the effect of varying values
of Dy (especially for D, <1), D,, and Dj causes additional
spread in the data.

As has been mentioned previously, the wave shapes
encountered in the laboratory experiments vary substan-
tially — from near sinusoidal to rounded-off square
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Fig. 6-3.5 Experimental Meter Pulsation ‘Error
Versus Pulsation Index

For large values of D; where thérotor response is not
gopd, Fig. 6-3.1 indicates that the.meter pulsation error
inqreases with increasing values’of Ds. D3 does not affect
the values of the overrun-for'large values of Dj, but an
indrease in D; decreases-the steady state rotor speed,
thfis changing the metet calibration.

6-3.5 Experimental Pulsation Data

he expetimental meter pulsation error data [5] are
shpwn in'Kig. 6-3.5. There is quite a range in the data
fo a given amplitude of pulsation. It is recommended
that \the upper bound (line a-a) be used to estimate

waves—to—at tytlco of t;iau&u}cu. He—waves—ardqto har-
monic alterations of these wave shapes — and. arg proba-
bly not unlike the variety of wave shapes encoyintered
in the field.

A theoretical analysis of gas turbines flow mjeter in
the measurement of pulsating flow, including bofh fluid
drag and nonfluid drag on the fotor system and {lealing
with pulsating flow of arbitrary wave shape, appears to
be validated by a wide range of test results exdept for
large pulsations where the situation is more cpmplex
and needs further investigation. Careful design ahd exe-
cution of properly~instrumented tests are esseptial in
determining meter'pulsation error that is free frorh extra-
neous errofs caused by poorly conditioned flow or
improper_ operation of the test stands.

The meter pulsation error of a gas turbine floy meter
may-be estimated with reasonable accuracy for afknown
pulsating flow situation using steady state vallues of
flid drag and nonfluid drag.

Test results indicate a gas turbine flow meter|retains
its excellent steady state repeatability in pulsatir)g flow,
which is a necessary condition for possible measyrement
of pulsating flow.
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up(%) = 69(8Q/Q)* (6-3.1)

In Fig. 6-2.6, the pulsation index I = 8Q/Q and it is
the relative amplitude of flow variation or half the peak-
to-peak oscillation. In the reported experiments, it is safe
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Section 7
Flow Conditioning and Meter Installation Requirements

7-1 INTRODUCTION

The primary element shall be installed in the pipeline
at a popition such that the flow conditions immediately
upstredm sufficiently approach those of a fully devel-
oped frofile and are free from swirl.

The theory of practically any flow meter begins with
the asspmption that the velocity in the conduit is every-
where the same — all the flow velocity vectors are paral-
lel to the axis of the pipe or duct and all have the same
value. [This is called the assumption of a uniform, one-
dimengional velocity profile. This exists in theory only
and ngver in the field. The best flow condition to be
found In the field is that of a fully developed, turbulent
velocity profile. These words describe an axially sym-
metric{bullet-shaped velocity profile that is mostly uni-
form agross the central area of the conduit and rounded
toward the wall where it eventually goes into the turbu-
lent bgundary layer, to the laminar sublayer, and then
to zerd velocity at the conduit surface. Superimposed
on thig| profile is a kind of random isotropic turbulence
of somp undetermined intensity. The difference between
this profile and the uniform one assumed in the theexy
gives 1fise to the published (average) calibration, coeffi-
cients for various classes of flow meters. Flow calibration
laboratories make every effort to attain this type'of veloc-
ity prdfile by using sufficient lengths of ‘straight pipe
upstream and downstream of the meteting section, such
pipinghaving representative commercial smoothness on
the insfde. Such a velocity profile\is'rarely to be found
in the field or plant where a-performance test is to be
condugted.

Whehever flow goes argurid a bend, the higher veloci-
ties ard found on the outside (of the bend) downstream
and sone angular, inomentum is imparted to the flow.
The velocity profilehas become skewed. When two such
bends fire fouhid.Close to each other and out of plane, a
helical streamline pattern called swirl may be generated.
Swirl i§ particularly harmful to the accuracy of turbine

redistributing the axial velocity profile, and some ’Tat
are effective for both. The tradeoff comes in how thiych
permanent pressure loss can be tolerated.

7-1.1 Recommended Practice

The most accurate flow measurement'can be attair
by calibrating the entire meteringsection in a flow ¢
bration laboratory suitable to/the needs of the tg
Metering section is herein «efined as all the strai
conduit upstream and dowmnstream of the primary ¢
ment (e.g., the flow mefer and nozzle), including
flow conditioner installed as it is during test and
instrumentation fittings, plumbing, and the transducq
Following caljbration, the entire metering section assgm-
bly should semain intact from end to end (to the mdxi-
mum extent*possible at least) and installed at the fest
site inkthe as-calibrated condition. The use of a flpw
conditioner is recommended because it nullifies the
effects of the remaining differences between the labgra-
tory and test installation. With such care taken in fthe
pretest calibration of the metering section, it does ot
matter which primary element is selected; all will reqult
in equivalent accuracy.

When the temperature of the fluid is above or belpw
ambient so that the difference in temperature may affect
the fluid properties, thermal insulation of the enfire
meter section may be advisable. Refer to ASME P[IC
19.3, Temperature Measurement.

During the test, the primary element should be cls
and undamaged. The inlet edge of an orifice must
square and sharp; the inlet and throat sections of anozzle
or venturi should be clean, smooth, and free of scald
encrustations. Such conditions should be established
inspection, both before and after use. Therefore, es
cially for orifices, means must be provided to rem
the orifice plate for inspection and to reinstall it
exactly the same position as when it was calibratpd,
such as locating pins; see Sections 3, 4, and 5 for detaiils.

meters and propeller meters and it degrades the accu-
racy of differential pressure meters. It takes quite some
time (and, therefore, quite some straight pipe) for the
fluid viscosity to affect the decay of such angular
momentum and to redistribute the velocity profile.
There are many upstream piping arrangements dis-
cussed in this Section, and if insufficient straight pipe
length remains in the metering section, the use of flow
conditioners is recommended. There are those that are
effective in removing swirl, those that are effective in
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7-1.2 Calibrations

Normally, calibration of a particular differential pres-
sure producer is desired or required whenever the flow
measurement uncertainty must be less than 1% (for noz-
zles and venturis) and < 0.6% to 0.7% for orifice-metering
sections. For new, clean devices installed in accordance
with Sections 4 and 5, calibration should be made with
the adjacent sections of pipe in which such a primary
element is to be used. The length of the actual piping
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Table 7-1.2-1 Recommended Straight Lengths for Orifice Plates and Nozzles

On Upstream (Inlet) Side of the Primary Device

On Downstream
(Outlet) Side

Single 90 deg  Two or More  Two or More Reducer Expander
Bend or Tee 90 deg Bends 90 deg Bends (2D to D Over (0.5D to D Over All Fittings
(Flow From One in the Same in Different a Length of a Length of Globe Valve Gate Valve Included in
B Branch Only) Plane Planes 1.5D to 3D) D to 2D) Fully Open  Fully Open This Table
<0.20 10 (6) 14 (7) 34 (17) 5 16 (8) 18 (9) 12 (6) 4 (2)
q.25 10 (6) 14 @) 34 (17) 5 16 (8 18 (9 12 (6 4 ®
J.30 10 (6) 16 (8) 34 (17) 5 16 (8) 18 (9) 12 (6) 5(p.5)
Qq.35 12 (6 16 (8) 36 (18) 5 16 (8 18 (9) 12 (6 5 (p.5)
Q.40 14 () 18 (9) 36 (18) 5 16 (8 20 (10) 12 _(6) 6 (B
q.45 14 (7) 18 (9) 38 (19) 5 17 (9 20 (10) 12.+(6) 6 (B
q.50 14 (9 20 (10) 40 (20) 6 (5) 18 (9) 22 (11) 12 °(6) 6 (B
d.55 16 (8) 22 (11) 44 (22) 8 (5 20 (10) 24 (12) 14 (7) 6 (B)
.60 18 (9) 26 (13) 48 (24) 9 (5 22 (11) 26 (13) 14 (7) 7 (B.5)
q.65 22 (11) 32 (16) 54 (27) 11 (6) 25 (13) 28\(14) 16 (8 7 (B.5)
4.70 28 (14) 36 (18) 62 (31) 14 (7) 30 (15) 32(16) 20 (10) 7 (B.5)
Q.75 36 (18) 42 (21) 70 (35) 22 (11) 38 (19) 36 (18) 24 (12) 8
Minimum Upstregm (Inlet)
Fittings Straight Length Required
For]all Abrupt symmetrical reduction having a diameter ratio2 0.5 30 (15)
B Malues
Thermometer pocket or well of diameter < 0.03D 5 (3)
Thermometer pocket or well of diameter betweén 0.03D and 0.13D 20 (10)
GENERAL NOTES:
(@) | All straight lengths are expressed as multiples of diameter D7jThe pipe roughness shall not exceed that of a smooth,
commercially available pipe approximately k/D < 107>,
(b)| Required straight lengths to meet the discharge coeffi€iént uncertainties delineated herein are represented by the val-
ues without parentheses. Straight lengths can bewreduced down to the values in parentheses, but then an additional
uncertainty of 0.5 percentage points must be added to the uncertainties as delineated herein for each meter if made
any shorter than the full required lengths shown without parentheses.
to pe used in the calibration should'be at least as shown  these recommendations are based on tests using prifices
in [Tables 7-1.2-1 and 7-1.2-2. For best results, any fitting  as the primary element (see para. 7-2.4g). In the 3bsence
that immediately precedesthe ihlet of the metering sec-  of better data or information, these specificatipns are
tion should be used in the'calibration. Whenever possi-  recommended as good practice for practically afy type
blg, the calibration rafige should encompass the entire ~ of meter or primary element.
rafge of Reynolds numbers corresponding to the rates -,
of flow to be encountered. When the calibration facilities 7-2.1 Flow Conditioners ) -
ar¢ inadequateto’attain the highest Reynolds numbers The recommended designs of flow conditiorjers are
to pe encountered in the test, the indications of the cali- shown.in Fig. 7'2~1_- For rfemoving bOth_ swirl and
bration anay” be extrapolated using procedures in the smoothing the velocity profile, flow conditioner types
relevafit Sections (i.e., 4 and 5). (a) and (b) are preferred. Tube bundle designg [flow

wld-not-be-axtended-+

a—condition

conditioner type (a)] have been used successfully with

that would correspond to a pressure ratio p,/p; below about 0.8
since a change in flow regime may occur in this pressure-ratio
region. This note does not apply to sonic-flow nozzles; refer to
Section 8 for compressible flow measurement.

7-2 FLOW CONDITIONERS AND METER
INSTALLATION

Metering section assemblies are prescribed with crite-
ria for including or omitting flow conditioners. Most of
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the number of tubes between 19 and 41; only marginal
improvement in effectiveness has been reported for
designs using more than 19 tubes. The design criteria
for the perforated plates [flow conditioner type (b)] is
that the total flow area of the sum of the holes is less
than half of the inside area of the pipe. The tradeoff for
this effectiveness is a higher loss coefficient, as shown
in Table 7-2.1, in which the loss coefficient is the unrecov-
erable portion of the upstream dynamic pressure of
the flow.
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Table 7-1.2-2 Recommended Straight Lengths for Classical Venturi Tubes

Single 90 deg Two or More 90 deg

Two or More 90 deg

Reducer 3D to D  Expander 0.75D

Short Radius Bends in the Same  Bends in Different Planes Over a Length of to D Over a Gate Valve
Diameter Ratio  Bend [Note (1)] Plane [Note (1)] [Notes (1) and (2)] 3.5D Length of D Fully Open
0.30 0.5 [Note (3)] 1.5 (0.5) 0.5) 0.5 [Note (3)] 1.5 (0.5) 1.5 (0.5)
0.35 0.5 [Note (3)] 1.5 (0.5) (0.5) 1.5 (0.5) 1.5 (0.5) 2.5 (0.5)
0.40 0.5 [Note (3)] 1.5 (0.5) 0.5) 2.5 (0.5) 1.5 (0.5) 2.5 (1.5)
0.45 1.0 (0.5) 1.5 (0.5) (0.5) 4.5 (0.5) 2.5 (1.0) 3.5 (1.5)
0.50 1.5 (0.5) 2.5 (1.5) (8.5) 5.5 (0.5) 2.5 (1.5) 3.5\(t)5)
0.55 2.5 (0.5) 2.5 (1.5) (12.5) 6.5 (0.5) 3.5 (1.5) 4,5/(2]5)
0.600 3.0 (1.0) 3.5 (2.5) (17.5) 8.5 (0.5) 3.5 (1.5) 4.5 (2]5)
0.65 4.0 (1.5) 4.5 (2.5) (23.5) 9.5 (1.5) 4.5 (2.5) 4.5 (2]5)
0.70 4.0 (2.0 4.5 (2.5) (27.5) 10.5 (2.5) 5.5 (3%5) 5.5 (3]5)
0.7p 4.5 (3.0 4.5 (3.5) (29.5) 11.5 (3.5) 6.5 (4.5) 5.5 (3)5)
GENERAL NOTES:

(@) All straight lengths are expressed as multiples of diameter D. The pipe roughness shall not exceed that{of a smooth,

commercially available pipe approximately k/d < 107,

(b) Dowpstream fittings or other disturbances situated at least four throat diameters downstream of the/throat pressure tap-
pingl do not affect the accuracy of the measurement.

(c) Required straight lengths to meet the discharge coefficient uncertainties delineated herein @re‘represented by the val-
ues Wwithout parentheses. Straight lengths can be reduced down to the values in parentheses, but then an additional
uncqrtainty of 0.5 percentage points must be added to the uncertainties as delineatéd herein for each meter if made
any ghorter than the full required lengths shown without parentheses.

NOTES:

(1) The fadius of curvature of the bend shall be equal to or greater than the pipe diameter.

(2) Sinck the effect of these fittings may still be present after 40D, no unbrackéted values can be given in the Table.
(3) Sinck no fitting can be placed closer than D/2 to the upstream pressure\tapping in the Venturi tube, the “zero additonal uncertainty]’

valup is the only one applicable in this distance.

oving swirl is the main concern (e.g., with ‘tr-

conditjoner type (d) the etoile are recommended. Data
presented [1] for flow conditioner type (d) indicate it is
the mogt effective at removing switl;/the etoile also may
be shortened to 1D in length\with negligible loss in
effectiveness.

(a) Tube Bundle Straightener. This type of straightener
consists of several parallel tubes fixed together and held
rigidly|in the pipe.(It)is important in this case that the
varioug tubes aréparallel with each other and with the
pipe ajis. If thisvéquirement is not met, the straightener
itself might introduce disturbances into the flow. There
shall bp atleast 19 tubes. Their length shall be at least

Y40 of the pipe diameter. The three plates should be hpld
together by bars or studs located around the periphery
of the pipe bore. These should be as small in diamdter
as possible, consistent with providing the requiged
strength.

7-2.2 Metering Section Assemblies for Various
Piping Configurations

The metering section is composed of two secti¢pns
whose lengths are determined from Tables 7-1.2-1|or
7-1.2-2. The primary element is placed between thpse
sections. Pressure differential measuring taps are loca
in accordance with the specifications for each prim
element. Temperature-measuring connections may
required under certain conditions and are specified
para. 7-4.

Ty
be

20d. Thetubes shalt be joined in a bundle and installed
tangent to the pipe wall.

(b) Sprenkle Straightener. This straightener consists of
three perforated plates in series with a length equal
to one pipe diameter between successive plates. The
perforations should be chamfered on the upstream side,
and the total area of the holes in each plate should be
greater than 40% of the cross-sectional area of the pipe.
The ratio of plate thickness to holes shall be at least
unity, and the diameter of the holes shall be less than
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7-2.3 Fabrication of Piping

The normal methods of fabricating piping and compo-
nents are not satisfactory for accurate flow measure-
ment. The requirements set forth must be followed, and
no deviations may be permitted for satisfactory results.
In the design stages, check the installation drawing for
clarity and precision of fabrication instructions. After
initial fabrication, inspect and document that all require-
ments are met and record when the necessary corrections
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7-2.4 Metering Section Piping Adjacent to the
Primary Element

(a) The primary element or flow section shall be fitted
between two sections of straight cylindrical pipe of con-
stant cross-sectional area, in which there is no obstruc-
tion or branch connection (whether or not there is flow
into or out of such connections during measurement)
other than those specified in Tables 7-1.2-1 and 7-1.2-2.

Table 7-2.1
Loss Coefficients for Flow Conditioners
Flow Conditioner Type k
(@) Tube bundle 41 tubes 8.0
19 tubes 5.0
(b) Perforated plates Beveled holes 11.6
Straight holes 13.0
(c) Crossed plates ... 2.2
(d) Etoile e 1.1

GENERAL NOTES:

@ AP} = k(1/2pV1Z). k is the multiple of the upstream dynamic
presfkure.

(b) Refef to Table 3-1. If the units of lines (1) or (3) are used, then
k is [dimensionless. For other units, conversions must be made
in a¢cordance with Section 2.

have Been made. Measurements shall be made as
requirgd.

(a) Ihside pipe walls shall not be polished but should
be as gmooth as is commercially practical. When pipe
walls afe machined or ground, the finish should simulate
that offnew smooth pipe. Seamless pipe or cold-drawn
seamless tubing may be used.

(b) Grooves, scoring, pits, raised ridges resulting from
seams,| distortion caused by welding, offsets, backing
rings, gnd similar irregularities, regardless of size, that
changgq the inside diameter at such points by more than
k/D < 107 shall not be permitted. When requiredy. the
roughrless may be corrected by filling in, grinding, or
filing gff to obtain smoothness within.

(c) Under no circumstances will changes of diameter
(e.g., shoulders, offsets, and ridges) greater than 0.003D
itted within 4D of the primary element. All

(d) When measuring steam in a horizontal pipe, suit-
able drpins or blowoffs should be provided on the under-

adjacent to the primary element should be drained at
the point of minimum elevation. The valves or cocks
used on these drains should be ones that will close
tightly.

(e) When measuring an incompressible fluid, vents
should be located on the upper side of the horizontal
pipe to eliminate any entrapped gas. In other than hori-
zontal installations, the piping system should be vented
at the highest point.

The pipe is considered straight when it appears so|by
visual inspection. The required minimum straight
lengths of pipe, which conform to the description'above,
vary according to the nature of the fittifigs, the type
of primary element, and the diameter(zatio. They pre
indicated in Tables 7-1.2-1 and 7-1.2-2, which show the
upstream and downstream straightlenhgths required for
installation between various fittings and the primary
element.

(b) Recommended Lengths\of Straight Piping. Tableq 7-
1.2-1 (for orifices and nozzles) and 7-1.2-2 (for ventufis)
recommend the piping(installation for these meters. For
lengths between, thetwo listed, a systematic uncertaipty
of +%% must-be€ added to the coefficient of dischafge
component:)Fer lengths shorter than those given| in
parentheses, the amount of uncertainty that should|be
added¢s.ithdetermined but most likely greater than '4%.
In such instances, it is good practice to calibrate the
meter in the piping arrangement of the performance
test to achieve high accuracy. In other words, the actpal
piping of the test, or a replica thereof, should be installed
in the flow laboratory for a distance upstream of the
flow section, as specified for the worst case for the¢ g
ratio to be used, to obtain the calibration for the tedt.

(c) The internal pipe diameter D shall be measufed
on four or more diameters in the plane of the irlet
pressure tap. Check measurements shall be made |on
three or more diameters in two additional cross-secti¢ns
at least two pipe diameters from the inlet face of the
orifice plate or flow nozzle, or past the weld, whiche}er
is the greater distance. The values of all such upstrepm
diameters shall agree within 0.4% when the diamgter
ratio B of the orifice or flow nozzle is 0.2 and within
0.5% when the diameter ratio is 0.75. For intermedipte
values of B, a linear relation can be used. The average
of all diameters near the plane of the inlet pressure fap
shall be used in computing the diameter ratio of the

shall be made in the plane of the outlet pressure tap to
ensure that the diameter of the outlet section agrees with
that of the inlet section, within twice the tolerance given
above for the diameters of the inlet section.

(e) The internal surface of the pipe immediately pre-
ceding and following an orifice or flow nozzle shall be
straight and free from mill scale, pits or holes, reamer
scores or rifling, bumps, and other irregularities. The
surface roughness shall not be greater than 350 win. The
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pipe shall be near enough to a cylindrical shape that no
diameter departs from the average diameter D by more
than 0.25%. If boring or honing is necessary to secure
this degree of surface smoothness and pipe roundness,
such final finishing shall extend for at least 4D preceding
and 2D following the inlet face of the orifice or nozzle.
The bored or honed portion shall be faired into the pipe
at an included angle of less than 30 deg. The depth of

ASME PTC 19.5-2004

Table 7-3 Recommended Maximum
Diameters of Pressure Tap Holes

Pipe Inside Diameter Tap Diameter (Maximum)

2t03 %
4to 8 Vs
> 10 3/4

GENERAL NOTE: All dimensions are given in inches.

materialremoved—shal-be—the—minimum—reqtired—to
obfain the desired condition, and all finishing operations
shall be done after welding of flanges and pressure con-
neftions. Flanges, when used, shall be constructed and
attached to the pipe so that there is no recess greater
thgn Y4 in. (6 mm) between the primary element and the
enfl of the pipe, measured parallel to the axis of the pipe.
f) Tables 7-1.2-1 and 7-1.2-2 summarize the recom-
m¢ndations for the length of metering section to be
faljricated as a function of the piping surrounding the
flow measurement location [4]. It is not practical to show
every possible installation; each must be considered on
itsfown merits. For installations not covered explicitly
or|where the piping configuration and fittings are not
knpwn at the time of design, the worst case shall be
used (the maximum lengths of straight pipe). When
mgre than one type of piping configuration is found
upstream of the metering section, each one may have
some effect, because it is not always the first fitting
copfiguration upstream that governs. If there is less than
th¢ recommended straight pipe between any two config-
urgtions shown on the relevant schedules in Tables-7-
1.2-1 and 7-1.2-2, then the metering section shall lre,fabri-
cafed in accordance with the maximum lengths specified
on| the applicable schedules. Better yet, d. calibration
shpuld be performed in accordance with ‘para. 7-2.4b.
Thie straight lengths given in Tables 7-1.2-1 and 7-1.2-2
ar¢ minimum values, and straightJengths longer than
thgse indicated are always recommended.

¢) If the upstream piping cenfiguration is worse or
mgre complicated than any-of those listed in Tables 7-
1.2-1 and 7-1.2-2, thenthe’use of a flow conditioner is
redjommended. Use, 20D of straight pipe upstream of the
flow conditionerf6llowed by 22D downstream straight
pifpe to the inlet)of the primary element. If sufficient
strpight pipe‘ipstream is not available, the flow condi-
tioner may. not be placed closer than 16D upstream of
th¢ primmary element with another 2 to 4D upstream of
th¢ conditioner, and then calibration of the metering

plates, nozzles, and venturis because they-are dlerived
from different experimental results and.different ¢orrela-
tion approaches and the convergent'portion of the ven-
turi tube is designed to obtain a more uniform yelocity
profile at the throat of the deyice./Tests have shown that,
with identical diameter ratios, the minimum gtraight
lengths upstream of the/venturi tube may be less than

those required for orifice’plates and nozzles.
(j) The values given in these tables were o
experimentally gwith very long straight lengths pf pipe
upstream of each'kind of fitting, and it could be agsumed
that the flow upstream of the disturbance was close
enoughto.a fully developed and swirl-free flow.
(1) ‘When the primary element is installed in a pipe
leading from an upstream open space or large|vessel,
either directly or through any fitting, the total length of
pipe between the open space and the primary ¢lement
shall never be less than 30D. In the absence of |experi-
mental data, it has seemed wise to adopt the corjditions
required for orifice plates and nozzles for the] ASME
venturi tubes. For any fitting installed, the sfraight
lengths given in Tables 7-1.2-1 and 7-1.2-2 shall apply

between this fitting and the primary element.
(2) If several fittings (other than 90 deg ber
placed in series upstream from the primary element,
the following rule shall be applied: between the|closest
fitting to the primary element and the primary glement
itself, there shall be a straight length as specified|for the
fitting and for the actual value of B. Also, betwgen this
fitting and the preceding one, there shall be a $traight
length equal to one half of the value given for the[second
upstream fitting as specified for a diameter ratio
0.7, no matter what the actual value of 8 may Re. This
requirement does not apply when that fittinlg is an
abrupt symmetrical reduction covered above.
(3) If one of the minimum straight lengths so

ptained

ds) are

section 1s required; otherwise the tlow measurement
uncertainty may exceed 1.5%. If there is sufficient
upstream straight pipe but the use of a conditioner is
desired as well, then at least 20D of straight pipe must
be left between the conditioner and the inlet of an orifice.

(h) Minimum straight lengths are required between
various fittings located upstream or downstream of the
primary element and the primary element itself.

(i) The minimum straight lengths required for classi-
cal venturi tubes are less than those defined for orifice
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adoptedTsbetweermramr urnbracketed—armdt—abracketed
one, a *0.5% additional uncertainty shall be applied to
the flow coefficient uncertainty.

7-3 PRESSURE TRANSDUCER PIPING

The locations of pressure tap holes used with orifices
and flow nozzles are referred to the inlet face of the
orifice plate or flow-nozzle flange as the datum plane,
except for flange taps used with orifices. The locations


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2004.pdf

ASME PTC 19.5-2004

of pairs of pressure taps are specified in the chapter
dealing with each differential pressure producer. Any
piping arrangement that meets the shutoff, drainage,
and other installation requirements of the transducers
and the primary element selected for the test shall
suffice.

Pressure tap holes shall be of specified diameter at
the inner surface of the pipe and at right angles to it.

FLOW MEASUREMENT

pipe. Methods of making pressure connection to pipes
are shown in Fig. 7-3.

7-4 INSTALLATION OF TEMPERATURE SENSORS

For a thorough description and recommendations for
accurate temperature measurement, the reader is
referred to ASME PTC 19.3, Temperature Measurement.
This paragraph specifies the installation of thermome-

The deptirof the cytindrical portiomn of the hote sttt be
at leasf two tap diameters. These holes shall not be
drilled until after their position has been accurately
located. The edges of the pressure tap holes on the inner
surfacq shall be free from burrs and slightly rounded.
Very often the pressure tap locations are such that part
or all ¢f the drilling must be done in the flange. The
outer ¢nd of the pressure tap shall be strengthened as
necessdry and drilled and tapped for the appropriate
instrument connection.

