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FOREWORD

This Standard was prepared by Subcommittee 7 (SC 7) of the ASME Standards Committee on
Measurement of Fluid Flow in Closed Conduits; it has been revised from ASME MFC-7M-1987 in
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including ASME MFC-3M-2004 and ASME PTC 19.5-2004, and to international standards includ-
ing ISO 9300:2005 and ISO/IEC Guide 98-3:2008. In addition, information was gathered from many
published papers and from the experience of the Subcommittee members and other knowledgeable
engineers. This standard is a blend of the available technical information and best practices)and
it is intended to be a practical guide to the proper use of critical flow venturis (CFV) and tritical
flow nozzles (CFN).

Changes made during the revision of this Standard are summarized as follows:

(a) The Scope and Field of Application was revised to clarify usage of the tetms “critical flow
venturi” and “critical flow nozzle.”

(b) A few symbols and definitions have been added, and many have been\clarified and updated.

(c) Manufacturing tolerances have been updated to be more verifiable and to accommodate
smaller CFVs.

(d) The discharge coefficient equations have been brought-into alignment with extensive
research results and ISO 9300.

(e) Recommendations for the calculation of thermophysical properties have been directed
almost entirely toward the NIST Reference Fluid Thermodynamic and Transport Properties
Database (REFPROP), which is maintained by the National Institute of Standards and Technology
(NIST).

(f) Uncertainty calculation methods have been.éxtensively modified to be consistent with more
modern methods and ISO/IEC Guide 98-3:2008: A statement of uncertainty is now required in
order to be compliant with this Standard.

(¢) The Nonmandatory Appendices have been modified to provide two new comprehensive
examples, including uncertainty caleulation, and to derive and clarify the mass flow equation,
the real gas critical flow function, other gas property calculations, and humid air considerations.

(h) An “unchoking test procedure” is provided in a Nonmandatory Appendix.

Critical flow venturis are éspecially suited as transfer standards and reference flowmeters for
calibration and testing and_for precise flow control applications. CFVs provide a stable flow of
compressible fluids, and per this Standard can and should be associated with a precise statement
of uncertainty for theé. mieasured flow. Although this Standard is a complete guide that provides
specific requirements and methods for the proper use of CFVs and CFNs, some latitude and
variations in application are allowed if necessary tests are performed and proper judgment is
applied.

Suggestions for improvement of this Standard will be welcomed. They should be sent to The
Americdn Society of Mechanical Engineers; Attn: Secretary, MFC Main Committee;
Twe Rark Avenue; New York, NY 10016-5990.

This revision was approved as an American National Standard on January 6, 2016.
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CORRESPONDENCE WITH THE MFC COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the
consensus of concerned interests. As such, users of this Standard may interact with the Committee
by requesting interpretations, proposing revisions or a case, and attending Committee meetings

Correspondence should be addressed to:

Secretary, MFC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990

http:/ /go.asme.org/Inquiry

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

The Committee welcomes proposals for revisions to this Standard. Stich proposals should be
as specific as possible, citing the paragraph number(s), the proposed wording, and a detailed
description of the reasons for the proposal, including any pertinént'‘documentation.

Proposing a Case. Cases may be issued to provide alternative rtiles when justified, to permit
early implementation of an approved revision when the need)is urgent, or to provide rules not
covered by existing provisions. Cases are effective immediately upon ASME approval and shall
be posted on the ASME Committee Web page.

Requests for Cases shall provide a Statement of Need'and Background Information. The request
should identify the Standard and the paragraph, figtire, or table number(s), and be written as a
Question and Reply in the same format as existihg Cases. Requests for Cases should also indicate
the applicable edition(s) of the Standard to, which the proposed Case applies.

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

Requests for interpretation should preferably be submitted through the online Interpretation
Submittal Form. The form is adcessible at http://go.asme.org/InterpretationRequest. Upon sub-
mittal of the form, the Inquirer will receive an automatic e-mail confirming receipt.

If the Inquirer is unable ‘to use the online form, he/she may mail the request to the Secretary
of the MFC Standards-Cemmittee at the above address. The request for an interpretation should
be clear and unambiguous. It is further recommended that the Inquirer submit his/her request
in the following.forthat:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry
in one or two words.

Edition; Cite the applicable edition of the Standard for which the interpretation
is being requested.

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

reagiremeaentsuitable for caneral understandina and use notas a3 reauect

for an approval of a proprietary design or situation. Please provide a
condensed and precise question, composed in such a way that a “yes”
or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explana-
tion as needed. If entering replies to more than one question, please
number the questions and replies.

Background Information: Provide the Committee with any background information that will assist
the Committee in understanding the inquiry. The Inquirer may also
include any plans or drawings that are necessary to explain the question;
however, they should not contain proprietary names or information.
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Requests that are not in the format described above may be rewritten in the appropriate format
by the Committee prior to being answered, which may inadvertently change the intent of the
original request.

ASME procedures provide for reconsideration of any interpretation when or if additional
information that 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 MFC Standards Committee regularly holds meetings
and/or telephone conferences that are open to the public. Persons wishing to attend any meeting

s

and/or telephone conference should contact the Secretary of the MFC Standards Committee.
Future Committee meeting dates and locations can be found on the Committee Page at
go.asme.org/MFCcommittee.
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MEASUREMENT OF GAS FLOW BY MEANS OF CRITICAL FLOW

VENTURIS AND CRITICAL FLOW NOZZLES
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$COPE AND FIELD OF APPLICATION

is Standard applies only to the steady flow of single-phase gases through critical flow ventutis (CFV)
ified herein [also sometimes referred to as critical flow nozzles (CEN), sonic nozzles, @r ¢ritical flov
les]. This Standard applies to CFVs with diverging sections on the downstream side of the throat
(no diverging section) is discussed, it is explicitly noted. This Standard specifies the method of use (in

e gas and its associated uncertainty.
is Standard applies only to CFVs and CFNs in which the flow is criticalgCritical flow exists when
through the CFV is the maximum possible for the existing upstream _conditions. At critical flow o
itions, the average gas velocity at the CFV throat closely approximates-the local sonic velocity.
is Standard specifically applies to cases in which

it can be assumed that there is a large volume upstream of the’CFV or upstream of a set of CFVs
parallel flow arrangement (in a common plenum), thereby achieving higher flow; or

the pipeline upstream of the CFV is of circular cross section with throat to pipe diameter ratio eq
than 0.25

e following publications are referenced in this(Standard. The latest edition of ASME publications should

[E MFC-3M, Measurement of Fluid Flow"in Pipes Using Orifice, Nozzle, and Venturi
[E PTC 19.5, Flow Measurement

isher: The American Society of Mechanical Engineers (ASME), Two Park Avenue, New York, NY 1(
ww.asme.org)

9300:2005, Measurement of gas flow by means of critical flow Venturi nozzles

IEC Guide 98-3:2008,(Uncertainty of measurement—Part 3: Guide to the expression of uncer
Pasurement

isher: International Organization for Standardization (ISO) Central Secretariat, Chemin de Blandonnsg
stale 401, 1214-Vernier, Geneva, Switzerland (www.iso.org)

[ Standard ‘Reference Database 23, NIST Reference Fluid Thermodynamic and Transport Properties
EFPROP);: Version 9.1

Pub

M1D 20899 (www.nist.gov)
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Database

ishers.National Institute of Standards and Technology (NIST), 100 Bureau Drive, Stop 1070, Gaitlpersburg,

3 SYMBOLS AND DEFINITIONS

3.1

Symbols and Nomenclature

See Table 3.1-1.

3.2
3

Definitions

.2.1 Temperature Measurement

measured gas temperature: temperature of the gas after being irreversibly brought to rest against the temperature
probe.
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Table 3.1-1 Nomenclature Used in This Standard

Symbol Dimensions Sl Unit U.S. Customary Unit
A* Area of CFV throat L? m? ft?
A, Area of CFV exit L? m? ft?
bo, b1, n Coefficients for empirical C4 equation Dimensionless Dimensionless Dimensionless
c Sound speed LTt m/s ft/sec
Cy Discharge coefficient Dimensionless Dimensionless Dimensionless
C; Ideal gas critical flow function Dimensionless Dimensionless Dimensionless
Ch Polytropic gas critical flow function Dimensionless Dimensionless Dimensionless
Cr Real gas critical flow function Dimensionless Dimensionless Dimensionless
o Constant pressure specific heat L1247t ki/kg K Btu/lbm £R
I Constant volume specific heat L’T 247! k)/kg K Btu/lbfm SR
D Diameter of upstream conduit L m ft
d Diameter of CFV throat L m ft
h Specific enthalpy L2172 J/ke Btu/lbm
hy Total specific enthalpy L2172 J/kg Btu/lbm
k Coverage factor Dimensionless Dimensionless Dimensionlesq
M Molar mass MM mole™ kg/kg mole lbm/lbm molej
m Mass flow Mt ke/s lbm/sec
Ma Mach number: ratio of gas velocity to Dimensionless Dimensionless Dimensionless
sound speed
My Theoretical mass flow for one-dimen- MT? kg/s lbm/sec
sional isentropic flow of a real gas
p* Absolute static pressure of the gas at ML1T2 Pa Ibf/in.?
CFV throat
P*/P, Critical pressure ratio: ratio of throat Dimensionless Dimensionless Dimensionless
pressure to inlet stagnation
pressure
Py Absolute stagnation (or total) pres- MLIT2 Pa Ibf/in.2
sure of the gas at CFV inlet
P, Absolute static pressure of the gas in MLZLE? Pa Ibf/in.?
the upstream conduit
P, Absolute static pressure of the gas at M2 Pa Ibf/in.?2
CFV exit
P,/Py Back pressure ratio: ratio of CFV exit Dimensionless Dimensionless Dimensionless
static pressure to inlet stagnation
pressure
re Radius of curvature of CFV inlet L m ft
Rey CFV throat Reynolds number: Dimensionless Dimensionless Dimensionlesg
Re Recovery factor or temperature probe Dimensionless Dimensionless Dimensionlesq
constant
R, Universal gas conétant: 8 314.4598 ML2T 267 J/(mol - K) ft - Ibf/(mol - R)
J/(mol - K) [16545.3467 ft - Ibf/
(mol - °R)]
s Specific entropy of the gas L2612 )/ (kg K) Btu/(lbm °R)
™ Absolute-static temperature at CFV [4 K °R
throat
To Absolute stagnation (or total) temper- 0 K °R
ature of the gas
T Absolute static temperature of the [4 K °R
gas at CFV inlet
Tt Measured temperature [ K °R
u Expanded uncertainty (with specified
coverage factor, k)
u Standard uncertainty (k = 1)
U Combined standard uncertainty (k = 1) .. . -
v One-dimensional gas velocity LTt m/s ft/sec
v Velocity of gas at the throat equal to LT? m/s ft/sec
the sonic velocity
z Compressibility factor Dimensionless Dimensionless Dimensionless
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Table 3.1-1 Nomenclature Used in This Standard (Cont’d)

Symbol Name Dimensions S| Unit U.S. Customary Unit

B Beta ratio: d/D Dimensionless Dimensionless Dimensionless

v Ratio of specific heats Dimensionless Dimensionless Dimensionless

K Isentropic (or polytropic) exponent Dimensionless Dimensionless Dimensionless

Mo Dynamic viscosity of the gas at stag- MLIT? kg/m s lbm/ft sec

nation conditions
Veff Effective degrees of freedom Dimensionless Dimensionless Dimensionless
p* Gas density at CFV throat ML kg/m> lbm/ft?

