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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national
standards bodies (ISO member bodies). The work of preparing International Standards is normally
carried out through ISO technical committees. Each member body interested in a subject for which a
technical committee has been established has the right to be represented on that committee.
International organizations, governmental and non-governmental, in liaison with ISO, also take part in
the work. ISO collaborates closely with the International Electrotechnical Commission (IEC) on all
matters of electrotechnical standardization.
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— the diameter correction method is introduced to fit the experimental discharge coefficient data to a
reference curve;

— the detailed method to match the discharge coefficient curve on an experimental data set is
described;

— the background of the specifications is given.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Measurement of gas flow by means of critical flow nozzles

1 Scope

This
conditions) of critical flow nozzles (CFNs) used to determine the mass flow rate of a gasfloying through
a system basically without the need to calibrate the CFN. It also gives the information fecessary for
calculating the flow rate and its associated uncertainty.

This document is applicable to nozzles in which the gas flow accelerates to(the critical velocity at the
minimum flowing section, and only where there is steady flow of singletphase gas. Whep the critical
veloc]ty is attained in the nozzle, the mass flow rate of the gas flowing through the hozzle is the
maxithum possible for the existing inlet condition, while the CFN can only be used within specified
limitg, e.g. the CFN throat to inlet diameter ratio and Reynolds ntimber. This document dpals with the
toroidal- and cylindrical-throat CFNs for which direct calibration experiments have bgen made in
sufficlent number to enable the resulting coefficients to be used with certain predictgble limits of
uncerjtainty.

2 Normative references

Therd are no normative references in this document.

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO anpd IEC maintain terminology databases for use in standardization at the following addresses:

Pt

$0 Online browsingplatform: available at https://www.iso.org/obp

(]

EC Electropedia: available at https://www.electropedia.org/

3.1 |Pressure

3.1.1
static pressure
pressure of the flowing gas (see Annex |)

Note 1 to entry: The static pressure is measured through a wall pressure tapping (3.1.3).

3.1.2

stagnation pressure

pressure which would exist in a flowing gas stream if the stream were brought to rest by an isentropic
process

© IS0 2022 - All rights reserved 1
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3.1.3

wall pressure tapping

hole drilled in the wall of a conduit to measure the static pressure (3.1.1) of the flowing gas in the
conduit

3.2 Temperature

3.2.1
static temperature
temperature of the flowing gas (see Annex ])

Note 1 to entry: The static temperature cannot be measured exactly by a temperature sensor fixed in the.cofduit .

3.2.2
stagnation temperature
temperature| which would exist in a flowing gas stream if the stream were brought to rest py an
isentropic prppcess (see Annex J).

3.2.3
recovery temperature (wall temperature, measured temperature)
temperature|of the gas touching the wall (see Annex J)

Note 1 to entry: The temperature sensor fixed on a conduit measures the recovery temperature.

3.3 Nozzle

3.3.1

contraction
portion of the nozzle (3.3.5) upstream of the throat.(3.3.2) intended to accelerate the flow and attafin the
supposed flow field at the critical point (3.4.4)

3.3.2
throat
portion of the nozzle (3.3.5) where thecross section is minimum

Note 1 to entry: This document dealswith nozzles with toroidal- and cylindrical-throats.

3.3.3
diffuser
divergent poftion ofthe nozzle (3.3.5) behind the throat (3.3.2) intended to recover the pressure

3.3.4
traditional diffuser
frustum diffuser (3.3.3) machined as one piece

3.3.5

nozzle

device inserted in a system intended to use for measurement of the flow rate through system, which
consists of contraction (3.3.1) and throat (3.3.2), or contraction (3.3.1), throat (3.3.2), and diffuser
(3.3.3)

3.3.6

critical flow nozzle

CFN

nozzle (3.3.5) that attains the critical flow (3.4.2)

2 © IS0 2022 - All rights reserved
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3.3.7

normal precision nozzle

NPN

nozzle (3.3.5) machined by a lathe, with the surface polished to achieve the desired roughness

3.3.8

high precision nozzle

HPN

nozzle (3.3.5) machined by a lathe that can achieve mirror finish without polishing the surface, thus it
has the form exactly as designed

3.4 [Flow

3.4.1
isentropic flow
theorgtical flow along which the thermodynamic process is adiabatic and reversible (see Afnex J)

3.4.2
critical flow
flow in a nozzle (3.3.5) that has attained the maximum flow rateef the nozzle (3.3.5) for & given set of
inlet ¢onditions (see Annex J)

3.4.3
choke
attaining the critical flow (3.4.2) in a nozzle (3.3.5) (sée AnnexJ)

344
critical point
locatipn in the CFN (3.3.6) where the flow attains the critical velocity (3.4.11)

3.4.5
critical pressure
p*
static|pressure (3.1.1) at the ctitical point (3.4.4) (see Annex ])

3.4.6
critical pressure of perfect gas
P*
theorptical stgtic/pressure (3.1.1) at the critical point (3.4.4) assuming the isentropic flpw (3.4.1) of
perfeqt gas (3.611)

3.4.7
critical temperature

T*

static temperature (3.2.1) at the critical point (3.4.4)

3.4.8

critical temperature of perfect gas

T*,

theoretical static temperature (3.2.1) at the critical point (3.4.4) assuming the isentropic flow (3.4.1) of
perfect gas (3.6.1)

© IS0 2022 - All rights reserved 3
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3.4.9

022(E)

critical density

p*

density at the critical point (3.4.4)

3.4.10

critical density of perfect gas

%

theoretical density at the critical point (3.4.4) assuming the isentropic flow (3.4.1) of perfect gas (3.6.1)

3.4.11

critical velo
C*
flow velocity|

3.4.12
critical velo

%
"

City

at the critical point (3.4.4) (see Annex )

city of perfect gas

theoretical flow velocity at the critical point (3.4.4) assuming the isentropieflow (3.4.1) of perfe]

(3.6.1)

3.5 Flow nate

3.5.1
mass flow r4

am
mass of the g

Note 1 to entr]
flow rate thro

3.5.2

ite

as passing through the CFN (3.3.6) per unit time

y: In this document, the term "mass flow,rate" without any adjective always refers to the trug
gh the CFN.

theoretical mass flow rate of perfeet.gas

enp

theoretical njass flow rate throtigh the CFN (3.3.6) assuming one-dimensional isentropic flow (3.4

perfect gas (3
3.5.3

6.1)

theoretical mass flow rate of real gas

dwh,R

ct gas

mass

1) of

1) of

theoretical nLass flow rate through the CFN (3.3.6) assuming one-dimensional isentropic flow (3.4
]

real gas (3.6
3.54

volume flow rate

ay

volume of the gas passing through the conduit, in which the CFN (3.3.6) is installed, per unit time at a
designated location (see Annex J)

Note 1 to entry: The volume flow rate at the designated location, where the density is p, is given by:

m

Qv =——

P

© ISO 2022 - All rights reserved
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3.5.5

Reynolds number

44y,

Ry =—"
nd 11

dimensionless parameter calculated from the throat diameter, mass flow rate (3.5.1), and gas dynamic

viscosity at CFN (3.3.6) inlet stagnation condition (see Annex J)

3.5.6

discharge coefficient
m_

qthR

Cd:

ratio |of the mass flow rate (3.5.1) to theoretical one of real gas (3.6.1) at the samg’inl¢t stagnation
condifion

3.5.7
critical pressure ratio
ratio pf the critical pressure (3.4.5) of perfect gas (3.6.1) to the inlet staghation pressure (3.1.2)

3.5.8
back{pressure ratio
ratio pf the static pressure (3.1.1) at the diffuser exit to the inlet stagnation pressure (3.1.2)

3.59
local Mach number
M,
ratio pf the flow velocity to local acoustic one

3.5.10
Mach number in the upstream conduit
MaC
ratio pf the mean axial flow velogity over the cross-section of upstream conduit to the acopistic velocity
at thelsame location

Note tp entry: It is not necessary for Mac to be accurate and it may be approximated by:

PR 1
2 nD? ;/ET
2 =) Mo

3.5.1
uncertainty
parameter, associated with the results of a measurement, that characterizes the dispersion of the values
that could reasonably be attributed to the measurand

3.6 Gas

3.6.1

perfect gas

theoretical gas whose isentropic exponent (3.6.6) equals to the specific heat that is constant at any gas
condition and also compressibility factor (3.6.3) is always unity

© IS0 2022 - All rights reserved 5
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3.6.2
real gas

actual gas whose isentropic exponent (3.6.6) and compressibility factor (3.6.3) depend on its pressure
and temperature