The pressure taps shall be located in accordance with
the spgcific sections for the primary elements.

For faps after a single change of direction (bend or
tee), it|is recommended that the tappings (if pairs of
single ftappings) be installed in such a way that their
axes ate perpendicular to the plane of the bend or tee.

The [recommended maximum diameter of pressure
tap holes through the pipe wall or flange is given in
Table 1-3. With clean fluids, smaller diameters may be
desirable.

There must be no burrs, wire edges, or other irregular-
ities o) the inside of the pipe at the nipple connectipns
or alonjg the edge of the hole through the pipe wall.
The digmeter of the hole should not decrease within a
distande of 20 from the inner surface of the,pipe but
may b¢ increased within a lesser distance.

Wheye the pressure hole breaks throtigh the inner
surfacq of the pipe, there must be no_roughness, burrs,
or wir¢ edge. The edge (corner).of-the hole may be left
truly square or it may be dulled\(rounded) very slightly.

Confections to the pressture-holes should be made in
accordgnce with ASMELTC 19.2. When using nipples,
couplings, or adaptefs,-it is important that no part of
any su¢h fitting projects beyond the inner surface of the

ters in the metering section. }l
When thermometers must be installed in wells) they
should be located at least as far upstream of the'primary
element as the lengths specified in Tables/Z-1.2-1 of 7-
1.2-2, preferably upstream of the flow cénditioner if gne
was used. Downstream they may not be placed closer
than 5D to the exit of the primary ‘element.
When peened thermocouplesare'installed, they catise
no interference with the flow. Thermocouples can|be
peened into the walls of.piping and pressure vesdels
only when the wall thickfiess is greater than twice tHeir
hole depth.
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Section 8
Sonic Flow Nozzles and Venturis —
Critical Flow, Choked Flow Condition

8-1 INTRODUCTION

The fritical flow meter may be classed with variable-
head njeters in that it requires a constriction in the con-
duit, inflet pressure and temperature measurements, and
knowl¢dge of thermodynamic properties for the calcula-
tion of|the mass flow of gases and vapors. The feature
istinguishes sonic flow nozzles and venturis from
ic head meters is that the fluid stream is acceler-
sonic velocity at the throat.
ical flow exists when the mass flow is the maxi-
ossible for the existing upstream conditions.
ow nozzles and venturis operate at critical flow

Figufe 8-1-1 shows a venturi designed for critical flow
measufements [2] and includes a comparison of the
Mach fumber distribution through the venturi during
subsorfic and sonic flow operation. The average throat
Mach umber cannot exceed a nominal value of,1.0 in
any critical flow device. References in the literature to
superctitical nozzles indicate that the velocities down-
stream|of the throat are supersonic.

(a) Advantages and Disadvantages-of Sonic Flow Meters.
All crifical flow meters have certain characteristics in
commdn. Because the mass flow is determined solely
by the ptate of the fluid stream-at the inlet to the nozzle,
there i4 no need for a differential pressure measurement
to caldulate the flowas in subsonic variable-head
device$. Thus, twolmeasurements instead of three are
requirdd, elimindting the need for a throat pressure tap.
The ndarly lifiear’ relationship between the mass flow
and the inlet stagnation pressure, at constant tempera-
ture, if apradvantage over the square-root relationship
between the ITow and the dilferential pressure measure-
ment in a subsonic variable-head meter. The linear rela-
tionship permits approximately three times the range
of flow measurements, compared to the square-root rela-
tionship, for equal instrument ranges for the pressure
and differential pressure measurements.

The greater range of the critical flow meter does not
come without a penalty. At fixed downstream condi-
tions, the total pressure loss across the critical flow meter
is approximately proportional to the flow. These losses

are caused by fluid friction losses from turbulenice (vorti-
ces) and losses across shock waves in addition t6 bound-
ary layer losses. Therefore, the pumpingpower requifed
increases in proportion to the flow range covered. This
is not a characteristic of subsonic flow devices as thpse
have comparatively small total-pressure losses.

A related disadvantage of the critical flow metey is
the acoustical disturbance‘eréated in the downstrepm
fluid. At the high end ofthe flow range, with low down-
stream pressure, the exit velocities can be in the hijgh
supersonic rangec~The resulting shock waves catise
acoustical nois€and turbulence, which may affect appa-
ratus performhance and downstream measurements| in
some applications. Special attention must be paid to this
potential\problem in calibration activities.

The fact that the flow is both measured and controlfed
by{the inlet conditions to a critical flow meter may|be
an advantage or a disadvantage depending on the partic-
ular application. In calibration applications this featpire
can be an advantage. However, in most industrial appli-
cations it is a disadvantage. Subsonic devices will mpa-
sure the fluid flow in a conduit without greatly affecting
the flow, because the total pressure loss over their flow
range from frictional effects is low. This is not true ffor
sonic flow nozzles and venturis.

Critical flow meters are relatively unaffected by dis-
turbances in the inlet fluid stream, other than swiji
compared to their subsonic counterparts. Flow meastre-
ment errors caused by pulsation and nonstandardized
inlet velocity profiles are at least an order of magnityde
smaller for critical flow meters than for subsonic vari-
able-head flow meters. This is due to two factors. Firstly,
the acceleration of the stream to sonic velocity mitigates
(washes out) the inlet disturbances before they reqch
the throat. Secondly, the inlet pressure measurement is
affected far less by these disturbances, by a factor off 15

ment required by subsonic devices.

The relatively large pressure drop from the inlet to
the throat of the critical flow meter, as required to reach
sonic velocity, results in a correspondingly large varia-
tion in the fluid properties. Compared with subsonic
devices, this requires more accurate fluid properties and
more sophisticated calculation methods in some
operating regimes to realize the critical flow meter’s
potential for high accuracy. Alternatively, it would be
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(a) Typical Subcritical Flow Conditions
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the expansion factors of variable-head flow meters
at [the highest thidat velocities [3]. Fortunately, these
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regearch andithe development of rigorous electronic
computations. Highly accurate data have long been
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Venturi Length
{b) Typical Critical Flow Conditions

Ideal Mach Number Distribution Along
Venturi Length at Typical Subcritical and Critical Flow Conditions

zles in
e noz-

Varner [5] used 49 critical flow venturi noz
parallel for aircraft gas turbine development. T
zles had throat diameters of 9.7 in. (24.64 cm) gnd the
flow of air was 25 Ibm/sec (11.34 kg/s) through each
nozzle when the inlet was at standard atmospherfic pres-
sure and temperature.

The stability and accuracy of sonic flow device
them particularly well suited for use as transf¢r stan-

s make

inl€t to the throat, where 1t 1s nominally equal to Mach
1, in a critical flow meter. Therefore, the discharge coeffi-
cient is only a function of the throat Reynolds number.
Because the Mach number varies with the flow in a
subsonic variable-head flow meter, the discharge coeffi-
cient is a function of both the Mach number and the
Reynolds number. Consequently, the predicted dis-
charge coefficients of critical flow meters can have sub-
stantially lower uncertainties than their subsonic
counterparts [4].
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dards. Stevens |b6] used 162 venturi nozzles in parallel
with throat diameters of 0.313 in. (7.93 mm) and esti-
mated the uncertainty to be +0.05% (bias + 20).

(b) Special Applications of Sonic Flow Nozzles and Ventu-
ris. The critical flow meter is most commonly used to
measure and control the mass flow of a gas or vapor.
Special meters with the same name should be mentioned
to avoid confusion.

The sonic flow choke has a long history of use as a
flow-limiting device. The accuracy with which the mass
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flow through a choke must be known may vary with Critical point
. . (first derivative = 0)
the particular application.

The flow through a rupture disk and pressure relief ¢ B
valve are related applications. A mass flow determina- 16k L7
tion under critical flow conditions may be important, Il
but the accuracy requirement is not as great as for critical ,’
flow meters. f 121 //

There is a need to distinguish between critical flow - /

. oc
metersrasedfor-measuring-the-ow-of gases-and-vapors s e
and critical flow devices used to measure the discharge 2 /
of flashing liquids. (These were once called cavitating @ 08F /
ventur}s.) The use of the same names may create some s !
confusfion since they operate on different principles. /
When hear-saturated or supercooled liquids enter a noz- 0.41
zle or yenturi, they change phase from liquid to vapor !
(flash),| which causes a choked flow condition. These
device$ share some operational similarities with critical 0 : ' ' ' A
gas flow devices in that the mass flow is nearly linear 0 20 40 60 80 190
with the inlet pressure. Liquid critical flow meters are Downstegern Pressure, P,
used inp the nuclear power field [7].

There is another specialized application that makes Fig. 8-1-2 Definition of Critical Flow As the
use of|the unique characteristics of the critical flow Maximum/of the Flow Equation, Eq. (8-1.1)
meter. [The volumetric flow upstream of a critical flow
T“eter Tc,nearly' csonstant, while the mass OW. is varied, critical flew*point, indicated as point B, which is the
if certqin conditions are met over the operating range. .

i, maximum'of the curve.
These gonditions are as follows: .
. . . . The downstream pressure at which the flow reached

(1) The stream is nearly an ideal gas (i.e., the varia- d . L

L o Lo asaximum value is called the critical pressure, and the
tion in|the compressibility factor is insignificant). D . . .
. . dritical pressure ratio is derived as follows:

(2) The discharge coefficient of the meter does not
vary significantly over the flow range. P, 5\

(3] The critical flow function is constant. This is 2 (y " 1) 812
true fof an ideal gas.

(4] The Mach number upstream of the meter'is low This maximum flow condition, due to sonic velodity
such that the differences between the static'and stagna-  being reached at the throat, has been referred to as crjiti-
tion pfoperties (pressures and temperatures) of the  cal flow in thermodynamics, gas dynamics, and in fhe
stream|are insignificant. early literature.

Basdd on these assumptions, the-volumetric flow In the 1930s, gas dynamists recognized the advantage
upstream of the meter is nearly constant. Real gasesand  of using Mach number as a parameter and the isentropic
flow mjeters will deviate in varyihg degrees from these  stagnation properties in compressible flow analyses [9].
conditjons. The isentropic flow functions for ideal gases with cpn-

(c) Mistorical Devetopment of Concepts. G. A.  stant ratio of specific heats are given in Egs. (8-1.3)
Goodepough, Professofof Thermodynamics at the Uni- through (8-1.6).
versity|of Illinois, presented the principles of compress- o)
ible flow for anvideal gas in a textbook [8]. The equation r_ (1 Ly=1 Mz)_y " (8-1.3)
for the|flow<of'a"gas from a plenum at state 1, through Py 2
a shor{ tube) to a pressure P, downstream of the tube o
was giyen as follows: r_| Ly L,\“z\ ” & 4)

2 (y+1/ wo ? / \
Py[(P)\7 [Py\+ VY
b% 1| (£2 2
wet fe 2 HET ] e .
y=1 1[\Py Py I _(;,2 1M2 (8-1.5)
To 2

Figure 8-1-2 shows a plot of the mass flow versus
the downstream pressure. The downstream pressure is
reduced from an initial value equal to the inlet pressure
(100), indicated as point A, down to zero at point C. The
first derivative of the mass flow function, Eq. (8-1.1),
versus the downstream pressure is equal to zero at the

A 1

AT M

[(vi1>(1+7;1

The relationships in Egs. (8-1.3) through (8-1.6) at cr
cal flow are shown in Egs. (8-1.7) through (8-1.9).
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(y+1)/2(y-1)
Mzﬂ (8-1.6)

iti-
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GENERAL NOTE: Reynolds numbers greater than 2 x 10°.

T = orT (8-1.7)

pP* 2 Hy-1)

N o5
" 2 UNy-1)

% = (ﬂ 1) (8-1.9)

[he relationships in Eqs. (8-1.8) through (8-1.9)
begame widely used in fluid_metering, gas turbines,
rog¢kets, aeronautics, and other_fechnical fields.

P GENERAL CONSIDERATIONS

[he common characteristic of all critical flow meters
(i.¢., that the speed of sound is reached at the throat)
haf lead to thexfollowing names:

1) sonicdlow nozzle, venturi, or venturi nozzle

b) eritical flow nozzle, venturi, or venturi nozzle
c)etitical flow orifice (rounded but abrupt inlet con-

®

Fig. 8-2-1 Requirements for Maintaining Critical Flow in Venturi Nozzles

3.0 4.0 5.0

flow is controlled by the inlet conditions to the|critical
flow device and is independent, or nearly indegendent
(depending on the wall contour), of the downstream
pressure.

It is necessary to have a downstream pressufe at or
below the value required to maintain sonic velgcity at
the throat of a critical flow meter. Monitoring| of the
downstream pressure is therefore necessary to|ensure
that this requirement is met. The choking pressufre ratio
is defined as the minimum ratio of the inlet stagnation
pressure to the downstream static pressure requjred for
sonic flow. The operating conditions must meet or
exceed the choking pressure ratio of the meter foy opera-
tion under critical flow theory. Conversely, the ynchok-
ing back-pressure ratio is defined as the ratio] of the
downstream static pressure to the inlet stagnatidn pres-
sure at which the velocity at the throat becomes sybsonic.
The operating conditions must provide back-pressure
ratios lower than the unchoking back-pressurg ratio.
Figure 8-2-1 gives maximum back-pressure rafios for

critical flow venturi nozzles [1]

tour without a diffuser section)

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

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

When critical flow is established, the flow is referred
to as choked. This is because the flow cannot be regu-
lated by adjustments in valves located downstream of
the constriction, as can be done with subsonic flow
meters. Thus, when critical flow is established, the mass

The design of the diffuser, the fluid density, and other
fluid properties all affect the unchoking characteristics
of a venturi nozzle. A good diffuser design increases
the efficiency with which the kinetic energy of the sonic
jet is converted to flow work, resulting in a higher exit
static pressure.

The back-pressure ratio requirements given in Fig. 8-
2-1 are based on standardized designs for critical flow
venturi nozzles.


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2004.pdf

ASME PTC 19.5-2004

FLOW MEASUREMENT

100
3 —
- Venturi
E enturi—>
=}
£
X
©
=
5
€
[}
e
Q
o

0 1 1

0 0.5 09 1.0

A vg
edged

ry abrupt approach section, such as the square-
orifice used in subsonic flow measurements,
causes|a choked flow condition that is affected by the
pressufe downstream of the device. Thus, at fixed inlet
conditions, the mass flow can increase up to 11% as the
downsfream pressure is reduced from the value required
to first| establish sonic velocity, down to zero pressure
[10]. This is because of the changing shape of the con-
tracting jet downstream of the orifice (vena contracta).
Wherefs this is a sonic flow device, it does not meet the
essentipl requirement of a critical flow meter (i.e., that
the mdss flow is determined solely by the inlet condi-
tions).
It is fometimes necessary to operate in both subsonic
and sonic flow regimes. A compromise must then be
made in selecting a flow meter design.” A critical flow
ventur] nozzle must have a throat_pressure tap added
for opgration in the subsonic kegime. Because there is
no performance data for subsonic operation, it must
then b¢ calibrated. It maybe preferable to select a sub-
sonic meter for whiclra ealibration is available, such as
the ASME low-g thfoat tap flow nozzle, which will also
performn reasonably»well in the sonic flow regime [11].
Provjiding atditfuser section downstream of the throat,
as shown in Fig. 8-1-1, increases the unchoking back-
pressufeiratio, as indicated in Fig. 8-2-2.

Ratio of Downstream Pressure to Upstream Pressure

Fig. 8-2-2 Mass Flow Versus Back-Pressure Ratio for
a Flow Nozzle Without a Diffuser and a Venturi Nozzle With a-Diffuser

the sum of the velotity defect, due to the average velod
at the throat being less than the speed of sound, 4
the density defect, due to the average density be
different-from the value calculated from the assumpt
of onetdimensional isentropic flow.

ity
nd
ng
on

soute surface: the location in a fluid stream where fhe
velocity has reached the local speed of sound. Thig is
an imaginary surface with a parabolic or spherical shgpe
near the throat of an axially symmetric sonic flow nozzle
or venturi.

(b) General. The theoretical basis for critical flow (
culations follows the theory for subsonic variable-hd
flow meters. The assumptions, upon which critical fl
theory is based, are as follows:

(1) The chemical composition of the flowing fl
does not change. (This excludes chemical reactions 4
elevated temperatures where dissociation of molecy
becomes significant.)

(2) The flowing fluid is in a state of thermodynainic
equilibrium, such that the equations of state that relpte
the thermodynamic properties are valid. (This exclugles
nonequilibrium or metastable states whose properties
are time functions.)

(3) The fluid stream is in steady state (i.e., the ther-
modynamic properties remain constant with timg at

al-
ad
bW

hid
nd
les

8-3 THEORY

(a) Definitions
critical flow mass flux: mass flow per unit area perpendic-

ular to the flow.

mass flow defect: the difference between the actual mass
flow and the theoretical mass flow based on the assump-
tions made in calculating the theoretical value. This is

76

eachpointortocationinthestream)—(TFhisexchudes-inlet
temperature gradients and variations with time due to
inadequate upstream mixing.)

(4) The fluid steam is in steady flow. The mass flow
is constant through each cross-sectional surface normal
to the axis of the fluid stream. (This excludes transient
and pulsating flows.)

(56) The flow process from the inlet to the meter
throat is reversible (frictionless). The actual flow devi-
ates from this assumption in that the boundary layer is
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not frictionless. The coefficient of discharge provides a
correction for this deviation.

(6) The fluid flow is one-dimensional, such that the
velocity and thermodynamic properties vary only along
the axis of the meter from the inlet to the throat. Con-
versely, the velocity of the stream and all of the thermo-
dynamic properties are invariant in planes normal to
the axis of the meter. (Deviations of the actual flow from
thi . . . .
fl

are corrected by the coefficient of discharge.)

(7) The flowing fluid is a homogeneous compress-
ible fluid, such that each thermodynamic state is totally
defined by two independent properties. Examples of
ids that meet these conditions adequately for engi-
bring calculations are as follows:

(a) Pure substances in the gaseous phase (e.g.,
ium, argon, oxygen, nitrogen, carbon dioxide, steam,
anfl other chemically homogeneous gases).

(b) Gaseous mixtures that may be treated as pure
bstances, (e.g., air, intimate mixtures of air, and other
bes with water vapor).

(c) Intimate mixtures of two or more phases that
finely and uniformly dispersed such that they behave

as [if they were homogeneous (e.g., a high-quality mix-
tuge of saturated water vapor and fine droplets of satu-
rafled liquid or similar mixtures of multiple phases that
ar¢ in thermodynamic equilibrium).
(8) The flow is adiabatic (i.e., without heat transfer):
(This can be especially significant in small meters where
th¢ surface area of the meter walls is large relative to
th¢ cross-sectional flow area of the fluid streamt. It is
important that the wall temperature of .theé meter be
clgse to the temperature of the flowingfluid to reduce
heft transfer to an insignificant level.)

he frictionless requirement ofepara. 8-3(b)(5) along
with the adiabatic requirement (of)para. 8-3(b)(8) make
the process isentropic.

n accordance with para. 8-3(b)(2), equilibrium is
asgumed for the thermodynamic states of the fluid in
all|derivations of thedretical flow. Some nonequilibrium
ex]sts immediately) following all changes of state since
sifall but finité time is required to reach equilibrium.
e theory ofrequilibrium thermodynamics assumes an
id¢alized quasiequilibrium process to eliminate any time
dependence of the thermodynamic states. Sonic flow
deicesare more apt to encounter significantly nonequi-
libritr am SUbSOonic fiutd Teters t
their higher throat velocities. This is particularly true
for very small nozzle sizes.

Venturi designs that have continuous wall curvature
from the inlet through the throat provide no time for
an equilibrium state to be reached, because the fluid
expands continuously through the throat. Designs that
have a cylindrical section prior to the sonic flow point
provide time for equilibrium to be established. It is
unlikely that a significant increase in uncertainty results

su
ga

arg
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from nonequilibrium states in most critical flow applica-
tions. However, this possibility should be considered
when using fluids with complex molecules that might
have relatively long relaxation times, such as carbon

dioxide.
Acceptable homogeneous fluids include air an

d other

gases containing water vapor, as stated in para. 8-
3(b)(7)(b). The volumetric flow correction for water

A correction of 0.3% in the volumetric flow-of
water vapor with a relative humidity of 75% h
calculated by Aschenbrenner [12].

As previously noted, parenthetically in the
assumptions, the actual fluid flow’process usual

f vapor.
hir and
s been

list of
y devi-

ates from the theoretical assumptions in onfly two

respects. Firstly, the velocity and fluid properti
in the radial direction invaddition to the axial d
of the meter, making theactual flow pattern two-
sional instead of oné-dimensional, as required b
8-3(b)(6). (All criticalflow meters considered here
an axially syminetric geometry such that two
sions defin€ the actual flow condition.) Secondl
is significant viscous friction in the boundary laye
ing the'feal flow process irreversible, instead of f
less (isentropic) flow as required by para. 8-3(b
Figure 8-3-1 shows how these two deviatior
the assumptions reduce the actual mass flow be

Ps vary
rection
dimen-
y para.
in have
dimen-
y, there
r, mak-
riction-
5).

s from
ow the

theoretical value. The radial distribution of mass ¢lensity,

due to centrifugal force effects, increases the acty
above the theoretical value. This is more than c
sated for by the radial distribution of Mach 1
which is below the theoretical sonic velocity (i.e.
Mach 1). The sum of these two effects provides t
flow defect in the inviscid potential flow regi
viscous friction in the boundary layer provides
ond mass flow defect. The mass flow defects
amounts that each of these effects reduces the

al flow
mpen-
umber,
below
e mass
e. The
he sec-
hre the
actual

flow below the flow that would result from the tleoreti-

cal model defined by the assumptions.

The coefficient of discharge is relied upon to c
sate for these two deviations of the actual flow fj
theoretical model. The sum of the mass flow d¢
equal to one minus the discharge coefficient (1
Throat Reynolds number is used to correlate thg
cient of discharge. (Theoretical solutions indic:

mpen-
om the
fects is
- Cy).
coeffi-
te that
bpecific

the discharge coefficient is a weak function of the

at1o,

but this

umber,

effect is usually ignored and accepted as scatter

in experimental results.) The precision with which this
correlation can be realized depends on how closely the
assumptions are met. Every deviation of the actual flow
from the theoretical model, other than the two for which
the Reynolds number can correct, will cause loss of accu-
racy in the flow measurement. This is especially true
with greater differences between calibration and appli-
cation conditions.
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Flow defect resulting from
centrifugal force effects

R Flow defect resulting from
boundary layer effects

Ttz

W

Weight Flow per Unfit Area, pV, Ib/sec-ft2
Ideal value 1

0 1

0.5

gy

A\ 4

Sonic surfaces
at different Reynolds numbers
according to potential flow threory

Fig. 8;{3-2 Schematic Diagram of Sonic Surfaces at
the|Throat of an Axially Symmetric Critical Flow
Venturi Nozzle (Arena-and Thompson 1975)

A schematic diagram of flow profiles at the venturi
throat {s shown,ifvFig. 8-3-2, indicating the sonic surface
to be a paraboloid of different proportions at different
Reynolds numbers.

Venturi Throat Radius, r/r;

Fig. 8-3-1 Schematic Representation of Flow Defects at Venturi Throat (Smith and Matz 1962)

0 0.5 10

(b) Steady Flow Energy Equation. Conservation|
energysthe first law of thermodynamics, applied frpm
the ifalet stagnation state to the sonic state at the thr
is‘given by

V*#2/2 = hy - I* (8-4.2)

(c) Equations of State. Equations of state establish r¢la-
tionships among thermodynamic properties: pressyre,
temperature, density, compressibility factor, enthalpy,
specific heats, ratio of specific heats, and entropy. The
relationships depend on the fluid model (i.e., ideal gas,
real gas, or vapor).

(d) Isentropic Relationships

sp = s* (8-4.3)

(e) Local Speed of Sound. Equations for the local spd

of sound depend on the fluid model and state propert

The equation for an ideal gas is simple, while the eq
tion for a real gas is complex.

8-5 THEORETICAL MASS FLOW CALCULATIONS

8-4 BASIC THEORETICAL RELATIONSHIPS

Basic equations and relationships derive from the
eight assumptions given in para. 8-3(b) as follows:

(a) Continuity Equation. Conservation of mass for one-
dimensional flow, which is applicable to each area of
the fluid stream perpendicular to the axis of the meter,
is given by

qm = pAV (8-4.1)

78

(a) General. Several equations and methods are avail-
able for determining the theoretical critical flow. Not all
of the methods are applicable to all compositions of
gases and vapors in all operating regimes due to limita-
tions in the availability and accuracy of thermodynamic
property data and other factors. The choice of a method
is governed by the property data available, the flow
measurement accuracy required, and the degree of com-
plexity that is acceptable in the computation for the
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particular application. Each of these considerations is
briefly reviewed here and treated in some detail for each
of the equations and methods as they are presented.
(b) Uncertainty in Critical Flow Function Calculations.
Accuracy considerations are complicated by two funda-
mentals. Firstly, all measurements contain errors. Sec-
ondly, the absolute accuracy of a measurement is never
known. Procedures are well established for calculating

ASME PTC 19.5-2004

to calculate the flow for various assumed states at the
throat of the nozzle. The critical flow state is then deter-
mined where the flow reaches a maximum. Tables of
thermodynamic properties have been compiled for
many substances for their vapor regimes. Gas tables
assume the ideal gas equation of state to be valid but
permit the variation of specific heats with temperature
to be taken into account.

thg-propasatiorof-orrors—todetermire—thecertrrs
in the result. It is recommended that one of the standard-
izdd practices be used (e.g.,, ASME PTC 19.1). But the
basis for applying these procedures is the estimated error
in pach error source. The mathematical rigor of the error
propagation calculations can give the false impression
that the uncertainty in the result has been precisely
defermined. A practical indication of uncertainty is
obfained by comparing the results from different meth-
ods. The amount of discrepancy often does more to
indlicate the level of accuracy and confidence that can
belplaced in the results than formalized uncertainty anal-
yses based on error estimates. For this reason, compari-
sops of results from different flow measurement
mg¢thods should be made whenever possible.
Convenience and accuracy may both be important in
obfaining a flow measurement. A sophisticated data
reduction procedure that provides better accuracy might
belessential in some cases, but for practical reasons not
depirable in others. One of the several error components
in|an uncertainty analysis is the error in the critical
flow function. A trade-off may be made between a mote
rigorously accurate calculation and a more conyenient
sithplified calculation that could contain aJarger bias.
Arnberg and Seidl [13] give errors and corfections that
talte real gas properties into account fop ‘critical flow
fumctions for air calculated in several ways using ideal
gap theory.
c¢) Methods for Determining €¥ritical Flow Functions. A
list of references for critical flow functions is given in
the standard [1].
[he methods for determining the theoretical mass
flow are grouped intosthree classifications.
(1) Closed Foip-Solutions. The simplest theoretical
critical flow eqliafion is for an ideal gas with the specific
hehts idealized as constants. This equation has sufficient
acquracy invmany real gas applications over restricted
prating: regimes, primarily with regard to pressure
itations.
pproximate methods are given for some improve-
ment in accuracy over broader operating regimes for
real gases compared to the ideal gas mode. These meth-
ods use the compressibility factor Z correction to the
equation of state. Also, ratios of specific heats are
obtained in various ways to approximate the isentropic
exponent during expansion from the inlet to the throat
of the nozzle or venturi.