Supefscript
* Value at the CFV throat based on
one-dimensional, choked flow

Subsgripts

0 Stagnation property

1 Inlet conduit or upstream piping
2 CFV exit

i Ideal gas

max Maximum

recogery factor: parameter used to correct the temperature of the gas affes being irreversibly brought to regt against
the femperature probe.

Tml - Tl

stagnation (or total) temperature of a gas: temperature that would exist in the gas if the flowing gas strdam were
broyght to rest by an isentropic process.

stati¢ temperature of a gas: actual bulk temperature-of the flowing gas.

3{2.2 Critical Flow Venturis
CFV]exit plane: surface at the exit of the divergent section.
CFV]inlet plane: surface at the entrange of the convergent section.

critiqal flow venturi: a flowmeter Haying a geometrical configuration with a constant curvature convergerjt section
to a|minimum cross-sectional area (i.e., throat) at which sonic conditions exist followed by a conical dlivergent
section.

critigal (or choked) flow: nraximum flow for a particular venturi that can exist for the given upstream condifions; the
flow] that exists when the ratio of the downstream static pressure, P,, to the upstream absolute pressufes, Py, is
sucH that the fluid &elocity reaches sonic conditions at the throat. This condition is termed “choked” flow}, and the
flow] is proportignal to the inlet stagnation pressure.

critiqal pressute ratio: the ratio of the absolute static pressure at the CFV throat to the absolute stagnation|pressure
for whichsgas 'mass flow through the CFV is a maximum.

maxgmu-back pressure ratio: the ratio of the highest absolute CFV exit static pressure to the absolute CFV yipstream

t ¥ & N R R N | 1o . 1
S ag ratronT pPreEssurcat wirC e row—Decomescrtear:

throat: the cross section of the CFV with minimum diameter.

3.2.3 Pressure Measurement

stagnation (or total) pressure of a gas: pressure that would exist in the gas if the flowing gas stream were brought to
rest by an isentropic process. Only the value of the absolute stagnation pressure is used in this Standard.

static pressure of a gas: the pressure of the flowing gas, which can be measured by connecting a pressure gauge to
a wall pressure tap. Only the value of the absolute static pressure is used in this Standard.

wall pressure tap: a hole drilled in the wall of a conduit, the inside edge of which is flush with the inside surface of
the conduit.
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3.2.4 Flow

mass flow: the mass of gas per unit time passing through the CFV. In this Standard, mass flow is always the steady-
state or equilibrium mass flow.

steady state: the conditions under which the inlet and other measured pressures and temperatures at a CFV do not
change in a transient or periodic manner by more than two times the resolution of the transducers or two times
the standard uncertainty of the measurement during the period of testing or measurement.

3.2.5 Thermodynamic Properties

entropy: a_property related to the disorder of a thermodynamic system, often assumed to have a constant value in

theoretidal analysis of flow through a CFV, i.e., stagnation entropy equals the throat enthalpy, sy = 5.

isentropid exponent (k): a thermodynamic variable defined by

NOTES:
(1) For a perfect gas, the isentropic exponent equals the specific heat ratio, k = 7.

K

p(oP\ _ pc -
P(aﬂ)s_ p 2

(2) For a polytropic process, the value of k remains fixed so that the static pressure divided by the density raised to the polyfropic

exponpnt is constant (P/p* = constant). This expression is derived by integrating « = P/P (8P{5p)s for an isentropic procesd with
a congtant value of the polytropic exponent.

(3) In rea] gases, the forces exerted between molecules, as well as the volume occupied by thé\molecules, have a significant eff¢ct on

gas bghavior. In a perfect gas, intermolecular forces and the volume occupied by the molectles are neglected.

real gas g¢ritical flow function: a dimensionless coefficient used to correct.the CFV mass flow for real gas effects,

defined by the equation

where
¢* = |the sound velocity at the throat
M = [molar (or molecular) weight
Py = |the stagnation pressure
R, = |the universal gas constant
T, = |the stagnation temperature

NOTES:

o = PRI,
KT pM

(3-3)

p* = |the gas density at the nozzle throat

(1) The throat density, p} and sound speed, ¢} are computed using a real gas equation of state for a one-dimensional, isentyopic,

isoenefgetic flow model (see Nonmandatory Appendix C). For an isentropic process the entropy is constant (s = constant) while
for anlisoenergetic process the totdl enthalpy is constant (4 + V?/2 = constant).

(2) If the pas flowing through the CFY behaves ideally (i.e., real gas effects are negligible) and 7y remains constant as the gas expands

G

4

)

=

from the CFV inlet to the thrdat, Cr simplifies to the ideal gas critical flow function (C;) and is a function only of the specific heat|ratio.

y+1

. 2 V-1
C,‘ = 3-4
Y (1 + y) 64

The|specific ‘\hedt ratio should be determined using a low-uncertainty thermodynamic property database. It is evaluated as a
functi¢n of the gas composition, and the measured upstream temperature and pressure.
If the [CEV~flow can be accurately modeled by a polytropic process, Cx simplifies to the polytropic gas critical flow functiop (C;)
and is T T tbitt T Tt

(3-5)

The polytropic exponent and compressibility factor should be determined using a low-uncertainty thermodynamic property

database. The polytropic exponent is evaluated as a function of gas composition, and the measured upstream temperature and
pressure.
In practice, sometimes Cy is estimated by either C; or C,. If the gas behavior is not ideal (ie, Z#1)or if the CFV flow process is
not polytropic (i.e., k # constant), neither of these idealized critical flow functions equals Cg. Consequently, mass flow calculations
using either C; or C, will have higher uncertainty than corresponding calculations using C. For the lowest uncertainty, mass flow
calculations should be based on Cg.
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specific heat ratio: a thermodynamic variable defined by the ratio of the constant pressure, c,, to constant volume,
c,, specific heats

=% -
v=4 (3-6)
speed of sound: the speed that a sound wave travels
oP
= J&l G2

Y

whefe P and p are the absolute static pressure and density, respectively, and s refers to constant entropy,

stagnation enthalpy: thermodynamic variable equal to the specific enthalpy evaluated at the stagnation pregsure and
temperature, hy = h(Ty,Py).

total|specific enthalpy: the sum of the specific enthalpy and the kinetic energy per unit mass; #; = h + V?/2.

NOTES:
The total specific enthalpy equals the specific stagnation enthalpy for a steady, isentropic flow (7= ho). This result is fommonly
r¢ferred to as the “isoenergetic condition.”
(2) The total specific enthalpy is a thermodynamic property at the CFV throat since the fluid Velocity equals the sound spe¢d,
*2
i c
3

=h +7.

2.6 Dimensionless Quantities
discHarge coefficient: the dimensionless ratio of the actual flow to the\theoretical flow
m
Cyp = — 3-8
d myy ( )

This coefficient corrects for viscous effects in the boundary layer and sonic line curvature effects in thq far field
(i.e.)in the irrotational flow outside of the boundary layer region). For the CFV design and installation c¢nditions
spedified in this Standard, it is a function of the throat Reynolds number.

Mach number: the ratio of the fluid velocity.to the velocity of sound in the fluid at the same temperature and
prespure
Ma = V/c 39)

NOTE: For a one-dimensional isentropic flow the Mach number equals unity at the CFV throat, such that the fluid velocity|equals the
sounfl speed (V' = ¢).

throgt Reynolds number: dimensionless parameter calculated from the mass flow, 7z, and the dynamic visdosity, o,
evalpated at the CFV inlef stagnation conditions using the throat diameter, d, as the length scale

4m

R, = = (3-10)
4 BASIC EQUATIONS
4.1 |State)Equation
ra} ]’\Qhﬁ‘ ;ﬁ“‘ f\‘: < rpn] gQC can ]’\D AQQ(‘Y{]’\D{‘] ]’1}7
_ pRTZ
p = T (4-1)

4.2 CFV Mass Flow Equations
Assuming that the flow is one-dimensional and isentropic (i.e., frictionless and adiabatic), the value of the
theoretical mass flow through a CFV is

A'CRP,
_ R70 (4-2)

T T RMT,
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A discharge coefficient C; is needed to correct for the fact that the flow is neither entirely one-dimensional nor
isentropic. Equation (4-2) becomes
Ca4A'CrP
m = Cytity, = R0 (4-3)
Ru/M)Ty

If the throat diameter is known perfectly, C; will be less than unity because the mass flow, 71, will be less than
ideal due to curvature of the throat sonic line as well as subsonic velocities through the viscous boundary layer
adjacent to the CFV wall.

NOTE: Haragraph 8.1 provides information for computing Cj if it is not obtained by calibration, and para. 8.2 provides infernjation
for compyting Ck.

5 APPLICATIONS FOR WHICH THE METHOD IS SUITABLE

Each application should be evaluated to determine whether a CFV is suitable for the conditions arid requiremjents.
An impqgrtant advantage of a CFV is that the flow through it is independent of the downstream pressure as [long
as the pyessure conditions up- and downstream from the CFV lead to critical flow at the¢throat. The following are
some otﬂier considerations:

(a) Tolcalculate flow through a CFV, the only measurements required are the gas eomposition, and the pregsure
and temperature upstream of the CFV. These measurements enable the throat(conditions to be calculated from
thermc:gﬁnamic considerations. A low-uncertainty measurement of the throat diameter is also required if C, vglues
are deteymined using the empirical equations in this Standard. In contrast,\if the CFV is flow calibrated, only a
nominal|value of the diameter is necessary (see examples in Nonmandatory Appendix B). CFVs are appli¢able
when there is no phase change as the gas accelerates from the inlet tethe throat and the flow is not a functign of
the dowfistream pressure (i.e., the CFV is choked). Care must be takenr when using an equation of state at or|[near
the dew jpoint of the gas so that correct gas phase properties are determined. Studies have shown that condensgtion
rates in fhe presence of favorable pressure gradients and rapidly falling temperatures are much slower than the
transit time of the fluid from the CFV entrance to the CFV_throat. Therefore, the CFV will operate correctly| and
yield thq correct flow, provided that the calculations for the speed of sound and density at the throat are correct.

(b) The velocity in the CFV throat is the maximum possible for the given upstream stagnation conditions; thergfore,
the sensitivity to installation effects is minimized, except for swirl, which must not exist in the inlet plane of the [CFV.

(c) Unlike the subsonic differential pressure.deyvice, CFV flow is proportional to the inlet stagnation pregsure
and not fo the square root of a measured differential pressure.

(d) Thie maximum flow range that can be-obtained for a given CFV is limited to the range of inlet pressureq that
are availpble above the inlet pressure at.which the flow becomes critical.

(e) Thp most common applications for CFVs are the calibration of other meters (working or reference standqrds)
and verification or comparison of primary flow standards (check or transfer standards) in flow control applicafions
and in ppoduct testing.