3.6.3
compressibility factor
Z
correction factor for the deviation of the real gas constant from the universal one (see Annex )
3.6.4
critical flow|function
c*
dimensionlegs function that relates the thermodynamic properties of the gas at the throat ofl/€FN (]3.3.6)
to its inlet stggnation condition assuming one-dimensional isentropic flow (3.4.1)
3.6.5
critical flow|function for the flow rate equation using density
C*p=C*Zy
alternative cfitical flow function (3.6.4) to be used in the equation of ntass flow rate (3.5.1) that uses
density
3.6.6
isentropic exkponent
K
ratio of the [relative variation in pressure to the corresponding relative variation in density finder
isentropic prjocess
4 Symbols and abbreviations
Symbol Description Dimension SI upnit
abcdef Coefficients for Formula((17) Dimensionless -+
A Flowing area L2 mP
A* Flowing area atthe.ctitical point L2 mp
A, Cross-sectional area of nozzle exit L2 mf
. Cross-seétional area at the critical point at the operating CFN 1.2 .
temperature
c Laeabacoustic velocity LT1 m-4~!
c* Local acoustic velocity at the critical point LT m-4~!
c*, Local acoustic velocity at the critical point of perfect gas LT s !
Ce+ Parameter for the equation of C* Dimensionless —
Cu Parameter for the equation of u Dimensionless —
Cq Discharge coefficient Dimensionless —
Cqrareet Target discharge coefficient obtained when applying the DCM Dimensionless —
C4's0 Discharge coefficient calculated by using Formula (17) Dimensionless —
c* Critical flow function Dimensionless —
C*p Critical flow function for the flow rate equation using density Dimensionless —
C*p Critical flow function of perfect gas Dimensionless —
C*pa Critical flow function of dry air Dimensionless —
C*up Critical flow function of humid air Dimensionless —
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Symbol Description Dimension SI unit
Ci i Coefficient to calculate C* b b
c, Covariance Dimensionless —
D Diameter of the inlet conduit L m
dbcm Throat diameter corrected by the DCM L m
dnt Throat diameter at the operating CFN temperature L m
dnto Measured throat diameter (at temperature Tnto) L m
dort Throat diameter used at the calibration for the DCM L m
dp Diameter of the wall pressure tapping breakthrough into the conduit L m
Hr Relative humidity % —
k Coverage factor Dimensionless —
l Diffuser length L m
h Distance between Etoile straightener outlet and nozzle inlet plane L m
L2 Length of Etoile straightener L m
M Molar mass M kg mol~!
M, Local Mach number Dimensionless —
M, Locall Mach number at the CFN exit assuming the fully subsonic flow in Dimensionless —
the diffuser
Myc Local Mach number at the location of the inlet pressure tapping Dimensionless —
p Static pressure of the gas ML-1T-2 Pa
Do Stagnation pressure of the gas at the CFN inlet ML-1T-2 Pa
1 f)tritsi;:uprree::;;ien(;f the gas measured through'the upstream wall ML-1T-2 Pa
D2 Static pressure of the gas at the diffusérexit ML-1T-2 Pa
Theoretical static pressure of the gas at the diffuser exit when the 12
Pai nozzle is choked but the flow. iir the diffuser is fully subsonic ML™T Pa
Pden Static pressure in the gas at densitometer ML-1T-2 Pa
P, The Prandtl number Dimensionless —
p* Static pressure at thé critical point ML-1T-2 Pa
p*, Theoretical statiepressure at the critical point of perfect gas ML-1T-2 Pa
am Mass flow(rate’(True mass flow rate) MT-1 kg-s~1
qthp Theoreétital mass flow rate of perfect gas MT-1 kg-s~1
gthR Thieorétical mass flow rate of real gas MT-! kg-s~1
qv Volume flow rate MT-! kg-s1
R Universal gas constant (8,314 5 J/(mol-K)) M L2T 20! J-mol~1K1
R4 Arithmetic average roughness L m
Re Reynolds number Dimensionless —
ReORI The Reynolds number at the calibration for the DCM Dimensionless —
Re Recovery factor Dimensionless —
re Radius of inlet contraction L m
TCRP Critical back-pressure ratio Dimensionless —
Tnt Radius in the vicinity of throat inlet in cylindrical-throat CFN L m
T Static temperature of the gas (€] K
To Stagnation temperature of the gas at the CFN inlet ® K
T Measured temperature of the gas at the CFN inlet ® K
Tden Static temperature at densitometer (©) K
T Measured temperature (C) K

© ISO 2022 - All rights reserved



https://standardsiso.com/api/?name=ca1377ee0af1a488e365b0c8f472be2a

IS0 9300:2022(E)

Symbol Description Dimension SI unit
Thto Temperature when throat diameter was measured (€] K
T* Static temperature at the critical point (€] K
T*, Theoretical static temperature at the critical point of perfect gas (€] K
Te Parameter for the equation of C* (€] K
Ty Parameter for the equation of (C) K
u Standard uncertainty (k = 1) b —
U Combined standard uncertainty (k= 1) b —
U Expanded uncertainty (with specified coverage factor, k) b U
Vij Coefficient to calculate viscosity b U
U Expanded uncertainty (with specified coverage factor, k) b l
Xi Mole fraction of the i-th component Dimensionless —
VA Compressibility factor Dimensionless —
/) Compressibility factor at upstream stagnation condition Dimensionless —
Zden Compressibility factor at densitometer Dimensionless —
a Linear expansion coefficient of the nozzle material ol K1t
g Diameter ratio of the throat and conduit (dnt/D) Dimensionless —
5 Absolute uncertainty a 9
/4 Heat capacity ratio Dimensionless —
K Isentropic exponent Dimensionless —
Ho Dynamic viscosity of the gas at the inlet stagnation conditions ML-1T-1 Pats
I Dynamic viscosity of the gas ML-1T-1 Pals
0 Angle of the frustum diffuser wall against the nozzle AOS Dimensionless rad
P Density of the gas ML-3 kg
£0 Gas density at the inlet stagnation condjtiens at nozzle inlet ML-3 kgp3
Pden Gas density measured by a densitometer ML-3 kg-th—3
P Theoretical density of the gas at.the critical point ML-3 kg-h—3
P, Theoretical density of the gasyat the critical point of perfect gas ML-3 kgp3
M = mass
L =length
T =time
©® = temperatufe
a8 Same as th¢ corresponding quantity.
b Dependinglon each terms of the equation.
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Abbreviation Description
AOS axis of symmetry
CFN critical flow nozzle
CL center line
DCM diameter correction method
HPN high precision nozzle
NPN normal precision nozzle
IP inlet plane
PUP premature unchoking phenomenon
TLS tangential line of surface

5 Basic equations

5.1 |Gas behaviour

51.1 Isentropic process

The pressure, temperature, and density of gas in the isentropie-process are related by Formulae (1) and

(2);
y—1
P—zconst.
TJ/
P const.
7

5.1.2 State equation

The behaviour of real gas is deseribed by Formula (3);
) _ (E)T
» M

5.2 [Isentropic flow of a perfect gas

(-

5.2.1 Flowing area

(1)

(2)

(3)

The flowing area is related to the local Mach number by Formula (4);

1y+1
(7—1)Ma2+2:lz}/—1
- Ant
y+1

A=t
M

a

5.2.2 Static pressure

The static pressure is related to the local Mach number by Formula (5);
1 _r
P=(1+%Ma2j " py
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5.2.3 Static temperature

The static temperature is related to the local Mach number by Formula (6);

2
y L S (6)
2+(y-1)M,> 0

5.3 Theoretical variables at the critical point

5.3.1 General

v

The theoreti¢al variables at the critical point are derived assuming the isentropic flow of perfect gz
5.3.2 Crifical pressure

The theoreti¢al static pressure at the critical point is given by Formula (7);

e

re=( 5 )
711

5.3.3 Critical temperature

The theoreti¢al static temperature at the critical point is given by,Formula (8);

T*P :—Z—To (8)
y+1L

5.3.4  Crifical density

The theoreti¢al density at the critical point is 'given by Formula (9);

pre{ - ©

7+1

5.3.5 Critical velocity

The theoretigal flow velecity at the critical point is given by Formula (10);

R

5.4 Theoretical mass flow rates

5.4.1 General

The theoretical mass flow rates are derived assuming one-dimensional isentropic flow of perfect or real
gas.

5.4.2 Theoretical mass flow rate of a perfect gas

The theoretical mass flow rate of a perfect gas is defined by the product of flowing area, local acoustic
velocity, and density at the critical point assuming one-dimensional isentropic flow of a perfect gas, i.e.
Z =1 and k =  which is given by Formula (11);
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Po (11)
(o

5.4.3  Theoretical mass flow rate of real gas

Aen,p =A*CTp p¥p =A*C™p

The theoretical mass flow rate of real gas is defined by the product of flowing area, local acoustic
velocity, and density at the critical point assuming one-dimensional isentropic flow of real gas, which is
given by Formula (12);

Po (12)

()

qth,R EA*C*p*:A*C*

5.5 |Mass flow rate
The mass flow rate of CFN is given by Formulae (13) or (14);
G =Ca 9enR (13)

or

), =Cy (A*C*D \/Popo) (14)

6 (eneral requirements
a) The flow shall be steady-state and single-phase with no condensation to the critical pdint (throat).

b) A sufficiently low back-pressure ratio shall be applied on the CFN to maintain the critigal flow.

NOTE The typical pressure ratio,required to operate the CFN with a sufficiently long diffuser can be apout 0,8 at high
Reynolds numbers, e.g., greatér than 2x105 (corresponding to ca. 50 m3/h CFN at the atmospheric pressyre); however, it
ik often necessary to keep-the ratio lower than 0,5 at low Reynolds numbers or sometimes 0,25 at vey low Reynolds
nnumbers (see Clause 11@ndAnnex H).
c) The thermodynamic properties of the gas, C* and M (or ¢+, and p when a densitomgpter is used),

dre requiredat low uncertainties (see 10.4).

NOTE .For a gas mixture, accurate gas composition is required to calculate C¢* at sufficiently low uncerfainty.

If the|following requirements cannot be achieved, the CFN will have to be flow calibrated at the same
condition as in its application.

d) The gas should have no significant relaxation effect (see B.5).
e) The temperatures of the gas and CFN should be stable (see Annex ]).

f)  The form and surface in the contraction and throat should be accurately machined as specified in
Clause 8 (see Annex G).

g) The form of the CFN will be verified periodically, especially in the contraction and throat (see
Annex G).