(2) Iterative Methods Using Gas or Vapor Property
Tables. Tables of thermodynamic properties can be used

3—FHerative—tiethods UDL'ILS CUIIL[/ZCA State El1 ations.
The best accuracy over broad operating regimep using
real gases and vapors can be obtained by using cpmplex
computerized procedures and the most aecuratg equa-
tions of state [14]. Results from thesé.calculatipns are
given in Appendix A for air. Sullivan [15] usefl more
accurate equations of state latet published by J4cobsen
[16], the results from whicli“are used as the basis for
calculating the error in the‘Other methods. App¢ndix B
gives the deviations of the Johnson results frorh those
of Sullivan.
(d) Method for>Determining the Deviation Frdm Ideal
Gas State. The extent of deviation of the compregsibility
factor Z from thity is an indication of how norjideally
a gas isdehaving in a particular state. This nmwust be
knowni\to select a method for determining the|critical
flow fuinction to achieve the desired accuracy. Pgessure-
temperature-density data are correlated by the com-
pressibility factor as follows:
Z = P/(pRT) (8-5.1)

It is important that the same ideal gas constapt R be
used with the compressibility factors as was fised in
compiling the compressibility factor tables and|charts.
Most compressibility factor data are based on the pniver-
sal gas constant [see para. 8-5(¢)(1)]. Inconsisten} use of
gas constants with compressibility factors will rgsult in
additional error.

The compressibility factor Z is a function of tle state
of the gas. The real gas equation of state inclufles the
compressibility factor and is correct, subject only to the
error in the compressibility factor. Compressibility fac-
tors are determined from experimental data, aided by
statistical mechanics, and tabulated for each gas fompo-
sition [17].

In the absence of data for a particular gas, an eptimate
of the compressibility factor can be obtained fron] gener-
alized charts. These charts correlate the compregsibility

- emper-
atures (T/T;). The reduced properties normalize the data
using the critical point properties (P., T.) based on the
principle of corresponding states.

Use the following steps to obtain an estimate of the
compressibility factor for a given state (P, T) of a speci-
fied gas:

(1) Obtain the critical point pressure P, and temper-
ature T, from critical property tables available in thermo-
dynamics textbooks.
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(2) Calculate the reduced properties for the given
state using P/P, and T/T..

(3) The compressibility factor can be found in a
chart, such as that shown in Fig. 8-5-1 for air, using the
reduced properties for parameters.

The universal gas constant is used as a basis for corre-
lating the compressibility factors Z for real gases [17].
(e) Closed Form Solutions for Critical Flow Functions

FLOW MEASUREMENT

Eq. (8-5.5) is a desirable feature and may provide a prac-
tical approach, assuming the error that is incurred is
tolerable.

Values of the critical flow function from Eq. (8-5.5)
and the critical property ratios from Egs. (8-1.7) through
(8-1.9) are given in Table 8-5-1 for monatomic gases (3
deg of freedom), diatomic gases (5 deg of freedom), and
triatomic gases (6 deg of freedom).

(1) TientGos RetarionsiipsThe assumption 15 made
that the fluid is an ideal gas for which the equation of
state bl definition is
P = p(R/M)T (8-5.2)
where

M =+ molecular mass

R, F universal gas constant; U.S. Customary units:
1545 ft-1bf/Ibm-mole®°R; SI units: 8.314 kJ/
kg-moleK

In addition to being an ideal gas, the further assump-

tion is{made that the specific heat values are constant,

such that the ratios of specific heats are constant. The

isentropic functions given in Egs. (8-1.6) through (8-1.9)

are then applicable.

P*/Py = (T*/To)""™" = (p*/ )" (8-5.3)
The

as foll

speed of sound at the throat for an ideal gas is
ws:

c = (P*R*T*)% (85.4)
With the assumption that the ratio of spécific heats

is condtant (y* = % = %), the ideal gas critical flow
functidn is

o \(rA)/fr-D)
%, — _“ 4 _
c*, 7(7+ 1) (8-5.5)
The corresponding theotetical flow for an ideal gas
with constant specifi¢’heats is then

A*C*P

R,

Somg methods for calculating the ideal gas critical

(8-5.6)

Fhe—eriticalfHow—funetons—Ci—given—in—Ttable—8-p-1
are quite accurate for monatomic gases because |their
specific heats are nearly constant.

The constant critical flow function for a diatemic
from Egs. (8-1.7) through (8-1.9) can be cotrécted to
real gas value for air by means of corregtion factors giy
in Appendix C [13].

bas
he
en

The following ideal gas relationships show that the
ratio of specific heats is related to the specific heaf at
constant pressure and the gas constant:

R=¢,-¢c (8-p.7)
Ratio of specific heats: (8-p.8)
Y =6/
Gamma function: (8-5.9)
A-1_R_R
A &% g

Consequently, the critical flow function C*; will vary
for any particular ideal gas as the specific heat at con-
stant pressure varies. This imposes restrictions on the
operating states and/or flow measurement accurdcy
obtainable from Methods 1, 2, and 3 wherein the vatia-
tion of specific heats is not taken into account.

(b) Method 2: Ideal Gas, Ratio of Specific Heatq at
Inlet Stagnation State. The easiest way to partially cqm-
pensate for changes in specific heats is to use the rqtio
of specific heats corresponding to the inlet stagnatjon
state, instead of a fixed value for each gas, as in Method
1. The error in Method 2 is shown in Fig. 8-5-2.

Example 1

Gas: air

Inlet stagnation pressure Py = 100 atm
Inlet stagnation temperature T, = 550°R
Real gas [15] C* = 0.7083

Real gas [16] Ay = 1.5944

flow function C*;are given below.

(a) Method 1: Ideal Gas, Ratio of Specific Heats
Assumed Constant. Note from Eq. (8-5.5) that, for an ideal
gas with a constant ratio of specific heats, the critical
flow function, C*; depends only on the composition of
the gas (i.e., it is a constant for each gas composition).
Whereas no gas is ideal, all gases approach the ideal
state at low pressure and most gases behave in a more
idealized manner with increasing temperature. In many
applications, the simplicity of the flow calculation using

80

From Eq. (3-0.0), based on Ay = 1.5944, Method 21 C; =
0.7156; Error ¢ = +1.03%
From Fig. 8-5-2: Error ¢ = +1.00% (agreement to the
readability of the graph)

Based on Method 1, from Table 8-5-1:
Ratio of specific heats y = 1.4
C* = 0.68473
Error e = -3.33%

Compared with Method 1, Method 2 reduced the
absolute error from 3.33% to 1.03%.
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Reduced Pressure, Pg

Fig. 8-5-1 Generalized Compressibility Chart
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GENERAL NOTE: Compressibility factor for gases:

P

Pz = reduced pressure = —

Pe
T
Te = reduced temperature = 7
c

PV .
(Po A = 1 for ideal gases;

Tlconstany
P, P, T, and T, are in absolute units.

NOTE:

(1) In tHis range, at reduced temperature approximately equal to 4, the compressibility factor reaches a maximum, and
then| decreases with an increase in reduced temperature values, to avoid confusion in reading, the reduced temperaturé
lineq greater than 4 are offset on an identical scale.

Fig. 8-5-1 Generalized Compressibility Chart (Cont’d)

Table 8-5-1 Critical Flow Function C*; and
Critical Property Ratios [Ideal Gases and Isentropic Relationships,
Egs. (8-1.7) through (8-1.9)] Versus Type ofddeal Gas

Critical Flow Critical
Ratio of Function, Temperature <\ Critical Pressure Critical Density
Type of Gas Specific Heats Cc*; Ratio Ratio Ratio
Monatomic = 1.6667 0.726 18 0.750,00 0.487 14 0.649 53
Diatomic T = 1.4 0.684 73 0.833 33 0.528 28 0.633 93
Triatomic 8 = 1.333 0.673 22 0.857 14 0.539 77 0.629 44
3 Temperature
_—700°R
2 Ll eeeecceees 675° R
s e i 650° R
B st s S
|t T LN 5750 R
s OO0 et ST R M f g ’ - 550° R
o Theepeoolt L — I
R it aa et —— N\ 525 R
po X T T | 500° R
c s ceol Y R (P
8 : ~N . \.\\ ....... 475° R
o/, 1 | |_———450°R
Q \\ - Lottt 425°R
-2 o ——400°R
\ oo '.
-3 [~
I~
\\\\
-4
0 10 20 30 40 50 60 70 80 90 100

Pressure, atm

GENERAL NOTE: Error in ideal gas critical flow function for air, based on inlet ratio of specific heats +y,.

Fig. 8-5-2 Error in Critical Flow Function C*; for Air Using Method 2 Based on Ideal Gas Theory With Ratio of
Specific Heats Corresponding to the Inlet Stagnation State [13]
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Table 8-5-2 Percentage Error in Method 3
Based on Critical Flow Functions [19] and Air
Property Data [17]

Inlet Stagnation Pressure, atm

ASME PTC 19.5-2004

1948 have included gas tables abridged from Keenan and
Kaye [20]. These tables permit solutions for isentropic
processes to be calculated for ideal gases with the varia-
tion of specific heats with temperature taken into

Tempoerature, account. These tables make it possible to calculate critical
R > 10 20 40 80 flow more accurately than by Methods 1 and 2, the latter
475 +0.17  +0.33 +0.65 +1.18  +1.67 of which will be shown in the following example:
500 +0.13 +0.25 +0.50 +0.91 +1.23
[Ia) 0-06 o045 030 o052 0-60 Fvnmp]n 2
600 +0.03 +0.08 +0.15 +0.26 +0.18 Gas: air
Gas property data obtained from Keenan and-Kaye [20].
700 -0.03 -0.04 -0.03 -0.09 -0.31

(2) Real Gas Relationships. Sullivan [18] gives an his-
totlical review of theoretical isentropic flow models for
regl gases.

[he real gas equation of state is as follows:

P = pZRT (8-5.10)

he most elementary correction of the ideal gas critical
flow equation for real gas effects is to add the compress-
ibthy factor correction to the ideal gas constant [i.e.,

supstituting ZR for the gas constant R in Eq. (8-5.6)], as

follows:

Y

C'ri = 705

(8-5.11)

[he theoretical equation for the mass flow of arédl

gap can be calculated from the following:
PoA*C*;
= 8-5.12
qmR (ZRT))'> ( )

(a) Method 3: Real Gas Approximation Using the
Ideal Gas Critical Flow Function Cortected by the Compress-
lity Factor. This method uses_Eqgs. (8-5.5) and (8-5.11)
pbtain an approximation for the real gas critical flow
ction. The compressibility factor and ratio of specific

atry 3 3

1. 67% from Table 8-5-2. Slnce ]ohnson and Sulhvan used

nearly identical calculation methods, the difference of

0.49% in the results is attributed to discrepancies

between the property data of Hilsenrath et al. [17] and
Jacobsen [16].

(f) Iterative Methods Using Gas or Vapor Property Tables

(1) Ideal Gases, Using Gas Tables
(a) Method 4: Ideal Gas, Gas Tables. Most textbooks
on thermodynamics and gas dynamics published since

83

Aninlet state will be chosen at a sufficiently low pressure
to meet the ideal gas requirement quife well, ahd at a
high temperature where a large variation in the fatio of
specific heats is expected.
Inlet state: pressure Py = 10%atm (146.96 psia)
Temperature T, = 700°R
hy = 167.56 Btu/lbm
Pry = 3.446

The first approximation of the sonic state at th¢ throat
will be made using the isentropic, constant yvalups from
Table 8-5-1,

T* =-15.(T*/T,) = (700)(0.83333) = 583.3°R

h* 213946

Pr.= 1.8161

P* = P, (Pr*/Pry) = 146.96 (1.8161/3.446) =
77.4504 psia

p* = P*/RT* = (144)(77.4504)/(53.34)(p83.3) =
0.35850 Ibm /ft>

V* = [2g.778(ho — h*)]%° = [(2)(32.174)(]78.26)
(167.56 — 139.46)]°° = 1186 ft/sec

gn/A = pV* = (0.35850)(1186) = 425.2 Ibm/gec ft?

The above calculation is repeated for a range pf tem-
peratures in the region of the first approximatign of T*
from which the critical flow state is determined as the
point at which maximum flow occurs.

The throat state is established at 584.0°R corrdspond-
ing to the maximum mass flow of 425.164 Ibm {sec ft*.
This result is in error by —0.12% compared with Sulli-
van [15].

(2) Real Gases, Using Thermodynamic Propert,

(a) Method 5: Real Gases and Vapors, Th¢rmody-

namic Property Tables. This method is applicable] to real
gases and vapors for which thermodynamic pfoperty
tables are available. These tables contain properties such
as entropy, enthalpy, and mass density (or mot

Tables

of two variables, usually the pressure and temperature.
The accuracy of the result using this method is very
sensitive to the accuracy and resolution of the property
tables.

This method is similar to Method 4 where gas tables
were used. The gas tables gave properties as a function of
temperature and were applicable only at low pressures,
where deviations from ideal gas properties would be
small. The thermodynamic property tables account for
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b effects by taking both temperature and pressure
tount. With two independent variables instead of
ferpolation of the tables becomes more complex.
he thermodynamic properties have been compu-

the iterative calculations are much easier to per-
bolutions are shown using a table lookup.of
lies. The same method would apply using-com-
ed properties.

le 3

ample uses thermodynamic prOperty tables and
nterpolation between quantities in the tables.
ethod is not the most aecurate, but it is useful
e of the wide availability\of thermodynamic prop-
bles for many substahces.

Pam

bperty data obtained from Keenan and Keys [21]
his example,.d plenum state is selected where
hm is a yvery nonideal gas (a vapor). This is indi-
y a large.change in enthalpy at constant tempera-
dicating the properties change significantly with

pressu

e ‘a5 well as temperature.

Pressure, atm

NOTE: Error in real gas critical flow function for air, based on ideal gas critical flow function;.inlet ratio of specific

5-3 Error in Method 3 for Air Based on Critical Flow Functions [15] When Using Air Property Data [1
[16]

90 100

The following values are found from the
tables at this state:
1,282.9

0.827 ft*/Ibm

The throat velocity and mass flow per ynit
area are as follows:
[(2)(32.174)(778.26)(1,325.3 = 1,282.9)]°°
1,457.2 ft/sec
V/v = 1,457.2/0.8205 = 1,762 Ibm/sec ft*

[teration is continued to find the maxim
flow, which is the critical flow point.

The throat temperature and entropy fixed
sonic flow state. Thus, interpolation from
tables gives the state at the throat to be
1.5141 Btu/Ibm R
550°F
546.7 psia

h*

V>(-

G*
m

he
he

s* =
T>(-

P>(-

An ideal gas estimate for the throat temperature ffor
a triatomic gas, although it would not be expected
be very accurate, is made using the critical temperat

ratio from Table 8-5-1 as follows:

lire

Inlet stagnation state: pressure Py = 1,000 psia
Temperature T, = 700°F (1,160°R)
Enthalpy hy = 1,125.3 Btu/lbm
Entropy 5o = 1.5141 Btu/Ibm

An iterative solution establishes the throat state. An
even temperature from the table is chosen for the first

guess.
T*
s>(-

600°F (1,060°R)
so = 1.5141

84

T* = To(T*/Tp) = (1,160)(0.85714) = 994.3°R (534°F)

In spite of the very nonideal gas states over this flow
process, the ideal gas estimate of the throat temperature
would have provided a useful guide for the first esti-
mate, thus reducing the number of iterations required.

The real gas theoretical (isentropic) mass flow at a
throat temperature of 550°F, corresponding to the critical
flow point, was found to be g,,r/A = 1,831 Ibm/sec 2.
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For the entropy to be equal at the plenum and throat,
the following must be true:

(51— 80) + (52— 51) + (s* = 82) = (s* —50) = 0
(8-5.13d)

The equations for the entropy changes must be
expressed in differential forms to account for the varia-
tion of the compressibility factor and specific heat at

+

Fig. 8-5-4 Calculation Processes for the Isentropic
P3th From Inlet to Sonic Throat for a Real Gas Using
the Method of Johnson [14]

[he discrepancy between the result from Example 3
anf the result from Johnson [14] is 0.36%. Note that the
stdam tables were first published in 1936 from a different
database than Johnson’s value, which was primarily
based on Hilsenrath [17]. Presumably, the later property
dafa are the most accurate.
(3) Real Gases, Using Complex Property Equations
(a) Method 6: Real Gases, Virial Equation of State.
son [14] published rigorous solutions and extensive
talfles of critical flow functions based on real gas proper-
tigs. Sullivan [15] added refinements to Johnson’s
mgthod. These are complex solutions that must have
th¢ equations of state programmed for practical evalua-
tion by the iterative procedures they entail.
he difference between Methods 5 and 6 stems from
the type of property data they use. Method. 5 tses the
enthalpy and entropy values correlated by\researchers
in|compiling the thermodynamic ptoperty tables.
M¢thod 6 uses the more fundamental correlation of spe-
cifc heat at constant pressure and-compressibility factor,
or alternatively, the equations-of-state that are the basis
fo1 determining the compressibility factors. A brief sum-
mgry of the method used~by’ Johnson [14] is given.
wo requirements mtistbe met in this method to solve
the critical flow proeess from the plenum to the throat of
th¢ sonic nozzle, Firstly, the plenum and throat entropies
miist be equali.Secondly, the throat velocity must be
eqpal to the'speed of sound. The processes followed
ing the\calculations to proceed from the plenum to
th¢ thfeat are as shown in Fig. 8-5-4.
duations for the change of entropy during these pro-

constant pressure. The variation of specific hept with
temperature is taken into account when integrating
along the zero pressure path. (The gas ds‘ideal [at zero
pressure where the most accurate data\for the ppecific
heat at constant pressure are available.) The conpress-
ibility factor must be known and itswariation taken into
account along the two isothermal processes.

The calculation determirgs the throat state by itera-
tion to satisfy the first fequirement, Eq. (8-5.13f), that
the throat and plenumetitropies are equal.

To meet the second ‘requirement, the throat Y
and the local speed of sound at the throat must b¢ calcu-
lated and iteration continued until the state i found
where they‘are equal. The velocity at the throat i} calcu-
lated fromythe energy equation, using the erfthalpy
decrease from the plenum to the throat. This if deter-
mingd by integration along the three processes|shown
in, Fig. 8-5-4. The speed of sound is a functiony of the
state at the throat, for which Eq. (8-5.14) was uged.

-f3

elocity

5 (8-5.14)

2
Z+T 8z
37 3T Y
= RT|Z+ 8_p> +C p
T PO ) 87 ip
Rl [or(eE) )

The theoretical sonic state at the throat has been deter-
mined when both the isentropic and sonic velocity
requirements have been met.

A graph of critical flow functions for air is
Appendix A [19].

The uncertainty in the critical flow functions| for air
[19], based on results from Sullivan (1989), is given in
Appendix B. It is seen that the largest discreppncy is
0.4% at the inlet stagnation state corresponding to the
highest pressure (100 atm) and lowest tempg¢rature

iven in

cesses are as follows:
For the isothermal processes,

(51 = $2) = —ZRIn(P1/Py) (8-5.13a)

(s* = s5) = —ZRIn(P*/Py) (8-5.13b)
For the constant pressure process,

(2 = 51) = —¢,In(TL/Ty) (8-5.13¢)
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(400°R). Below 25 atm, the two methods agree to within
0.02% at temperatures from 400°R to 700°R.

An approximate graphical method for obtaining criti-
cal flow functions for air is given in Appendix C. The
correction factors provided by the graphs convert the
ideal gas critical flow function for air (0.6847315) to real
gas values [15]. The graphs extend to a pressure of 300
atm and cover temperatures from 400°R to 700°R.

(b) Method 7: Real Gases, Table Lookup or Curve
Fitting to the Results of Method 6. When accurate solutions
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have been obtained for a particular gas over the
operating range of interest, it may be preferable to use
these results rather than recalculating using Methods 1
through 6. Depending on the application, either table
interpolation or curve fitting could be used. Both of
these provide close to the maximum available accuracy
without the complexity of repeating the calculations.
Equations that fit the surface of critical flow function

FLOW MEASUREMENT

obtained by comparing the results of tests that use differ-
ent primary measurement methods. This would be facili-
tated by limiting the number of designs studied, which
in turn would be encouraged by standards with small
tolerances. The tolerances of the present standards [1,
22] are large enough to cause substantial differences
in discharge coefficients and, thus, necessitate a larger
uncertainty in the mean calibration curve than might

versus
good accuracy over limited ranges.

1 ‘ 1 h IS 1 <1l
PICDBUIC daltd I.Ellll,ltlcll.bllc ulay oC UDUdIIICU WILLT

8-6 DESIGNS OF SONIC NOZZLES AND VENTURI

OZZLES

(a) (eneral. The main feature of a sonic nozzle or ven-
turi design is the variation in the cross-sectional flow
area in|the axial direction from the inlet pipe or plenum
to the discharge pipe or plenum (i.e., the meter contour).
The coptour, and possibly the surface roughness, deter-
mine the essential features (i.e., the coefficient of dis-
charge|land choking pressure ratio over the operating
range){ Related features include inlet flow conditioning,
the logations and details of the inlet temperature
probe(s), the inlet pressure tap(s), and the location of
an exif pressure tap for the measurement of the back
pressufe on the meter.

The [flow-metering characteristics are mainly deter-
mined [by the inlet contour. The diverging portion to a
locatiop slightly beyond the throat may slightly affect
the pefformance of some meters in some operating
regimes due to effects on the throat boundary layer and
on the phape of the sonic surface. These possible effects
have npt been documented. The exit section;primarily
the angle and length of the diffuser, detérmines the effi-
ciency pf the diffusion process. The efficiency along with
the mefer size and operating parameters determine the
choking pressure ratio.

Metgr designs are most commonly described in terms
of the [shape of the walls\confining the fluid stream
in a lopgitudinal-sectionvies. Thus, a circular-arc inlet
refers fo the wall shape of the inlet portion of the meter
hardware. Similarly, the inlet of an ASME flow nozzle
is descfibed as'd,quadrant of an ellipse. An alternative
descripgtion-gives the full three-dimensional shape. Thus,
a circulaf=arc inlet revolved about the axis of the meter

n) M i) M |
otherwise-berequired:
(b) Design Criteria

(1) Repeatability. It is futile in most appli¢ationq to
attempt to obtain an accuracy of flow meastirement
higher than the repeatability of the meter-Raridom errprs
can be reduced by repetition and averaging, but errprs
that are not truly random cannot be reduced in this
manner. Repeatability in boundary layer transitjon
regimes is poor due to the complexity of the mechanisms
that trigger the transition.\Therefore, it is desirabl
develop meter configurations that have mini

boundary layer mass flow defect (see Fig. 8-3-1).
is desirable because it indicates that the actual flo
close to the theoretical model, such that little empirjcal
correction is required of the discharge coefficient. Thi
in turn adds to the confidence with which the dischafge
coefficient versus Reynolds number correlation can|be
relied upon to maintain accuracy. This is especially
important when there are large differences between cali-
bration and application flow conditions (i.e., the rafge
of states and gases over which the correlation can|be
applied with tolerable loss of accuracy).

The circular-arc inlet, with no cylindrical throat sec-
tion, produces a thin boundary layer. The radius of cur-
vature of the approach section is important|i
determining the mass flow defect (Fig. 8-3-1) and, thjus,
the value of the discharge coefficient. The variation| of
the discharge coefficient as a function of the inlet radjius
was calculated by Stratford for laminar and turbulpnt
boundary layers versus Reynolds number [23]. The ¢ir-

forms atorus: Thub, atorordat-throatvernturi rozzte Ts
an alternative description for a nozzle with a circular-
arc inlet. The ASME/ANSI standard [1] uses the term
toroidal throat venturi nozzle.

The discharge coefficient versus Reynolds number
relationship and the choking pressure ratio characteris-
tics must be determined for each meter design. Extensive
testing is required to obtain a high accuracy over a large
Reynolds number range. High confidence in the abso-
lute accuracy of the discharge coefficient can only be

86

ctthar-arenozzle-with-anintetradits-equat-totwicethe
throat diameter is close to optimum for producing a
high discharge coefficient. This is because an inlet radius
of twice the throat diameter nearly optimizes the combi-
nation of boundary layer thickness and two-dimensional
(centrifugal force) flow effects.
(c) Standardized Flow Nozzle and Venturi Designs

(1) Toroidal Throat Venturi Nozzle. A design known
in the United States as the modified Smith/Matz venturi
nozzle has been adopted by national and international
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In this region the-arithmeti

\rc = 1.8d-2.2d
average roughness of the

NOJE:

(1] In this region the surface shall not exceed 15 x 107%d arithmetic average roughness and the cdntour shall no deviate

from toroidal form by more than 0.001d.

stgndards organizations [1, 22]. The modification was
to [the inlet radius, which was originally 1.816d [2] and
wds changed to 2.0d with a tolerance of 0.2d in the
stqndards. This design is shown in Fig. 8-6-1.

Dne advantage of the toroidal throat critical flow ven-
tufi is that the continuous inlet curvature, passing
thjough the throat, lends itself to analysis for the deter-
mination of theoretical discharge coefficients.

[he design avoids the boundary layer buildup that
oc¢urs in a cylindrical section, with its near-zéro pressure
gradient, and the related problems of fransonic shock,
flow separation, and boundary layer pressure gradient
reyersal.

(2) Cylindrical Throat VentusiNozzle. A sonic venturi
with a cylindrical throat section’may have manufactur-
ing and metrological advantages over the toroidal throat
vehturi, especially in small sizes. It is essential that the
cylindrical throat not\hiave a taper that could cause the
thioat to occur at@location other than the exit, or, even
legs desirablef a)sonic flow location that oscillates
between thefinlet and the exit. This venturi design has
been acceépted as a sonic flow standard [1, 22] and is
shownCinFig. 8-6-2.