6 STAILDARD CRITICAL.FLOW VENTURIS
6.1 Gen

6.1.1| Discharge-Coefficient. The discharge coefficient, C;, for a CFV may be obtained by either the empjrical
method {using émpirical or theoretical equations of C; versus Reynolds number) or the calibration method (caljbra-
tion of the particular CFV in a flow laboratory). When using empirical C,; values, the specifications for size, slape,
and surﬂf‘ace conditions are pertinent to obtaining the performance specified in this Standard. In these case$ the
CFV should be inspected to determine conformance to construction specitications of this Standard. In the case of
laboratory-determined C; values, compliance with the following construction specifications is less pertinent. When
it is not practical to manufacture CFVs to the surface finish and curvature specifications herein, CFV performance
must be demonstrated through calibration against a flow reference.

ral Requirements

6.1.2 Materials. CFVs should be manufactured from material suitable for the intended application, such as
the following;:

(a) The material should be capable of being finished to the surface condition specified in this Standard. Some
materials are unsuitable because of pits, voids, and other nonhomogeneities.

(b) The material, together with any surface treatment used, should not be subject to corrosion in the intended
service. Experience has shown that 300 series stainless steel is often a suitable material.
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(c) The material should be dimensionally stable and should have known and repeatable thermal expansion
characteristics (if it is to be used at a temperature other than that at which the throat diameter has been measured),
so throat diameter corrections and uncertainty estimates can be made. A period of time is generally required to
achieve steady-state temperature conditions, and the flow reported by the CFV will change gradually as equilibrium
is approached. The amount that the flow changes as steady state is approached depends on flow conditions, CFV
geometry, ambient temperature conditions, gas type, and response time of the instrumentation. Generally, the time
necessary to achieve steady state should be determined experimentally.

6.1.3 Surface Finish. The throat and toroidal 1nlet up to the conical dlvergent section of the CFV should be
smo 2 x 107%.
If thie roughness cannot be measured the CFV should be ﬂow calibrated. The throat and toroidal inlét p to the
conifal divergent section should be free from dirt, films, and other contamination. The form of the conical dlivergent
portjon of the CFV should be controlled such that any steps, discontinuities, irregularities, and lack jof congentricity
do 1jot exceed 1% of the local diameter. If there is a diameter discontinuity in the divergent portion of the CFV,
then| the diameter should increase (not decrease) in the direction of flow. The arithmetic ayérage roughngss of the
conifal divergent section should not exceed 107*4.

6.2 |Standard CFV Geometries

Two different designs are possible for standard CFVs: a toroidal throat design-and a cylindrical throgt design.
The |toroidal throat design is the most widely used and is the primary fodus~of this Standard. However, for
completeness, guidance is also given for the cylindrical throat design.
NOTE: Critical nozzles (i.e., CFNs with no divergent section) are not a recommendéd’ design (although they are allowed) due to poor

pressjure recovery and the greater possibility of flow performance being affected by downstream disturbances (i.e., flow gulsations).
Howgver, the same flow equations and discharge coefficients apply to CFNs as t¢ CFVs.

6/2.1 Toroidal Throat CFVs. A toroidal throat CFV should meet the following requirements:
(a) It should conform to Fig. 6.2.1-1.

(b} For purposes of locating other elements of the CFV eritical flow metering system, the inlet plane of| the CFV
is defined as the plane perpendicular to the axis of symmetry that intersects the inlet at a diameter [equal to
2.5d |+ 0.14.
(c] The convergent part of the CFV (inlet) is a pertion of a torus that extends through the minimum areda section
(thrgat). The curvature of this surface continues to-become tangent to the divergent section. The contour of the inlet
upstream of a diameter equal to 2.5d is not specified, except that the surface at each axial location has a diameter
equdl to or greater than the extension of/the"toroidal contour.
(d) The inlet toroidal surface of the CFV beginning at a diameter of 2.54 perpendicular to the axis of symmetry
(seeFig. 6.2.1-1) and extending to the'point of tangency should not deviate from the shape of a torus by npore than
0.00]d. The radius of curvature of this toroidal surface in the plane of symmetry should be 1.84 to 2.2d.
(e] The divergent portion of the CFV downstream of the point of tangency with the torus should form { frustum
of a[cone with a half-angle-of 2.5 deg to 6 deg. The length of the conical section should not be less than ohe throat
dianpeter.
(f] If these manufacturing tolerances cannot be achieved or verified by inspection, then flow calibration is
recommended.

6{2.2 Cylindrical Throat CFVs. A cylindrical throat CFV should meet the following requirements:
(a) Tt should conform to Fig. 6.2.2-1.

(b} Thetinlet plane is defined as the plane tangent to the inlet contour of the CFV and perpendicular tof the CFV
centprline.
(c L The r‘nnvargpnf Pm"f of the CEV (inlet) is a rlnnrh:-r of a torus fnngpnf to_the inlet p]qno and to the rdrlindrical
throat. The radius of curvature of the convergent part of the CFV and the throat length is equal to the throat
diameter, d. The length of the throat should equal the throat diameter within 0.054.

(d) The inlet toroidal surface of the CFV should not deviate from the shape of a torus by more than 0.001d.

(e) The throat diameter should be the mean of at least four diameters measured at approximately equal angles
to each other at the exit plane of the cylindrical throat. These diameters should not vary from the mean by more
than 0.0014.

(f) The transition between the convergent section and the throat should be inspected visually, and no defect
should be observed. Where it can be measured, the whole inlet surface must be properly polished so that the
arithmetic average roughness height does not exceed 15 x 107%d. If the roughness cannot be measured, the CFV
should be flow calibrated. The transition between the cylindrical throat and the conical divergent section should

7
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Fig. 6.2.1-1 Toroidal Throat CFV Geometry
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region the surface shall not exceed 107*d arithmetic average roughness.

Note (2)

CFV exit plane

When it is not practical to manufacture CFVs to the surface finish and curvature specifications herein, CFV performancg

region the surfaceéshall not exceed 15 x 107°d arithmetic average roughness, and the contour shall not deviate from toroi
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Fig. 6.2.2-1 Cylindrical Throat CFV Geometry
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RAL NOTE:  When it is not practical to manufacture CFVs to the sutface finish and curvature specifications herein, CFV perforn
monstrated through calibration.

5:

this region the surface shall not exceed 15 x 107%d aritimetic average roughness, and the contour shall not deviate from
hd cylindrical form by more than 0.001d.

this region the surface shall not exceed 107*d arithmetic average roughness.

r the transition region, see para. 6.2.2(f).

be visually inspected, and no defect should be observed. When a defect of transition is observed, it
ked that the local radius of curvature is never lower than 0.5d all along the inlet surface (converger
cylindrical throat),

The divergent-Section of the CFV should be a frustum of a cone with a half-angle of 3.5 deg = 0.5
th of the divergent section should not be less than the throat diameter.

If these manufacturing tolerances cannot be achieved or verified by inspection, then flow calib
mmendéd,

7 INSTALLATION REQUIREMENTS

hance shall

toroidal

must be
t section

deg. The

ration is

7.1

General

This Standard covers installation when either

(a) the pipeline upstream of the CFV is of circular cross section with 8 < 0.25 or

(b) there is a large volume (plenum) upstream of the CFV such that B is effectively zero

For the case in (a), the CFV should be installed in a system meeting the requirements of para. 7.2. For the case
in (b), the CFV should be installed in a system meeting the requirements of para. 7.3. In both cases swirl must not
exist upstream of the CFV. Where a pipeline is used upstream of the CFV, swirl-free conditions can be ensured by
installing a flow straightener as shown in Fig. 7.1-1 at a distance >5D upstream of the CFV inlet plane or any type
of other flow conditioners of recognized type having equivalent or better performance (see ASME MFC-3M).
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Fig. 7.1-1 Inlet Conduit Schematic

Flow —~
P—CFV inlet plane
Flow conditioner/. 5D min.
straightener exit Temperature Trm
plane measurement —d=<1.8D - 2.2D—»>
Pressure P,
measurement 09D-1.1D

8 \/
D ] . . 4 R R ) R 1
5 B
Inlet conduit
diameter

fream Pipeline

FV should be installed in a straight circulat conduit that is concentric within 0.02D with the centerli

1ld have an arithmetic roughness. height that does not exceed 107*D. In order to meet the coeffi
lons of this Standard, the diameter of the inlet conduit should be a minimum of 4d. It should be n
ise of S ratios larger than 0.25 increases the effect of upstream disturbances, and corrections are necef

s where upstream installation constraints are such that this requirement cannot be met, specific test]
nded to investigate the influence of the installation conditions on the uncertainty of the flow measure
termination of Cp

t cases, the mass\flow calculations used in this Standard will apply for 8> 0.25; however, when rea
ns are significant, the ideal calculations of the stagnation pressure and temperature (see para. 8.3) w
bply and, eetrections need to be made.

e Upstream Volume (Plenum)

The inlet conduit up to 3D upstreanr of'the CFV should not deviate from circularity by more than (.

he of
01D
cient
oted
sary

5 are
ment

gas
1 no

axis

When multiple CFVs are used in parallel, testing should be done to ensure that performance is not degraded by
interference between CFVs.!

NOTE: When determining the spacing requirements for CFVs mounted in parallel, the distance to the wall should also be considered.

1

For guidance for CFV spacing, see the following references:

Choi, Y. M., Park, K.-A., Park, J. T., Choi, H. M., and Park, S. O., Interference Effects of Three Sonic Nozzles of Different Throat
Diameters in the Same Meter Tube, Flow Meas. Instrum., 10, pp. 175-181, 1999.
Johnson, A. N,, Li, C. H., Wright, J. D., Kline, G. M., and Crowley, C. J., Critical Flow Venturi Manifold Improves Gas Flow Calibrations,
Eighth International Symposium for Fluid Flow Measurement, Colorado Springs, Colorado, USA, 2012.
Stevens, R. L., Development and Calibration of the Boeing 18 kg/sec Airflow Calibration Transfer Standard, International Symposium
on Fluid Flow Measurement, Arlington, Virginia, USA, pp. 80-96, 1986.
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Fig. 7.5-1 Pressure Tap Schematic
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the dliameters of pressure taps should be 1.3 mm + 0.3 mm (0.05 in. + 0.02 in.) but no more than 0.08D or

0.5
Fig.

TH
reco
so th
used
cong

In|
disc

2d min.

Downstream Requirements

b requirements are imposed on the outlet conduit except that it shalllnot restrict the flow so as tq
al flow in the CFV.