NOTE The contraction and throat can be deformed over time by the impact of any solids contained in the gas.
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The contraction and throat shall retain their cleanliness and hence surface finish. If this cannot be
guaranteed, the measurement shall not be claimed to conform to this document, and flow calibration is
recommended.

7 Applications for which the method is suitable

Each application should be evaluated to determine whether a CFN or some other device is the most
suitable.

The most co e,other

flowmeters,
flow rates, af

Important cgnsiderations are:

hs check or transfer standards to verify or compare calibration facilities, as contr'oll
d so on.

a) The mass and volume flow rates through the CFN are independent of the downstream condition.

b) The volume flow rate through the conduit where the CFN is installed-is almost constant 3t any
upstream pressure if the temperature is stable.
NOTE Nlultiple CFNs installed in parallel (e.g. the chamber configuration), ate required to vary the volume flqw rate
through the CFN system for a fixed upstream pressure (see 9.3 and Annex J):

Some other @

onsiderations are:

c) Accuratp measurements of the pressure and tempefature (or density when using a densitoneter)
are required only at the upstream location of the CFN.

d) The downstream pressure should be monjtored or estimated to confirm that the CFN is chokqd.

e) The mdss flow rate measured by .the CFN is proportional to the inlet stagnation prefsure;
accordipgly, the maximum mass flow*rate that can be achieved by the CFN is practically limited by
the maximum inlet pressures. (see-Annex )

8 CFN

8.1 Generpl requirements for both the standard CFN types

8.1.1

Gelreral

This section specifies the common requirements to the toroidal- and cylindrical-throat CFNs.

To perform the measurement of flow rate at the uncertainty specified in 10.3.2 by using the discharge
coefficient specified in 10.3.1, the CFN shall comply with the specifications in 8.1.2 to 8.1.4 and 8.2.

Verification of the form and dimensions by CMM are mandatory, and if the manufacturing tolerances

specified in this section including the roughness cannot be achieved or verified by inspections, flow
calibration is recommended.

8.1.2 Materials

The CFN shall be made of material suitable for the intended application. Some considerations are that:

12 © IS0 2022 - All rights reserved
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a) itshould be possible to finish or machine the surface to the conditions required in 8.1.3 and 8.2,

NOTE Some materials are unsuitable due to pits, voids and lack of homogeneity.

b) the material, together with any surface treatment used, shall not be subject to corrosion in the
intended service, and

c) the material should be dimensionally stable and should have known and repeatable thermal
expansion characteristics, so that the throat diameter correction in Formula (16) can be made.

8.1.3 Contraction and throat

The cpntraction and throat of the CFN shall be

a) akisymmetric around the centreline (axis of symmetry, AOS) of the CFN,
b) smoothly finished so that the surface roughness should be

for dnt > 13 mm: R, =15 x 10-6 dyx as a maximum requirement, and
for dnt < 13 mm: R, = 200 nm as a maximum requirement

c) fitee from dirt or any other contaminants.

It is dlifficult to machine the contraction and throat_a§’specified, on which the discharge coefficient
directly depends, and also to measure the throat diameter accurately, particularly in small jnozzles, thus
great(care should be taken.

Great| care is also necessary when polishinig) the contraction and throat because it may result in
significant deformation of the surface.

8.1.4 Diffuser

The dnly requirement on the-diffuser is that it shall not disturb the flow at the throat; therefore, the
form pf diffuser is not specified:

Besides the traditional ‘diffuser, the requirement allows no diffuser, detachable diffusers|2], and steps
exactly at the throatand/or in the diffuser(?] (see Annex J).

The traditional-diffuser should be integrated in the nozzle by being machined as one piece} It should be
contrplled such.that any steps, discontinuities, irregularities, and lack of concentricity do npt exceed 1%
of thg local-diameter. The length should be not less than dy. If there is a diameter discontinuity in the
diffuser,”then the diameter should increase (not decrease) toward the downstream. The arithmetic
averageroughness of the conical divergent section should not exceed 10-4d.:. In the specified Reynolds
number range, the critical back-pressure ratio of a traditional diffuser may be estimated in accordance
with Clause 11.

Some phenomenon (premature unchoking phenomenon, PUP, see Annex H) impacts diffuser
performance in an unpredictable manner at low Reynolds numbersl12l. If the critical back-pressure
ratio is essential for the system operation at low Reynolds numbers, e.g., lower than 2 x 105, the actual
critical back-pressure ratio should be measured experimentally using the very CFN with its own conduit
for the application because the phenomenon may depend significantly on a slight difference of the CFN
form and/or quality as well as its installing condition[®1[11],

It is recommended to make the diffuser as long as possiblell9], at least 4dy, to reduce the risk of the
occurrence of PUP. If the diffuser is detachable, it can be exchanged by a longer one if the need arises.
Additional detachable diffusers may be attached behind the integrated diffuser without affecting the
discharge coefficient (see Figure J.1).
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The inlet of the diffuser, regardless of whether it is integrated or detachable, shall be machined very
carefully not to damage or block the throat, so as when attaching the detachable diffuser.

8.2 Requirements for each standard type of CFN

14 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=ca1377ee0af1a488e365b0c8f472be2a

8.2.1

ISO 93

Toroidal-throat CFN

There are two forms of the standard CFNs:

a)
b)

toroidal-throat CFN;

cylindrical-throat CFN.

00:2022(E)

Besides the requirements in 8.1, the toroidal- and cylindrical-throat CFNs shall comply with 8.2.2 and

8.2.3,

respectively.

8.2.2

8.2.2
specif

8.2.2
AOS i

8.2.2
torus

error
torus
down
nozzl

8.2.2
mach
unexp
inspe
at the

8.2.2
contr
diams¢

8.2.2
betwq
of the

8.2.2

Toroidal-throat CFN

1 Besides the requirements in 8.1, the toroidal-throat CFN shall' leomp
ications in 8.2.2.2 to 8.2.2.7. The requirements are summarized in Figure 1¢
2 The inlet plane (IP) is defined as the physical or virtual plane-perpendicular

3

even if the deficit is very small. To reduce the risk ofthroat being damaged in the ap
preferably extends over the throat into the diffuser portion for some extent, e.g.,

e AOS.
4 If the diffuser is integrated in the nozzle as one piece, great care shall be
ected forms exactly at the throat that' may effect on the discharge coefficient signific
ction of the throat form should be performed after machining, and then if any irregul
throat, the CFN should be flow calibrated.

5
hction; however, it should be axisymmetric and its surface at each axial location s
ter greater than oryequal to the extension of torus behind the IP.

6

torus with €onstant and variable radii are shown in Figure 1.

7

the torts)end smoothly at the same TLS as in Figure 1.

ntersecting the contraction at a diameter equal to (2,5 £ 0,1)dn, regardless of the forn
the IH.

The contraction downstream of the IP (to the right of\JP on Figure 1) shall be 3
At the throat, the tangential line of surface (TLS) shall be parallel to the nozzle AOS. 4 short torus,
in whiich the throat TLS is not parallel to the nozzle AOS, shall be avoided because it may 1

stream of the throat, in which the TLS of the torus end is an angle of approximat]

ning the diffuser beyond throat because even a slight backlash of the lathe 1

The form upstream_of the IP is not specified provided it does not disturb

The radius-of the torus between the IP and throat may be constant or ve
en 1,8d,: and'2,2dy: provided the varying radius does not disturb the flow at the thra

The half-angle of traditional diffuser should be between 3,0° and 6,0°, which ¢

y with the

fo the nozzle
upstream of

portion of a

esult serious
plication, the
to ca. 0,1dnt
ely 3° to the

taken when
hay produce
antly. Careful
rity is found

the flow in
hould have a

ry smoothly
at. Examples

ontacts with
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rt:1’8dm»—2,2dnf 2 de 1,8dnt
4 - 3 :
. £ =
| 11D0-0,90 »
A A A
[
\CD
W
Ve
. =
.DC
-— ®~
M (AOS) -— b — |
_d—_—._._— ve—_— p— - — —— et —_—_—_e—,—,— e —— e —— —— — — e e S
A ¢ ¥ S . 1 ¢
o~ P e ——
© /, / ————————————
' d 2L d|
=" Unt
/
[*—¢
' (
Key
1 inlet plane (IP) (definition, not necessary to be a physical plane, se€'8:2.2.2.)
2 centre of|the inlet torus
3 throat
4  location ¢f pressure tapping

A exampleq of the inlet torus (constant and variable radii)

a  See8.2.2{3and 8.2.2.6.

b Contact glane of the inlet torus and traditional-diffuser (typical form).
¢ See 8.2.2]5 (typical form).

d

See 8.2.2)7 and 8.1.4 (typical form).
Figure 1 — Toroidal-throat CFN

8.2.3 Cylindrical-throatCFN

8.2.3.1 Hesides therequirements in 8.1, the cylindrical-throat CFN shall comply with the
specificationp in 8i2:3.2 to 8.2.3.10. The requirements are summarized in Figure 2.

8 2 3 2 "[ Adnlatr nlana (IPDY o dnfinnd v+ n s hvycinal 1o AfFdlhn naoaln Haand crefo o
. . L] TIC TIIIC U l.llull\' Lll ) JYSIACASI SR AAV IR SRR S § | W) l.lll_y JICAdr l.ll(/lll\' Ul UUIC 1TIULLIC 1T VUL ouridacoe.,

8.2.3.3 The contraction shall be a quarter of a torus tangential on one hand to the IP and on the
other hand to the throat.