[hereylindrical throat design offers some advantages,

@)

Fig. 8-6-1 Standardized Toroidal Throat Sonic Flow. Venturi Nozzle

surface shall' not exceed

Inlet surface shall lie 10~ 4d

outside the contour

of curvature. Thirdly, the cylindrical section cayses the
boundary layer to become thicker than the tproidal
throat design. These effects combine to reduce the dis-
¢harge coefficient, which is an undesirable feafure for
any flow meter.

(3) ASME Low- Flow Nozzles. Figure 8-6-3 shows
two standardized ASME nozzles that were designed for
subsonic application and offer possibilities for combined
subsonic and sonic operation. The high-p ratio|design
[Fig. 8-6-3, sketch (a)] is not recommended for yse as a
sonic flow nozzle because of the high inlet Mach rjumber.
(A maximum Bratio of 0.25 is specified in the starjdards.)
But, it can be used with appropriate correction|for the
inlet pressure and temperature measurementg, with
some sacrifice in accuracy. Figure 8-6-3, sketch (b) shows
an ASME low-p ratio flow nozzle with throat pjessure
taps, which is recommended for combined subsopic and
sonic flow operation.

See Section 5 for details and dimensions of thd ASME
flow nozzles.

8-7 COEFFICIENTS OF DISCHARGE

primarily in ease ol manuliacture, but is nierior to the
toroidal throat design from fluid mechanics points of
view. Firstly, the inlet radius is more abrupt in that it is
equal to the throat diameter instead of twice the throat
diameter. This produces larger centrifugal forces,
resulting in a larger radial density gradient, compared
with the toroidal throat design. Secondly, the flow dis-
continuity at the juncture of the inlet curvature and the
beginning of the cylindrical throat poses the risk of flow
separation, especially following the small inlet radius

{m—viethod of Correlation of Discharge Coeffictents. The
coefficient of discharge corrects for the deviation of the
actual mass flow from the theoretical value. The throat
Reynolds number correlates the discharge coefficients
for critical flow meters. For axially symmetric flow meter
designs, all flow sections are circular in cross-section,
such that the throat Reynolds number is given by the
following:

Ry = 4q,/wdu (8-7.1)
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toroidal and cylindrical form by more than 0.001d.

(a) High Beta, B

The
stagna
Theg

absolute viscosity u is detetmined at the inlet
ion temperature.
retical solutions for the'discharge coefficients of
toroidgl throat venturi nozzles indicate the discharge
coefficlent is a weak functien'of the ratio of specific heats
in addition to the Reynolds number. This fact will cause
some sfatter when the)data includes gases with different
ratios ¢f specifictheat [24].

(b) {alibratiothMethods and Uncertainty Estimates for
Dischaige Coefficients

(1) Gerieral. Discharge coefficients are determined

/AN
J_f

is region the arithmetic average surface roughness shall not exceed 15 x 107%d, and the contour shall not deviate

e conical divergent section, arithmetic average of the relative roughness shall not exceed 107%d.

Fig. 8-6-2 Standardized Cylindrical Throat Sonic Flow Venturi

Fig. 8-6-3 y’ASME Long-Radius Flow Nozzles

Transition region, see para. 5.2.2.5.

(b) Low Beta,

obtained by consistency in the results from the differpnt
methods.

(2) Experimentally Determined Discharge Coefficiefts.
The accurate measurement of mass flow of gas is mpre
difficult than for a liquid. But, liquid calibrations canfiot
be applied to critical flow measurements with accurgcy.
So, it has been necessary to develop several primary
methods for measuring the mass flow of gases. Pr¢be
traverses, volume displacement (bell prover), changq of
state in a calibrated volume, and bulk mass flow mpa-
surements (gravimetric methods) have been employgd.

experimentally and analytically. Experimentally deter-
mined discharge coefficients are subdivided into pri-
mary and secondary measurements. Secondary
measurements are performed with the test meter in
series with one or more critical flow meters in parallel,
which have been previously calibrated by primary meth-
ods. Many primary methods have been developed. Error
estimates using standardized procedures are performed
on the primary methods; however, confidence in the
absolute accuracy of the primary methods can only be

88

(37 Analytically Determined Discharge Coejficients.
Analytically determined discharge coefficients use
boundary layer theory and potential flow theory to cal-
culate the deviations of the actual flow from the ideal
one-dimensional inviscid flow model. Stratford [23],
Hall [25], and Ishibashi and Takamoto [26] provided
analytical discharge coefficients for sonic flow nozzles.
Smith and Matz [2] used theory and internal flow mea-
surements to obtain discharge coefficients for critical
flow venturi nozzles.
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Table 8-7-1 Summary of Points Plotted in Fig. 8-7-1 and Coefficients for Eq. (8-7.2)

Reference a b R4, min. R4, max. Nozzles Diameter, mm Avg. Pts.

Takamoto and Ishibashi (1998) 0.9985 3.412 2.40E+04 8.50E+04 23 3.4~19 23
Ishibashi et al (1998) 2.10E+04 1.70E+05 5 6.7-13.41 10
Takamoto et al (1994) (1999) e . 4.30E+04 1.40E+06 2 6.7 & 19 12
Wendt and von Lavante (2000) 0.9982 3.448 5.00E+04 1.30E+05 3 5~10 12
Karnik et al (1996) . A 1.00E+07 2.40E+07 2 10, 23.3

Stevens (19806) 0.9975 3.901 Z.00E+05 T.Z0E+06 T4 79 21
Smjth & Matz (1962), Beale (1999) 4.00E+05 5.00E+06 1 143

Olsen (1972) 8.68E+05 3.37E+06 1 25 6
Arnperg et al (1974) 0.9974 3.306 4.00E+04 2.50E+06 16 3.8~35 18
Angnymous (1986) 1.60E+06 3.20E+07 10 25%59 10
Brain and McDonald (1977) 3.70E+05 7.20E+05 1 5~17 3
Brdin and Reid (1978) 1.50E+06 1.17E+07 5 5~17 10
Brdin and Reid (1981) - - 1.07E+06 1.07E+07 12 4.5~34.9 9
Stratford (1962), laminar 0.9984 3.032 1.00E+05 2.00E+06 ¢ =a- deJ/; 11
Stratford (1962), turbulent 0.9984 0.0693 5.00E+05 1.00E+07 Ci=a- de’l/s 15

c) Discharge Coefficients for Toroidal Throat Venturi Noz-
zlep. For gases with a fixed ratio of specific heats, the
anplytical solutions indicate that the discharge coeffi-
cignts can be correlated in the laminar boundary layer
raige by the following equation:
C; =a-0bR;® (8-7:2)
[he same form of equation applies in the tufbulent
boundary layer range with the Reynolds number expo-
neht changed from —0.5 to —0.2. Table 8-7-}summarizes
thg¢ results from approximately 690 measurements on 95
vehturi nozzles compiled from 13 sources [4, 11]. Ten
of [these were secondary measurements and 680 were
primary measurements of various’types. Some of these
mgasurements were averaged,to reduce random error
redulting in 143 points to\be plotted. Added to these
mgasured average poifits Were 26 analytical points [23]:
11|for laminar boundary layer and 15 for turbulent. The
totlal 169 points dre-shown in Fig. 8-7-1.

[he mean curve in Fig. 8-7-1is called a universal curve
Fause it zepresents all toroidal throat venturi nozzles
nufactured to the ASME [1] and ISO [22] standards.

be

md

boundary: layer regime, a particular design of venturi
nozzle €an be calibrated to an uncertainty as |low as
+0.0%7% (bias + 2) [6]. This uncertainty can be statistically
redticed to +0.05% by placing several venturi nogzles in
parallel.
High-precision venturi nozzles manufacttlred by
superaccurate lathes have performance characferistics
that are highly repeatable. The first three ref¢rences
listed in Table 8-7-1 used high-performance ventiiri noz-
zles. Equation (8-7.4) fits the data from this source, which
covers a flow range: (2.1E + 04 < R; < 1.4E + 06)| At the
lower Reynolds numbers, the estimated uncertpinty is
+0.2%, which decreases to +0.1% (bias + 20) at thd higher
Reynolds numbers.
C; = 0.9985 — 3.396 R, ° (8-7.4)
Figure 8-7-2 compares several mean line digcharge
coefficient curves for toroidal throat venturi nozzles. The
boundary layer transition for two sets of high-pgecision
venturi nozzles is also shown. Whereas the trgnsition
curves occur at different Reynolds numbers, }l‘n both

. . . cases they proceed from the mean curve for higl-preci-
Thie scatter in the data is due to the manufacturing toler- . yb . &P
. sion venturi nozzles at laminar flow, Eq. (8-7.4), to the
anfes allowed in the standards, measurement errors, . ; o o m
untversal-eurveEq—8-73)-

and, most importantly, boundary layer transition. An
uncertainty range of +0.3% (20) is shown. The universal
curve is represented by the following equation:

C; = 0.9959 — 2.72R,;%° (8-7.3)

Lower uncertainties can be obtained by manufactur-
ing venturi nozzles to closer tolerances than permitted
by the standards. When the flow range is limited (2.00E
+ 05 < R; < 1.2E + 06) and falls within the laminar
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(d) Discharge Coefficients for Cylindrical Throat Venturi
Nozzles. The discharge coefficients for the cylindrical
throat venturi nozzle are given in Table 8-7-2 [1, 22].

(e) Discharge Coefficients for ASME Low-B Throat Tap
Flow Nozzles. Figure 8-7-3 gives a composite graph of
discharge coefficients for the ASME low-g throat tap
flow nozzles [11].

Mean curves are shown for several operating condi-
tions: critical flow of air and steam, subsonic air flow
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+ Takamoto and Ishibashi 1998
® Olsen 1972

O Arnberg et al. 1974

¢ Brain and McDonald 1977

— Universal curve, 169 pts

v Ishibashi et al. 1998, secondary

X Stevens 1986

= Stratford 1962, Laminar

A Anonymous 1986

A Brain and Reid 1978

--- Universal curve +0.3%

A Wendt and von Lavante 2000

X Smith and Matz 1962
= Stratford 1962, Turbulent
O Takamoto et al. 1994, 1999
B Brain and Reid 1981

--- Universal curve -0.3%

- Kamik et al. 1996

1.000

- Universal curve: Cy = 0.9959 — 2.72 /Ry

0.995

0.990

0.985

Coefficient of Discharge

0.980

0.975

1. E+05

for Mach numbers from 0.2 up to 1.0, and water flow.
Compdred to the sonic flow nozzle, which has only one
operating parameter, the subsonic flow nozzle has two
paramg¢ters, the throat Reynolds number and the throat
Mach njumber. Error in the theory and/or real gas prop-
erties ay have caused the discharge coefficient to
exceed|1.0 at the highest Reynolds numbers. Excluding
this dalta, all of the results\fall within a 1% band.
Whdre operation in‘both the subsonic and sonic
regimek is required;the ASME low-g throat tap flow
nozzlefis recommended due to the availability of calibra-
tion dqta for Peth regimes. It is noted that the down-
stream|pressure must be maintained at a lower value to

have ctitical/'flow with the ASME flow nozzle due to
the abLCI‘.CC CC a dafliicnr (can g Q9 D)

1.E+06
Throat Reynglds Number

Fig. 8-7-1 Composite Results for Toroidal-Throat Venturi Nozzles

1. E+07 1. E+08

flow meters found little error from severe pulsati¢gns
when using an average inlet pressure obtained by a
throttled gage line [29]. This is a major advantdge
because pulsations are difficult to remove from the flyiid
stream.

Inlet flow conditioning to establish a standardiz
velocity profile, which is essential for subsonic fl
meters, is not as important for sonic nozzles and ventu-
ris. The inlet profile will have a slight effect on
conversion of the inlet static pressure measurement
average inlet stagnation pressure.

Swirl may cause errors in critical flow metqrs,
although no data were found to quantify this eff¢ct.
Therefore, swirl should be removed from the flgid

e Ser e 5o —==~

8-8 INSTALLATION

(a) General. The critical flow meter is relatively insen-
sitive to disturbances in the inlet flow stream compared
to some flow meters [27, 28]. This is largely because
critical flow meters avoid phase lag and square root
errors that are present in subsonic meters that rely on
a differential pressure measurement. Tests on critical

90

stream by means of an inlet flow straightener.

(b) Standardized Inlet Flow Conditioner. Inlet flow-con-
ditioning methods have been standardized as shown
in Fig. 8-8-1. Details of the inlet flow conditioner are
specified in ASME [1] and ISO [22].

(c) Inlet Configurations for Sonic Venturi Nozzles. The
ISO [22] and ASME [1] standards permit a range of
inlet configurations as shown in Fig. 8-6-1. The most
commonly used inlet configuration is the bulk-head
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Universal curve, Eq. (8-7.3)

= Stratford 1962, laminar

Universal curve +0.3%

= |shibashi and Takamoto 2001, 2 nozzles
—&— IS0 1990 Standard

= = = Mean line, Eq. (8-7.4)

= Stratford 1962, turbulent

Universal curve -0.3%

= |shibashi and Takamoto 2001, 4 nozzles

1.000
0995 ——
s 00609
RV = csit AN
[} VY 2=~ l.---T
5 0.990 v —
2 Sk A7 -
2 4 .
a D4 R
5 0.985 O e
5 R Al
‘© Y / .
& VASNS
9] £ +
o VAR
S 0.980 A
RV AN
AR
VA
0.975|— / L2
T/ 7
A
/=
0.970LL -
1.E+04 1. E+05 1. E+06 1. E+07

Table 8-7-2 Discharge (Coefficients for
Cylindrical-Throat Venturi Nozzles

Reynolds Number

Throat Reynolds Number

Fig. 8-7-2 Mean Line Discharge Coefficient Curves for Toroidal-Throat Venturi Nozzles

by the inlet configuration, was studied analytically [30].
Included in the study were the effects of inlet flgw non-
uniformity, separation, and the location of the bojundary
layer transition point. The differences among th¢ sensi-

installation shown in Figs. 8-6-2 and 8-6-3. Figure 8-8-
2 shows the continuous curvature inlet used by Stevens
[6] compared with the sharp-lip, free-standing inlet used
by Smith and Matz [2].

The sensitivity of three designs of critical flow venturi
nozzles to initial boundary layer thickness, as affected
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Rey Discharge Coefficient
tivities of the three designs of venturi nozzles fqr these
3.5 % 1?5 0.988 7 effects were found to be small. A slight advantdge was
; z 186 gggz ’ seen for the toroidal throat venturi nozzle of th¢ Smith
6 988 7 and Matz design with the free-standing inlet.
3% 10 0.989 0 i . . . . .
The loose specification on the inlet configurdtion in
5 % 106 0.990 1 the ISO and ASME standards is based on the assumption
7 x 10° 0.990 7 that the permitted variations in the inlets do not|signifi-
=10 099t Cantly affect the performance. HHOWEVeT, a5 IMOTE precise
2 x 107 0.992 5

venturi nozzles are manufactured and calibrated by
increasingly accurate methods, the differences in their
discharge coefficients cast doubt on this assumption.
Previously, these differences were attributed entirely to
calibration errors. It is probable that tighter specifica-
tions will be needed in the standards before lower uncer-
tainties in the universal curve can be obtained. Presently,
the lowest uncertainties are obtained by calibrating each
configuration of venturi nozzle.
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— —T T T — T T — T .
- ASME low 8 flow nozzles /Egltleir ane:hBean)1948 g
L Subsonic: «----- L. .» lideal gastheory |
1.000 - Critical: R ‘*«"7Anonymous 1976  __..-- -
i Extrapolation: === Pt Smith and Matz 1973
- . M;=10.4
r ROl e ——— My = 0.7 b
& K ) My=1.0 4
g i Cotton 1975 ]
T r (steam)  +
"6 U.9IJU .
2 i 3 R Szaniszlo 1974 ]
o Y Y PRl
5 i LA )
g N H "‘/K— DuodZZins;;let al1. 3969 Paine 1966 N
H = = .
;g C ' d.ata_bargd_ : (ideal gas theory) ]
=
o L |
Js) L i
© 0.980+ -
0.970L L . . L . . S . ]

105 106 107

Throat Reynolds Number, Ry
GENERAL NOTE: Reprinted with permission from Research on Flow Nozzles, Engineering.Experiment Station Bulletin 131,
Ohio Stdte University, Columbus, Ohio.

Fig| 8-7-3 Composite Graph of Discharge Coefficients for-the ASME Low-g Throat-Tap Flow Nozzles [11]

Nozzle inlet
plane

<—1.8D — 2.2D —

~— L= 1D"— <—0.9D - 1.1D

D Note (1)

l

\ L=5D

Vane thickness to be adequate
to prewent buckling

@ (pressure measurement)

@ (temperature measurement)

NOTE:
(1) Surface roughness shall not exceed 10 D.

Fig. 8-8-1 Standardized Inlet Flow Conditioner and
Locations for Pressure and Temperature Measurements
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Smith and Matz circular arc

K Continuous curvature

| Symmetrical

ASME PTC 19.5-2004

— 0.05D max.
1.3 £ 0.3 mm preferred

!

2 tap diameters min.

—> Flow —»% T

I |
How o ' -
center line

Fig. 8-8-2 Comparison of the “Continuous
Curvature” Inlet [6] With the “Sharp-Lip,
Free-Standing” Inlet [2]

D PRESSURE AND TEMPERATURE
MEASUREMENTS

®

a) Pressure Measurements

(1) Beta Ratio. Beta is the ratio of the throat diameter
of the nozzle to the inlet pipe diameter. This has special
importance for mass flow measurements using sonic
flow nozzles or venturi nozzles. This is because the inlet
pressure measurement has followed the established
practice for subsonic nozzles by using inlet pipe wall
préssure tap(s) to measure the static pressure. An alter-
nafive could have been to use impact probes, which
wquld have involved more complexity and caused dis=
tufbances in the inlet stream.
[he conversion from static to stagnation pressure is
acgomplished by isentropic relationships based en one-
ensional flow of an ideal gas. This eonfains error

thqn 0.25, which is required in the ISO [22] standard.
he velocity pfofile of a properly conditioned inlet
strpam will vary in'a predictable manner with the Reyn-
olds number~Consequently, the error in converting from
stqtic to_staghation pressure under ideal conditions is
cofrelated by the discharge coefficient versus Reynolds
ber relationship.

Flush, burr-free, and square or lightly rounded to & radius
not exceeding 0.1 diameters of the pressure.tap

Fig. 8-9 Standardized Pressure \Tap Geometry

be calculated from the isenttopic relationships fin Egs.
(8-1-1) through (8-1-4) and™d similar judgment made as
to the possible error in'the correction.

(2) Pressure Taps.\Pressure tap geometry hgs been
standardized, as shown in Fig. 8-9, and the detpils are
specified in theXISO [22] and ASME [1] standargls.

(3) Pressure'Tap Corrections. Pressure tap cortections
are not cefisidered necessary for sonic flow metey instal-
lations‘with B ratios less than 0.25, in accordanfe with
the ISO [22] standard.

(4) Downstream Pressure Measurement. The pressure
déwnstream of the meter must be measured to|ensure
sonic operation. The standardized location is within 0.5
conduit diameters of the exit plane of the venturijnozzle.
The ASME [1] standard permits other locatiofs with
corresponding precautions on the use of the dhoking
pressure ratio requirements given in Fig. 8-2-1.

(b) Temperature Measurement. ASME PTC 19.3 $hall be
followed. The temperature sensed in a flowing|stream
by a bare temperature probe T}, which does not sfagnate
the fluid stream, measures a value between thp static
and stagnation temperature. The correction to ptagna-
tion temperature is a function of two quantitieq.

(1) The first quantity is the recovery fag¢tor, as
follows:

Rp= (T, -1/ Ty -1 (8-9.1)
The solution for T, from Eq. (8-9.1) is as follgws:

Ty = T,/[(T/To)1 - R) + R} (89.2)

When the standardized Iimit on the 5 ratio of U.25 1S
not practical due to limitations on the size of the inlet
pipe, a compromise is necessary between higher Sratios
and some loss of accuracy in converting from measured
inlet static pressure and the average inlet stagnation
pressure. At a B ratio of 0.25, the correction from static
to stagnation pressure is less than 0.1% and the error in
this correction due to two-dimensional effects is esti-
mated to be on the order of 0.01%, depending on the
Reynolds number. For other S ratios, the correction can

The valte of the recovery factor varies with the shape
of the probe, the Reynolds number, and the Mach num-
ber of the stream. An approximate value for the recovery
factor is 0.85, which is sufficiently accurate when the
inlet Mach number is low (e.g., when the B ratio is less
than 0.25). Additional details are given in ISO [22].

(2) The second factor is the ratio of the static to
stagnation temperature (T/T) that appears in Eq. (8-
9.2). This can be calculated from the isentropic relation-
ship in Egs. (8-1.3) through (8-1.6). Alternatively, it can
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be found from isentropic flow tables that appear in most
textbooks on thermodynamics, gas dynamics, or aerody-
namics, and in gas property tables [9, 20].

Example 4

Flowing fluid: air

Probe temperature T, = 520°R
Recovery factor Ry = 0.85

M o.04
pasy OTOT
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tion, 6th edition. New York: The American Society of
Mechanical Engineers; 1971.

[4] Arnberg, B. T.; Ishibashi, M. Discharge Coefficient
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Inlet Maehnumber
B ratio| = 0.2628
T/Ty  0.99968
From Hq. (8-9.2), Ty = 520/0.999952 = 520.02°R

Notgq that the Bratio in this example slightly exceeded
the recpmmended maximum of 0.25, and the correction
to staghation temperature was still only 0.004%, which
would |correspond to 0.002% in flow measurement. A
few pefcentage points error in the recovery factor would
not haye had a significant effect.
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Section 9
Flow Measurement by Velocity Traverse

9-0 NOMENCLATURE where
) A = total area of the conduit
A = flow area, L i = index of the sensor location
C = coefficient v; = observed mean velocity at thei™ traverselstation
K = structural blockage coefficient w; = associated weighting factor
Pr = Prandtl number
Q = volumetric flow, I3/s It is highly recommended that20 to 30 data b taken
R = pipe inside radius, 1 at each sensor station in the traverse to obtain fa good
Re = Reynolds number mean value of v; and reduce‘the statistical randofn error.
$ = frontal area, support structure impeding Plotting the observed %elecity profiles is highly recom-
flow men.ded to check the .de.gree of asymmetry in the flow
0,1 = velocity, 1/s profile and whether it is reasonable to expect|such a
n ¢ . profile in the subject installation. A sample grpphical
€= thermal heat capacity integrationdis recommended to cross-check the fjumeri-
d = diameter, L cal integfation procedure for each test installatipn.
f = frequency, 1/s
h = convective heat transfer coefficient
k = thermal conductivity and beam-crossing 9-2,J TRAVERSE MEASUREMENT STATIONS
half angle, rad In order of preference, the three approved techniques
p = pressure, /12 are the Gauss, Tchebycheff, and log-linear radigl spac-
r = radial dimension, 1 ings. The reason for the preferred order is that th¢ Gauss
w = weighting factor and Tchebycheff methods work for any arbitrary func-
S = summation of terms tion describing the velocity profile and they are [signifi-
8 = differential, difference cantly more accurate than the log-linear methodl when
p = density, m/I’ using the same number of sensors. The conveyse also
o = standard deviation holds: eql.livalent accuracy can be atta.lined usin fewgr
7 — time constant. s sensors in the traverse. The log-linear method is
’ designed to work only for velocity profiles that| can be
described by a linear combination of a logarithmic term
9-1 INTRODUCTION and a linear term of the distance from the wall, aslshown
in Eq. (9-2.1).
Dnly circular or rectangular conduits flowing full of
gap or liquid are covered by this Section. Pitot tubes, u(r) = a + bllog(1 ~ r/R)] + ¢(1 = 1/R) 21
ﬂ:?zrsstaﬁfttﬁfj :I?jm%ggeelf;r; ilulr;ilrt grgi Iflrezpveng The reason for providing a choice in the travefse pat-
. " . : . tern is that the sensor locations are different fdr each,
cirtheters measure velocities at given locations in the d phvsical and installati traints found in th
flow, which then must be summed or integrated over and paysical and mstatiation Constraints found i the
. . . field may dictate the choice of traverse pattern. [n gen-
th¢ whole cross-section to obtain the total volumetric . . . . .
flomz_or mean velocitvy These devices therefore have eral, it is gOOd engineering practice to use five pensors

similar requirements for their installation and flow com-
putations.