Pressure Measurement

hen a circular conduit is used upstream of the primary device, the upstream static pressure should be 1
all pressure taps located 0.9D to 1.1D from the inlet plane of the CFV (see Fig. 7.1-1). The pressure
cated upstream or downstream of this position, provided'it has been demonstrated that the measured
pbe used to reliably give the CFV inlet stagnation pressure.

hen it can be assumed that there is a large volumeZupstream of the CFV, the upstream pressure tap ¢
ed in a wall perpendicular to the inlet face of the CFV and within a distance of 10d + 1d from that p

cure measured can be used to reliably givethe CFV inlet stagnation pressure.
re or lightly rounded to a radius'not exceeding 0.1 diameter of the pressure tap. Conformity of the
with the two foregoing descfiptions, is to be judged by visual inspection. When an upstream pipelin

n.), whichever is less. The)pressure tap should be cylindrical for a minimum length of two tap diam
7.5-1).

itions if\an unchoking test is performed using that tap location.
some applications, the outlet pressure can be determined without a pressure tap. For example, the
harge-directly into the atmosphere or other region of known pressure. In these applications, the outlet

L 1o |
ot oM castrea:

prevent

heasured
tap may
pressure

hould be
ane. The

bure tap may be located upstream or downstream of this position, provided it has been demonstrated that the

r the pressure taps mentioned in the-preceding paragraph, the centerline of the circular pressure tap should
the centerline of the primary device'and be at right angles to it. The edges should be free from burfs and be

pressure
b is used,
12.7 mm
bters (see

le downstream pressure will be measured by a conduit wall tap to ensure that critical flow is maintajned. The
mmended location for the wall tap is within 0.5 conduit diameter downstream from the exit plane of| the CFV
at the back ptessure ratios specified in para. 8.4 are valid. However, locations further downstream cajn also be
, provided-there is no substantial pressure change. Other tap locations may be used to check for crifical flow

CFV may
pressure

nee

7.6

Drain Holes

During measurement, flow must be single-phase upstream and in the throat with no condensation, and all surfaces
must retain their cleanliness and surface finish. If this cannot be guaranteed, the measurement shall not be claimed
to conform to this Standard.

If there is a possibility for condensate, the conduit may be provided with drain holes for the removal of condensate
or other foreign substances that may collect in some applications. There must be no flow through these drain holes
while the flow measurement is in progress. If drain holes are required, they should be located upstream of the CFV
upstream pressure tap. The size of the drain holes is dependent on the viscosity of the fluid to be drained, but
diameters are typically 6 mm to 12 mm. The axial distance from the drain hole to the plane of the upstream pressure
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Table 8.1-1 Coefficients for Calculating
Empirical C; Values

CFV Type Rey Range bo b, n

Toroidal 2.1 x 10°t0 3.2 x 107 0.9959  2.720 0.5
Cylindrical 3.5 x 10°to 1.1 x 10’  0.9976 0.1388 0.2

tap should be greater than 1D, and the hole should be located at the bottom or low in the upstream pipe and in

a different plane from the pressure tap.

7.7 Temperature Measurement

The irflet temperature shall be measured using one or more sensors located upstream of the CFV. Whe

upstrea

of the CKV. The diameter of the sensing element shall be not larger than 0.04D, and the element\shall not be ali

with a

0.04D, t
measure
tempera

Partictilar care should be exercised to ensure reliable temperature measurements‘considering such effects attrib
rature sampling errors, time response of the temperature sensor, stem conduction, self-heating (for resistance

to tempe]
tempera
such as

8 CAL(

The nf
Nonman
back pre

8.1 Disd

The d
to give 4
is lower
there are
transitio:
flow or
characte

The di
method)

NOTE: H
uncertainty
and appli
preferred.
if the sam|
unaffected

pipeline is used, the recommended location of these sensors is 1.8D to 2.2D upstream of’the inlet

all pressure tap in the flow direction. If it is impractical to use a sensing elementiof diameter less
e sensing element shall be located so that it can be demonstrated that it doés’not affect the pres
ment. The sensor may be located further upstream, provided that it has been denonstrated that the measg
ure can be used reliably to give the bulk gas temperature averaged over the-CFV inlet.

ure sensors), radiation effects, and heat transfer due to temperature gradient effects. Appropriate
ising insulation and selecting appropriate sensors, should be taken to minimize these effects.

ULATION METHODS

ass flow through a CFV should be computed using eq. (4-3). Example calculations can be foun

Ssure ratio are given.

harge Coefficient

scharge coefficient, C;, corrects the theotetical flow, i1y, calculated from 1-D isentropic theory [eq.
ctual mass flow through a CFV. Thé discharge coefficient is less than unity so that the actual mass
than theoretical mass flow. Physically, C; < 1 because there is a boundary layer along the CFV wall
momentum effects in the convergent section. Excluding the transition regime where the boundary
hs from laminar to turbulent-flow, the discharge coefficient decreases with decreasing Re, (decreasing
CFV diameter). CFV flows'with either a laminar or a turbulent boundary layer have been success
ized by correlating Cs-as-a function of Re;™".

scharge coefficient can'be obtained either by direct calibration against a flow reference standard (calibr
or by using an equation based on prior research and theoretical methods (empirical method).

or the empirical-iriethod, the throat diameter or cross-sectional area (A*) of the CFV must be measured to achieve good
y, whereas in‘the-calibration method a nominal value for A* is sufficient as long as the same value is used for both calib
bation. For' small throat diameter CFVs, A* is difficult to measure with low uncertainty, and flow calibration is gen
If the nomiinal value of A* is an underestimate, it is possible to obtain C; values > 1 from the calibration method. Hoy
e nominal value for the throat area is used during both the calibration and application phases, the CFV mass flow w

n an
lane
bned
than
sure
ured

uted

care,

d in

datory Appendix B. In paras. 8.1 through 8.4, methaods for calculation of Cg, CE, Py, Ty, and the maxignum

4-2)]
flow
and
ayer
mass
fully

htion

flow
ation
prally
Vever,
ill be
ffects

due to err!

by;thé error in the nominal value of A*. See section 9 and the example in Nonmandatory Appendix B for uncertainty ¢

For the empirical method, experimental discharge coefficient values for toroidal and cylindrical CFVs have been

fitted to

the following equation (see Table 8.1-1):?

Cd = bo - blRed -

(8-1)

The uncertainty at a 95% confidence level for the discharge coefficients obtained from eq. (8-1) is 0.3%. Discharge
coefficients are given in Tables A-1 and A-2 in Nonmandatory Appendix A.

Arnberg, B. T., and Ishibashi, M., Discharge Coefficient Equations for Critical-Flow Toroidal-Throat Venturi Nozzles,
FEDSM2001-18030, Proceedings of the ASME Fluids Engineering Summer Meeting, New Orleans, Louisiana, USA, May 2001.
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NOTES:

(1) The uncertainties in the fitted equations for C, are as large as 0.3% in part because the boundary layer transition from laminar to
turbulent flow in the CFV causes a discontinuity in the discharge coefficient versus Reynolds number curve. The Reynolds number
at which transition occurs is approximately 1 x 10° but depends on several factors (i.e., local curvature at the CFV throat, small
geometric defects near the throat) and therefore is not known for a particular CFV without calibration against a flow reference. CFV
flow uncertainty as low as 0.1% can be obtained by calibrating the CFV against a flow reference standard.

(2) The empirical method should not be used when measuring the flow of gases with significant vibrational relaxation effects (e.g., CO,
and SF,). Gases with energy in the vibrational modes can have C, values that differ from the empirical method by 2% or more.?

CEX/s_that were Prpr*iaph machined to match the geametry Prpanihpd in this Standard have been manufactured
and |calibrated to show agreement with analytical C; values within 0.04%.*° C, values calculated bg~gnalytical
meahs also agree with experimental results for less precisely machined CFVs within 0.1%.%” This makes|CFVs an
ecorfomical way to measure large gas flows with uncertainty of 0.3% or better as long as transition is avpided.

8.2 |Computation of Real Gas Critical Flow Function

The critical flow function is a dimensionless thermodynamic property that accountsfor real gas effecty on CFV
mas$ flow. It is defined by

. _ PR,
KT pM

(8-2)

Fqr specified stagnation conditions Py and Ty, the throat density, p, and sound speed, ¢, are calculatpd based
on ajone-dimensional, isentropic, isoenergetic flow model. Thezmodynamic properties are calculated using a[database
that|accounts for real gas effects. The isentropic condition requires that the throat entropy equals the sfagnation
entrppy while the isoenergetic condition stipulates that the\total enthalpy at the throat equals the stagnation pnthalpy.
BotH the throat entropy, s’, and total enthalpy, /;, arédndependent thermodynamic variables, and therefore they
detefmine the thermodynamic state at the CFV thioat. The real gas critical flow function, C, is deterrhined by
findjng the unique throat density and sound speed corresponding to the thermodynamic state at the CFV throat
(see|Fig. 8.2-1). An iterative procedure is geperally required to determine p and ¢ from the known entfopy and
total enthalpy (see Nonmandatory Appendix C for details).
Computations for Cg require a low-uncertainty thermodynamic database. In this Standard, Cg is computed using
the REFPROP thermodynamic database.® This database documents the uncertainty of experimentally theasured
progerties, includes numerous gases*(e.g., O,, CO,, Ny, Hy, Ar, C;Hy, and He), provides flexibility to crdate user-
defi.Ied gas mixtures (e.g., nattiral gas, dry air, and humid air; see Nonmandatory Appendices C and IJ), and is
maintained and kept up to (date by the National Institute of Standards and Technology (NIST). In addjtion, the
datapase internally solves.the one-dimensional, isentropic, isoenergetic flow model for Cg. In this way ¢ values
are falculated as a function of gas composition, the stagnation pressure, and the stagnation temperature.
Nonjmandatory Appendix C shows values of Cy for selected gases and stagnation conditions.
If [the flow meastrement application does not require the lowest uncertainty then the ideal gas critfical flow
fungtion (C;) or-the polytropic gas critical flow function (Cp) can be used instead of Cg (see Fig. 8.2-2).

w

Johnson;*A. N., Merkle, C. L., Moldover, M. R., and Wright, J. D., Relaxation Effects in Small Critical Nozzles, ASME]|]. of Fluids
Engrq., 128,pp. 170-176, 2006.
Ishibashi M. and Takamoto M Dmrharcm Coefficient of %mpmr‘rnmfp Critical Nozzle Am‘nmnampd With the Boun 1ary Layer
Transition Measured by Reference Superaccurate Critical Nozzles Connected in Series, FEDSM2001-18036, Proceedings of the ASME Fluids
Engineering Summer Meeting, New Orleans, Louisiana, USA, May 2001.

'S

5 Ishibashi, M., and Takamoto, M., Theoretical Discharge Coefficient of a Critical Circular-Arc Nozzle With Laminar Boundary Layer
and Its Verification by Measurements Using Super-Accurate Nozzles, Flow Meas. Instrum., 11, pp. 305-314, 2000.

6 Johnson, A. N., and Wright, J. D., Comparison Between Theoretical CFV Models and NIST’s Primary Flow Data in the Laminar,
Turbulent, and Transition Flow Regimes, ASME ]. of Fluids Engrg., 130, 2008.

7 Mickan, B., Kramer, R., Dopheide, D., Johnson, A., Wright, J., Hotze, H.-J., Hinze, H.-M., and Vallet, J.-P., Comparisons by PTB,
NIST, and LNE-LADG in Air and Natural Gas with Critical Venturi Nozzles Agree Within 0.05%, Sixth International Symposium for Fluid
Flow Measurement, Queretaro, Mexico, A.4.4, 2006.