8.2.3.4 The contraction shall have the curvature of d,: and shall not deviate from the torus by more
than £+ 0,001 dy.

8.2.3.5 The throat shall be a cylinder with the length d,: and diameter dy:.

8.2.3.6 The throat diameter dy shall be defined by the mean diameter at the throat outlet section.
The mean diameter shall be determined by measuring at least four angularly equally distributed
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diameters on the cylindrical throat outlet. No diameter along the throat length shall deviate by more
than £ 0,001 d,.: from the mean diameter.

8.2.3.7

The transition between contraction and throat should be inspected to verify that the local

radius of surface r. in the plane in which the nozzle AOS lies is never less than 0,5d,: throughout the
circumference formed by the contact plane of the contraction and throat. Figure 3 illustrates this

e arithmetic

requirement.
8.2.3.8 The length of the throat shall not deviate from d,. by more than 0,05d,. The connection
between the throat and diffuser shall also be inspected to have no defect.
8.2.3)9 The surface of contraction and throat shall be properly polished so that'tl
average roughness height does not exceed 15 x 10-6 dy, where it can be measured.
8.2.3]10  The half-angle of traditional diffuser should be between 3° and 4°.
6 1
{ 1,10-0,9D +
I
a
T
2 <
rc= oy / \))\o
3 dnf / l'. 1
1;‘5 - A
—<r——¢ (AOS) -—-—--g—-—-—-—-——-—--— —_—
Q ' a [ —
X~
[ —“/4 —————————— P—
/
i P 2l gy R
I
5
Key
1 inlet plane (physical plane)
2 cpntre of thejinlet torus
3 throat jnlet
4  throdt exit
5 throat
6 location of pressure tapping

Cylindrical throat. In this portion, the arithmetic average roughness Ra shall not exceed 15 x 10-6dnt and the
contour shall not deviate from toroidal and cylindrical forms by more than £0,001dnt.
The length should be greater than dnt but preferably than 4dn.

© ISO 2022 - All rights reserved
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Key
1 throat

Figpire 3 — Detail of connection between quarter of torus and cylindrical throat
(transition region)

9 Installation requirements

9.1 Generpl requirements for both the standard configurations

9.1.1 Stapdard configurations
The CFN shall be installed in either of
a) the pipelconfiguration: a pipe of circular cross-section with 2= 0,25, or

b) the chamber configuration: a large volume_(chamber or plenum) upstream the CFN such that gis
effectively zero.

The pipe conffiguration shall contain onljza‘single CFN and shall meet the requirements of 9.2 and 9.1.2
to 9.1.7.

The chamber configuration may-eontain multiple CFNs in a cluster and shall meet the requirements of
9.3 and 9.1.2|t0 9.1.7.

9.1.2 Upstream pressure tapping

The upstream statie*pressure of CFN shall be measured through one or more wall pressure tagpings
drilled through-the pipe or chamber wall upstream of the CFN.

The wall pressure tappings may be located at upstream or downstream locations specified in 9.2.3 and
9.3.3 provided that they have been demonstrated that the measured pressure can be used reliably to
give the upstream stagnation pressure (see Annex J).

If the flow over the pressure tappings cannot be approximated to be at rest, e.g., < 0,15, the tapping
hole shall meet the following requirements as summarized in Figure 4:

a) the centreline shall be perpendicular to the nozzle AOS,

b) the cross-section of breakthrough into the conduit shall be circular,
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c) the form in the wall shall be cylindrical with a minimum length of 2,5d, from the breakthrough
where d, is the diameter of breakthrough,

d) the edge of breakthrough shall be square or rounded to a radius not exceeding 0,1d,, and
e) the edge of breakthrough shall be free from burrs.

Visual inspections shall confirm that these requirements are met.

d,<0,080 & d,<12 mm

>

22,54,

Key

o
g3

Hge of hole flush with internal surface of conduit, bitrr-free and square to a radius not exceeding 0,1dp.

Figure 4 — Detail of the wall pressure tapping

9.1.3 Downstream pressure tapping

The downstream pressure shall be'measured through one or more wall pressure tappings, pr estimated,
in order to ensure that the nozZle is or all the nozzles are choked. The flow exhausted from the CFN exit
should not directly impinge upon any of the pressure tappings.

In sompe applications;the outlet pressure can be determined without the use of a wall prespure tapping,
for exkample, whén~the CFN discharges directly into a large space of known pressyre, e.g. into
atmogphere orlarge tank, the downstream pressure of the CFN may be represented by the pressure in
the lafge space (see Annex J).

9.14 Temperature measurement

The upstream temperature shall be measured using one or more sensors located upstream of the CFN.
There is no need to measure the downstream temperature.

The temperature sensor shall not disturb the upstream pressure measurement; to ensure this is the
case, the sensor shall not be aligned with the upstream pressure tapping in the flow direction.

Particular care has to be exercised in the selection of the temperature sensor and the insulation of
conduit if the stagnation temperature of the flowing gas differs significantly from that of the
environment, e.g. by more than 5 K. In such cases, the sensor shall be insensitive to the effect of thermal
radiation and the conduit shall be well lagged to minimize heat transfer between the flowing gas and
environment (see Annex ]). If the temperatures of the flowing gas and the conduit wall differ
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significantly, it is extremely difficult to measure the gas temperature accurately. The heat conduction
from the conduit to the sensor shield shall be minimized.

9.1.5

Density measurement

For some applications, it may be desirable to measure directly the gas density upstream of the nozzle;
for example, when the molar mass of the gas is not known with sufficient accuracy. The densitometer
shall be installed upstream of the inlet pressure and temperature tappings.

To achieve accurate measurement of the flow rate, particular attention shall be paid to:

the pipeline or chamber.

a) The dens
b) If the de
checks s

c) The pres
of the C
calculate

Po =

9.1.6 Drd
The pipe or

substances tr?

the measure

The drain hg¢les shall be located upstream. of ‘the upstream wall pressure tappings in an axial

different fro

measurement.

The drain ho
The axial did
than 1D.

9.1.7

There is no §

Downstream condition

itometer shall not disturb the upstream static pressure and temperature measuremge

nsitometer is located in a bypass line from the upstream pipeline or chamber of

nts.

CFNs,

nall be carried out to ensure that the gas in the densitometer is the same ds‘that flowjing in

sure and temperature at the densitometer should be as close as pessible to those ups
FN in order to minimize the corrections. The stagnation density of the CFN sh
d by Formula (15):

Po _Tden _Zden
Pden To Zy

Oden

in hole

chamber may be provided with drain heles to remove the condensate or other fg
t may collect in some applications. Thére shall be no flow through these drain holes
ent is in progress.

m that of the wall pressure.tapping in order not to disturb the upstream static prg

les should preferably-follow the specifications of the pressure tapping shown in Fig
tance from the drain hole to the plane of the inlet wall pressure tapping shall be g

pecification required on the downstream pipe and chamber provided it does not d

ream
hll be

(15)

reign

while

plane
ssure

Lre 4.
reater

sturb

the critical fl

w-in the CFN or CENs
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Pipe configuration

General

Besides 9.1, the pipe configuration shall conform to 9.2.2 to 9.2.4. The requirements are summarized in

Figur

9.2.2

e 5.

Upstream pipe

The upstream pipe shall:

a) Db straight,

b) hpve a circular cross-section,

c) b concentric around the nozzle AOS within + 0,02D,

d)

=

hve a diameter of greater than 4dn: (< 0,25),

e) npt deviate from circularity by more than 0,01D for up to 3D upstream the IP, and

f) hpve an arithmetic average roughness of smaller than 107D for up to 3D upstream the

If the

installation conditions or to determine C4 by flow calibfation using the same pipe.

In thg case when £> 0,25, the mass flow rate calctlated in accordance with Clause 10 may

in ac
meas

ordance with Annex D; however, particular care shall be taken because the st:
irement of a high-speed flow may easily’ result a serious error depending on the Iq

and/qr quality of the pressure tapping. Furthermore, the ambiguity of the recovery fact
signiffjcantly on the measurement and-also the pressure drop between the upstream preg
and I may not be negligible (see Annex’]).

Swirl

swirl-

(Etoil
accor

shall not exist in the upstream pipe. If there is certain flow velocity existed in the uy

e straightener) at a(distance /1 > 5D upstream of the IP. Other flow conditioners
Hing to ISO 5167-1 for the upstream installationll.

[P.

be requirements cannot be met, specific tests are recommended to investigate the influence of the

be corrected
itic pressure
cation, form,
r may affect
sure tapping

stream pipe,

free conditions may belensured by installing a flow straightener of the design showpn in Figure 5

may be used
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2,20
180
j 110
Lzl 0,90
| : -
AN o js_________ stz
LN
D - X_ ~ 17
l,= 4D
Key
1  IP (Inlet plane)
2 location ¢f pressure tapping
3 location ¢f temperature sensor
4  Etoile stijaightener with vane thickness adequate to prevent buckling (if the flow. velocity in conduit
negligible)
a  [In this pqrtion, the surface roughness shall not exceed 10-4D.
Figure 5 — Installation requirements‘in’a pipe
9.2.3 Prdssure measurement

The location
of the IP.

of the upstream pressure tapping should-be at a distance between 0,9D and 1,1D ups

If there are multiple tappings, all of them shall be in a plane perpendicular to the nozzle AOS.

The downst|
downstream
substantial g
test (see H.4]

9.2.4

Feam pressure may be ‘measured through a pressure tapping located within
of the diffuser exit. Locations further downstream can also be used provided there

is performed using that tapping location.