9-1.1 Flow Computation

Independent of which velocity traverse method is
used, the total volumetric flow is obtained by numerical
integration (a summation) of the form:

Q=A% (wy) (9-1.1)

per radius or 10 per diameter. In small pipes or when
the velocity profile and/or installation dimensions as
stated in para. 9-3 are nearly ideal, three stations per
radius suffice. In cases where the installation conditions
are much worse than specified in Section 7, more than
five sensors per radius are required to maintain accuracy.
The effect of adding or subtracting sensors from the
traverse array (or rake) can be estimated by choosing a
suitable analytic formula for the expected velocity pro-
file and integrating it using the calculus. The analytic
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Table 9-2.1-1 Abscissas and Weight Factors for
Gaussian Integration of Flow in Pipes

JX00dx = T wifx)

- - n Xj w;
| 1 0.66666 66667 0.50000 00000
2 f\.ﬁL'EI\E 1)’\2[:’ f\."llolﬁf 06183
~—| 7 0.84494 89743 0.31804 13817
) o ) 3 0.21234 05382 0.06982 69799
Statiopary array mounted on crossbars in a circular conduit 0.59053 31356 0.22924/11064
0.91141 20405 0.20093 19137
4 0.13975 98643 0.03118 09710
0.41640 95676 0712984 75476
0.72315 69864 0.20346 45680
0.94289 58039 0.13550 69134
5 0.09853 50858 0.01574 79145
0.30453,57266 0.07390 88701
0.56202 51898 0.14638 69871
0.80198 65821 0.16717 46381
0:96019 01429 0.09678 15902
\ 6 0.07305 43287 0.00873 83018
0.23076 61380 0.04395 51656
0.44132 84812 0.09866 11509
0.66301 53097 0.14079 25538
0.85192 14003 0.13554 24972
0.97068 35728 0.07231 03307
7 0.05626 25605 0.00521 43622
0.18024 06917 0.02740 83567
0.35262 47171 0.06638 46965
0.54715 36263 0.10712 50657
] . . . 0.73421 01772 0.12739 08973
Fig. 9-2.1 Pipe Velocity Measurement Loci 0.88532 09468 0.11050 92582
0.97752 06136 0.05596 73634
8 0.04463 39553 0.00329 51914
result from the calculus can bé compared to the result 0.14436 62570 0.01784 29027
given by the numerical summation of velocities (also 0.28682 47571 0.04543 93195
. . 0.45481 33152 0.07919 95995
given py the same formula’ for the expected profile), 0.62806 78354 0.10604 73594
using the recommended: numerical integration proce- 0.78569 15206 0.11250 57995
dures. 0.90867 63921 0.09111 90236
0.98222 00849 0.04455 08044
9-2.1 Pipes p
=1
Velotities-in pipes shall be measured along at least w; = weight factors
two diameters. Typical diametral patterns are shown X = abscissas
in Fig. 9-2ZT. There are several acceptable methods of GENERAL NOTE: Reprinted with permission from Mathematical Table

numerical integration that specify slightly different loci
for the measuring stations along the diameters. Tables
9-2.1-1 through 9-2.1-3 specify these stations along the
radii. The minimum number of stations per radius is
three, five is the usual practice, and even more are recom-
mended for large conduits or for adequate resolution
of abnormal or skewed velocity profiles. A reference
velocity shall be measured at the center of the area,
but this observation is not always included in the flow

98

Aids to Computation, Vol. 11, National Academy of Science.

computation methods described in this Section. The
velocity at the center is always used in the measurement
procedures to detect departures from the criteria of
velocity profile skewness and unsteadiness, as in
para. 9-3(b).
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Table 9-2.1-2
Abscissas and Weight Factors for Tchebycheff Integration of Flow in Pipes

n r w n r w n r w
2 (e) (e 6 0.2586 9 0.2103
0.4597 0.5373 0.4466
0.8881 Y 0.6057 0.4854
0.7958 Y 0.6450
3 0.3827 0.8434 0.7071 Yy
V. /U1 1 3 U.Z700U V.704
0.9239 0.8743
7 0.2410 0.8947
4 0.3203 0.4849 0.9776
0.6382 0.5814
0.7699 A 0.7071 A 10 (@ ®
0.9473 0.8136 0.2046
0.8745 0.3954
5 0.2891 0.9705 0.5000
0.5592 0%5862
0.7071 A 8 ® ® 0.6768 Yho
0.8290 0.2266 0.7361
0.9572 0.4513 0.8102
0.5444 0.8660
0.6698 A 0.9185
0.7425 0.9788
0.8388
0.8924
0.9740

GENERAL NOTES:

(@) Averaging for linear interval 0 < x < 1.
(b) Averaging for circular duct, in interval 0 < r <1,
(c) All measurements are weighted equally.

(d) Part of Table I-7-, Station Locations and,Weights Averaging, from Fluid Meters, 6th Ed.

Table 9-2.1-3

Abscissas and Weight Factors‘for the Log-Linear
Traverse Method of Flow Measurement in Pipes

9-2.2 Rectangular Ducts

Velocities in rectangular ducts shall be meas
the loci specified in Tables 9-2.2-1 and 9-2.2-2, dep
on the method selected. In ducts, the spacing ap
half the wall-to-wall dimensions unless explicit]

ired at
ending
plies to
 speci-
recom-
uld be
ved or
be used
d to be
hg sign

No| Sensors/Radius RJR W Wall Dist., y/D fied otherwise. At least five measurement loci are
mended for each line across the duct. More sh
2 0.914 0.5 0.043 used if the flow is expected to be highly ske
2 0.42 0.5 0.2 otherwise abnormal. Three sensors per line may |
3 0.936 03333 0.032 if the duct is smgll or the flow p.roflle is expecte
3 0.73 0.3333 0.135 ne;?rly symmetric and smooth with an unchangi
3 0.358 0.3333 0.321 of its curvature.
4 0,958 0.25 0.021
4 0.766 0.25 0.117 9-3 RECOMMENDED INSTALLATION
4 0.632 0.25 0.184 REQUIREMENTS
4 0.31 0.25 0.345
(1) The measurement section should be in a straight
5 0.962 0.2 0.019 run of conduit at least 20 diameters downstream and 5
> 0.848 0.2 0.076 diameters upstream from the nearest bend, change in
5 0.694 0.2 0.153 :
5 0.566 02 0217 area, or other flow obstruction.
5 0.278 0.2 0.361 (b) The mean velocity at the measurement section

GENERAL NOTE: Water Power, June 1957, p. 226.
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should be at least 75% of the maximum velocity
observed. The velocity distribution should be that of a
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Table 9-2.2-1 Loci for the Lines of Intersection Determining Measurement Stations for Flow
Measurement in Rectangular Conduits Using Gaussian Integration

+1
", fdx =

T wif)

X;

w;

X

Wi

0.57735 02691 89626

1.00000 00000 00000

0.12523 34085 11469
0.36783 14989 98180

0.24914 70458 13403
0.23349 25365 38355

0.00000{00000 00000
0.77459166692 41483

0.33998]10435 84856
0.86113]63115 94053

0.00000100000 00000
0.53846/93101 05683
0.90617|98459 38664

0.23861/91860 83197
0.66120[93864 66265
0.93246]95142 03152

0.00000100000 00000
0.40584151513 77397
0.74153]11855 99394
0.9491079123 42759

0.18343]46424 95650
0.52553]24099 16329
0.79666|64774 13627
0.9602898564 97536

0.00000100000 00000
0.32425|34234 03809
0.61337]14327 00590
0.83603]11073 26636
0.96816[02395 07626

0.14887/43389 81631
0.43339153941 29247
0.67940[95682 99024
0.86506]33666.88985
0.97390[65285)17172

10

0.88888 88888 88889
0.55555 55555 55556

0.65214 51548 62546
0.34785 48451 37454

0.56888 88888 88889
0.47862 86704 99366
0.23692 68850 56189

0.46791 39345 72691
0.36076 15730 48139
0.17132 44923 79170

0.41795 91836 73469
0.38183 00505 05119
0.27970 53914 89277
0.12948 49661 68870

0.36268 37833 78362
0.31370 66458 77887
0.22238 10344 53374
0.10122 85362 90376

0.33023 9355001260
0.3123470770 40003
0.26061 06964 02935
018064 81606 94857
0:08127 43883 61574

0.29552 42247 14753
0.26926 67193 09996
0.21908 63625 15982
0.14945 13491 50581
0.06667 13443 08688

0.58731 79542 86617
0.76990 26741 94305
0.90411 72563 70475
0.98156 06342 46719

0.09501 25098 37637 44018 5
0.28160 35507 79258 91323 0
0.45801 67776 57227 38634 2
0.61787 62444 02643 74844 7
0.75540 44083 55003 03389 5
0.86563 12023 87831 74388 0
0.94457 50230 73232 57607 8
0.98940 09349 91649 932596

0.07652 65211 3349733375 5
0.22778 58511 41645 07808 0
0.37370 60887 15419 56067 3
0.51086 7001950827 09800 4
0.63605 36807 26515 02545 3
0.74633%19064 60150 79261 4
0.839%1 69718 22218 82339 5
0.91223 44282 51325 90586 8
0:96397 19272 77913 79126 8
0.99312 85991 85094 92478 6

0.06405 68928 62605 62608 5
0.19111 88674 73616 30915 9
0.31504 26796 96163 37438 7
0.43379 35076 26045 13848 7
0.54542 14713 88839 53565 8
0.64809 36519 36975 56925 2
0.74012 41915 78554 36424 4
0.82000 19859 73902 92195 4
0.88641 55270 04401 03421 3
0.93827 45520 02732 75852 4
0.97472 85559 71309 49819 8
0.99518 72199 97021 36018 0

20

s
Il

n =24

0.20316 74267 23066
0.16007 83285 43346
0.10693 93259 95318
0.04717 53363,865172

0.18945-06104 55068 49628 5
0.18260-34150 44923 58886 7
0469715 65193 95002 53818 9
0.14959 59888 16576 73208 1
0.12462 89712 55533 87205 2
0.09515 85116 82492 78481 0
0.06225 35239 38647 89286 3
0.02715 24594 11754 09445 2

0.15275 33871 30725 850
0.14917 29864 72603 746
0.14209 61093 18382 05132 9
0.13168 86384 49176 62649 8
0.11819 45319 61518 41731 2
0.10193 01198 17240 43503 7
0.08327 67415 76704 74872 5
0.06267 20483 34109 06357 0
0.04060 14298 00386 94133 1
0.01761 40071 39152 11831 2

9 8
8 8

0.12793 81953 46752 15697 4
0.12583 74563 46828 29612 1
0.12167 04729 27803 39120 4
0.11550 56680 53725 60135 3
0.10744 42701 15965 63478 3
0.09761 86521 04113 88827 0
0.08619 01615 31953 27591 7
0.07334 64814 11080 30573 4
0.05929 85849 15436 78074 6
0.04427 74388 17419 80616 9
0.02853 13886 28933 66318 1
0.01234 12297 99987 19934 7

w; weight factors

X, =

abscissas (zeros of Legendre polynomials)

GENERAL NOTE: Compiled from P. Davis and P. Rabinowitz, Abscissas and weights for Gaussian quadratures of high order,
J. Research NBS 56, 35-37, 1956, RP2645; P. Davis and P. Rabinowitz, Additional abscissas and weights for Gaussian
quadratures of high order. Values for n = 64, 80, and 96, ). Research NBS 60, 613-614, 1958, RP2875; and A. N. Lowan,
N. Davids, and A. Levenson, Table of the zeroes of the Legendre polynomials of order 1-16 and the weight coefficients for
Gauss’ mechanical quadrature formula, Bulletin of the American Mathematical Society 48, 739-743, 1942 (with per-

mission).
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Table 9-2.2-2 Abscissas for Equal Weight Chebyshev Integration

2

+1 n
I foodx == 7_ fox

n

£X;

1X;

n £X; n
2 0.57735 02692 6
3 0.70710 67812

00000000000

0.86624 68181
0.42251 86538
0.26663 54015

0.91158 93077
0.60101 86554
0.52876 17831
0 16790 00000

4 0.79465 44723
0.18759 24741

5 0.83249 74870
0.37454 14096
0.00000 00000

0.88386 17008
0.52965 67753
0.32391 18105
0.00000 00000

0.00000 00000

+x; = abscissas

fully developed, turbulent flow in a straight conduit.

c) If flow conditioners are required to satisfy the pre-
cedling requirement (b), they should be placed at least
10|diameters upstream from the measurement section.
d) If the conduit is of lapped construction, the plane
of measurement shall be located in the section of smaller

CALIBRATION REQUIREMENTS FOR SENSORS
he only differential pressure Pitot probes that do,not

.1 Pitot-Static Sensors

ere are many acceptable Pitet-static tubes that may

sufement to,'give the true value in exactly the same
wdy as the\orifice discharge coefficient. These Pitot-static
semsors-may be used in liquid or subsonic gas flows
ach< 0.3). They shall be calibrated in a mutually

GENERAL NOTE: Table 25.5, p. 920, Handbook Math Functions; compiled with permission from H.E. Salzer,
Tables for facilitating the use of Chebyshev’s quadrature formula, ). Math. Phys. 26,491-194, 1947.

be calibrated. The'ealibration coefficient will inclpide the
velocity effects-at the orifices and the friction hgad loss
between them. Depending on the calibration ihstalla-
tion, the &oetficient may include the stem blockagf effect;
if so, thi§ must be stated in the calibration report.|If stem
blockage was not included in the calibration, it may be
estimated as follows: the gross cross-sectional |area at
the measuring section at the plane of the impact orifice
shall be reduced by 1.25 times the projected areq of the
pitometer structure.

This sensor has been used extensively for water flow
measurement in conduits wherein the mean velodity was
between 2 ft/sec (0.6 m/s) and 20 ft/sec (6 m/|s). The
pitometer support structure must be reinfofced as
shown in Fig. 9-4.2 when installed in conduitgy larger
than 4 ft (1.25 m). When readings are being taKen, the
pitometer orifices are rotated 180 deg apart and pligned
with the axis of the conduit. Each orifice is connected
to one leg of a differential manometer or pressurf trans-
ducer as shown in Fig. 9-4.2.

9-4.3 Calibration of Current and Propeller Metprs

Current or propeller meters shall be calibratpd in a
towing tank or free stream with the same mounting that
will be used for the test. Where the meters are|closely
spaced, the calibration shall include the effecty of the

adjacent meters. The calibration shall include dlata on
11 £] o101

acceptable laboratory if it is necessary to obtain a more
accurate coefficient. If the blockage correction is esti-
mated to be more than one-quarter of the desired test
uncertainty, they should be calibrated under conditions
duplicating the mutual interference conditions of the
test installation.

9-4.2 Cole Reversible Pitometer

The advantage of this sensor is that it produces a larger
differential pressure for a given flow velocity. It must

££ 41 L is—Fhetalib
O TIOW- Pt TG g orr e Merer-aaS—nhe<<
& P S alibra-

tion curve may not be extrapolated. These meters shall
be inspected before and after the test. Any blade defor-
mation or defect found subsequent to the calibration
may require recalibration of the meter if requested by
either party to the test.

9-4.4 Hot-Wire and Hot-Film Anemometers

These instruments are used extensively in measuring
the velocities in gas flow, especially when rapid velocity
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A'_
Eight holes — 0.128D

equally spaced
free from burrs

Section A-A

(a) NAFM and ASME

Guide vane for
position and
direction of
impact tip

Static pressure 't_?
/

Y

=

Impact tip

—~
D

(b) A Type of Basic Pitot Tube or Impact Tube

GENERAL NOTES:
(@) Two|designs of pitot-static tubes.

(b) Values of diameters between >/ in and >/ in. are suitable.

Fig. 9-4 Pitot Tubes Not Requiring Calibration
(Calibration Coefficient = 1.000)
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Fig. 9-4.1 Pitot Tubes'\Needing Calibration But Acceptable
pullsations and turbulent fluctuations mustbé detected. There are two basic types of electric circuits us¢d with
The traditional heated probe is a singlewire element  such anemometers: constant current and constapt tem-

strptched between two supports andiheld perpendicular
to [the velocity. The wire length-should be at least 100
wire diameters. This sensor is equally sensitive to all
velocity changes perpendicularto the wire. Using a sin-
glg wire, the direction gf*the velocity is not known if
th¢ velocity is not parallel to the conduit walls. It may
nof sense the veloecity* component normal to the flow
arga. Its inherent fréquency response will detect velocity
fluctuations with/periods that are six times or more the
th¢rmal timie ‘constant of the wire [Eq. (9-4.1)]. If higher
frequeney response is required, electronic compensation
miist beused. The sensing material should have a high
température coefficient of resistivity, such as provided

perature. The heated surface is one eleme
Wheatstone or Kelvin bridge circuit. Frequency re
greater than 300 Hz, which is usually sufficient
formance testing, has been obtained from varia

these basic circuits using relatively rugged wireg.

the theoretical computation of the anemometer
tion is adequate, based on the electrical circuit eq
and the known convective heat transfer from the
try of the probe to the fluid. For example, if the
tive heat transfer coefficient & and the propertie

ht of a
sponse
or per-
ions of
Often
ralibra-
Llations
beome-
rfonvec-

b of the

wire and the fluid are known, Eq. (9-4.2) can be
compute the velocity. The uncertainty of this co
calibration shall be calculated using ASME P

lised to
puted
19.1.

by tungsten, nickel, platinum, or special alloys. For
metallic wires between 0.001 in. and 0.003 in. in diameter
and for velocities between 5 ft/sec and Mach 1, the wire
time constant is given by

7 = [culduw(p)wl /40 (9-4.1)
where

h = k/d,[Pr°3][0.35 + 0.47(Re,,)"?] (9-4.2)

103

Where better accuracy is required, the anemometer sys-
tem must be calibrated under flowing conditions as
nearly duplicating the performance test conditions as
possible. The calibrating flow must be exceptionally free
from turbulence to obtain a good mean velocity cali-
bration.

9-4.5 Laser Doppler Velocimeters

Laser Doppler velocimetry (LDV) techniques may be
used to measure flow velocities at the specified traverse
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locatiops. Becatisé of the expense and complexities of
this mpasutement system, the velocities are observed
sequentially at each point in the traverse. Consequently,

Fig. 9-4.2 Cole Reversible Pitometer Structural Reinforcements
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Cole Reversible Pitometer

seeded with particles to this end. Currently, therq is
not an accurate method intrinsic to the laser system [for

locating the focal point of the light beams; therefore |an

the conditions ol para. 9-5.0 apply to this technique.
There must be at least one window in the conduit for
the light beam to enter and the velocity to be observed
in the back scatter mode. The forward scatter mode
yields a stronger signal, and for this technique another
window must be added somewhere on the opposite side
of the conduit. The fluid, of course, must be reasonably
transparent. The fluid must have a sufficient density of
particles that follow the flow and reflect light so that
an adequate signal may be obtained. The flow is often
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independent mechanical device must be used to locate
each measurement point of the traverse upon which the
light beams are focused. Two such techniques have been
used successfully: a grid of crossed wires and a remov-
able probe that is positioned from outside the conduit.
In this latter case, the crossed beam is focused on the
point of the probe, the probe is removed and the velocity
is measured, and then the procedure is repeated at the
next traverse location.
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Oscilloscope trace of fluid
velocity versus time (output
of signal processor)
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T

Particles moving
with fluid

D-4.5.1 LDV System Description. A dual, crossed-
bepm LDV system is recommended for most applica-
tions. Figure 9-4.5.1 shows the arrangement of the basic
components for a typical complete velocity measure-
mgnt system. Helium-neon types can be used in applica-
tions where low power will suffice, and argon-ion types
arg often used where more power is required to pene-
trate the fluid. The laser provides a source of collimated
anfl coherent light. The beam splitter separates the colli-
mgted beam into two parts of equal intensity. The focus-
ing lens both focuses the two beams and causes them
to fross at the measuring point. The crossed beants form
a Yery small ellipsoid of light in which an interference
pajtern of light and dark lines is formed.normal to the
plgne of crossing. When a particle passes through this
frihge pattern, it reflects a frequency, proportional to its
velocity. The collecting optics foetis*this reflected light
onfo the photodetector, whichtransduces it to an electri-
cal signal for the signal progessot. The filtered frequency
signal is subsequently converted statistically into a read-
ing of mean velocity, ¥ms Velocity, velocity distribution,
anfl so on.

For each application, the measurement system must
beloptimized, butfor air and water flow these techniques
ar¢ well established. The major system requirements are
a) particles that are small enough to follow the flow
acgelerations but also large enough to reflect the light

H provide an adeauate signal
an
T T o]

Photodetector

Fig. 9-4.5.1 Laser Doppler Velocimeter System

Signal processor

9-4.5.2 LDV System Calibration. A rotating wheel
whose dimensions and speed are also measur¢d pro-
vides a conwvenient and accurate method of caliprating
the entire hDV system from input to output. Sufh cali-
bratioris/shiould be performed at several locationks in the
cros$ed-beam sensing volume to measure any vafiations
within.

An accurate measurement of the beam-crossifg half-
angle k also provides a calibration if there are no|distor-
tions from the optics. The fringe spacing drdepends only
on k and the wavelength of the laser light, usuallylknown
within 0.01%.

_ wavelength
dr = 2 sin k (9-4.3)
uy = def (9-4.4)
This LDV system senses only one component of the

velocity vector. A second component can be mgasured
by rotating the optics, but to sense all three components
of the fluid velocity another LDV system mjust be
installed at a different angle to the flow.

9-5 FLOW MEASUREMENT PROCEDURES

9-5.1 Flow Measurement by Pitot Rake

A Pitot rake is a battery of plane-ended total pressure

(b) laser, optics, and the photodetector that are
selected to provide an optimum signal-to-noise ratio.

(c) asignal processor that extracts the statistical infor-
mation from the photodetector and converts it to a mean
velocity.

(d) a data processor that can store and average the
histogram built up from intermittent signals, since the
flows of interest often have a low density of suspended
particles.

tubes arranged along two or three pipe diameters as
shown in Figs. 9-2.1, 9-5.1-1, and 9-5.1-2. This is the
traditional primary method of all the recommended tra-
verse methods of flow measurement for ASME perform-
ance tests. The radial spacing of the total pressure holes
is specified in Tables 9-2.1-1 through 9-2.1-3, correspond-
ing to the numerical integration method selected for the
test. All total pressure openings are to be coplanar. Four
static pressure taps are to be made in the conduit wall
in the same plane as the total pressure taps, if possible;
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Impact Pressure Tubes

Fig. 9-5.1-2 Impact Pressure Tube Rake
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if not, a correction for the pipe friction pressure loss
shall be made to the data and the blockage correction
altered, as described in para. 9-6.1. No static tap shall
be located in either the top of a round pipe (because air
bubbles may enter the manometer lines) or the bottom
(because of the likelihood of particles clogging these
sensing lines). A reference total pressure measurement
shall be made at the center to satisfy paras. 9-3(b) and

ASME PTC 19.5-2004

9-5.5 Velocity Traverse — Moveable Sensor

Flow measurement by velocity traverse may be made
by moving the sensor to the locations specified in para.
9-2. Using this method, the flow must remain steady
throughout the period required to complete the traverse.
The steadiness of the flow shall be monitored by a fixed
sensor in the center of the conduit. An additional uncer-
tainty accrues because of the observation period; this

9-7-5—Fach—staticand—totalpresstre—tap—is—connected
separately to one leg of a differential pressure manome-
ter} or other agreed and calibrated transducer, through
a get of ganged stopcocks, so that all may be isolated
frgm the flow simultaneously for reading. Closure of the
stqpcocks shall not change the pressure measurement by
mgre than 0.04 in. or 1 mm H,O.

9-5.2 Pressure-Sensing Lines

ressure-sensing lines shall be of noncorrosive mate-

and not less than % in. or 6 mm inside diameter.
ese lines must be free from leaks and shall be installed
avoid air entrapment in the connections. The lines
H the manometers shall be protected from thermal
irces such as direct sunlight, exhaust air from heat
fhangers, or drafts.

ri
Th
to
an
SO
ex

9-5.3 Required Resolution and Density

Determination

[0 maintain 1% accuracy, manometer deflections shall
at least 2 in. or 50 mm. If a manometer fluid other
n water or mercury is used, its density shall be mea-
Fed in situ.

be
tha
su

O
[}

b.4 Required Number of Readings

Manometers have been the primdry differential pres-
‘e measurement standard and are recommended for
p. ASME PTC 19.2 describes their application to these
asurements and shall bé used for reference.

Differential pressure tfansducers of at least equivalent
furacy may be used provided they are calibrated
ore and after the'test in accordance with ASME PTC
2. Their uncertainties shall be evaluated according to
ME PTC 19.1” Manometer readings may be taken
ually ow/by suitable photographic means. Ten to
enty-Observations shall be recorded at each station at
herate at uniform time intervals to cover at least

su
us
mg

ac
be
19

AS
vi

tw]
ea

tw
variations. Each manometer reading yields one observed
velocity given by

v =CQ5p/p"? (9-5.1)

where
C = 1.000 for a plane-ended total pressure tube
v; = at the i station, mean of the specified number
of readings in Eq. (9-1.1).
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shall be estimated as a random uncertainty usjng the
flow variation data from the fixed sensor(during the
period of the velocity traverse.

9-6 FLOW COMPUTATION

The arithmetic mean of the.observed velocitie
differential pressures — at€ach measuring stati
be calculated. All corrections shall be include
calibration coefficient.ahd’blockage or stem and
interference corrections). The flow is computed by
numerical integration (a finite summation) of these
velocity data asyan approximation to the integrafl of the
velocity profile over the area.

—not
n shall
d (e.g.,
mutual

9-6.1 Blockage Correction for Static Taps Upst
of Pitot Tubes

The pitot tube support structure must be stiff
so that the effect of sensor vibration on all flow Y
measurements is negligible. The presence of th
porting structure causes a reduction in the ol
static pressures without changing the total presst
observed flow measurement must be corrected [
according to Eq. (9-6.1) to account for this blg
The blockage factor K; directly follows in which
frontal area of the support structure, x is the d
between the static pressure taps and the sup
structure, and A is the conduit flow area. (The fa|
below has an uncertainty of +0.05.)

Feam

bnough
relocity
is sup-
served
re. The
educed
ckage].
S is the
istance
porting
ctor 0.7

8pactual = (1 - O~7Ks/s)6pmeas (9-61)
where
K = 1.0226 — 0.9948x/A — 0.8723(X/A)2 +1.223( A)S

9-6.2 Blockage Correction for Current and Propeller
Meters

There is a blockage correction that must be applied
to the flow measurement, which is caused by the installa-
tion of the measurement system. The traverse array of
meters reduces the flow area in the measurement section,
which in turn causes the flow velocities there to increase.
The flow measurement must be corrected using Eq.
(9-6.2).

Q = [1-0.125 (S/A) — 0.03%; (S,,/A)]Qm (9-6.2)

where the frontal area of each meter is S,, = 77,2
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9-6.3 Flow Computation in Pipes

n

Qn = 2’7F7’V(1’)d1’ =A [

w,-Vl]
i=1
The log-linear method uses equal weighting factors
as shown in Table 9-2.1-3, but the Gauss and Tchebycheff
methods specify a unique set of weighting factors w;
given inTables 9-2 1-1 and 9-2 1-2 The summation aver

(9-6.3)

FLOW MEASUREMENT

X X X
X X X
X X X

each rddius of the pipe will give a separate estimate of
the totql flow. The arithmetic mean of each of these flows
Q,, shall be the computed total flow. The differences
betwedn each of these estimates will give an indication
of asymmetry in the velocity profile and/or the degree of
approXimation in the numerical integration technique.

Plotfing the observed velocity profiles is highly rec-
ommended to check the degree of asymmetry in the
flow ptofile and whether it is reasonable to expect such
a profile in the subject installation. A sample graphical
integration and summation are recommended to assess
the valfdity of the numerical integration procedure and
elimingte mistakes.

9-6.4

An €
end of

Example of Pipe Flow Computation

xample of pipe flow computation is given at the
this Section.

9-6.5

Nunjerical integration of the flow in conduits of rect-
anguldr cross-section is a two-dimensional problem:
using ¢oordinates y and z along the height and width
of the [duct. The only methods recommended are the
Gauss pnd Tchebycheff spacings and weighting factors
given in Tables 9-2.2-1 and 9-2.2-2. No other-published
techniques approach the numerical acturacy of these

Flow Computation in Rectangular Ducts

Fig. 9-6.5 Velocity Traverse
Measurement Loci for a 3 x 3 Array,

This simply has the effect of changing-the’lower lifnit
of integration to -1 and the upper one to,¥1. Performing
this transformation and calculating the numerical irjte-
gration leads to

w/2 1 n
F(Z2)dZ = (w/2) ~f@ix = w/2) wif(x) + R,
=1 1

n=

—w/2

(9-6|7a)
and
hf2 1 m
L GO = (/D) dy = (1/2) _ujs(y) + R
- _ j=
(9-6/7b)

where R, and R,, denote the remainder or numerical
error involved in truncating the series at n and m tergns,
the consequence of making n measurements across the
width and m measurements over the height for a tqtal
of n X m velocity measurements in the traverse pattgrn.