8 Lemmon, E. W., Huber, M. L., and McLinden, M. O., NIST Standard Reference Database 23: Reference Fluid Thermodynantic and Transport
Properties — REFPROP, Version 9.1, National Institute of Standards and Technology, Standard Reference Data Program, Gaithersburg,
Maryland, USA, 2013.
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Fig. 8.2
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Fig.|8.2-2 Percent Difference Between the Polytropic Gas Critical Flow Function, C,,*, and.the Real Gas Critical
Flow Function, Cp, at T, = 295 K
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NOTES:

(1) If the discharge coefficient of a CFV is determined by flow calibration against a reference standard, and then used in the same gas
at the same stagnation temperature and pressure, then the critical flow function should be computed using the same method for
both the calibration and the application. In this case, any error introduced from using an approximate value of the critical flow factor
during the calibration phase will identically cancel when the same value of the critical flow function is used in the application phase.

(2) If the discharge coefficient of a CFV is determined by flow calibration against a reference standard, and then used in a different gas
at the stagnation conditions that yield the same Reynolds number, then the real gas critical flow function, Cg, should be used in
both the calibration and the application in order to achieve the best uncertainty.

8.3 Conyersion of Measured Pressure and Temperature to Stagnation Conditions

If the ppstream plenum can be assumed to be infinitely large (i.e., 8 = 0), then the inlet Mach number eqn be
taken to|be zero (Ma; = 0). However, if flow is directed into the CFV through upstream piping withyan internal
diametey such that 8 < 0.25, then the Mach number in the pipe section can be calculated by

1 2 (k=3)/(2K=2) ) 2/(k-1)
M“l—E<K+1) 1- “”“(m) i

The inflet stagnation pressure can be determined from the relationship

k-1 5 w/(k-1)
Py = Py |1+=—— Mat (8-4)

and the |nlet stagnation temperature may be determined from

k-1

TO = Tml |:1 + >

Mar (1 - Rf)} (8-5)

NOTES
(1) For CKV installations with B < 0.25, the magnitude of the*difference between the measured pressure and the computed stagrjation
pressyre is less than 0.1% as shown in Fig. 8.3-1. Therefore the Mach number, stagnation pressure, and stagnation temperatuge can
be calg¢ulated with comparable uncertainty if the specific heat ratio, 7, is substituted for the polytropic exponent, . For example,
the stdgnation temperature could be computed with/Ty = T,,; [1 + 0.5(y - 1) Ma% (1 - r9)]. When calculations of the ideal gas aii“tical
flow flinction, C;, or when B> 0.25, low-uncertdinty values of vy are required. When B < 0.25, estimated values of vy are adequate for
calcul3ting the Mach number, stagnation pressure, and stagnation temperature. For example, y = % for ideal monatomic gages, %
for iddal diatomic gases, and % for ideal(triatomic gases can be used for the calculations.
(2) Tempgrature measurements are made'by inserting a probe into the flow line. The temperature measured by the probe, T, In the
equatipn, will be a function of thé probe design, the fluid properties, the flow field at the probe, and the wall temperaturgd. The
measured temperature, T,;, will bé between the actual flowing static temperature, Ty, and the stagnation temperature, T. For |[CFVs
with # < 0.25 the difference between T, T, and Ty will be small. However, if 8> 0.25, the stagnation temperature and prgssure
correcfions can be significant'and should be made.
(€]

=

In casgs where a significafittemperature correction is required (8 > 0.25) the recovery factor, R;, which is known, tested, or estinjated,
can bg used to correct the measured temperature. The recovery factor is approximately constant for a given probe design and flow
situatipn. The valtieof the recovery factor can range from 0.5 to 0.99. This Standard recommends a value of 0.75, a common [value
for mgny temperatiire probes.

8.4 Maximum Permissible Downstream Pressure (Maximum Back Pressure Ratio)

For CFVs operating at throat Reynolds numbers greater than 2 x 10° and with diffusers longer than 1d, the
maximum permissible downstream pressure can be estimated by the relationship

(P2/Po)max = 0.8 [(P2/Pg); — r*] + r* (8-6)
where
’ 2 w/(k-1)
T (m) ®7)
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Fig. 8.3-1 Difference Between Static and Stagnation Pressure for Various Beta Ratios
and Isentropic Exponent Values
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The value of (P,/Py); is determined from the one-dimensional compressible flow of an ideal gas relati
a fufetion’ of area ratio (A,/A") of the divergent section. Sample values of (P,/Pg)max may be found in Fj

(8-8)

(8-9)

nship as
. 8.4-1.

ical. For

Hisher back—pressure—ratios—than-showhn—can-be-used—provideditcanbeverifiedthattheflow—is—eri
SHEF presstre-—Fatos—hai-SRowh—eah—» T PFOV H—ca* VeF HHaH—Re—HoW—Is—cF+

Reynolds numbers greater than 2 X 10°, the pressure ratio P,/ Py is not significantly affected by extending

the cone

length such that the exit area is greater than four times the throat area, i.e., beyond seven diameters for a cone

half-angle of 4 deg.

For CFVs operating at throat Reynolds numbers from 5 X 10* to 2 X 10°, it is reccommended that users maintain
a minimum back pressure ratio equal to the critical pressure ratio, 7, or perform an unchoking test on their CFVs.
For CFVs operating at throat Reynolds numbers below 5 x 10% it is recommended that users maintain a back
pressure ratio of (P2/Pp)max = 0.30 or perform an unchoking test on their CFVs. For some CFV diffuser geometries
operated at these low Reynolds numbers, a decrease in C; is observed from a back pressure ratio of approximately
0.35 to 0.50. This diffuser performance inversion, sometimes referred to as “premature unchoking” can be minimized

by using 3-deg to 4-deg half-angles and diffuser lengths of 10d or greater.
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Fig. 8.4-1 Recommended Maximum Back Pressure Ratio Versus Diffuser Area Ratio for
Various Isentropic Exponent Values
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GENERAL NOTE: Fig. 8.4-1 applies only for throat Reynolds himbers greater than 2 x 10°.

Pressure ratios as high as 0.95 can'be obtained for some CFVs at high Reynolds numbers. An unchoking test

should He conducted to determine thé (P»/Po)max-
The ptocedure for performing an unchoking test can be found in Nonmandatory Appendix E.’

9 UNCERTAINTY OF CFV'FLOW MEASUREMENTS

9.1 Genleral Considerations

The upcertainty”associated with each measurement of mass flow is an essential consideration and shafl be
calculated afid,reported whenever a measurement is claimed to conform to this Standard. The uncertainty for a
mass floy ‘measurement may be expressed in relative terms as a percentage, in relative (dimensionless) ternfs, or
in absolute terms with the same units as the given mass tlow. Uncertainty may be expressed as a standard uncertainty,
u (at a confidence level of 68%), or as a combined standard uncertainty u,, or as an expanded uncertainty U, which
is usually the final result with a 95% confidence level. The uncertainty for mass flow as determined using eq. (4-3)
is most simply evaluated using relative uncertainties expressed as a percentage. The quantities and notation herein
refer to relative uncertainties expressed as percentages of the average value. Uncertainty calculations should conform
to the procedures given in the following paragraphs of this Standard."

® Maximum back pressure guidelines for CFVs with specific diffuser geometry operated with dry air in the Re range from 12,000
to 250,000 can be found in Carter, M., Sims, B., Britton, C., and McKee, R., Choking Pressure Ratio Guidelines for Small Critical Flow
Venturis and the Effects of Diffuser Geometry, 16th International Flow Measurement Conference, Paris, France, 2013.

10 1SO/IEC Guide 98-3:2008.
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In general, the expanded uncertainty for a measurand, U(mran), can be calculated from the combined standard
uncertainty, u,(mran), comprised of the relative Type A uncertainty, u4(mran), which is obtained using statistics,
and the relative Type B uncertainty, ug(mran), which is obtained using methods other than statistics. These are
combined by root sum of squares (RSS) as follows:

U(mran) = k X u/(mran) = k\/uA(mran)2 + ug(mran)? 9-1)

where k is the coverage factor, and k = 1 indicates a 68% confidence level and k = 2 is generally appropriate to
calculate a 95% confidence level uncertainty. The Type A uncertainty, u(s1), is the standard deviation, at 68%
conffdence level, of the replicated measurements ol mass [low Irom the repeatability and reproducibility tet results.
The [relative Type B uncertainty, up(7i1), is obtained from evaluations of the uncertainty of the compeprnieijts in the
equgtion used to calculate the mass flow. It is common and usually more convenient to perferm uncertainty
calctilations in relative uncertainty terms as shown in the practical computation methods that folow? Using relative
uncgrtainty terms allows the use of normalized sensitivity coefficients, which are the exponents of the rgspective
factqrs in the governing equation for the quantity being assessed.
Using a coverage factor k = 2 to obtain a 95% confidence level in uncertainty is appropriate when the system
has fnany degrees of freedom, as is normally assumed for Type B uncertainty comporients. The degrees of freedom
for the Type A component, calculated from the standard deviation of n repeated meaSurements, is n — 1fand this
can |ead to larger values of k when the number of replicates is approximately 20701 less. The Welch-Satt¢rthwaite
formjula'® allows calculation of effective degrees of freedom and, when the, répeatability (Type A component) is
small relative to the Type B components, leads to a coverage factor of approximately 2 for 95% confidence level.
The [Welch-Satterthwaite formula is applied in the examples in Nonmandatory Appendix B. There and in most
appllications, k = 2 is an acceptable value to obtain 95% confidencedével uncertainties.

9.2

Equation (4-3), the governing equation for mass flow, 71, through a CFV, is

Practical Computation of Uncertainty

GpA*CrP
J(R,/M) Ty

The uncertainty of a flow measurement shouldbe calculated from the standard deviation of the availgble flow
meapurement data plus evaluations of uncertaiiity of the individual quantities in the governing equation{ In most
casep, uncertainty components can be assumed to be independent and uncorrelated, but there are certpin cases
where correlated uncertainties are an issue (see para. 9.3).
Bdcause eq. (4-3) is comprised of.products, it is simplest to use normalized sensitivity coefficients and relative
uncgrtainties expressed as percentages (the dimensional uncertainty divided by the average value of the rgspective
component). In this way, the sensitivity coefficients for a function like eq. (4-3) are the exponents of the respective
components. In the case where ‘the uncertainty components are assumed to be independent and uncorrglated or
wheh the respective correlated effects are negligible, a practical working formula for calculating the relative gombined
stanflard uncertainty by\RSS is

i, & \/ [ua()]? + [us(Co)P? + s AN + [us(COP + [us(PoP + 1 [us(R)P + § s + § s | 92)

whefe thewsquares of the square-bracketed terms are variances.
The Type A relative uncertainty term, u,(rit), can be calculated from the standard deviation of the favailable
replicated measurement data.

The Type B relative uncertainty terms in eq. (9-2) can be calculated from the uncertainty of each factor with the
absolute uncertainties of each component being divided by the magnitude of that component to determine the
relative uncertainties. Then the relative uncertainty terms are squared and combined by the RSS relationship.