Temperature'measurement

The upstrea
sensor shall

temperature may be measured at 1,8D to 2,2D upstream of the [P. The diameter

IS not

[ream

05D
is no

ressure change. Other’ downstream tapping locations may be acceptable if an unchoking

bf the

IFe not'greater than 0,04D.

If it is impracticable to use a sensor of diameter less than 0,04D, the sensing element shall be so located
that it can be demonstrated that it does not affect the upstream pressure measurement. The sensor may
be located further upstream, provided that it has been demonstrated that the measured temperature
can be used reliably to give the nozzle inlet stagnation temperature. See Annex J.

22

© ISO 2022 - All rights reserved


https://standardsiso.com/api/?name=ca1377ee0af1a488e365b0c8f472be2a

IS0 9300:2022(E)

9.3 Chamber configuration

9.3.1 General

Besides 9.1, the chamber configuration shall conform to 9.3.2 to 9.3.5.

9.3.2 Upstream chamber

The CFN can be assumed to be installed in a large volume (chamber) if its nozzle AOS is at least 5dxn:
away from all the chamber walls.

If multiple CFNs are installed in a chamber in parallel, the minimum distance between-the nozzle AOSs
of any CFNs shall be greater than 6 times the largest throat diameter in order to-ayoid|interference
betwg¢en CFNs[131to[19]. Testing is recommended to ensure that the performance is.not degraded by the
interferences between each CFNs and also between each CFNs and chamber walls.

9.3.3 Pressure measurement

The wall pressure tapping in the upstream chamber should pveferably be locatel in a wall
perpgndicular to the IP and within a distance of (10 £ 1)dy: from the IP.

9.3.4 Temperature measurement
The temperature sensor in the upstream chamber shdll not be located where the flow is|stagnated in
order|to ensure that the measured temperature represents the gas temperatures flowing i;Lto each CFN.

Multiple sensors are recommended in a large chamber because of the high possibility of tlhe stagnation
of floy and/or temperature stratification.

9.3.5 Back-pressure ratio

If multiple CFNs are installed in a ¢hamber, the back-pressure ratio across the chamber shall be smaller
than the smallest value among the'critical back-pressure ratios of all CFNs. See Annex H.

10 (alculations

10.1|General

If the] CFN¢satisfies the requirements in Clauses 8 and 9, its mass flow rate should be [calculated in
accorfance with 10.2 to 10.6.

It is noted again that the temperature of the CFN in operation is assumed to be in equilibrium with that
of the gas because of the isentropic assumption (see Annex ]); accordingly, the temperature of the CFN
itself is represented by that of the gas in this document. If there is any significant temperature
difference observed between the gas, CFN, conduit, and environment, the user should be consulted by
an expert 56 (see Annex ]).

10.2 Calculation of mass flow rate, gm

The mass flow rate through a CFN should be calculated by Formula (13) or (14) where Ay should be the
cross-section of throat when the CFN is measuring the flow rate, thus calculated by Formula (16);
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2 2
Ay :Ldzt :L‘IO [1+2a(Ty ~Tyeo )] (16)

It is noted that this equation is not for correcting the effect of non-isentropic flow caused by large
temperature differences. See 10.1 and Annex J.

10.3 Calculation of discharge coefficient, C,

10.3.1 The discharge coefficient of the CFN should be calculated by Formula (17);

(c=dr, ")

1+ex [e—R—e]
P

The coefficiepts g, b, c, d, e, f, and n are given in Table 1 for each type of CFN (see Annexes F and G)| They
are valid in epch specified Reynolds number range.

Cq=(a—AR.")- (17)

Table 1 — Coefficients g, b, ¢, d, e, fand n

Toroidal-throat CFN

a=0,9990
b=3,415
c=0,0031
2,1 x 10% < Re< 3,2 x 107 d=0,690
e=10
F=120 000
n=+0,5

Cylindrical-throat CFN

a=1,0000

b= 6341

¢=0,009 for air
¢=0,008 for natural gas
d=3,000

1,5 x 109< Re< 1,2 x 107

e=6
f=170000

n=+0,5

If the gas has the significant vibrational relaxation effect, e.g. CO; and SFs, the discharge coefficient may
cause more than 1 % if the steady state critical flow function (see 10.4) is used in small CFNs. See B.5.

For the purpose of calculation verification, the values of discharge coefficient are given in Annex A.

10.3.2 The relative uncertainty of the discharge coefficients calculated by using Formula (17) and
Table 1 is 0,3 % at the 95 % confidence level.
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10.4 Calculation of critical flow function, C* or C*p

The value of critical flow function may be computed by any method of demonstrable accuracy. It is
noted that most of the methods normally suppose that the state change of gas along the flow is in
equilibrium, thus they cause serious errors if the gas cannot reach an equilibrium state owing to the
rapid change in the fluid properties. See B.5.

Some examples of the applicable method to calculate C* and C* for natural gases are AGA Report No.
8[201[21], [SO 12213[22]to[24]31]t0 [35], and ISO 207651251126] as the state equation. This approach ensures a
relative uncertainty on C* of 0,1 % at 95 % confidence level. Alternatively, any other state equation with
comparable uncertainty can be used.

The REFPROP, thermodynamic databasel*%], may be one of the most convenient and a¢dyrate ways to
calculate C*. It realizes the calculations based on all the state equations in the standards mentioned
abovd. See B.3 and Annex J.

For spme gases, the values of C* shall be calculated in accordance with Annex C without using any

specific software. The equations were obtained by curve fittings on the calculation results|produced by
REFPROP 10.0.

10.5|Conversion of measured pressure into stagnation pressure
The inlet stagnation pressure, p,, should be calculated by Formula (18):

K

) :(1+KT_1Ma2)K_1 Py (18)

=

If f<0,15, the conversion is ignorable, thus pgis given by Formula (19):
P =P1 (19)
10.6 |Conversion of measured:temperature into stagnation temperature
The inplet stagnation temperature, T, should be calculated by Formula (20):

2
_ 2+(k-1)M, ) (20)
2+ R (k- 1PMZ?

~
f=)

If < 0,25, theweffect is negligible, thus T, is given by Formula (21):

&1 (21)

1

The recovery factor R may be calculated by any reliable method. If §< 0,25, it may be approximated by
Formula (22):

Re =P (22)

where P:is the Prandtl number of the gas. See Annex J.

10.7 Calculation of viscosity

The value of viscosity may be computed by any method of demonstrable accuracy. The REFPROP may
be one of the most convenient and accurate ways to calculate the viscosity.
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For some gases, the value of viscosity may be calculated in accordance with Annex I without using any
specific software. The equations were obtained by curve fits to the calculation results produced by
REFPROP 10.0

11 Estimation of critical back-pressure ratio

11.1 For a traditional diffuser at Reynolds numbers higher than 2 x 105

The critical back-pressure ratio rcgp for the traditional diffuser at Reynolds numbers higher than 2 x 105
may be estinfated by Formula (23]57;

k

rCBPZO,SQ‘FO,Z(LJkl (23)

where p»; is the theoretical static pressure at the diffuser exit when the nozzle attains the criticall flow
velocity but |the flow in the diffuser is fully subsonic and fully attached, assuniing one-dimengional
isentropic flqw. Formula (23) is graphed in Figure 6, by which the values of rggr'may be estimated|using
Az/An: or lenjgth of the frustum diffuser [ at each wall half-angle 6 As seen-in the figure, the prgssure
ratio rcgp will not significantly become higher by lengthening the diffusersuch that A,/An > 4, e.g., {/dn: >
7 at 0=4°,
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Figure 6 — Maximum permissible back-pressure ratio rcgp calculated by Formulja (23)
k' is npt necessary<o-be accurate because the sensitivity on xis not so high as seen in Figurf 6 as well as
Formpla (23) giveésonly an estimation.
Highgr back-pressure ratios may be used provided that it can be verified that the CFN chgkes at those
ratiog. Pressure ratios of 0,9 may be achieved at high Reynolds numbers if the diffuser is sufficiently
long dnd-has an adequate form and quality.

11.2 For any diffuser at low Reynolds numbers

For any CFN with a diffuser, it is practically impossible to predict rcgp at low Reynolds number, e.g.
lower than 2x105, because premature unchoking phenomenon (PUP) may occur that results in serious
decrease in the discharge coefficient by an amount that is difficult to quantify. See 8.1.4 and Annex H.
When the Reynolds number is lowered, the decrease of discharge coefficient caused by the PUP starts
from an ignorable amount at a Reynolds number specific to each CFN and installing condition, and then,
depending on the Reynolds number, it can reach several 10 % at the back-pressure ratios where the
CFN should choke by the diffuser effect in theory (where the back-pressure ratio is greater than the
critical pressure ratio). The amount of decrease at a specific back-pressure ratio at a specific Reynolds
number is practically unpredictable.
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If the Reynolds number is in the range where PUP is suspected, but is not sufficiently low to be of
concern, most CFNs should choke at a back-pressure ratio slightly smaller than the critical pressure
ratio (e.g. 0,5, see Figure H.1); however, if the Reynolds number approaches the lowest extreme of this
document, it is recommended to keep the back-pressure ratio less than 0,25[71te [12],

If the exact critical back-pressure ratio is essential for the system operation, it is recommended to

measure rcgp using the given CFN with its own upstream and downstream conduits (see Annex |). The
PUP may be very sensitive to the CFN form and also to its installing condition.