The numerical approximation to the integral of the
velocity profile, which gives the total flow, becomesg

n m

two. The velocity is represented by aproduct function. Q = (wh/4) wiftx) uigly) (9-p.8)
V(Y, Z) = F(DGY) (9-6.4) This is the product of two finite series, term by tem.
Note also that f(x;)g(y;) = Vj;, the velocity observed at
and the differential area is’dA"= dYdZ. the 7, j designated point in the traverse, as defined| in
As With circular conduits, the total flow is the integral =~ Tables 9-2.2-1 and 9-2.2-2 and shown by example| in
of the yelocity over thé-area. Fig. 9-6.5. The given spacing provides lines across the
rectangular cross-section in both the width and the
w2 W2 height. The velocity sensors are placed at the intersectfon
Q = AW, 2dA = w2 2 FZ)GY)AYdZ  (9-65)  f these lines. For instance, f(x2)g(y1) = Va1, where nl =
m = 3 as follows:
Sinc¢ F@nd G are functions only of independent vari-
ables, the integration may be performed independently Q= wh/&(Win Vi + willyVay + WikizVis
and the results multiplied. To align the actual physical + Wall Vo + Wty Vi + Wali3Vs (9-6.9)

dimensions of the duct with the values presented in
Tables 9-2.2-1 and 9-2.2-2, the dimensions are normal-
ized as ratios to the half-height and half-width of the
conduit.

x = 2Z/w and dx = 2dZ/w

y =2Y/hand dy = 2dY/h (9-6.6)
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+ Wi Vi + Wity Vap + wsti3Vss)

This format appears similar to a matrix, butitis simply
the sum of terms over the indices of velocity measure-
ment loci. Note that the loci in Tables 9-2.2-1 and 9-2.2-
2 are given as proportions of the half-width and half-
height and that the weighting factors are symmetric
about the origin, which is the center of the duct. For the
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uncertainty of these physical dimensions was estimated
to be +£0.025 in., and repeated measurements were found
to range +0.03 in. The flow area was the height times
the width minus the two rounded corners minus the
six probe circles. (It is good practice to perform the
uncertainty analysis simultaneously with the instrumen-
tation and test design.) To determine the random effect
on the flow area, it was necessary to use the range of

.30

——°

Fig. 9-7.1 Inlet Duct
With Pitot-Static Rake Installed

2.20 radius

odd values of n and m, the velocity must be measured
in [the center to compute the flow. For even values of n
anf m, this observation shall be obtained to evaluate
skewness of the velocity profile and also to monitor'the
tenporal steadiness of the flow during the period of
regding the sensors and/or moving them between mea-
sufement stations.

f EXAMPLE OF FLOW COMPUTATION IN A

RECTANGULAR DUCT

[his example treats the measurement of air flow to
engine of an aircraft in\flight. This is one of a series
bimilar measurements relating to the engine perform-
be /inlet-airframe integration tests. Because there was
a limit on the nuniber of telemetering channels, only six
m¢asurement (loci were available. Operational con-
strpints prevented drilling static pressure taps into the
sidewallstef.the inlet duct; therefore, ASME Pitot-static
probes were selected for this test. These were fabricated
frdnd %-in. o.d. stainless steel tubing in accordance with

kit

thd
of

an

=

dimensions—te—caletdate—an—eqtivalent—randeny uncer-
tainty from Table 2.1 in ASME PTC 19.1. For foutsamples
of six readings each, d2 = 2.57 and the\equjvalent
degrees of freedom are 18.1. This proyides to; = 2.1,

s = o = 0.03/257
tgss

0.0116 in.
+0.025 in.

9-7.1)

e, both
about

This happens to equal the bias‘estimate; therefo}
components of the flow area uncertainty are
+0.16%.

9-7.2 Traverse Pattern Selection

Since only a few sensors could be employed, Gaussian
integration{spacing was selected because it provides the
least errdr in the calculation of the total flow. THe mea-
surement locations were taken from Table 9-2[2-1 for
n ='2and n = 3. Across the width they are lodated at
+0.5773 times the half-width from the center. Actoss the
height they are located at the centerline and at $#0.7746
times the half-height. This places the lines of intefjsection
at +8.529 in. from the centerline in width (6.245 ih. from
the sidewall), +9.990 in. from the centerline in| height
(6.666 in. from the top and bottom), and at the cefterline
(16.65 in. from the top).

9-7.3 Blockage Correction

The Pitot-static array was fastened to the inl¢t walls
by a welded bracket whose frontal projection was 1.00
in. X 26.50 in., one on each side as shown in Fig. 9-7.1.
Each velocity probe was supported by an aerodynami-
cally shaped spar whose frontal projection m¢asured
0.50 in. thick X 5.25 in. long. The structure gn each
side resembled a rake, hence the name Pitot rake. The
blockage correction factor is calculated using Eq(9-6.1).
Terms required for this equation are the following:

Flow area, A = 981.64 in.?

Fig9-2"These probes were b in. in length before the
bend and their side supports were aerodynamic shapes
for stiffening without interfering with the flow to the
engine any more than necessary.

9-7.1 Flow Area

The flow area of the inlet is shown in Fig. 9-7.1 with
the dimensions in inches. It was measured at 39°F by
taking six readings of the height and width at four sta-
tions each, for a total of 48 measurements. The bias
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otdtlC Noles to sStelin, X = 4.U 1I1.
x/JA = 01277
K, = 0.8839

[1 - 0.7(0.8839)(68.75/981.64)]
0.9566 = 0.0032

Blockage correction factor
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Table 9-7.4 Table 9-7.6 Test Data Summary
Transducer Calibration Linearized Calibration Data X -
Bias (drift) o

No. a b 6, % Station v, ft/sec mV % mV %
1 -0.0235 9.93 0.08 1 374.9 4 0.7 6 1.05
2 0.0158 9.98 0.12 2 337.4 6 1.05 10 1.75
3 -0.0057 9.94 0.07 3 377.9 3 0.52 12 2.09
4 0.0254 10.03 0.18 4 332.6 1 017 8 1.40

5 385.1 10 1.75 15 2.62
5 0.0095 10.01 0.10 6 365.8 8 1.40 12 2.09
6 -0.0112 9.96 0.11

air density (ICAO Tables) = 0.001267 slug/ft>

OAT = -22.5°C
pressure = 13.86 in. Hg

All dlifferential pressures observed must be post-
multiplied by this factor to arrive at the true, raw data
on diffprential pressure.

9-7.4 [ransducer Calibration

Six differential pressure transducers were used in the
flight test. Each was calibrated in the laboratory before
installdtion in the aircraft against a water manometer.
Each hiad a calibration curve fit given in the following
form:
8p = a + b (voltage output) 9-7.2)

Eighteen observations were made for each curve,
ascendjng and descending in pressure. The voltage was
measufed with a laboratory-quality, calibrated DVM,
the largest error of which was reported 0.02% of reading.
Each trainsducer had a random variation about this linear
graph, |as given in Table 9-7.4.

It wgs found during flight tests that these transdticers
would|drift slowly throughout the day. Their constant
a was hot, in fact, constant. The slope b was 40 times
more donstant than 2 and was taken«to'\be essentially
constaft in the data processing. In_donducting the test,
the a was adjusted during preflight as close as possible
to zero|(+0.003 V) with the engines off. At the conclusion
of the flight test, the transducer output was again mea-
sured fo determine the dxift. This drift was by far the
largestfcomponent uncertdinty in the pressure measure-
ment; {t was classified as a + bias uncertainty with the
value ¢f one-halfsthe drift from startup to shutdown.

9-7.5 Flight-Testing and Data Processing

The puipose of the flight test program was to measure

Since it is the time-average velocity data that arg of
interest, the voltage outputs by thie.transducers were pot
averaged. Rather, each of the 6:X 60 data were used to
calculate the air velocities, and then these were averaged
to give the true mean velogity for that period as folloyvs:

(a) The average of the-pre- and postflight values ¢f a
were used in the calibration equations for each trahs-
ducer giving the pressure for each datum in psi.

(b) Each ptessure was corrected for the blockage| as
determined\by para. 9-7.3 and Eq. (9-6.1).

(c) Eachrvelocity was computed using Bernoulfi’s
equation-as follows:

v = [28p(144)/ p]*° (psi ft*/slug)®® (9-7.3)

(d) The temporal mean velocity was calculated [for
each station as well as its variance.
(e) The air temperature and pressure did not vary
during the 1-min period.

9-7.6 Typical Set of Test Data

In the following instance, the aircraft was in leyel
flight at 20,000 ft msl at 214 kts. true air speed (measufed
from ground stations) and at 5 deg of steady sidedlip
to port (measured by onboard instrumentation). This
flight condition was maintained for 2 min. Data acqujsi-
tion was initiated by the pilot when he was satisfled
that conditions were steady. The data are shown in Taple
9-7.6.

This velocity profile shows a pronounced skewnpss
on the outboard side of the inlet, plausibly resulting
from the steady sideslip. A graphical plot of the profile
was made to give an indication of the flow distributjon

and reasonableness The flawur vazas computed using he
O

the velocity prolile mn the intake at various air speeds,
altitudes, and attitudes and to measure the total air flow
to the engine as well. Only the starboard engine nacelle
was instrumented, and damage to the engine from the
Pitot rake coming loose was a major safety-of-flight con-
cern. Flight data were logged once per second for a 1-
min period using the on-board eight-channel recorder.
The other two channels recorded the outside air temper-
ature and the pressure altitude. These data were pro-
cessed after the flight.

r
method shown in para. 9-6.5 with the weights for n =
2 and n = 3 in Table 9-2.2-1.

Q

w1u1V1 + wzu2V2 + ZU3M3V3

+ wauyVy + wsusVs + wettgVe

(0.55555)(1)(374.9) + (0.55555)(1)(337.4)

+ (0.88888)(1)(377.9) + (0.88888)(1)(332.6)
+ (0.55555)(1)(385.1) + (0.55555)(1)(365.8)
= 1444 4 ft3/sec

(9-7.4)
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Multiply this by A/4,
Q = 1444.4(6.817/4) = 2461.6 ft3/sec

The average velocity Q/A = 361.1 ft/sec; whereas
the mean of the velocities is 362.3 ft/sec, which is 0.32%
too high.

9-7.7 Error and/or Uncertainty Analysis

ASME PTC 19.5-2004

Table 9-7.7-1
Numerical Error Analysis for Gaussian Model Flow

here are two major bias uncertainties in any numeri-
cal integration method using an array of sensors. The
firgt is the fact that the entire array might be displaced
frdgm where it should be — that is, it is not centered in
th¢ duct. The second is the truncation inaccuracy caused
by| making a finite number of measurements to infer
the entire flow field. This installation dictated a limited
ber of sensors, fewer than is usually recommended.
Stifl, the numerical error turned out to be negligible —
0.J08% low.

[he clearest and easiest way to estimate these effects
is o model the observed velocity profile with an analytic
onfe, which can be integrated analytically and from
which the velocity values can be calculated for use with
the¢ selected (Gaussian) numerical integration technique
(for comparison). In this case, a suitable velocity pro-
filg is

V = 360 + 12.18x + 10.81y

—1.231 ft < x < 1.231 ft and
—-1.387 ft <y < 1.387 ft

(9-75)

Q Vdxdy = 360dx + 1218 xdx + 1081 ydx

(9-7.6)

br x yields 360x + 12.18x%/2 + 10:81yx — 1.231%%
Next, evaluating at the limits~and then integrating
th respect to y,

oV
Wi

Q

886.32dy(+ ) 26.61 ydy

[886.321 26.62%/2 — 1.387] %%
245865 + 0 f£3/sec

Thiis becomes:the true value for comparison and analy-
sis} The mddél flow area is a rectangle of 6.829 ft*.

[heGaussian integration calculations of the numeri-
cal vahie for this model flow are shown in Table 9-7.7-

Xi Yi Wyi Wy Vi Q;
-0.7107 1.0747 1 0.555 555 362.9611 201.6450
0.7107 1.0747 1 0.555555 380.2738 211.2632
-0.7107 0 1 0.888 888 351.3436 312.3054
0.7107 0 1 0.888 888 368.6563 327.6945
-0.7107 -1.0747 1 0.555555  339.7261 _ 188.736 7
0.7107 -1.0747 1 0.555 555 357.038 8, /1P8.354 8
sum| =+1 489.999
bias = -0.000 08
Qut = 2458.439 ft’/sec
as complicated as a cubic equation and yet be [exactly
calculated. Likewise, with three measurements ih the y-
direction, any velocity,ptefile that can be repré¢sented
adequately using a fifth degree polynomial willjalso be

calculated exactly;;Ie power of the Gaussian quadra-
ture, and the Tehbeycheff as well, comes from the fact
that these use twice as many parameters to fit the data
than the othier commonly known integration mpthods,
such ds’Simpson’s one-third rule and equ#l area
methods.

The better approach is to take the measured yelocity
profile and electronically fit it best in a least-jquares
sense in one of two recommended forms:

Vix, y) = F(x)G(y)
or
V(x, y) = Vinean + F(x) + G(y)

if the variation from the mean is not too great. If an
adequate fit for the purposes of the test is obtainef using
a polynomial of degree 2n — 1 or less, where # is the
number of measuring stations each in x and y dirgctions,
then the Gaussian method will add no unceftainty
chargeable to numerical integration. If higher|degree
polynomials are required to fit the data, then thege func-
tions can be integrated analytically to compute the flow
through the area and that result compared to the value
given by the Gaussian method to estimate the| uncer-
tainty charged to the numerical integration.

If the Pitot rake were installed in the worst dase, all
x and y dimensions would be in error by 0.060 [in. The

1, giving a value that 15 U.008% Iow. This error is nothing
more than -1 significant figure in the velocity profile
[Eq. (9-7.5)]. This example problem is a (too) simple
example illustrating the Gaussian quadrature, because
it has been shown [1] that, for # points in the traverse,
the Gaussian method returns the exact value for the
integral for velocity profile functions that are of degree
2n — 1 or less. In this particular example, there are two
measurements in the x-direction, so that the x-compo-
nent of the two-dimensional velocity profile could be

111

€ffects of measuring the velocities in the wrong place and
calculating with the same weighting factors are shown in
Table 9-7.7-2. This causes a bias uncertainty of 0.032%.
Since these misalignments could be in either direction,
these are symmetric biases.

(a) Thermal Contraction Effects. The inlet duct was mea-
sured on the ground at 39°F; the flow measurement took
place at —22°C. The flow area was obviously smaller
under the flowing conditions. The range of linear ther-
mal expansion coefficients was found to be 22 to 30 X
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Table 9-7.7-2
Effect of 0.060-in. Misalignment on Gauss Flow

FLOW MEASUREMENT

(c) Temperature Measurement Uncertainty. The aircraft
temperature probe was certified accurate to within +2°F;
this implies an error in the measured density of +0.31%.

Xi Vi Wyi Wy Vi Q; . .. . .
(d) Sensitivity Coefficients. Since the velocity is calcu-
-0.7057 1.0797 1  0.555555 363.0761 201.708 9 lated from Bernoulli’s equation and the pressure, den-
07157 1.0797 1 0555555 380.3887 2113270 ity and blockage factor all appear under the square
_8;2; 8‘882 1 g'ggg 222 ;Zé;;?g g;i?ggg root, the sensitivity of these uncertainties is one-half.
' ’ ' ’ ’ The uncertainty of the coefficient of the Pitot-static probe
~0.705 —1.060 7 1 0.555 555 339.841 1 188.800 6 ts uco}ioi]ulc, aud ﬂlc ocuoiﬁvit)/ Uf ﬂlc ﬂ\,.vvv cu.ca TSt ty
07151 -1.0697 1  0.555555 357.1537 198.4187 See Table 9-7.7-3 for the effect of uncertainty in pressfire
sum = 1 440.459 measurements.
) o ) The calibration data bias and random effects|are negli-
bias & -0.000 319 caused by 0.60 in. misalignment in x and . . .- b
N gible compared to the test data. Applying the sensitivjity
Qui £ 2 459.224 ft3/sec factor of one-half, the aggregate effect of the pressyire
transducer errors in the rake on uncertainty of the tqtal
flow becomes +0.417% bias and.£0.9118% random (¢ne
6 ; .Tabl.e 9-7.7-3 standard deviation). The combified effects of all under-
Effet of Uncertainty in Pressure Measurements tainties on the total flow measurement are summarized
Probe Weight Bias, % Random, % in Table 9-7.7-4, in which-the random uncertainties have
been normalized to thatexpected if more than 30 obger-
; gggg ;2 i 2(7)5 z i 1(7)2 vations had been made.
3 0.888 83 % 0.52 & X 511 The combined, uncertainties then become, according
4 0.88888 X 017  &x 1.40 to ASME PTC15.1,
5 0.555 55 X 1.75 & X 2.62 tgs = +1.93% (covers 95% of the data)
6 0.555 55 X 1.40 & X
Ho4a = +2.41% (covers all but about 1% of the data)
Weighfed sum/4 3.335%/4 7.294%/ 4
It is permissible to ignore component uncertainties
smaller than one-fifth of the largest one. To improve the
Table 9-7.7-4 Summary of Uncertainty Analysis test results, Table 9-7.7-4 shows the need for more staple
- pressure transducers and better temperature measire-
Bias effect on Q,  Random effedt on Q .
dource % % ment. Then the total uncertainty could be brought dopwn
to about 1.25%. The random variations in the flow pre
Flow arep A 0.16 0716 believed to reflect the actual fluid dynamics, and, thgre-
p meagurements 0.417 0.912 fore, the random component of 3, cannot be improyed
Rake blgckage 0.16 much
Density, [tabular 0.08 ’
Density, jlemperature 0.3/ 9-8 SOURCES OF FLUID AND MATERIAL DATA
Numerichl Integration 0-008

[1] Gerald, C. E; Wheatley, P. O. Applied Numerical Anqly-

Root-surp-square V-56% £1.85% (20) sis, 4th edition. Reading, MA: Addison Wesley Pyib-
lishing Co.; 1968.

[2] Abramowitz, M.; Stegun, I. A. Handbook of Mathem§iti-
10°/°Q from ke Handbook of Chemistry & Physics, cal Functions with Formulas, Graphs, and Mathematjcal
Chemifal Publishing Co. Note there is an uncertainty Tables, Chapter 25, NBS Applied Mathematics Setfies
stemmjng,from different reported values, which often 55. Washington, DC: Superintendent of Documents,

occurs - 7
in this case, the overall change in area was negligible
(4.3 x 10° f2).

(b) Air Density From Different Sources. There was found
to be an uncertainty of 0.08% in the reported air data
from two sources: The ICAO Standard Atmosphere, U.S.
Government Printing Office, 1962 compared to the Com-
pressed Air & Gas Data, Ingersoll-Rand, 1971, p. 34-121.
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[3] Keyser, D. R. Laser Flow Measurement. Journal of
Engineering Power paper 77-WA/FM-2, 1978.

[4] Bean, H. S., ed. Fluid Meters: Their Theory and Applica-
tion, 6th edition. New York: The American Society of
Mechanical Engineers; 1971.

[5] Handbook of Chemistry & Physics, Chemical Publsih-
ing Co.
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Section 10
Ultrasonic Flow Meters

10-1 SCOPE (d) a common set of terminology, symbols, |defini-

[his Section applies to ultrasonic flow meters that tions, and specifications
bage their operation on the measurement of transit times 10-2.2 Definitions
of [acoustic s'1gnals. Furthermore, this Section is only Terminology and symbols used i this Section| except
cofhcerned with the use of such meters to measure the ; . .

. .. . for those defined below, are in accerdance withl ASME
vollumetric flow of a liquid exhibiting homogenous PIC 2
acpustic properties, flowing in a completely filled and s
cldsed conduit. (a) Terminology

Not covered by this Section are ultrasonic flow meters acoustic path: the path that the acoustic signals fdllow as
thqt derive volumetric flow measurement from the devi- ~ they propagate through the measurement gection
ation, Doppler scattering, or statistical correlation of ~ between the transducer pairs.
acpustic signals. Other travel time-based meter types  gyial flow velocity: the component of liquid flow Yelocity
(phase-shift, sing-around, including clamp-on trans-  at a point irf the measurement section that is pafallel to
dufer meters) may find application in some paragraphs  the measfitement section’s axis in the directior{ of the
below; however, they are not specifically included in  flow béing measured.
this Section. crosssflow velocity: the component of liquid flow Yelocity

at a'point in the measurement section that is perp¢ndicu-
10-2 APPLICATIONS lar to the measurement section’s axis.

Differential travel time acoustic flow meters are used™ dry calibration: calibration of the flow meter Without
in p wide variety of applications, with both factory-built ~ using transfer flow rate measurement standardp. Cali-
sppol pieces with integral transducer mounts in the 1-4-  bration consists of an exact determination of gipeline
ft Hiameter range and, in larger pipes, field-installed  diameter, path lengths, angles, and locations in the pipe-
transducers in the 3 ft and larger size rangg. line cross-section.

ultiple-path systems are used where high accuracy  yeqsurement section: the section of conduit in which the
is [required, such as for acceptance testing of pumps  yolumetric flow rate is sensed by the acoustic pignals.
anfl turbines and in custody-transfer applications. An The measurement section is bounded at both ¢nds by
adyantage of multiple-path meters is that they can be  planes perpendicular to the axis of the sectipn and
dry-calibrated in the field by making physical measure-  Jocated at the extreme upstream and downstream trans-
mgnts in the meter section. This is particularly important gy cer positions.
when larger sizes are requited, because field calibration ) ) . . .
of fhese large meters S \ekpensive, time-consuming, and nonrefractzye system: an ultrasom.c fl(?w meter in which
difficult. the acoustic path crosses the solid/liquid interface at a

bingle-path systems are mainly used where accuracy right angle.

is less important and low cost is requjred. Such app]jca- refmctive system: an ultrasonic flow meter in wHich the
tions include’smaller pipes for water, waste water, and acoustic path crosses the solid/liquid interface 3t other
in than a right angle.
tionsare w secondary flow: a flow with streamlines that are nof paral-

10-2.1 Purpose

This Section provides

(a) adescription of the operating principles employed
by the ultrasonic flow meters covered in this Section

(b) a description of typical applications and accura-
cies achieved

(c) a description of error sources and performance
verification procedures

113

el to the conduit walls.

transducer: the combination of the transducer element
and passive materials.

transducer element: an active component that produces
either acoustic output in response to an electric stimulus
and/or an electric output in response to an acoustic
stimulus.

transit time: the time required for an acoustic signal to
traverse an acoustic path.
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velocity profile correction factor: a dimensionless factor
based on the measured or estimated velocity profile
used to adjust the meter output. This factor is necessary
for some types of multiple-path numerical integration
methods; it is also used for meter factor adjustment for
single-path diametrical flow meters. Also, it is used to
adjust the meter output to agree with wet calibration
results.

FLOW MEASUREMENT

Upstream
transducer
element

71

71
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7 I

/ |

|

|

NN

(b) S}’lll}JU}D
A = the average cross-sectional area of
the measurement section, L,
C, C, = velocity of sound in water, plastic,
and so on
Caowhs Cor Cup = velocity of sound average (at rest),
upstream, downstream

Q = the volumetric flow rate in the mea-
surement section, L3/ T
S = velocity profile correction factor
V.x = the average axial flow velocity
along acoustic path 7, L/t
W; = aweighting factor for acoustic path

i that depends on measurement sec-
tion geometry and acoustic path
location (dimensionless)

n = the number of acoustic paths

s = velocity profile correction factor S

transit time

10-3 (FLOW METER DESCRIPTION

The [transit time ultrasonic flow meter describéd-in
this Seftion is a complete system composed of the pri-
mary device, which is a measurement section\with one
or morg pairs of transducers, and the secondary device,
which [is the electronic equipment necessary to operate
the transducers, make the measurements, process the
data, apd display or record results.

10-3.1| Operating Principles

10-3}1.1 Introduction. ‘At’any given instant, the dif-
ferencqd between the apparent speed of sound in a mov-
ing liqhid and the speed of sound in that same liquid at
rest is dlirectly proportional to the liquid’s instantaneous
velocity. As a\Consequence, a measure of the average
velocity ofthe liquid along a path can be obtained by
transmiitting an acoustic pulse along the path and subse-

|
Downstream
transducer
element
|

|

|

: Measurement
section

Fig. 10-3.1.2 Wetted Transducer Configuration

The theory béhind these concepts is the subject of this
paragraph.

10-3.1:2. Fluid Velocity Measurement. Several tefh-
niques‘can be used to obtain a measurement of the avier-
age-etfective speed of propagation of an acoustic pylse
in'a moving liquid to determine the average axial flow
velocity V,, along an acoustic path. This Sectjon
addresses the most popular method called transit time
difference, although other methods are mathematicglly
similar.

The basis of this technique is the direct measurempnt
of the transit time of acoustic signals as they propagpte
between a transmitter and a receiver, both of which pre
in direct contact with the liquid. Different transmitt¢r/
receiver arrangements are described in para. 10-3.].3.
For an acoustic signal traveling upstream, the apparpnt
sound speed at any point along the line of transmissipn,
assuming only axial flow, is

ax

Vv 2
1- (—) sin? @ — Ve cos 8 (10-B.1)

G

where C, is the speed of sound in the liquid at rest, »
is the angle between the acoustic path and V,,, and |V,
is the axial flow velocity at the point in question (pee

quently measuring 1ts transit time.

The volumetric flow of a liquid flowing in a com-
pletely filled and closed conduit is defined as the average
velocity (averaged over a cross-section) multiplied by
the area of the cross-section. Thus, by measuring the
velocity profile to determine the average velocity of a
liquid along one or more acoustic paths and combining
the measurements with knowledge of the cross-sectional
area, it is possible to obtain an estimate of the volumetric
flow of the liquid through the conduit.