Each uncertainty component has its own subset of uncertainty sources. Some of the uncertainty components that
should be considered are

(a) long-term reproducibility (drift) of the discharge coefficient

(b) pressure and temperature sensor calibrations

(c) drift between periodic calibrations

(d) temperature effects on the CFV mass flow (e.g., stem conduction)

(e) sampling errors
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Fig. 9.2-1 Percent Uncertainty in CFV Throat Area due to Uncertainty in Throat Diameter Measurement
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(f) thgrmal expansion of the throat

(g) inferference effects between CFVs in a.plenum

(h) species effects (calibration in one-gas, usage in another)

(i) leaks

(j) contamination of CFV surfaces with dirt

(k) prégssure effects because real gas effects are not perfectly captured (e.g., errors in Cg)

An exqaqmple of a subconipenent study is presented in Fig. 9.2-1, which shows the relationship between diameter
uncertaifities (of various)magnitudes) and area uncertainties.

9.3 Correlated Uncertainty Components

In sonje measurement situations the components are not fully or predominately independent and the correlation
of varialjleéssmust be considered.

For the measurement cases where the terims in the governing equation carmot be assumed to be independent
and the degree of correlation is significant, the computations become somewhat more complex because the respective
relative correlation terms should be included. The correlated variable terms are computed or evaluated from data
for the respective interacting terms.

For example, both Cr and M depend on the gas composition. When these terms are included, the combined
relative uncertainty equation becomes

(i) = \/ [ea )P + (o) + [s(ANF + s COF + [s(POP + 5 [upRIP + 5 s + 7 (TP + 5 CV(M,g0)
©-3)
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where CV(M,gc) is the covariance of the molecular weight and gas composition, as evaluated using data, and other
correlated uncertainty terms have been left out because they are either zero or negligible. For example, the universal
gas constant, R,, is known to such low uncertainty, or if the same value of R, is used during calibration and usage,
its uncertainty can be neglected.

For some gases at high pressure, the normalized sensitivity coefficients for the stagnation pressure and temperature
can deviate from unity due to contributions from the critical flow function. For example, for natural gas at room
temperature and 9 MPa (1,300 Ibf/in.?), the sensitivity coefficient for pressure increases from 1 to 1.03." In such
cases, the upper value should be used to bound the effect.

CFVs used in a plenum also have significant correlated uncertainty in pressure, temperature, and C; calibration.

Tabulating uncertainty assessments provides clear understanding of both the whole process and the quantitative
resullts. Flow calculation examples and corresponding uncertainty assessments are given in Nommgndatory
Appendix B, along with a suggested tabular format. Uncertainties are presented for two examples
(a}) where C; is determined using the empirical method (see para. 8.1)

(b) where C; is from the calibration method

1 Johnson, A. N., Natural Gas Flow Calibration Service, SP250-1081, NIST.
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NONMANDATORY APPENDIX A
CFV DISCHARGE COEFFICIENTS

See_Table A-1 for toroidal throat CEV. diqrhargp coefficients

See Table A-2 for cylindrical throat CFV discharge coefficients.
Table A-1 Toroidal Throat CFV Discharge
Coefficient
Reynolds Number, Rey Discharge Coefficient, C4
3 x 10* 0.9802
4 x 10* 0.9823
5 x 10* 0.9837
6 x 10* 0.9848
7 x 10* 0.9856
8 x 10* 0.9863
9 x 10* 09868
1 x 10° 079873
2 x 10° 0.9898
3 x 10° 0.9909
4 x 10° 0.9916
5 x 10° 0.9921
6 x 10° 0.9924
7 x 10° 0.9926
8 x 10° 0.9929
9 x 10° 0.9930
1 x 10° 0.9932
2 x 10° 0.9940
3 x 10° 0.9943
4 % 10° 0.9945
50 10° 0.9947
6 % 10° 0.9948
7 x 10° 0.9949
8 x 10° 0.9949
9 x 10° 0.9950
1 x 107 0.9950
2 x 107 0.9953
3 x 107 0.9954
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Table A-2 Cylindrical Throat CFV Discharge

Coefficient

Reynolds Number, Rey

Discharge Coefficient, C4

4 x 10° 0.9871
5 x 10° 0.9875
6 x 10° 0.9879
7 x 10° 0.9882
8 x 10° 0.9884
9 X 10° 0.9887
1 x 10° 0.9888
2 x 10° 0.9900
3 x 10° 0.9906
4 x 10° 0.9910
5 x 10° 0.9913
6 x 10° 0.9915
7 x 10° 0.9917
8 x 10° 0.9918
9 x 10° 0.9920
1 x 107 0.9921
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NONMANDATORY APPENDIX B
EXAMPLE FLOW AND UNCERTAINTY CALCULATIONS

This Appendix presents two examples of how the mass flow through a toroidal throat CFV installed in

B-2.1 C, From Correlations

In| this example, the discharge coefficient for the CFV is calculated using eq. (8-1).\The CFV throat dian
meapured at 15.56°C (60.00°F).

dianpeter of CFV throat, d = 0.1600 cm (0.06300 in.)
:]\eter of upstream conduit, D = 2.540 cm (1.000 in.)
absdlute inlet static pressure, P; = 0.3447 MPa (50.00 1bf/ in?)
inlef static temperature, T; = 21.11°C (70.00°F)
gas fonstant, R = 8 314 J/kg X mole x K (1,545 ft~X"1bf/Ibm X mole X °R)

dry hir, where N, = 0.7809, O, = 0.2094, Ar.= 0.009332, CO, = 3.85 x 10, and He = 5 x 10°°

REFPROP call to define dry air compdsifion (Al represents a cell in a spreadsheet):
Al =CONCATENATE ("Nitrogen",";",0.7809,";",0Oxygen,";",0.2094,";"," Argon",";",0.009332,";"
Dioyide",";",3.85E-4,";", Helium,";",5E=6)

Fipm eq. (4-3)

C4A"CrPo

R/ M)Ty

m =

Al = m(@/2)? = 0.02011 cm? (0.003117 in.?)
The nieasured temperature and pressure must be converted to stagnation conditions.

h circular

uit is calculated. Spreadsheet calls for use with the REFPROP gas properties database are provided for feference.

leter was

Carbon

Fifst.calculate the Mach number in the upstream piping, using the value 8 = d/D = 0.06300.

REFPROP call for polytropic exponent:
=IsentropicExpansionCoef (Composition!A1,"TP","SI with C",21.11,0.3447)]
[ =IsentropicExpansionCoef (Composition!A1,"TP","E",50.00,70.00)]

1 2 (k=3)/(2k-2) 2 2/(k-1)
M”l—g(m) 1= 1—23“<m)

1 ( 5 )(1.4053) /(2x1.405-2) {

= —_— — 4 2/(1405-1)} =
May = o | 1205 71 1-J1 -2 x 0.0630042/(1.405 + 1) >} 0.002296
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the upstream Mach number and polytropic exponent, calculate the stagnation pressure.
x = 1.405

w/(k-1)

Py = P (1 + "; ! Maz) (B-2)
(SI Units)
1.405
Py = 03447 ( A0S -1 0.0022962)1'40571 = 0.3447 MPa
(U.S. Cuptomary Units)
1.405
Py = 50.00 (1 + % 0.0022962)1‘405'1 = 50.00 Ibf/in.?
Using [the upstream Mach number and polytropic exponent, calculate the stagnation temperature.
k-1
Ty = T, [1 + Ma* (1 _Rf)}
(SI Unitd)
Ty = (1.1 + 273.2) [1 + % 0.002296%(1 — 0.75)] = 2943 K
(U.S. Cuptomary Units)
Ty = (70 + 459.7) [1 + % 0.002296%(1 — 0.75)} = 529.7°R

REFPROP call for real gas critical flow function:

= Cstpar(Composition!Al,“TP”,”SI with C”,21.11,0.8447)

[= Cstar(Composition!Al,“TP”,“E”,70.00,50.00)]

Cr = 0.6858

REFPROP call for molar mass:

=MolhrMass(Composition!Al,"TP"("SI'with C",21.11,0.3447

[= M¢larMass(Composition!A1,"I'B","E",70.00,50.00])

_ kg Ibm
M= 28'97kg xmole | °%%7 Tom x mole
To staft the iteration@ssuume the discharge coefficient, C;, equals 1.0 and calculate the mass flow [from eq. (#-3)].

This wil] result in
(SI Unitd)
2 6
5 — 10 x [0.02011/(100°)](0.6858) X 03447 x 10° _ o o ke/s
/(8314) o
V2897 © R

(U.S. Customary Units)

Using

. 1.0 x (0.003117) x (0.6858) X 50 x /3217

m = 0.003606 Ibm/sec
(1,545)
2897 X 529.7
this mass flow, calculate the throat Reynolds number. From eq. (3-10)
4m
Red = _’IT d,U«()
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REFPROP call for dynamic viscosity:
=viscosity(Composition!A1,"TP","SI with C",21.11,0.3447)
[ =viscosity(Composition! A1,"TP","E",70.00,50.00)]

po = 1834 “Tpa 1.232 x 10 ftll?zc
(SI Units)
Rea =5 04.110205 3.22.136:) 6>< 100 = 709
(U.S| Customary Units)
Re, 48 x 0.003606 _ 70,980

T 7 x 0.06300 x 1.232 x 10

Frpm para. 8.1

72
C; = 09959 — 2720
JRe,

= 0.9857

R¢calculate the mass flow with the new C; and continue the Re,;, C4, and 71 iteration until the solution c¢nverges.
Final values after the solution has converged will be

Reg.= 69 950 (69,970)
Cy = 0.9856
i = 0.001612 kg/s (0.003554 Ibm/sec)

Uncqrtainty, u, in Calculated MassFlow:
Frpm the governing equation for 7

C,A'CrP,

JRy/M)To

The relative differentials equation for 1 is

AC * AC AK
Am d+A£+ R+% 1AR, 1AM T1AT) (B-3)

—_— = = — — — — + —
m C A* CR P 2R, 2M 2T,

where the overbars denote averages of respective quantities. Squaring eq. (B-3) and forming (relative) variances
and covariances for the terms that are correlated gives the relative variance for

()] = [ua(in)*] + [up(A9 + [up(Ca)F + [up(CR)I* + [up(Po)]* + }1 [upR)I + % [usM) (B-4)

+ }1 [ug(To)]> + 2CV(Cg, Po) + 2CV(Cg, To) + % CV(M, gc)
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resulting in the equation used to assess the relative uncertainty for 7z with correlation effects

[uaGi)* + [up(C)T* + [up(AH* + [up(CR)* + [up(Po)l* + }1 [up(R)I* + % [up(M)I?
u(n) =
+ 31 [up(To)> + 27’C*R/PUMB(C;€)MB(P0) + er*R/TnuB(C;{)MB(TO)

1
+ z rM,gcuB(M)uB(gC)

(B-5)

where tH

Wherd
obtained
uncertait
the C,; o
(such as
tempera
uncertait
state corj

e correlation coefficients are defined as

_ CVixy)
S u@uly)

an uncefftainty associated with the thermal expansion of the CFV is ingluded.