11.3 For CFNs without diffuser or with very short diffuser

For CFNs wif
the back-pre
flow rate by
smaller ratio

hout a diffuser or with a very short diffuser such as [ = 0,1dp, it is recommended-td
Esure ratio always smaller than 0,35 regardless of the Reynolds number. If the differe

than the critical pressure ratio, see Figure H.5) may be applicable.

keep
hce of

0,1 % is ignorable for the application, the critical back-pressure ratio of 0,5y(or slightly

12 Uncertainties in the measurement of flow rate
12.1 Generpl
The uncertpinty associated with each measurement of mass flow rate is an essential

consideratio

conform to this document. The uncertainty for a mass flow rate measurement may be express

relative tern
units as the
confidence lg
which is usul
determined

percentage. ]
of the averag
98_1[4—2][4—3].

In general, the expanded uncertaintyfor a measurand can be calculated from the combined sta

uncertainty,
relative Type
root-sum-of-

U(y)=K

n[41]441146][48] and shall be calculated and reported whenever a measurement is clainj

s as a percentage, in relative (dimensionless) terms, or in absolute terms with the
given mass flow rate. Uncertainty may be.-eXpressed as a standard uncertainty, i
vel of 68 %), or as a combined standard uncertainty, u,, or as an expanded uncertai
ally the final result with a 95 % confidénce level. The uncertainty for mass flow r

'he quantities and notation herein refer to relative uncertainties expressed as percer
e value. Uncertainty calculations-should be performed in accordance with ISO/IEC

comprising the relative Type A uncertainty, which is obtained using statistics, an
B uncertainty, which is obtain using methods other than statistics. These are combin
squares (RSS)@as)given by Formula (24);

e () =kyun? () +ug? ()

ed to
ed in
same
(at a
hty U,
hte as

ising Formula (13) is most simply evaluated using relative uncertainties expressed as a

tages
Guide

ndard
d the
ed by

(24)

where k is t}|1

e_coverage factor and k = 1 indicates a 68 % confidence level and k = 2 is ge

rally

appropriate To calculate a 95 % contidence level uncertainty. The Type A uncertainty is the standard
deviation, at 68 % confidence level, of the replicated measurements of mass flow rate from the
repeatability and reproducibility test results. The relative Type B uncertainty is obtained from
evaluations of the uncertainty of the components in the equation used to calculate the mass flow rate. It
is common and usually more convenient to perform uncertainty calculations in relative uncertainty
terms as shown in the practical computation methods that follow. Using relative uncertainty terms
allows the use of normalized sensitivity coefficients, which are the exponents of the respective factors
in the governing equation for the quantity being assessed.

Using a coverage factor k = 2 to obtain a 95 % confidence level uncertainty is appropriate when the
system has a large number of degrees of freedom as is normally assumed for Type B uncertainty
components. The degrees of freedom for the Type A component, calculated from the standard deviation
of n repeated measurements, is n-1 and this can lead to larger values of k when the number of replicates
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is approximately 20 or less. The Welch-Satterthwaite formulal471491 allows calculation of effective
degrees of freedom and when the repeatability (Type A component) is small relative to the Type B
components, leads to a coverage factor of approximately 2 for 95 % confidence level. In most
applications, k = 2 is an acceptable value to obtain 95 % confidence level uncertainties.

12.2 Practical computation of uncertainty

Substituting Formula (12) into Formula (13), the governing equation for mass flow rate, gm, through a
CFN is as given by Formula (25);

The yncertainty of a flow rate measurement should be calculated from the standard dey
availgble flow measurement data plus evaluations of uncertainty of the individual qua
goverpning equation. In most cases, uncertainty components can be assumed to be inde
uncoifrelated, but there are certain cases where correlated uncertainties'are an issue (see 1

Becayse Formula (24) is comprised of products, it is simplest to-u$e normalized sensitivit]
and fgelative uncertainties expressed as percentages (the dimiensional uncertainty diy
average value of the respective component). In this way, the'sensitivity coefficients for a
Formpla (24) are the exponents of the respective components. In the case where the
comppnents are assumed to be independent and uncerrelated or when the respective corr
are negligible, a practical working formula for calculating the relative combined standarg
by RSE is given by Formula (26);

wher¢ the squares are variances:

The Type A relative un€ertainty term, u, (q,,), can be calculated from the standard dey

availgble replicated /measurement data. The Type B relative uncertainty terms in Formulz
calculated from thexuncertainty of each of the factors with the absolute uncertainties of eac
being
relatiye uncertainty terms are squared and combined by the RSS relationship.

Each
comp

a)
b)
c)
d)
e)
f)

bo

= A*C4C*
R
)

L)

) up® (q ) +ug’ (Cq)+ug” (A +ug® (C*)+ug’ (po)
c\dm)=
+us? (1) (1)

~

divided by the magnitude of that component to determine the relative uncertaint

(25)

iation of the
htities in the
pendent and
P.3).

y coefficients
fided by the
function like

uncertainty
blated effects
| uncertainty

(26)

iation of the

1 (20) can be
h component
es. Then the

of the Type B uncertainty components has its own subset of uncertainty sources

Uncertainty

IITTILS L}ldL b}lUuld btf LUIlbidEI EL‘l dl'c

long term reproducibility (drift) of the discharge coefficient,

pressure sensor calibration,

temperature sensor calibrations,

drift between periodic calibrations,

temperature effects on the CFN mass flow, e.g. stem conduction, sampling errors,

thermal expansion of the throat,
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g)
h)
i) leaks,
j)
k)

interference effects between CFNs in a chamber,

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

contamination of CFN surfaces with dirt, and

pressure effects e.g. errors in Cx because real gas effects are not perfectly captured (see Annex B).

An example of a sub-component study is presented in Figure 7, which shows the relationship between

diameter ung

ertainties (of various magnitudes) and area uncertainties.

12.3 Corre¢lated uncertainty components

In some me
component ¥
correlation o

For the mea
independent
complex bec
terms are col

For example
combined re

Uc (qm ) T

where ¢, (M

data and wh
negligible. Fq
the same val

For some gas
temperature
for natural g
to 1,0306511. In

hsurement situations the components are not fully or predominatelyindependen
aries depending on the value of another component, they are not{independent, ar

If variables shall be considered.

surement cases where the terms in the governing equation cannot be assumed
and the degree of correlation is significant, the computations become somewhat
huse the respective relative correlation terms should be included. The correlated va
mputed or evaluated from data for the respective interacting terms.

both C* and M depend on the gas composition. When these terms are include
ative uncertainty equation becomes Formula(27);

up® () +ug” (Cq)+up® (A*)+ug” (C¥)+up® (py)

1 - 1 - 1
+—up“ (M)+—up“ (T\)+—c, (M, x;
Jun () +ug? (T3, (M, ;)

x;) is the covariance pf'the molecular weight and gas composition, as evaluated

ere other correlated Uhcertainty terms have been left out because they are either z¢
r example, the deviation of the value used for the universal gas constant, R is so low
e of R is used.during calibration and usage, that its uncertainty can be neglected.

es at high pressure, the normalized sensitivity coefficients for the stagnation pressu
can deviate from unity due to contributions from the critical flow function. For ex3
hs at feom temperature and 9 MPa the sensitivity coefficient for pressure increases f
such-cases, the upper value should be used to bound the effect.

L If a
d the

to be
more
iable

1, the

(27)

using
IO Or
, or if

e and
mple,
rom 1
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CFNs|used in a plenum also have significant correlated uncertainty in pressure, temperpture and C,
calibrjation.
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Annex A
(informative)

Discharge coefficient values

For the purpose of calculation verification, Table A.1 gives the discharge coefficient values for a given
set of Reynolds numbers calculated by Formula (17) with the coefficient in Table 1. The curves are
graphed in Figure A.1.

Table A.1 — Discharge coefficients of CFNs
Toroidal throat Cylindrical throat
Reynolds Discharge Reynolds Discharge Discharge
numbler coefficient number coefficient (air) coefficignt
R. Cq R. Cq (natural gas)
Ca
2,1 x 104 0,975 4
1,5 x 105 0,983 6 0,983 4
3 x 104 0,979 3
2x105 0,985 8 0,985 §
5x 10+ 0,983 7
3 x 10s 0,988 4 0,988 4
1x105 0,988 2
5% 105 0,990 9 0,990 §
3x10° 0,992 8
7 x 105 0,9918 0,991 7
5x 105 0,994 2
1x106 0991 3 0,990 §
1 x 106 0,995 2
1,3 x 106 0,989 9 0,989 1
1,5 x 106 0,9939
2 x 106 0,989 7 0,998 7
3x10¢ 0,994 3
3 x10¢ 0,990 1 0,989 1
5x 10¢ 0,994 7
5 x 106 0,990 5 0989 §
1x 107 0,995 0
1,2 x 107 0,991 0 0,990 (
3,2 x 107 0,995 4
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Figure A.1 — Discharge-coefficient curves
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Annex B
(informative)

Critical flow function

B.1 General

The mass flow rate of a CFN is at first approximated by the theoretical mass flow rate and then its

deviation from the true value is corrected by the discharge coefficient. Since the theoretical mas

rate is defin
pressure and

However, wh
the upstrean
stagnation c
converts the
is the critical

The critical f]
the critical p
factor and is¢

B.2 Critid

The compres
exponent is
conditions, t
derived.