F1g. 10-3.1.2). For a downstream pulse,

ax

\% 2
1- (F) sin? 0+ V cos 6 (10-3.2)

Caown = G,

0

In the ideal case of a uniform velocity profile, V,, is
constant throughout the liquid and the acoustic path is
a straight line [i.e., » = constant = 7, (path angle for
fluid at rest)]. Consequently, C,, and Cyown are both
constants along the acoustic path. In this case, the
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upstream and downstream transit times (tup, fqown) are
given respectively by

L

(10-3.3)
_ Vix 2 _
C, /1 N sin® 6, — V,, cos 6,

0

and

ASME PTC 19.5-2004

Intervening
material

lo

tdown =
Vzlx .2
C, [1- R sin® 6, + V,, cos 6,
0

where [, is the straight-line distance between the centers
of [the faces of the acoustic transmitter and receiver.
Taking the difference between the reciprocals of these
transit times leads to

(10-3.4)

1 1 2V, cos 6,

tdown - E h lu

anfl, on rearranging, to

V. = I, 11
M7 20086, \tiown  tu
L At

2¢086p tup tdown

where
At|= tup = tdown

Sinmce V,, is constant, V,, = V,, (the average, flow
velocity).

[his analysis becomes more complidated in the
abgence of a uniform velocity profile. Nevertheless, to
the degree that (V,,/ C,)?max: << 1, the result for the aver-
age of the axial liquid velocity aleng the acoustic path
(V},) is identical, i.e.,

—_— I, At
7 2c088, typ taown

(10-3.5)

10-3.1.3 Transducer Considerations. In the preceding
pafagraph, it was@ssumed that the transducer element
wds in direct centact with the liquid and that the acoustic
signal was¢propagated normal to the transducer/liquid
inflerface. In"most cases, it is desirable to protect the
transducer element from the process liquid by using
inferVening materials (see Figs. 10-3.1.3-1 and 10-3.1.3-

Fig. 10-3.1.3-1 Protected Configuration With
Cavities

Intervening
material

Fig. 10-3.1.3-2 Protected Configuration With
Protrusions

Use of an intervening material also allows the pjossibil-
ity of acoustic signals entering and leaving thd liquid
along a path that is not normal to the solid /liquifl inter-
face. For example, the intervening material cquld be
flush with the inside surface of the conduit as|in Fig.
10-3.1.3-3. This further complicates the acoustic gnalysis
since corrections for the refraction of the acousticfsignals
at the solid/liquid interface must be introducdd also.

2). If such an arrangement is employed, Eq. (10-3.5) takes
the following form:

7o b [ 1 1 ]
~ 2 cos b, (tdown - to) (tup - to)
Lo [ At

2 cosb, | (tdown — to) —

o ta)} (10-3.6)

where f,, a function of temperature, is the transit time
of the acoustic signals through the intervening materials.

This refraction takes place according to Snell’s Law, i.e.,

sin ¢/C = sin ¢,/C, (10-3.7)
where C is the sound speed in the liquid and C, is the
sound speed in the intervening material. As a conse-
quence, nand ¢, (f,) in Eq. (10-3.6) now become functions
of the sound speeds (C, Cp), and, in general, of the tem-
perature, pressure, and composition of the process fluid
and intervening materials.


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2004.pdf

ASME PTC 19.5-2004

FLOW MEASUREMENT

Acoustic paths
b | — D Path1 O
———{ }— Path 2 —(C—
Intervening Path 3
terial
2N\ materia Path N
é \ Self-test path
ecision dela
A \ If C changes too <Lj precisi Y ] Path
" much, signal misses o
\\ transducer L—o Q: selagt
4/\(; :&5 é Dlrectlon
control
¢ \\\
—
Pre(.:ision Counter
. oscillator Stop
N Reset/start
s Data out Xfer
Fig. 10-3.1.3-3 Protected Configuration With lt,?sr; 4

Smooth Bore Dicol x Hard

dI:\?ic?g Digital processor  [<—> :;V(;;I:V
10-3.2| Estimating Volumetric Flow .
] ) . Other idput Calendar
Onc¢ the average axial flow velocity along an acoustic or alitput clock
path has been found, the volumetric flow can be calcu-

lated from the following equation:

n

Q=S8A WV, (10-3.8)
i=1

Notd
to flow

that increasing #n can reduce the sensitivity of. S
profile variations.

10-4

See |
design

IMPLEMENTATION

ig. 10-4 for acoustic flow measuzing system block

10-4.1

The
with tr
duit to

10-41.1 Measurement Section. The section of con-
duit inwhich tHe'volumetric flow is sensed by the acous-

Primary Device

primary device consists-0f a separate spool piece
hnsducers installedhor an existing section of con-
which transducers are installed in the field.

downstream transducer posmons The measurement
section is usually circular; however, it may be square,
rectangular, elliptical, or some other shape.

10-4.1.2 Transducers. The transducers transmit and
receive acoustic energy. They may be factory-mounted
or field-mounted by clamping, threading, or bonding.
Transducers may be wetted by the liquid or not. Wetted
transducers may be flush-mounted, recessed, or may
protrude into the flow stream, as shown in Figs. 10-3.1.2

116

Fig. 10-4 Acoustic Flow
Measuring System Block Design

through 10-3.1.3-3. Some nonwetted transducers may|be

removed while the line is in service.

10-4.1.3 Acoustic Paths. There may be one or m
acoustic paths in the measurement section, each hav
a pair of transducers. Common arrangements are ax
diametric, and chordal, as shown in Fig. 10-4.1.3.
also para. 10-6.2.3 for a discussion of how the num!
of acoustic paths affects installed meter accuracy.

bre
ng
jal,
bee
ber

10-4.2 Secondary Device

The secondary device consists of the electronic equ
ment required to operate the transducers, make the m|
surements, process the measured data, and display]
record the results. The secondary device should 4
contain means for automatic self-testing. These t¢
should include transmitter output power, receiver se

ip-
ba-
or
lso
sts
) Si-

10-4.2.1 Operation of Transducers. The transducers
on any given path may be excited simultaneously or
alternately with one or more transmissions in each direc-
tion. In most cases, one transducer transmits a signal
while the other receives. This is done in each direction
on each path. The acoustic frequency and pulse repeti-
tion rate may vary depending on the application.

The transducers are connected to the electronics (sec-
ondary device) by shielded cables. The cable lengths
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Single Path
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Axial

Multipath

Chordal

befween the secondary and primary devices aresan
important consideration, because longer cablesintro-
dufce timing delays and signal losses. The timing delays
caf change the calibration factor if not acCounted for;
signal losses, when combined with path’length (spread-
ing loss) and acoustic attenuation in the liquid, can
redluce the signal strength to the peint where the meter
will not operate properly. Cable spécifications and maxi-
myim lengths are usually defined by the manufacturer.

0-4.2.2 Measurement Method. The transit time of
an| acoustic pulse is usually taken to be the interval
between initial excitation of the transmitter and some
characteristic peitit of the received signal. Exact details
vaty from onéumanufacturer to another.

0-4.2.3.‘Processing of Data. The secondary device,
in laddition to calculating the flow rate from measured
transit-times, should be capable of rejecting spurious
signals, noise, and such. The measured flow may be the
result of one or an average of many individual flow
velocity calculations. Generally, it is necessary to average
readings for more than several seconds and often for
several minutes to reduce the output jitter of the flow
meter resulting from the usually high level of turbulence
in the pipeline, even when it is many diameters long.
This variation in output due to turbulence follows a
classic Gaussian distribution, with the uncertainty of
the mean output easily calculated from the standard
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Fig. 10-4.1.3 Acoustic.Path Configurations

Diametric

Diametric

deviation and the total number of readings taken in the
interval.

10-4.2.4 Displays and Outputs. Most metefs have
several outputs available, either as standard feafures or
as optional additions to the equipment. Displays may
show flow, integrated flow volume and/or difection,
and may be analog or digital. Signal outputs psually
include one or more of the following: current, Yoltage,
digital, and a pulse rate proportional to flow] These
outputs may or may not be electronically isolatedl. Flow
meters may also include alarms and diagnostic|aids.

10-5 OPERATIONAL LIMITS

Acoustic travel time flow rate measuremgnt has
potential operational limits. These should be nvesti-
gated for each application.

;Ilcd A;I
Air or other gases entrained in intake structures or
created by upstream pumps, turbines, or obstructions
such as partially closed valves can create sufficient atten-
uation in the acoustic signals to prevent operation.

10-5.2 Excessive Liquid Velocity

High liquid velocity combined with low pressure can
cause local cavitation around the transducers, generat-
ing noise and entraining gas in the acoustic path.


https://asmenormdoc.com/api2/?name=ASME PTC 19.5 2004.pdf

ASME PTC 19.5-2004

10-5.3 Very Low Liquid Velocity

While acoustic transmission will not be affected by
low velocities, the differential travel time may be so
small that the system is incapable of measuring it with
the required accuracy. The zero offset may also become
unacceptably large. This is particularly true in smaller
conduits and is highly dependent on the design of the
transducers and travel time measurement electronics.

FLOW MEASUREMENT

Errors in the acoustic path length or angle for nonre-
fractive systems can be reduced by accurate geometric
and acoustic measurements. For flow meters in which
sound energy undergoes refraction, errors in acoustic
path length or angle can be reduced by design and/or
compensation based on knowledge of the speed of
sound in the liquid and intervening materials between
the transducer element and the flowing liquid.

10-5.4| High Temperatures

Spedial designs may be required to accommodate high
tempefature service, and the operating pressure must
be high enough to prevent liquid vapor from forming
in the meter section.

10-5.5| Acoustic/Electronic Interference Between

Meters

If m|
acoust
becaus|
idly. K
betwed
whent
These
system

bters are too close together they may interfere
cally. However, this seldom happens in practice
e the high frequencies used are attenuated rap-
[owever, there can be electrical interference
In meters with cables in close proximity such as
hey run long distances in conduit or in a cable tray.
broblems can usually be overcome with proper
and software design.

10-6

The
error S

ERROR SOURCES AND THEIR REDUCTION

burpose of this paragraph is to describe possible
ources for the types of ultrasonic flow meters
coveregl by this Section. Although these errors may hot
be signifificant in some cases, they should all be addressed
in detafl when analyzing the uncertainties for a'particu-
lar flow meter; ASME PTC 19.1 shall be used to estimate
the ovgrall uncertainty of the overall flow measurement
process. ASME PTC 18 also contains'standards for flow
measufement in large pipes as well“as error estimation
methodls.

10-6.1

Axiall velocity errersiate uncertainties in the determi-
nation |of V,, along-an acoustic path. See Egs. (10-3.5)
and (10-3.6).

10-611.1_Acoustic Path Length and Angle. The deter-
minatipn\ofaxial flow velocity V,, is based on the acous-

Axial Velocity Estimate

Ireertainappheations,changesinacoustiepgth
length and angle that result from temperature- or \pres-
sure-induced pipe deformation may be compensated [for
in both the refractive or nonrefractive systems:

Systems where the transducers are field-mounted
achieve accuracies comparable to systems where
transducers are factory-mounted if the pipe centerl
can be accurately determined, precise postinstallat
measurements of path angles*and lengths are ma
and the electronics are adjusted to reflect these fig
assembled dimensions.

Transducer protrusion:into the pipeline can cause t
types of errors. The protruding transducer may not m|
sure a true average-velocity all the way along the p
because the flow*between the transducer and pipe w
will be mis$ed. Because this is usually the lowest velog
in the pipe, the effect of not including this in the 1
velocity.average will be to overestimate this avera
On-thé other hand, the flow streamlines in the vicirj
of‘the transducer tend to increase the angle betwsg
the local velocity vector and the transducer, on b
upstream and downstream transducers, causing
path velocity estimate to be low. There is also a w3
downstream of the upstream transducer. Fortunat
these two effects are in the opposite direction and
not usually important in pipes larger than about 4 f
diameter. For smaller size pipes, where relatively la
transducers are used or where accuracy requireme
are very high, it may be necessary to determine the
effect of transducer protrusion experimentally or fise
a nonprotruding transducer design as shown in lrig.
10-3.1.2.

An important advantage in using crossed paths, p
ticularly in field-installed systems, is where it is diffid
to accurately determine the location of the centerling
the pipe to the required degree of accuracy. An exam
of this would be where the pipe is out-of-round
tapered. It is relatively simple to accurately determjne
the angle between the crossed paths, even when there

an
he
ne
on
e,
1d-

VO
Ppa-
hth
all
ity
ne
e,
ity
en
bth
he
ke
bly,
hre

in
Foe
nts

ar-
ult
of
ble
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tic pathTength 7, and angle ¢ The error in V,, 1s in direct
proportion to the uncertainty in the acoustic path length
and angle. Acoustic path length and angle errors are
usually constant biases because of inaccuracies in the
initial measurements or they may vary because of
dimensional changes in the measurement section. In the
case of refractive systems, changes in the index of refrac-
tion of the materials in the acoustic path, for example,
by temperature variations can cause changes in the path
length and angle (see Fig. 10-3.1.2).
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is a relatively large uncertainty in the orientation of the
acoustic paths relative to the true centerline of the pipe.
Thus, errors in V,, caused by the unknown path angles
cancel because the angle between the paths is accurately
known (see Fig. 10-4).

10-6.1.2 Transit Time. Uncertainties in the transit
time measurements result from limits in the internal
timing accuracy and resolution and lead to a corres-
ponding uncertainty in V,,. Errors in the measurement
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of transit time may be reduced by the use of stable and
accurate high-frequency oscillators and by averaging
many individual transit time measurements. Transit
time measurement errors are the easiest to analyze.
Transit time measurement errors from differences
between upstream-to-downstream and downstream-to-
upstream electronic signal paths may be reduced by
using the same detection electronics and transmitter

ASME PTC 19.5-2004
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10-6.1.2.1 Signal Detection. Acoustic transit time
asurements may be affected by inconsistencies in rec-
hition of the received acoustic signal caused by varia-
ns in received signal level or waveform and noise.
a) Variations in received signal level or waveform
cap occur as the acoustic properties of the liquid in
th¢ measurement section change because of excessive
anjounts of entrained air, suspended solids, tempera-
tuge, or pressure or as transducer fouling occurs. These
vatiations may result in uncertainty in determining the
transit time, thus causing uncertainty in V,,. The receiv-
ing circuits should be designed so as to prevent use of
th¢se distorted signals for the flow rate measurement.
b) Noise can affect the accuracy of the transit time
asurement. Noise sources may be either electrical or
ustic and either external or self-generated. Generally,
ernally generated electronic or acoustic noise is ran-
m with respect to the received signal. Self-generated
ustic noise, however, is usually synchronized with
received signal and is, therefore, much hardeito
pensate for in the secondary device.
bignal detection errors are reduced by operating with

mgq

og
tio

mg
ac
ex
do|
ac
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Fig. 10-6.1.4 A Typical Crossed-Path
Ultrasonic Flow Meter Configuration

Changes in the speed of sound in the intervenin,
rial may, however, require compensation for nor|
transducer systems.

In refractive systems,chanhges in the speed of
inintervening materialsand the liquid affect the 4
path length and arigle. It is possible to compen:
these effects. Inzaré cases, changes in the speed o
in the liquid may refract the beam so much that it
the opposité transducer. Accurate knowledge
range of speed of sound in a particular liquid can |
this possibility.

P mate-
wetted

sound
coustic
ate for
F sound
misses
of the
brevent

10-6.1.4 Secondary Flow. Secondary flow c{
déce an error in the determination of V,, sinl
normally assumed in the calculations that all flq
the axial direction. Secondary flow is a result
perturbations occurring upstream or downstrearh of the
measurement section from devices such as glbows,
valves, and pumps. Secondary flow may result in an

in_ pro-
e it is
w is in
bf flow

high signal-to-noise ratios. Methods can.be provided  error in determining the transit time, which ultjmately
that will reject excessively attenuated signals or those  affects the calculation of V.
thqt are distorted by noise. The most effective way to reduce secondaygy flow
f the background noise is caused:by external sources,  errors is to avoid installations where severe seqondary
the signal-to-noise ratio can be-improved by increasing  flow exists or to use additional, suitably placed gcoustic
the transmitted signal level. However, in many cases  paths. Reduction of secondary flow may requitge long,
the most troublesome noise’is self-generated acoustic ~ straight runs of pipe, depending on the naturq of the
nofise, particularly inrefractive systems. This noise  secondary flow source and the accuracy requirgd. (See
comes from energy<beirig coupled directly into the pipe =~ para. 10-9 on installation effects for general guidelines.)
wdll and then tocthe opposite transducer. This noise ~ Secondary flow errors can also be reduced by the use
geherally increases as the level of the transmitted signal =~ of an appropriate acoustic path orientation or Hy com-
indreases. The.signal-to-noise ratio, in these cases, may puting line velocities on multiple crossed chordal acous-
be|improved by acoustically isolating the transducers  tic paths, as shown in Fig. 10-6.1.4, and averagjng the
frgm the)measurement section by application of damp-  resultant measured velocities.
ing materials.

10-6.1.3 Sound Speed Dependency. The speed of
sound in the liquid and in any intervening materials
along the acoustic path varies with composition, temper-
ature, and pressure. Depending on a particular ultra-
sonic flow meter’s design, [, 5, and ¢, (f,) [Eq. (10-3.6)]
may be affected.

In nearly all cases, the errors caused by sound speed
variations in the liquid are negligible for a properly
implemented, nonrefractive, wetted transducer system.

119

10-6.2 Integration

Integration error is the error in the flow measurement
that occurs in the computation of the flow from V,,, A,
S, and W,.

10-6.2.1 Cross-Section Dimensional Errors. Error in
the assumed cross-sectional area of the measurement
section causes an error in the flow. This error may be
from irregular shape, such as out-of-roundness, or it
may be because of changes in the initial shape caused
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by temperature, pressure, structural loading, or the for-
mation of deposits or growths, such as algae, in the
measurement section. Usually it is caused by combina-
tions of the preceding conditions.

Cross-section dimensional errors can be reduced by
manufacturing or choosing a measurement section that
has constant dimensions along its length and can be
measured accurately Measurement section d1men510na1

not be|distorted by mechanical stress, for example, if
the pigeline was buried after dry calibration. Also, if
tempetatures or pressures are expected to be substan-
tially different from reference conditions, it may be nec-
essary fo adjust the measured dimensions to compensate
for dinjensional changes that occur under operating con-
ditiong.

In cifcular pipes, dimensional errors can be reduced
by mirjimizing the effects of out-of-roundness through
averaging of radius (not diameter) measurements made
at the ppstream, middle, and downstream ends of the
measufement section. To understand the importance of
using radius measurement instead of diameter, consider
a roungled, triangular-shaped pipe where all the diame-
ters arp equal. Clearly, the area derived by diameter
measufement would be wrong.

The fneasurement section should be inspected period-
ically tp determine if the dimensions have changed, and,
if so, the meter factor should be adjusted appropriately.
It is important to remember that the flow rate measured
is linedrly proportional to the cross-sectional.afea.

10-612.2 Acoustic Path Location. The acoustic path
locatioh is an important contributor to overall flow meter
accuragy. The uncertainty in the position of the acoustic
path cdn cause errors through improper assignment of
a weighting factor W; and by cafising unnecessary sensi-
tivity df V,, to the velocity profile through nonoptimum
placenjent of transducers,

Errofs in acoustic path location can be reduced by
suitable manufacturing techniques (in the case of a pre-
fabricited measutrement section) or by accurately
deternfining thie‘acoustic path for systems in which the
transd‘[cers are' assembled in the field. Path locations

can be|detérmined in a variety of ways; probably the

most alccurate one uses nﬁhr;\] determination of both

FLOW MEASUREMENT

by the velocity profile correction factor S. This error
may affect both the linearity and the value of the flow
measurement. Velocity profile variations can be caused
by changes in flow rate (both transient and steady state),
wall roughness, temperature viscosity and viscosity
change due to temperature, upstream or downstream
hydraulic conditions, transducer projections, and trans-
ducer cavities. With suff1c1ently long, stralght upstream

hydrauhc effects, the Reynolds number and fr1ct10n 1
tor of the measurement section and upstream\pipjng
would be sufficient to determine the velocity profile
correction factor S. This is seldom the case for lajge
diameter pipes.

There usually is a difference between the actual velpc-
ity profile and that assumed in tlfe.flow meter’s compu-
tations. Since most flow meter‘¢omputations assumg a
fully developed velocity profile, errors can be reduged
by placing the measurement section as far as possiple
from bends, valves, tees,transitions, and so on (see Sec-
tion 7). These errors can be reduced also by using a
more accurate model of the actual velocity profile or} in
general, by increasing the number of acoustic paths{so
that the meter’can more accurately measure the flpw
even whenthe profile is unknown. Even when the mgter
section'islocated 50 or more diameters from an upstrepm
obstrliction, there will almost always be a swirl or spjral
comiponent to the flow. Therefore, to minimize errprs
produced by any swirl, the path placement should|be
symmetrical to the centerline.

10-6.3 Computation

There is a small error associated with the compuyta-
tions made by the electronic circuits because of the firfite
limits in processing accuracies. However, this error will
normally be negligible. Computation errors due to elec-
tronic malfunction can be reduced by using built-in, s¢lf-
checking features in the processor.

10-6.4 Calibration

Wet calibration is a primary means for reducing errprs
resulting from uncertainties in path length and angle,
cross-section, and path location. Unfortunately, it is gel-
dom possible or economically feasible to accurately cfli-
brate large pipelines’ flow meters in this manrfer.
Velocity profile errors can be corrected with in situ cqli-
bration or by properly simulated laboratory calibratigns.

the acoustic path and angle within the measurement
section.

10-6.2.3 Velocity Profile. An excellent and detailed
discussion of turbulent flow profiles and the effects of
upstream conditions on average velocity profiles has
been published [1, Part C].

Ultrasonic flow meters are affected by variations in
flow profile because uncertainty in the velocity profile
causes an error in V;, that may not be compensated for

I'here remains an uncertainty in the tlow measure-
ment that results from errors in the calibration procedure
of ultrasonic flow meters. To reduce calibration uncer-
tainty, calibration should be conducted according to
national (ANSI) or international (ISO) standards.

10-6.5 Equipment Degradation

Performance errors may arise from fouling or physical
degradation of the equipment. Equipment design
should accommodate changes in component values and
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process conditions. The equipment should indicate
when degradation of flow meter performance occurs.
The probability of error can be reduced considerably by
including suitable self-test or diagnostic circuits in the
equipment.

10-7 EXAMPLES

\}

OF LARGE (10-20 ft) PIPE FIELD

D
» O\ D

Very few field calibrations of large acoustic flow
mgters have been published. Generally, field calibrations
ar¢ extremely difficult and expensive and depend on
otlher methods that, while code accepted, have uncer-
tail‘nty bands that are equal to or greater than the poten-
tia] accuracy of the acoustic flow meter. The most recent
anfl exhaustive tests were conducted by the Electrical
Poer Research Institute [2] and consisted of flow mea-
sufement intercomparisons at three different sites. These
wdre a 22-ft diameter turbine penstock at Kootenay
Canal in British Columbia, Canada, a 12-ft diameter
pehstock from a pump-generator at Grand Coulee Dam,
Grpnd Coulee, Washington, USA, and a 10-ft diameter
pump generator at TVA’s Raccoon Mountain Pumping
Gdnerating Plant near Chattanooga, Tennessee, USA.
Thie conditions were least favorable for high accuracy
while pumping at the TVA site as the flow meter was
indtalled directly at the spiral case outlet, did not have
crgssed paths, and was not oriented optimally with
regpect to the spiral case bend.

According to the Summary Report on page S(3-4, “It
is foncluded that the results from the acoustic.methods
as [implemented by Westinghouse and Ferranti O.R.E.
ar¢ as valid as the results from any of the.cbde-approved
mg¢thods. The random uncertainties_(precision) of the
acpustic methods were superior to-ary of the code meth-
odk. The systematic uncertainty-(bias) of the acoustic
mg¢thod is probably betweernr+1% and +2% and, in favor-
able installations, it may eyen be better.”

t should be notedSthat the first series of tests was
cafried out under.the most favorable conditions, and
th¢ results wererini.the authors’ opinion, closer to +0.5%
baged on Tables-3-8 to 3-10.

10-7.1_Examples of Laboratory Calibrations of 2-ft
Diameter Pipes

ASME PTC 19.5-2004

10-7.1.2 A 24-in,, eight-path (two four-path planes)
wet calibrated to remove the effect of protruding trans-
ducers was tested with short-radius, 90-deg elbow at 0,
2, and 4 diameters upstream of the meter spool piece.
The results of this test are too complex to describe in
detail here; in summary, if crossed planes are used, then
2—4 diameters are sufficient to separate an eight-path
flow meter from the extreme disturbance caused by the
Hpstream tega tentatior-with-gn error
of less than 0.5% with respect to the wet-calibrated,
straight-pipe accuracy, over a 444 CFS range. Jlo esti-
mate overall dry-calibrated accuracy, therefore, tHe addi-
tional dry calibration uncertainty of typically 0.5 must
be added to this, for a total accuragy of 1% undg¢r these
relatively unfavorable conditiofis, [4].

wAway v OO otV

10-8 APPLICATION GUIDELINES (SEE ALSO ASME
PTC 19.1, TEST-UNCERTAINTY)

By evaluatingsthe’performance parameterg listed
below, a user should be better able to predict the per-
formance of a'given ultrasonic flow meter in a ppecific
application,"These parameters are limited to thqse that
can be&ubstantiated by test or well-established gompu-
tational methods. (It should be emphasized that [the fol-
lowing performance parameters are determined by the
manufacturer under specific reference conditiops that
will, in general, differ from the user’s actual conditions.)
Subjective or nonperformance parameters, such as con-
venience of installation, reliability, and cost, arq left to
the user for evaluation. In each case below, th¢ range
and conditions applicable to each parameter shpuld be
specified.

10-8.1 Accuracy

Accuracy describes the uncertainty of a measured
value compared to its true value and is commonly
reported as a percentage of actual flow, span,|or full
scale. The preferred method is to specify the maximum
deviation (percentage) between measured flqw and
actual flow.

10-8.2 Linearity

The data obtained by test of any instrument donsists
of points scattered around a smooth curve that repre-
sents the nominal characteristic of the instrumept. Lin-
earity is the maximum deviation, at any flow fate, of

Numerous single- and multiple-path acoustic flow
meter calibrations have been carried out in many differ-
ent laboratories. Published data are mostly limited to
manufacturer’s data sheets.

10-7.1.1 A 24-in., four-path, recessed transducer
straight-pipe calibration at Alden Research Laboratory
used a weigh tank as the transfer standard. The spool
piece was dry calibrated prior to testing. The accuracy
obtained was better than +0.5% over a 4-44 CFS range [3].

that smooth curve from a least-squares linear It to the
data and should be reported as a percentage of that
flow rate.