The rg

Ue

where tH
(1)
Upg (A >(.)

uB(Cd)
MB(CR*)
MB(P())
MB(Ru)
MB(M)
up(To)

”B(Tex)

fit)

lative combined uncertainty, assuming no correlation effeets, can then be calculated with the follo
equation:

- \/ [ea )P + us(CoF + Les(ANF + s COF + BB + 5 [us(ROP + 5 s + 3 [us(To)P + [g(T,.)P

e individual terms are

0.1% [68% confidence level (CL)]: value from the standard deviation of 10 replicated tests

3.15% (100% CL): value establishéd py using Go/No Go gauge pins with diameter increments of 0
cm (0.001 in.) to measure CEV ‘throat diameter

0.30% (95% CL): value specified in para. 8.1.1

0.025% (68% CL): value“frem uncertainty in Cg* output from REFPROP

0.01% (68% CL): value from pressure transducer manufacturer’s specification

0.00% (68% CL): valué is known to very low uncertainty and can be neglected

0.0025% (68% CL): value from uncertainty in M output from REFPROP

0.05% (68%~CE): value from temperature sensor manufacturer’s specification, sensor drift bety
calibratipns; sampling errors, and thermal equilibrium

the correlated uncertainties are negligible, the remaining significant components ofwuncertainty are the C,;
for the correlation eq. (8-1), the pressure measurement, and the temperature{measurement. How
ities that are not obvious from the mass flow equation should be consideredtas well, e.g., the stabili
Fer time (these being best quantified using subsequent calibrations) and any.varying conditions of
different gas composition, environmental conditions, or Py or Tp). In a‘similar way, the uncertaintie
ure and pressure should include uncertainties from sensor calibrationreports as well as other reld
ity sources, e.g., spatial nonuniformity in the approach pipe, drift\6ver time, and time to reach std
ditions. Experimental measurements are often necessary to qudntify these uncertainties. In this exa

pver,
ty of
sage
5 for
vant
ady-
mple

ving

(B-6)

0025

veen

0.01%<(68% CL): value from two alpha models of thermal expansion from temperature where throat

diamhéter was measured to operational temperature

/ [14(0.1)]? + [up(0.30/2)]* + [143(3.15/1.732)]2 + [uB(o,025)]2 + up(0.01)]?

u (i) = — 183

(B-7)

+ }1 [»13(0.0025)]2 + }I [145(0.05)]* + [u,;(om)]2

The uncertainty calculations and results are displayed in Table B-2.1-1.
The resulting expanded uncertainty is

U.(i1) = 3.66% (95% CL)

The complete specification of the measurement result is 17 = 0.001612 kg/s (0.003554 Ibm/sec) with an expanded
uncertainty of 3.66% (k = 2, at 95% CL and with 1.0 X 10° effective degrees of freedom).
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B-2.2 C, Determined Through Flow Calibration

In this example, the discharge coefficient for the CFV is calculated with a 0.25% (95% CL) laboratory C4A calibration

that was performed 10 times at 21.11°C (70.00°F).
Given:

diameter of CFV throat, d = 0.1600 cm (0.06300 in.)
CFV laboratory calibration, C; = 0.9737 — 3.730/ \/R_ed

diamete of 11Pc+roam rr\nr]n“-, D — (05334 cm (ﬂ 2101n )

absolute|inlet static pressure, P; = 0.3447 MPa (50.00 1bf/ in.%)

inlet staffic temperature, T; = 21.11°C (70.00°F)

gas consfant, R = 8 314 J/kg X mole x K (1,545 ft X lbf/Ibm X mole X °R)

dry air, where N, = 0.7809, O, = 0.2094, Ar = 0.009332, CO, = 3.85 X 107, and He = 5.X107°

REFPROP call to define dry air composition:

A1=CONCATENATE ("Nitrogen",";",0.7809,";",0Oxygen,";",0.2094,";"," Argon",";",0.009332,";",Catbon

v

Dioxide'l";",3.85E-4,";" Helium,";" ,5E-6)

Calculatipn:
From ¢q. (4-3)

C4A*CxrPy
(R./M) Ty

where
A* = m(d/2)* = 0.0201Fcm? (0.003117 in.%)

The mleasured temperature and pressure must be converted to stagnation conditions.
First cplculate the Mach number in the upstream piping, using the value 8 = d/D = 0.3000.

(k=3)/(26=2) -
1 2 5 \MD)
o L R

REFPROP call for polytropic expenent:

=IsenfropicExpansionCoef (Compesition!Al,"TP","SI with C", 21.11,0.3447)
=IsentropicExpansionCoef (€omposition!Al, "TP","E",50.00,70.00)]

x = 1.405

Ma, 1- \/1 — 2 x 0.3000* (2/(1.405 + 1)>/1405-D| = 005214

1 2 (1.405-3)/(2%1.405-2)
= 0.30002 (1.405 + 1) [
Using [the upstream Mach number and polytropic exponent, calculate the stagnation pressure.

k-1,
5 Ma

®/(k-1)
Pg = Pl(]- + )

(B-8)

(B-9)

(B-10)

\

(SI Units)

1.405
2\T405-T
0.05214 = (0.3454 MPa

Py = 0.3447 (1 + %

(U.S. Customary Units)

1.405
o \T40-T )
0.05214 = 50.10 Ibf/in.

1.405 -1
2

Py = 50(1 +
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Using the upstream Mach number and polytropic exponent, calculate the stagnation temperature.

T, = Tl[l R e - Rf)} (B-11)
(SI Units)
Ty = (21.11 + 273.2) [1 + M%T_l 0.052142 (1 — 0.75)] = 2943 K
(U.S| Customary Units)
T, = (70.00 + 459.7) [1 + % 0.05214% (1 - 0.75)] = 529.7°R

REFPROP call for real gas critical flow function:
Cstar(Composition!Al,"TP","SI with C",(294.3-273.2),0.3454)
Cstar(Composition!Al,"TP","E",(529.7-459.7),50.10)]

—
Il

Cr = 0.6858

RIEFPROP call for molar mass:

MolarMass(Composition!A1,"TP","SI with C",(294.3-273.2),0.3454)
MolarMass(Composition!A1,"TP","E",(529.7-459.7),50.10)

kg 2897 —lom

M = 28.97 kg x mole Ibm x mole

Td start the iteration assume the discharge coefficient,'€;, equals 1.0 and calculate the mass flow [from ¢q. (4-3)].

(SI Wnits)

oo L0x [0.02011 /(100%)1(0.6858) x 0.3454 x 10°

(8314)
Seon X (2943)

= 0.001639 kg/s

(U.S] Customary Units)

107X (0.003117) x (0.6858) x 50.10 x /32.17
mMm.—=

(1,545)
28.97

= 0.003614 Ibm/sec

X (529.7)

Using this mass flow, the throat Reynolds number can be calculated from eq. (3-10).

Red =m

REFPROP call for dynamic viscosity:
=viscosity(Composition! Al "1, "SI with C7,(294.5-275.2),0.5454)
[= Viscosity(Composition!Al,"TP”,"E",(529.7—459.7),50.10)]

_ pPa 5 Ibm
Mo = 18.34 S (1.232 x 10 T X sec

Re, = 400 x 0.001639 — 71190
7 % 0.160 x 18.34 x 107°

48 x 0.00361
% 0.063 x 1.232 x 107°

= 70,110)
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From CFV calibration

3.730

JRes

Cy = 09737 - = 0.9596

Recalculate mass flow and continue the C;, Rey, and 1 iteration until the solution has converged. The final values

after the

solution has converged will be

Rey = 68 230 (68,250)
C; = 0.9594

Uncertai
From

The re

where tH
and cova

Taking
m with g

where tH

In thif
constant
that the
function

m = 0.001573 kg/s (0.003467 lbm/sec)

ty, u, in Calculated Mass Flow:
he governing equation for 1

C4A'CrP,
(Ru / M) TO

lative differentials equation for ri is

At _AC; AAT ACk APy 1AR, 1AM 1AT,
Mmoo AT TP 2R TIM 2T

C

e overbars denote averages of respective quantities. Squaring eq.\(B-12) and forming (relative) varig
riances for the terms that are correlated gives the relative variance for ri

[ue)’] = [uaCin)}® + [up(A9] + [up(Co)P + [up(CRP £Aup(Po))* + }1 [up(R)T* + % [us(M)T?
+ 411 [up(To))* + 2CV(Cr,Py) + 2CV(Cri) + % CV (M, go)

the square root of both sides of eq. (B-13) gives the equation used to assess the relative uncertaint
orrelation effects

[ea ()P + TP CHAN + s COF + Ds(POF + 5 [us(RP + 5 [usM)P
) =
+ 3 DT A280% s Cius(Po) + 21 s CRu(To) + 3 7, ctts(Mta()

e correlation coefficients-are defined as

_ CV(xy)
= U @uly)

case weasstime that the same values for the throat area, the critical flow function, the universa

B-12)

nces

B-13)

y for

B-14)

calibratic

long as the same erroneous value is

used again. Through the flow calibration process, the discharge coefficient not

as

only corrects for the nonideal behavior of the flow, but it also corrects for errors in the measurement of the throat area.
Where the correlated uncertainties are negligible, the remaining significant components of uncertainty are the C,
obtained during the CFV calibration, the pressure measurement, and the temperature measurement. However,
uncertainties that are not obvious from the mass flow equation should be considered as well, e.g., the stability of
the C; over time (these being best quantified using subsequent calibrations) and any varying conditions of usage
(such as different gas composition, different environmental conditions, or different Py or Ty). In a similar way, the
uncertainties for temperature and pressure should include uncertainties from sensor calibration reports as well as
other relevant uncertainty sources, e.g., spatial nonuniformity in the approach pipe, drift over time, and time to
reach steady-state conditions. Experimental measurements are often necessary to quantify these uncertainties.
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The relative combined uncertainty, assuming no correlation effects, can then be calculated with the following

equation:

. . 1 1
u () = \/ [a(in)]? + [up(Ca)l* + up(A9)F + [up(CR)T? + [up(Po)l* + 1 [up(R)I* + 1 [up(M)I? (B-15)
1
*t1 [up(To)I?
where the individual terms are
u firm—1%68%€E)—vatuefromr thestandarddeviatiorrof torepticatedtestsat steady state
upg{A*) = 0.00%: the same value for A* that was used during calibration is used during operation, andthe value
is fully correlated
ug[Cy) = 0.25% (95% CL): value specified in the laboratory calibration certificate
up(Cr*) = 0.00% (68% CL): REFPROP is used during calibration and usage at the same pressure and temjperature
conditions yielding the same value for Cr*, and the value is fully correlated
ug(Py) = 0.01% (68% CL): value from the pressure transducer manufacturer’s specification
ug(R,) = 0.00% (68% CL): value is known to very low uncertainty and can be neglected
ug(M) = 0.00% (68% CL): the same gas composition that was used during calibration is used during operation,
and the value is fully correlated
ug(To) = 0.05% (68% CL): value from the temperature sensor manufactuter's specification
u(t) = \/ [14(0.1)1? + [15(0.25/2)1* + [15(0.01)]? + 411 [u5(0.05)]* = 0.162 (B-16)
The uncertainty calculations and results are displayed in Table}B-2.2-1.

TH

TH
0.32

e resulting expanded uncertainty is in

U.(i1) = 0.32% (95% CL, k = 2)

le complete specification of the measurement is (i) = 0.001573 kg/s (0.003467 lbm/sec) with an un
o (k = 2, at 95% CL and with 18.2 effective degtrees of freedom).