The theoretical flow rate is defined using the values at the critical point, but by using the

equations irf
Formula (B.1

Gin =A™ 4

ed by the product of area, local acoustic velocity, and density at the critical-ppif
temperature that directly affect on the mass flow rate are those at the critical point.

en measuring the flow rate by using a CFN, the pressure and temperature‘are measu
1 conduit where the flow velocity is very low, and they are convertéd)into those

ndition. This means that the equation of the theoretical flow rate(contains a facto
pressure and temperature at the stagnation condition into those atthe critical point,

flow function.

ow function is computed assuming one-dimensional isentropic flow from the stagnat
pints, and is a function of the stagnation condition and gds properties, i.e., compress
entropic exponentl271to [35],

al flow function of perfect gas

sibility factor of perfect gas is always unity regardless of the gas condition. Its isen
also constant at any gas conditions, and equals to the specific heat ratio. Under
he flow equations can be solved. analytically and the basic equations listed in 5

5.2, it can be expressed by the temperature and pressure at the stagnati

=

7+1

7-1 Po

R
ax| M N

R

M

2

y+1

bo

—A*C*
PR

M M

b flow
t, the

red in
ht the

I that

Wwhich

jon to
bility

[ropic
these
2 are

basic
bn  as

(B.1)

<1

The factor

2

y+1

Gnl

T

7+1 converts Po_into P*p . Including the remaining factor relating to thra gas

/’T‘*
AU r

VU

properties, [, , the critical flow function is given by as Formula (B.2);

¥+l

]7—1

2

y+1

(B.2)

If the upstream pressure is not high, e.g. lower than 1 MPa, Formula (B.2) may approximate c*at low
uncertainty. In this case, it is recommended to use the value of y at the stagnation condition by referring

a database.
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B.3 Critical flow function of real gas

According to Formulas (7) and (8), the pressure and temperature at the critical point for y=1.4 should
be about 50 % and 80 % of the stagnation conditions, respectively. Under such large variations, the
isentropic exponent and compressibility factor may vary significantly especially if the real gas effect is
significant. The real gas critical flow function accounts for the variations of compressibility factor and
isentropic factor that should occur during flowing from the stagnation to the critical point. In this case,
it is not able to solve the flow equations analytically thus numerical calculations are required.

For specified stagnation conditions of po and Ty, the density and local acoustic velocity at the critical
point, p* and v*, are calculated using a database of thermodynamlc propertles that accounts for real
at the critical
enthalpy are
state at the
itical density
An iterative
tal enthalpy.

are equal to those at the stagnatlon cond1t10n The throat entropy and total

endent thermodynamic variables, and therefore they determine the thermodynami¢
1l point. The real gas critical flow function C* is determined by finding the unigue cr
ritical velocity corresponding to the thermodynamic state at the critieal point.
dure is generally required to determine p* and v* from the known entropy and tq
Fitical flow function is calculated by Formula (B.3);

critic
and
proce
The c

R
—T
MO

prv*
Do

(B.3)

*:

Q

hsel42], which
gy (NIST). It

Thesd computations can be easily performed by using the REFPROP, thermodynamic datab
is malintained and kept up to date by the National Institute. of Standards and Technolo

intert]
comp
incor
exper
provi

B.4

B.4.1

It is always recommended.to use the exact value for c¢* by referring an adequate databasg;

the C

ally solves the one-dimensional isentropic flow model for ¢* at the specified cond
psition, the stagnation pressure, and stagnation temperature. It also provides subrout
porated in EXCEL, Fortran, C++, VBI, LabVIEW, and so on, and it documents the u
imentally measured properties, includes numerous gases (e.g. 02, CO, Ny, Hy, Ar, C
les flexibility to create user-defined gas mixtures (e.g. natural gas, dry air, and humid

Critical flow function to beused when CFN is flow calibrated

General

FN is to be flow calibrated against a reference standard, a simplified way may be accq

itions of gas
ines that can
hcertainty of
pH4, He), and
nir).

however, if
ptable to set

the value of ¢* as in(By4“2 and B.4.3.

B.4.2| Using in'the same gas at the same stagnation condition

If thg CFN'is used in the same gas at the same stagnation pressure and temperaturg as per the
calibrjation, then the critical flow function is not necessary to be accurate, e.g. a congtant may be

acceptable, and the same value shall be used both in calibration and application. In this case, the error
of ¢* included in the measured discharge coefficient is cancelled out when calculating the mass flow
rate in the application, like the error in throat diameter.

B.4.3 Using in the same gas at the same range of stagnation condition

If the CFN is used in the same gas and in the same range of the stagnation conditions during calibration
by matching the Reynolds number, then the equation for c¢* is not necessary to be accurate at the
required uncertainty but should reflect the tendency of true c¢* at a reasonable accuracy, and the same
equation shall be used both in the calibration and application.
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If the combinations of the pressure and temperature in the application are almost the same as those in
the calibration, a constant critical flow function for the whole range may be acceptable by the same

reasoning as

discussed in B.4.2, and the same constant shall be used in the application.

B.4.4 When accurate values are necessary

If the CFN is used in a different gas than that of the calibration, by matching the Reynolds numbers, then
each ¢* should be accurate in both cases. For example, if the nozzle is calibrated using air and used in
oxygen, then ¢* for air should be used in the calibration and that for oxygen in the application. The
same may be required even if using the same gas if the Reynolds number range in the application is

extrapolated
transition in

B.5 Gasesg

Some gases,
the thermal
temperature
molecules d
modes and

thermodynainic property database gives. The actual values for thelcritical flow function are pa

“frozen” at th

Consequentl
the IP to thr
Annex B maj
throat diamg
the steady st

1 R | b £l 1.1 d 1 4=l do 4=l dodn). . 1 |
UCyUIIU Uldt Ul UIT LAIIUT dUUIT UlIUTh UIT d5SS5SUIITPUUIT UIdt UICTT 15 11U DUUlIIUdl y

the application.

with significant vibrational relaxation effect

such as SFe and CO», have significant energy in their vibrational modes! They may not
equilibrium when passing through the contraction because ef‘the rapid variatid
and pressure at this section; the internal energy stored in the vibrational modes of
thus the critical flow function does not reach the<{steady state values, whic
e upstream value leading to a larger value than that of'the steady state.

, the effect is more significant in smaller CFNs because of the shorter flowing time
 not cause significant error; however, forexample, if a toroidal-throat CFN of a fey

ter (typically at the Reynolds numbers‘below 105) is used in CO», the mass flow rate
hte critical flow function may have-aferror larger than 1 %56,

layer

keep
ns of

ie gas
es not have sufficient time to reapportion to the molecules’ translational and rotational

h the
rtially

from

pat. If the CFN is sufficiently large, the critical flow function given by the REFPROR thus

vV mm
using

36
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(informative)

IS0 9300:2022(E)

Critical flow function values — Pure gases and air

C.1 General

For several pure gases and air, the critical flow function may be calculated in accordance with this

anney in the specified ranges of the pressure and temperature. All the information giv
confitmed by the values produced by the REFPROP 10.0.

The ctitical flow function may be computed by Formula (C.1);

o

and dll the coefficients in it are given in each table. p and T in the equations are all in

respegtively.

' iCoe
*(p, T):Z Zci,jpl (T—Te )"

] 1

The dquations are valid strictly only in the specified ranges. The valid ranges and co
sumnparized in Figure C.1.

NOTE

Since the equations were derived by fittings, they*can have extremely large errors, even if us
outsid¢ their valid ranges.

en here was

(C.1)

MPa and K,

pfficients are

ed only slightly

gas T(k) 200 200 200 200 200 200 200 900 1000 T e Table/ Typical deviation
P(MPa) 01 1 2 5 10 15 20 ‘ : Equation from REFPROP
T e ————
N, PR o0 0 1 Table B.2 £0,01%
range | 0,1 1 20
Trange [ 200 G 00 | \
Ar Prange | 0,1 | s 20 115 1 Table B.4 £0.02%
Dry Ai Trange [ 200 S — N 00 | \ .
+C0, Prange | 0,1 [N 20 65 -1 Table B.6 £0,01%
Dry Al Trange | 200 I —— S (O | \ 0
(no COJ) Prange | 0,1 20 80 -1 Table B.8 +0,01%
H correction | Trange | 200 -‘280 ) o
for aij Prange | 0,1 mEmmmm05 - Equation B.1 $0,01%
Trange | 2oy MNSSSS————— ( 110 | -7 | TableB.i1 £0,005%
Prange | 0,1 e 20
. Trange |7 I 600 . ™ .
cHy Prange |01 I G, 20 L7 Table B.12 *0,005%
Trange N 2 I () : 0
P rafige=5{ "0, 1 | 20 80 18 Table B.13 +0,05%
Tigret | % wem— | | | 175 | -02 | TableB15 £0,04%
o Rrange | 0,1 1 20
: o e ——
e \320# o 280 -09 Table B.16 20,01%
Trange 200 EESS————=—" 00 | 190 | 035 | TableB.17 £0,05%
o Prange |01 ‘ ‘ 20
2 Trange | 200 EEE S 00
Prange | 0,1 I |2 159 0,08 Table B.18 *0,01%
Lrange | 05 EE— 0 0 1 Table B.21 £0,05%
Prange |01 6 ‘
Steam T range 645 I | 000
P 583 -0,5 Table B.22 +0,004%
range | 0,1 1 S | 7
Figure C.1 — The valid ranges, coefficients and typical errors
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C.2 Nitrogen

The critical flow function values produced by the REFPROP are given in Table C.1. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Table C.2.