10-8.3 Repeatability

Repeatability is the ability of a flow meter to return
to a previously indicated flow rate after a deviation in
either direction and return to the flow conditions that
caused that indicated flow rate. It also includes readout
variations under constant flow conditions. Repeatability
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should be reported as the maximum expected deviation
between these indicated flow rates and expressed as a
percentage of the flow rate indication.

10-8.4 Stability

Stability, also called drift, is a measure of change in
accuracy with time. It should be reported as the maxi-
mum deviation in accuracy, as a percentage of actual

FLOW MEASUREMENT

Also, it may be possible to locate the meter away from
the source of entrained air, such as at a spillway or pump
outlet. Alternatively, the meter could be mounted at a
location with higher pressure; or, a smaller diameter
section or larger path angle could be used to reduce
path lengths and, hence, total acoustic attenuation.
Electrical interference and acoustic noise caused by
mechanical vibration or cavitation can also interfere with

flow, v
period

il L. tadd L Mg |
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(subject to constant hydraulic conditions).

10-8.5| Resolution

Resd
requirg
of the

lution is the minimum change in actual flow
d to produce an observable change in the output
pquipment.

10-8.6

Rang
which

Rangeability

reability is the maximum and minimum flow over
the performance is specified.

10-8.7
Resp

Response Time

onse time is the time it takes, following a step
changq in the flow rate, for the flow meter’s output to
indicate a change in flow rate equal to 63% of the step
changgd.

10-8.8

The power requirements of the flow meter, including
voltag¢ and frequency tolerances necessary for proper
performance, and the flow meter’s power consumption
should| be clearly specified.

Power Requirements

INSTALLATION CONSIDERATIONS

y of the error sources listed in Section 3 can be
1 or eliminated by proper installation. Sources of
hd installation problems the-tiser should address
the design phase of a project are listed below.

10-9

Man|
reduce
error a
during]

10-9.1| Acoustic Path Length and Angle

Changes in acoustic path length and angle can be
caused| by significant(temperature or pressure changes
and exfernal loadinlg of the meter section. The installa-
tion logation shefild’be chosen to minimize these effects.

10-9.2

Susplended solids, fouling, entrained air, or cavitation

Signal:Detection

ilo baqal 4
TeInCTCI =S~ Op Tl ationn:

10-9.3 Multiple Fluids

Metering fluids with widely differing acotstic prop
ties may require multiple primary devices)(spool pieq
due to excessive acoustic beam angular variations| i
refractive systems and/or excessive’signal loss dug
acoustic mismatch or attenuation. Under these cor
tions, the manufacturer should be consulted.

10-9.4 Secondary Flow-and Distorted Velocity
Profiles

Secondary flew directly affects a meter’s performance
and shoulddeeonsidered in the design of the installatjon
and in theselection and orientation of a meter. Generally,
the meter should be placed as far as possible from
upsttéam elbows, transitions, valves, and such. When
there is an unavoidable bend upstream of the meter, the
acoustic paths, when viewed in cross-section, should|be
oriented perpendicular to the plane of the bend. Whkre
accuracy is critical, crossed paths should be used| It
should be remembered that there is almost alwayp a
swirl or spiral component to the flow, even after passing
the fluid through a flow straightener. Therefore, if is
important that a symmetrical path configuration be cho-
sen to avoid errors from the source.

10-9.5 Integration

the
rO-
ter
bn,

Flow profile changes and dimensional changes in
measurement section, including those caused by coy
sion, erosion, or material buildup, directly affect md
performance and should be considered in the selecti
location, and orientation of a meter.

The measurement section should be inspected peri
ically to determine if the cross-section area or pro
correction factors should be adjusted to compensate

d-
file
for

(caused by upstream equipment or even the meter 1tsell)
may degrade accuracy or prevent operation by attenuat-
ing the acoustic signal. It should be noted that, while
excessive amounts of entrained air or sediment will not
affect the accuracy of a well-designed acoustic flow
meter, it will prevent operation. There are several trade-
offs to be considered when operation is required under
these conditions. In particular, it may be possible to
operate at a lower acoustic frequency, which is less sus-
ceptible to attenuation from entrained air and sediment.
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10-10 METER FACTOR DETERMINATION AND
VERIFICATION
10-10.1 Calibration

Installation considerations and the required installed
accuracy usually determine the methods of calibration.
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There are three principal methods of meter factor
determination:

(a) laboratory calibration

(b) field calibration

(c) analytical procedures (dry calibration)

The first two can be used to verify meter performance.

ASME PTC 19.5-2004

Special calibration tests may also be performed for
those cases where piping in the final installation may
produce an asymmetric flow or where other flow irregu-
larities are suspected. These will require appropriate
modeling of upstream and downstream piping.

10-10.1.2 Field Calibration. Field calibration, as
opposed to laboratory calibration, has the advantage
that true operating conditions are encountered. The

tnr\,l l'a!ibraﬂnn. L a]r\r\wa{-nvy calibxa

s should be conducted at facilities where the proce-
dufres are in accordance with national or international
stgndards.

e calibration tests should generally be run using
wdter that is free from entrained air or solid particles.
Callibrations tests should be conducted using flows that
ar¢ as free as possible from nonaxisymmetric flow and
pylsation. Most often these conditions have been
achieved by using sufficient lengths of straight pipe
upstream and downstream of the measurement section
anfl, if necessary, by installing upstream flow condi-
tioners.

f the laboratory calibration is designed to model the
d application, one of the advantages of multiple-path
ustic flow meters is that they can measure the actual
ocity profile (to the extent possible with the number
paths installed). This can increase the confidence in
expected field accuracy by comparison of the veloc-
profiles achieved in the field with the laboratory data.
[he extent to which the above conditions have been
achieved can be determined by noting the sensitivity-of
the meter factor to rotation and translation of the pri-
m4ry device.

A statistically significant number of 30<100-sec runs
ually 10-20) should be made over d range of flows.
Flgw meter accuracy, within the uncertainty of the labo-
rafory standards, should be deterniined by the combined
rafidom and systematic errors: in/the measurement of
th¢ volumetric flow following“the methods of ASME
PTC 19.1.

fie
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of
thg

ity]
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major disadvantage may be a greater degree,of] uncer-
tainty in the accuracy of the standardsythat are
employed. In some cases, these secondaryymethods may
be considerably less accurate than thg ultrasonfic flow
meter being calibrated.

10-10.1.3 Analytical Procedures (Dry Calib
Analytical procedures are oftenthe only availab
niques for meter factor S, determination. This is
larly true for field installdtions in large line sizes
procedures require physical measurements as
instructions anddata supplied by the manuf4
These measurements and their contributions to th
all flow meter‘accuracy are discussed in para. 1(
uncertainty in the meter performance should
uncertdinties associated with these procedures.

ation).
e tech-
articu-
. These
well as
cturer.
e over-
-6. The
reflect
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Section 11
Electromagnetic Flow Meters

11-1 |[INTRODUCTION

Elecfromagnetic flow meters have been used in many
applicdtions primarily because they do not obstruct the
flow sfream. They measure flow volumetrically, pro-
vided phe fluid has an electrical conductivity above a
thresh¢ld value. As a result of this restriction, their use
has be¢n limited almost exclusively to liquids.

11-1.1| Physical Principles

The pperation of magnetic flow meters is analogous
to the ¢gperation of an electric generator. Both follow the
Faraday Law of Induction, which states that a voltage
will belinduced in a conductor moving through a mag-
netic ffeld. In a generator, the conductor is the copper
wire infthe rotor; in a magnetic flow meter, the conductor
is the fluid. In the generator, the induced voltage appears
at the brushes; in the magnetic flow meter, the induced
voltage appears at the electrodes.

The poverning equation for the magnetic flow meter
(see Fig. 11-1.1-1) has the following form:

e(t) = B(HLo 11-11)
where
B # flux density, T (Telsa)
L = characteristic dimension, m
e F electrode voltage, V
(t) # function of time

v F average fluid velocity, m{/s

The [volumetric flow rate(is Telated to the average
velocity by

The signal-generating mechanism within the mag-
netic flow meter consists of a continuum of individjial
generators throughout the measuring volume. The
amplitude of each infinitesimally induced, voltage is a
function of the local fluid velocity, the lacal- flux density,
and their vector directions.

The ratio of the amplitudes of the induced local vlt-
age to the output electrode voltage is a variable that is
a function of the location of thie generator and the georhe-
try of the magnetic flow meter. This ratio is commonly
known as the weighting-ftinction (see Fig. 11-1.1-2)

The total electrode voltage is the sum of all the vlt-
ages generated within the measuring volume becafise
the laws of superposition apply. The electrode voltage
is the integral,of all the signals generated within fhe
measuring,_volume, although the contributions of fhe
two variables (velocity and flux density) will vary as a
function of their distributions.

11-2 METER CONSTRUCTION

Electromatic flow meters consist of a primary deviice
(the metering section) and a secondary device (the dig-
nal-processing system). The sizes of primary devifes
range from 0.008 in. to 96 in. (2 mm to 2,400 mm)| in
diameter. Metal or plastic housings enclose the primary
and secondary devices for mechanical and environmen-
tal protection.

11-2.1 Primary Device

The primary device of a magnetic flow meteq is
mounted in the pipe. It consists of a nonmagnetic, npn-
conductive section of conduit, a pair of electrodes, gnd
a flux generator. The metering section may be madgq of
a nonconductive material, such as plastic, ceramic,|or
glass, or it may be of a nonmagnetic metallic conduit
lined with an electrical insulating material inert to the

q = vA (11-1.2)
where
A o flow atéa, m?
q = flow'rate, m*/s
Combiking Egqs—1-11) and (11-1.2) resultsin
o) = 8 (ZL" (11-1.3)

Since the dimensions L and A in any one flow meter
are constant, the electrode voltage is a linear function
of both the flow rate and the flux density. [Various meth-
ods are used to eliminate the dependence of the electrode
signal on the flux density. Equation (11-1.3) completely
describes the flow measurement.]

ITUuld.

The electrodes are mounted diametrically. They may
either contact the fluid or be mounted behind the liner,
in which case the electrode voltage is measured capacita-
tively.

The magnet structure produces lines of flux that pass
through the meter tube nearly perpendicular to both the
tube axis and the electrode diameter. This magnetic flux
field may be AC, pulsed DC, or DC, depending on the
application.
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Magnet coil

Fig. 11-1.1-1 Magnetic Flow Meter
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(a) Lines of Constant Weighting Function
in the Plane of the Electrodes Based
on the Value in the Center

(1) Taken at Electrode Plane

A reference-signal proportional to the flux should be
generafed s necessary with varying flux amplitude.
This refference signal ma ine g
induced in a coil located in the magnetic field from the
amplitude of the magnet excitation current or from the
magnet supply voltage.

11-2.1.1 Magnetic Drive System. The types of magnet
drive systems commonly used for industrial magnetic
flow meters are AC and pulsed DC (see Fig. 11-2.1.1).
The AC systems produce a sinusoidal magnetic field.
Although a range of frequencies (2 Hz to 250 Hz) can
be used, 60 Hz is most common.

(2) Taken at 0.2 Diameters From the Electrode Plane

(c) Signal Generating Coefficients

Fig. 11-1.1-2 Weighting Function of the Magnetic Flow Meter

xr? W, —>
/

0.01

o
-
N
w
N

(b) Axial Relationship of the
Weighting Function at Various
Radii on the Electrode Axis

A variety of pulsed DC schemes are used. There pre
systems in which the magnet excitation current may|be

onejpola orpart of the e-and zero for the yest
of the cycle; the current may be one polarity for part of
the cycle and reversed polarity for the rest of the cycle;
or the current may be a combination of both.

The flux amplitude follows various wave shapes such
as rectangular, trapezoidal, or free-rising. In most sys-
tems, a constant DC flux is achieved during some por-
tion of the cycle and it is during this period that the
electrode voltage is sampled.
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Rectangular Flux Wave

Constant flux

/_ Trapezoidal Flux Wave

\ /

222

Frée rising flux wave

7

Varying flux

ac Excitation

[he electrode voltage is ignored when the flux is vary-
ing. The pulsed DC system operates at 2 Hz to-30 Hz.
Thie pulsed DC systems were developed to, eliminate
th¢ voltages induced by the time-varying flax unrelated
to [the flow.

For specialized applications, such as blood flow and
liguid metals, constant DC magnet-drive systems have
been used.

1112.2 Secondary Device

[he secondary devige.ncludes the electronic circuitry
required to convertithe electrode voltage (typically
between 0.01 mVand 10 mV) into a usable output signal.
It nay include & reference signal and the magnet control
cirfuitry.

he secoridary device may be remote from the primary
deyice”-The maximum flow setting of the secondary
deyice~can be adjusted over a range of 1 ft/sec to 30

Fig. 11-2.1.1 AC and Pulsed DC Excitation Voltages

time constant = L/R

Non varying
flux

Pulsed. dc Excitation

This eliminates the flux B term in Eq. (11-1.3).

The reference signal may be derived fronf a coil
located in the magnetic field whose output is a fyinction
of the flux density. This relation may be a directj one or
an indirect one by way of a measurement of the current
or voltage to the magnet coils to which the flux Hensity
is proportional.

The secondary device is designed to be comnjpatible
with an individual manufacturer’s primary device and,
therefore, cannot generally be used with anotherl manu-
facturer’s primary device. Within a particular grimary
mode group, secondary devices are usually inter-
changeable.

11-3 CALIBRATION

The calibration factors for magnetic flow meters are
generally determined by a flow calibration (see Fig. 11-
3), because it is time-consuming and costly to mpke the

ft/sec (0.3 m/s to 10 m/s) equivalent velocity, either
manually or automatically. The turn-down ratio at any
maximum setting is between ten and twenty to one.
Some devices measure flow in either direction automati-
cally.

The reference signal, which is proportional to the flux
density, may be used to compensate for variations in flux
density. This is accomplished by generating an output
signal in the secondary device, which is a function of
the ratio of the electrode voltage to the reference signal.

accurate measurements required to calculate the calibra-
tion factor. As noted in para. 11-1.1, the electrode voltage
is the integral of all signals generated within the mea-
sured region. The calculation factor requires knowledge
or measurements of the flux distribution, weighting
function, dimensions, and flow velocity profile through-
out the measuring section.

Magnetic flow meters are available (depending on
manufacturer and design) with accuracy specifications,
at reference conditions, between 0.5% and 2% of value.
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Calibration Test Report for Magnetic Flow Meter

Company Name: XXXXX
Serial No.: XXXXX
Model No.: XXXXX
Date: XXXXX

Maximum Flow:
Meter Factor:
Range Setting:

4.197

500 GPM (U.S.)

11.596 ft/sec for maximum flow

Accurdcy is usually werse for flow velocities below 0.3
ft/sec [0.1 m/s).

The [calibrationfactor of the magnetic flow meter
relates|to the séeondary device output to flow. The cali-
bratior} factér-may be presented in several ways.

(a) Diameter is used when the output is expressed in

Test Data

Run Actual GPM Indicated

No. u.s) GPM (U.S.) Diff. % Rate
01 571.600 571.722 +0.021
02 571.600 572.288 +0.120
03 459.518 459.826 +0.067
04 459.803 459.842 +0.008
05 291.821 291.464 -0.122
06 291.649 291.577 -0.025
07 180.381 180.483 +0.056
08 180.282 180.215 -0.037
09 831708 83.592 -0.139
10 83.648 83.696 +0.057

Fig. 11-3 Typical Flow Calibration Data

measuring flow is used in series as a calibration trangfer
standard.

11-3.2 Model Testing

It is necessary that accuracy be determined by labora-
tory calibration of the magnetic meter system, includjng

terms ofreloeity—tmits:

(b) Ratio of flow to velocity is used when the output
is expressed in terms of velocity units.

(c) Ratio of flow-to-signal amplitude is used when the
output is expressed in terms of electrode voltage units.

11-3.1 Field Calibration

In-place calibration of an installed meter system is
preferred because all installation effects are included.
This is impossible unless a certified standard method of

+1 LR 1l . P PREEPREES K3
tHIE PIPITE dITU UUIEH TEHUITTITIETIS StdiTU 1T pPdid. 11' .3.

11-3.3 Secondary Device Calibration

Verification of the secondary device performance is
possible by using a secondary device calibrator. The
calibrator provides precise signals instead of the primary
device outputs and electrode and reference voltages, as
required. These will check the signal conversions and
control functions of the secondary device to an uncer-
tainty better than one-fifth of the flow measurement
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accuracy. The calibrator must be compatible with the
secondary device.

11-4 APPLICATION CONSIDERATIONS

It is essential that the flow meter user clearly defines
and describes the fluid and ambient conditions of the
application so that a suitable meter can be selected.

ASME PTC 19.5-2004

available for use in areas classified Class I, Division 1,
Group D.

11-4.2 Fluid Properties Affecting Meter Performance

11-4.2.1 Conductivity. The magnetic flow meter out-
put is insensitive to the fluid conductivity provided that
the conductivity is above a threshold value for that
meter. The threshold value for generally available meters

11+4.1 Materials of Construction

[Wo major areas that must be considered when select-
ing the materials to be used in the design and construc-
tiqn of the flow meter are fluid properties and
enyironmental conditions.
a) Typical fluid properties are

(1) corrosiveness

(2) maximum line pressure

(3) maximum fluid temperature

(4) abrasiveness
b) Typical environmental conditions are

(1) temperature range

(2) water pressure due to hosedown or submer-
hce
(3) hazardous atmospheres
Magnetic flow meters are available in many designs
H are constructed from a variety of materials for appli-
ions over a wide range of conditions.

ge

an
caf

11-4.1.1 Corrosive Fluids. For very corrosive applica=
tions, the inner surface of the primary device may-be
made of a fluorocarbon, vitreous enamel, or_geramic.
El¢gctrodes are available in a wide variety of corrosion-
redistant metals, including platinum.

11-4.1.2 Pressure. Standard designs tip' to ANSI class
300 are available, and special designs have been used
at p much higher pressure.

11-4.1.3 Temperature. Designs are available for fluid
tethperatures as high as 392°F (200°C). The lower tem-
perature limit is the freezing point of the fluid. Maximum
anjbient temperatures are usually limited to 150°F
°C). Higher ambient temperatures can be accommo-
dafed by mounting the secondary device in a lower
tethperature ¥egion. The primary device is usually toler-
anf of ambient temperatures up to 250°F (120°C).

1-470.4 Slurries or Abrasive Fluids. For abrasive flu-
id i i
urethane, or hard ceramic.

11-4.1.5 Adverse Ambients. Enclosures for both the
primary and secondary devices are available in accor-
dance with NEMA 4 (IEC Type IP66) requirements. Spe-
cial designs are available for installations subjected to
continuous submergence down to 30 ft (10 m). The stan-
dard designs are usually suitable for use in general pur-
pose areas or in areas classified nonincentive Class I,
Division 2, Groups B, C, and D. Special designs are
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ranges from b pS/cm to 20 pS/cm (wmho/cm). [Special
systems are available that extend the lowenlimit to 0.1
wS/cm (pmho/cm). Low conductivity-inereafes the
source impedance within the fluid. The impedance is
inversely proportional to fluid condugtivity and propor-
tional to electrode diameter. Together with any cable
impedance, the fluid impedance can become appgeciable
relative to the secondary device input impedarjce and
cause and error.

11-4.2.2 Density,.The' magnetic flow meter mpasures
the volumetric flow JEq. (11-1.3)]. Therefore, vatiations
in density do niet change the flow measurement.

effects
bsult of
essure
1se the
hanges.

11-4.2.3<Fluid Temperature and Pressure. Thd
on accyracy of temperature and pressure are a r
area.changes due to thermal expansion or p
forces. The errors are usually negligible beca
meters are designed to minimize dimensional ¢

11-4.2.4 Viscosity. The magnetic flow meter has been
shown to be essentially independent of Reynolds num-
ber. Therefore, changes in viscosity will have a negligible
effect on meter output.

11-4.2.5 Mixtures and Slurries. The weighting func-
tion discussed in para. 11-1.1 will change if the fluid
has a nonhomogeneous conductivity. This will rpsult in
errors that are not only a function of the amgunt of
nonhomogeneity but also a function of the nonhpmoge-
neity’s unpredictable distribution within the[meter.
Homogeneous mixtures of materials will not chahge the
output of the secondary device so long as the conjductiv-
ity of the mixture exceeds the threshold value. The mix-
ture can consist of a nonconductive material in a
conductive carrier (air in water, solid in liquid} liquid
in liquid).

11-4.2.6 Fluid Coatings and Deposits. Coatings on
the inside of the meter tube influence the meter p¢rform-
ance in two ways. In the first case, the conductjvity of
e coating 1s above e output
will be affected by the ratio of the conductivity of the
coating to the conductivity of the fluid. This is, in effect,
a special case of the inhomogeneous solid-in-liquid con-
dition discussed in the preceding paragraph. If the con-
ductivity of the coating is the same as the conductivity
of the fluid, the change of output is negligible.

In the second case, the conductivity of the coating is
below the threshold value and the source impedance is
increased, thereby decreasing the signal. In the worst
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case, the electrodes become totally insulated and the
signal goes to zero. Capacitatively coupled electrodes
are affected less by low conductivity coatings than are
contacting electrodes.

11-4.3 Installation Effects

The manufacturer’s instructions should be followed
carefully when installing a magnetic flow meter. The

FLOW MEASUREMENT

11-4.3.5 Electrical Connections. The electrode volt-
age is very small, from a few microvolts to a few milli-
volts. It is essential that special cables be used to prevent
spurious signals from being included in the measure-
ment. The interconnecting cables should be run in con-
duit, rigid or flexible, isolated from high-current wires.

11-4.3.6 Electromagnetic Interference (EMI). The
meter signal may be affected by electromagnetic radia-

followj TS arc tHremrore illlt}ul tarrt-cordittons—thatmost
be cor;fidered.

11-
that th
potent
mode
output]

11-4.3.2 Full Pipe. The meter should be installed so
that nq air or gas bubble is trapped in the meter. Such
abubble would cause a change in the weighting function
and regult in an error. For vertical installations, upward
flow will ensure a full pipe condition at all times. For
horizohtal installations, the electrode axis should be
horizoftal to prevent insulation of one of the electrodes
by an pccasional air or gas bubble traveling along the
top of the pipe.

11-43.3 Shutoff Valves. Tight shutoff valves should
be instglled on both sides of the meter if the requirement
for zerp flow adjustment exists. They should not disturb
the floyv when wide open. Generally, pulsed DC systems
do notrequire periodic zero checking but sinusoidal AC
systems do.

11-43.4 Piping Requirements. The piping.is.a func-
tion off specific meter design. The minimum tipstream
length [of straight pipe is 5 to 10 diaméters and the
minimpim downstream length is 2 to.3:diameters to an
elbow, tee, or reducer. The effect of-antipstream control
valve, Whose opening will vary,-is‘eonsiderably greater.
The use of a control valve upstream of the flow meter
should be avoided, and the-minimum downstream
lengthg to the control valve'should be 2 to 3 diameters.

3.1 Electrical Grounding. It is usually required
e fluid on both sides of the meter be at ground
al. This is necessary to prevent large common
voltages at the electrodes that could affect the
from the secondary device.

tion unless suitably protected. The effect of portaple
radio transmitters and other EMI generators in the'yidin-
ity of the meter should be checked for interference.

Accessories are available to protect the{meter in
event that interference exists.

he

11-4.3.7 Piping Strains. The inétallation should|be
designed to prevent piping straif)s\from being transnpit-
ted to the meter. Such strains coéuld deform or damgge
the meter.
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Section 12
Tracer Methods Constant Rate
Injection Method Using Nonradioactive Tracers

NOMENCLATURE

C = mass concentration

12-0

D = diameter of conduit
DF = dilution factor
L = length of measuring section
Q = volumetric flow
Re = Reynolds number
X = maximum percentage variation in concentra-
tion across the conduit
A = coefficient of resistance of the conduit (friction
factor)
12-1 INTRODUCTION

[his Section covers the measurement of water flow
in [closed conduits using nonradioactive tracer dilution
mg¢thods. These methods apply to flow measurement
in [conduits into which a solution can be injected and
effective mixing of the solution with the water flowifg
in [the conduit can be achieved prior to a downstream
sampling point. Dilution methods can be usedto mea-
sufe large flows and where other methods are impracti-
cal This Section gives general guidelinesfor'using tracer
mgthods and discusses in detail the constant rate injec-
tion method.
he dilution technique is an accirate way to measure

wdter flow in a closed conduit./The technique is based
on|the measurement of a tracér concentration in a liquid
sample. Advantages of.the dilution technique include
th¢ following;:
a) It is indepenident of geometric or hydraulic quan-
titfes.
b) The measurement equipment is portable and can
be|used whiefe other methods are difficult or inappro-
priate;
c)JHigh accuracy reference procedure: measure
equIpment performance in situ.

(d) It can be used to measure large flows (billions of
gallons per day).

12-2 CONSTANT RATE INJECTION METHOD

The constant rate injection method is based on the
injection of a tracer at a known constant rate into a flow
stream. A sample is taken downstream enough of the
injection point to allow for complete mixing. The flow

is then determined by measuring the downstregm con-
centration of the sample.

The dilution method is based on-the“conservgtion of
mass and the control volume shown in Fig. 12-2. The
governing equation is

QG+ QG = (Q + QNG (12-2.1)

Since C; is typically much greater than C,, sonjetimes
by a factor of 107, Eq;(12-2.1) becomes
Q = QG /(G- Co) (12-2.2)

To use'this technique, the following condition}s must
be satisfied:
(a)ySufficient mixing length must exist betwg¢en the
imjection and sampling points.
(b) The tracer must be injected at a known cpnstant
and measured rate.
(c) The tracer must have homogeneous congentra-
tions at both injection and sampling points.
(d) The native background of the tracer in the mea-
surement stream should be negligible or takpn into
account.
(e) No tracer should be lost between injectipn and
sampling points.
(f) The observed property of the tracer used in mea-
surement must vary in a known quantitative nanner
with tracer concentration, and the effect of any clﬁmical
reducing agent(s) in the flow stream must be talden into
account.
(g) Uncertainties of 1% to 3% have been achi¢ved in
test depending on flow conditions.

12-3 TRACER SELECTION

at are

used in water flow studies. These include sodium chlo-
ride, rhodamine B, rhodamine WT, and fluorescein. For
a material to be used as a water tracer, it must

(a) mix easily with water.

(b) cause only negligible modifications to the main
flow.

(c) be detectable at a concentration lower than the
highest permissible concentration taking into account
toxicity, corrosion, and so on.
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