Fertainty of
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NONMANDATORY APPENDIX C

CFV MASS FLOW EQUATION AND REAL GAS CRITICAL FLOW

FUNCTION

Cc1
C-1.

TH
coef
nuny
In tH
effed
deri
corr

TH
the §
whil
Und|
equas

whe

and
T}
(a

GENERAL FLOW EQUATIONS

| Formulation of the CFV Mass Flow Equation

ctions is explained and the limitations are discussed.

je first step in deriving eq. (4-3) is to determine the mass flow throvdgh-a CFV for the special case
tas and the flow process are ideal. The ideal flow process confines(the flow to be inviscid and one-di
e the ideal gas assumption requires that the compressibility factor is unity and the heat capacities are
er these special conditions several researchers'” have solved.the mass, momentum, and energy con
tions and determined that the ideal mass flow is’

A*CP,

mideal = R
g

re C;* is the ideal gas critical flow function defined by
. y+1
G = 2\ 1
Y\5-1

v = YT, P1) is the specificheat ratio evaluated at the measured temperature and absolute inlet static

Viscous Boundary Layer-Effects. The inviscid assumption used in the ideal flow model is not val

boufdary layer adjacentto-the CFV wall. In this region, viscous effects retard the fluid motion, thereby

the
to h

boundary layer..Jogether, the lower velocity and lower density lead to the decreased mass flow through the h

laye

(b
line
so tH

gher temperatures, and subsequently lower densities than the fluid density in the inviscid core be

region thain' would be predicted by the ideal model.
Curyatuive of the Sonic Line. The one-dimensional assumption used in the ideal flow model predicts a

atithe profile of the sonic line (i.e., locus of points where the Mach number is unity) is nearly parabo

e difference between 7itjqe."and the actual mass flow is attributed to the following three phenomeng:

ras velocity below thé sonic velocity. Simultaneously, shear between adjacent fluid layers heat the gad

e expression for steady mass flow through a choked CFV [see eq. (4-3)] has two correctiof factors, the dlischarge
icient, C4, and the real gas critical flow function, Cg*. The discharge coefficient scalesyprimarily with Reynolds
ber and corrects for nonideal flow processes while the real gas critical flow function corrects for real ggs effects.
is way corrections related to the flow process have been isolated from correctiohs corresponding td real gas
ts. Equation (4-3) inherently assumes that these two phenomena can be treated"separately. Herein eq. (4-3) is
bed, and in the process the underlying assumption used to separate redl>gas corrections from floyv-related

en both
ensional
constant.
bervation

(S)

(C-2)

pressure.

d in the
reducing
, leading
yond the
oundary

flat sonic

instead

at the)CFV throat. However, the flow outside of the boundary layer region or core flow is multidir:[:ensional
i

of the flat profile predicted by the one-dimensional ideal flow model. The effect of the curved sonic line is to reduce
the mass flow in the core region below the ideal flow model.

(c) Virial or Real Gas Effects. Real gas effects alter both the sound speed and the density, causing them to differ
from the values predicted for an ideal gas. Virial effects can either increase or decrease the CFV mass flow depending
on the upstream stagnation conditions and gas species.

! Anderson, J. D., Modern Compressible Flow With Historical Perspective, McGraw-Hill Series in Mechanical Engineering, New York,

New
2

York, USA, 1982.
John, J. E., Gas Dynamics, 2nd ed., Allyn and Bacon, Boston, Massachusetts, USA, 1984.

% Note that the ideal mass flow (7itgear) does not equal the theoretical mass flow i1y, defined in eq. (4-2). The difference between the

two i

s that 1itigeq) is based on C;* while i1y, is defined using Cg*.
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In general rit;4¢, predicts the actual mass flow to much better than 5%. Consequently, corrections to the ideal gas
and flow processes due to (a), (b), and (c) are small and can be taken to be uncoupled from each other. For example,
the correction for the viscous boundary layer development on the CFV wall can be determined independent of
corrections for both one-dimensional core flow and real gas effects. In this way the reduction in mass flow due to
the boundary layer, A1}, can be determined assuming the core flow is one-dimensional and the gas is ideal. The
reduction in mass flow attributed to sonic line curvature, Arir;, is determined for an axisymmetric (or three-
dimensional) flow but assumes that the flow is inviscid and the gas is ideal. Analogously, the mass flow reduction
(or increase) attributed to real gas effects, Arirz, incorporates real gas behavior in the model but assumes the flow
is inviscid and one-dimensional.

The mfass flow reduction relative to the ideal mass flow for any of the nonideal mechanisms alone Ts

Arit, = Titigeal — i1y (C-3)

where n|= 1, 2, or 3 and 7i1,, is the mass flow attributed to the nth nonideal effect. The flow physicsjof each didtinct
nonideal| effect is characterized by its discharge coefficient defined by

i = 2 (C-4)
dn = mideal

Each df the discharge coefficients corresponding to n = 1, 2, and 3 has been researched extensively. The firs§ two
dischargp coefficients, C;1 and C,,, correct the ideal flow model for boundargdayer effects and sonic line curvature,
respectiyely. Accordingly, these are named the “viscous discharge coefficient,” C;;, and the “inviscid disclarge
coefficient,” C;,. Analytical expressions for C;; and C;; have been developed using boundary layer theory4’5' and
compresible potential flow theory,”® respectively. In contrast, the¢virial discharge coefficient (Cy3) has not peen
solved analytically, but instead numerical techniques have been used: Numerical solutions of 713 have traditiopally
been expressed in a form analogous to eq. (C-1) with C;* replaced with Cg* so that all real gas effects are lumped
into this| parameter. Following this tradition, the virial discharge coefficient is equal to the ratio of the rea| gas
critical flow function and the ideal gas critical flow functién. Equation (C-5) shows this relationship and givep the
functionpl dependence of the viscous discharge coefficient and the inviscid discharge coefficient

Viscoys discharge coefficient

Cix = filRes, 1 ) (F-52)
Inviscid discharge coefficient
Ciz = fo(Q ¥) (Ic-5b)
Virial fHischarge coefficierit
Cis = Cr/C; C-5¢)

where the dimensionless geometric parameter, () = 2r./d, is the ratio of the radius of curvature to the throat raflius.
The aq¢tuall€FV mass flow under real conditions is the ideal mass flow with linear corrections for each jnon-
ideal effect

1 = filigeal — Atity — Arity — Atitg

4 Tang, S., Discharge Coefficients for Critical Flow Nozzles and Their Dependence on Reynolds Numbers, Ph.D. Thesis, Princeton
University, Princeton, New Jersey, USA, 1969.

5 Geropp, D., Laminare Grenzschichten in Ebenen und Rotationssymmetrischen Lavalduesen, Deutsche Luft-Und Raumfart,
Forschungsbericht, pp. 71-90, 1971.

6 Stratford, B. S., The Calculation of the Discharge Coefficient of Profiled Choked Nozzles and the Optimum Profile for Absolute
Air Flow Measurement, |. R. Aeronaut. Soc., 68, pp. 237-245, 1964.

7 Hall, I. M., Transonic Flow in Two-Dimensional and Axially-Symmetric Nozzles, Q. J. Mech. Appl. Math., 15, pp. 487-508, 1962.
8 Kliegel, J. R., and Levine, J. N., Transonic Flow in Small Throat Radius of Curvature Nozzles, AIAA ]., 7, pp. 1375-1378, 1969.
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or

. Aty Ariy A
M = tigeal|l 1 — = - . (C-6)
Mideal Mideal Mideal

By convention these corrections are subtracted from #i4e,) to indicate that they reduce the CFV mass flow. However,
only corrections due to eqgs. (C-5a) and (C-5b) reduce the mass flow in all cases; corrections for eq. (C-5¢) can either
decrease or increase the mass flow depending on operating conditions and gas species. Higher-order terms such
as Auz Amin, Asins Amio. and A, Asins are omitted since the nonideal effects are taken to be fully nnrmlplpd qusical]y,
thes¢ higher-order terms account for weak coupling between the viscous effects, sonic line curvaturegnd virial
effeqts. However, since each correction is already small, products of these corrections (i.e., higher-order tdrms) can
gengrally be neglected.
Equation (C-6) can be approximately factored so that the mass flow equals the ideal mass‘tlow multjplied by
the three correction factors

. Avig Atity Atits
M = Tigeall 1 — = 1-- 1-— C-7
1deal( mideal)( mideal)( Mideal ( )

ThHe additional higher-order terms associated with this factorization are taken'to be negligible, which is qonsistent
with the composite linear theory used to formulate eq. (C-6). In cases whete the higher-order terms Arif; Arizz or
Ariny| Aty are significant, eq. (C-6) is not adequate due to coupling effeéts between real gas phenomena find flow
prodesses. Consequently, the separation of flow-related corrections-into C; and real gas corrections info Cg* as
implicitly done in eq. (C-7) is not justified. In this case an additional uncertainty commensurate with the magnitude
of Ay Arinz or Arity Aritg should be included in the mass flow uncertainty budget.9
Sybstituting the correction terms (Ari,,) given in eq. (C-3) into eq. (C-7) the mass flow is

it = Titgeal| 7 || == || == (C-8)
Mideal |\ Mideal |\ Mideal

whigh can be further simplified by substituting €;, = #1,/1igeas for n = 1, 2, and 3 from eq. (C-4). The result is
that|the mass flow equals the product of the'ideal mass flow multiplied by the viscous, inviscid, and virial dlischarge
coefficients

= 1igealCa1Ca2Ca3 (€9
Fipally, by substituting eqs (C-1) and (C-5c) into eq. (C-9), we obtain the desired expression for the CFV mass flow

C4A'CRP
= R0 (C-10)

JRy/M)Ty

whete the pteduct of the viscous and inviscid discharge coefficients has been combined into a single dlischarge
coefficient; €y = C;1C4p. In this way C; corrects for both boundary layer development and curvature of fhe sonic
line.|Reséarchers have shown that C; can be successfully computed using the analytical expressions developed for
Cg1 bnd Cyp 101! However, in most flow measurement applications Cy4 is determined either by flow calibration or
by the empirical correlations provided in this Standard. Nevertheless, the analytical models provide important
insight on how C; scales with Reynolds number in the laminar and turbulent regimes, the sensitivity of C; on the
CFV throat curvature, and an estimate of the C; sensitivity on gas species.

? The additional uncertainty component need only be considered if the CFV is flow calibrated in one gas but applied in a different
gas. If the same gas is used in the flow calibration and the application, the uncertainty is fully correlated and cancels.

10 Johnson, A. N., and Wright, J. D., Comparison Between Theoretical CFV Models and NIST’s Primary Flow Data in the Laminar,
Turbulent, and Transition Flow Regimes, ASME ]. of Fluids Engrg., 130, July 2008.

1 Mickan, B., Kramer, R., Dopheide, D., Johnson, A., Wright, J., Hotze, H.-J., Hinze, H.-M., and Vallet, ]J.-P., Comparisons by PTB,
NIST, and LNE-LADG in Air and Natural Gas with Critical Venturi Nozzles Agree Within 0.05%, Sixth International Symposium for Fluid
Flow Measurement, Queretaro, Mexico, A.4.4, 2006.
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