Table C.1 — C* values (nitrogen)

p
T
MPa
K
0,1 2 4 6 8 10 12 14 16 18 20

200 0,68561 | 0,70367 | 0,72497 | 0,74845 | 0,77343 | 0,798 56 | 0,822 04 | 0,842 30 | 0,85842 | 0,870 23 |~0,878 09

220 0,68538 | 0,69867 | 0,713 60 | 0,729 28 | 0,74530 | 0,76109 | 0,77599 | 0,78938 | 0,80081 | 0,810 06, |70,$17 10

240 0,68522 | 0,69521 | 0,70608 | 0,71714 | 0,72816 | 0,73884 | 0,74889 | 0,758 03 | 0,766 04 | 077280 | 0,178 25

260 0,68510 | 0,69272 | 0,70083 | 0,70890 [ 0,71679 | 0,724 34 | 0,73140 | 0,73782 | 0,743 52(-0;748 40 | 0,152 44

280 0,68500 | 0,69088 | 0,697 02 | 0,703 03 | 0,70882 | 0,71430 | 0,71938 | 0,72399 | 0,728.087| 0,73160 | 0,134 55

300 0,68492 | 068948 | 0,69417 | 0,69870 | 0,70300 | 0,707 03 | 0,71074 | 0,714 08 [<0;717 03 | 0,71956 | 0,121 68

320 0,68485 | 068839 | 0,69198 | 0,69540 | 0,69862 | 0,70160 | 0,70431 | 0,706 737(*0,70885 | 0,71065 | 0,J1213

340 0,684 78 | 0,68752 | 0,69026 | 0,69285 | 0,69524 | 0,697 44 | 0,699 41 | 0701814 | 0,70263 | 0,703 87 | 0,704 86

360 0,684 70 | 0,68681 | 0,68889 | 0,69082 | 0,69258 | 0,69417 | 0,69558 |'0,69679 [ 0,69780 | 0,69861 | 0,499 22

380 0,68462 | 068621 | 0,68776 | 0,68918 | 0,69045 | 0,69157 | 0,69253"| 0,693 33 | 0,69397 | 0,694 44 | 0,494 75

400 0,68452 | 0,68570 | 0,68682 | 0,68783 | 0,68871 | 0,68945 [0;690 07 | 0,69054 | 0,69088 | 0,69109 | 0,491 16

420 0,684 41 | 0,68525 | 0,68603 | 0,68670 | 0,687 26 | 0,687 71| 0,68804 | 0,688 26 | 0,68836 | 0,68835 | 0,488 24

440 0,68428 | 068484 | 0,68533 | 0,68573 | 0,68604 | 0,686.24 | 0,68635 | 0,68636 | 0,68627 | 0,68609 | 0,485 82

460 0,68413 | 0,68445 | 0,68471 | 0,68489 | 0,684 98 %.0,68499 | 0,68491 | 0,68475 | 0,68451 | 0,68419 | 0,483 79

480 0,68395 | 0,68409 | 0,68415 | 0,68415 | 0,68407 | 0,68391 | 0,68368 | 0,68338 | 0,68301 | 0,68258 | 0,482 07

500 0,68376 | 068373 | 0,683 64 | 0,68348 | 0,683 25 | 0,68296 | 0,68261 | 0,68220 | 0,68172 | 0,68119 | 0,480 60

520 0,683 55 | 0,68338 | 0,68315 | 0,68286\} 0,68252 | 0,68212 | 0,68166 | 0,68115 [ 0,68059 | 0,67998 | 0,679 32

540 0,68331 | 0,68303 | 0,68269 | 068229 | 0,68185 | 0,68135 | 0,68081 | 0,68022 | 0,67959 | 0,67892 | 0,678 20

560 0,683 05 | 0,68268 | 0,682 24(|0,68175 | 0,68122 | 0,68065 | 0,68004 | 0,67939 | 0,67870 | 0,67797 | 0,477 21

580 0,69278 | 0,68232 | 0,681807| 0,68124 | 0,68064 | 0,68001 | 0,67934 | 0,67863 | 0,67789 | 0,67712 | 0,676 32

600 0,68249 | 0,68196 | 0,68138 | 0,68075 | 0,68010 | 0,67941 | 0,67868 | 0,67793 | 0,677 15 | 0,67635 | 0,47551
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Table C.2 — Coefficients C;;, range, and deviation (nitrogen)

i

j 0 1 2 3 5 6 7
433695661 | 4,729607541 "1 1,339652 _| 3,94571 “| 2,553129502
0 6,4336 f;;gl ’ 6(,)7}35_04 3,125517934 33 659;32 3,794790755 3,945 36}38_32 1,681556058 53 1E5-g9
2E-04 1E-05 0E-07
1 55722;;32? 1,642512880 5’7494:?7(])5:52;} 2,472244987 7'105106?5482 7,409989201 3’1578:;1832 4,790483851
9E+00 8E-01 1E-03 4E-06
2| 3,0L0375779 8’6154igj(8)§ 4,123960910 1’782922353 5,199340169 5’4371221(8)3 2,316241134 3’5098%(;33;
8E+04 7E+02 8E+01 6E-01
. - 5 ) .
3 8'1121nggé 1,204021740 1'4372:]§Zg; 6,265088770 1'857422331 1,948138232 8'2944§g?gi 1,255149493
8E+05 6E+04 7E+03 4E+00
4| 1,087092166 23685?;?32 2,548913585 1'071722233 3,239976819 3'4110323_2? 1,451449689 2'19283213;
9E+09 8E+07 0E+06 9E+04
5 >7 34122??3 1,496684306 1'930022132 7,162704275 Z'ZOSZZEZgg 2,337908455 9'944632885 1,499699120
7E+09 9E+08, 9E+07 N 8E+04
Paramete Deviation from the REFPROP values:
0,015
Ter =10 0,010 I
CC* = —1
0,005 4 = ¥
Range Y 0,000 - =
-0,005
0,1 MPa = p = 20 MPa 0,010
200K E T= 600K 063 E
200 250 300 350 400 450 500 550 600
X
Key
X temperature (kelvin)
Y deviation (%)
1 p=0,1 MPa and 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T = 200 K|~ 600 K with
5 K step
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C.3 Argon

The critical flow function values produced by the REFPROP are given in Table C.3. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Table C.4.

Table C.3 — C* values (argon)

p (MPa)

T (K) 0,1 2 4 6 8 10 12 14 16 18 20

220 0,72719( 0,74757| 0,77178| 0,79909| 0,82952| 0,86252( 0,89681| 093034 096091| 0,98685| 1,007 40
240 0,72698! 0742741 076074 078017! 080086 082248( 0844481 0866121 0886591 090516! 092129
260 0,72682| 0,73926| 0,75308| 0,76756| 0,78257| 0,79788| 0,81321( 0,82821| 0,84254( 0,85584.] 0j867 84
280 0,72670| 0,73666| 0,74751| 0,75866| 0,76998| 0,78136| 0,79261( 0,80356| 0,81402( 0,82382| 0)832 82
300 0,726 60| 0,73468| 0,74335| 0,75211| 0,76090| 0,76961( 0,77816| 0,78643( 0,79432| 0;801"74| 0§808 60
320 0,726 53| 0,73314| 0,74014| 0,74715| 0,75409| 0,76092( 0,76757| 0,77397( 0,780 064078579 0791 11
340 0,726 47| 0,73192| 0,73763| 0,74329| 0,74886| 0,75430( 0,75955| 0,76459( 0,76937) 0,77387| 0f778 04
360 0,726 42| 0,73093| 0,73563| 0,74025| 0,74475| 0,74912( 0,75333| 0,75734| 0;76114| 0,76470| 0J768 01
380 0,726 38| 0,73013| 0,73401| 0,73780| 0,74147| 0,74501( 0,74840| 0,75163| 0,75466| 0,757 50| 04760 14
400 0,72635( 0,72948| 0,73269| 0,73581| 0,73881| 0,74170( 0,74444| 0,747 04| 0,74948| 0,75175| 0475385
420 0,72632| 0,72893| 0,73160| 0,73416| 0,73663| 0,73898| 0,74121| ©;74331| 0,74527( 0,74709| 0J74876
440 0,72630( 0,72847| 0,73068| 0,73280| 0,73482| 0,73674( 0,73855|0,74024( 0,74181| 0,74326| 0J74458
460 0,726 28| 0,72809| 0,72992| 0,73166| 0,73331| 0,73487( 0,73633Y 0,73769( 0,73894| 0,74008| 074112
480 0,726 27| 0,72776| 0,72927| 0,73070| 0,73204| 0,73330( 0#73447| 0,73555| 0,73653| 0,73743| 0473823
500 0,726 25| 0,72749| 0,72872| 0,72988| 0,73096| 0,73197[<0,73289| 0,73374( 0,73450| 0,73519| 0J73579
520 0,726 24| 0,72725| 0,72825| 0,72918| 0,73004| 0,730.831 0,73155| 0,73220( 0,73278| 0,73328| 0473372
540 0,726 23| 0,72704| 0,72784| 0,72858| 0,72925| 0,72986( 0,73041| 0,73089( 0,73131| 0,73166| 0473195
560 0,72622| 0,72686| 0,72749| 0,72806| 0,72857+4.0,72902| 0,72942( 0,72976| 0,73004( 0,73027| 0J73043
580 0,72621| 0,72671| 0,72719| 0,72761| 0,727984 0,72830| 0,72857( 0,72879| 0,72895( 0,72906| 0J729 13
600 0,726 21| 0,72658| 0,72692| 0,72722| 0,72747| 0,727 67| 0,72783| 0,72794( 0,72801| 0,72802| 04728 00
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Table C.4 — Coefficients C;;, range, and deviation (argon)

i

j 0 1 2 3 4 5 6 7
7,261081671| 2,042474432 | 1,36872 "| 2,06595481 | 1,282 77
0| 6 081}501 0 2E-?)4- 3,709231249 368 33;32?1_ 2,397324295 065 54502 8,393193083| 8 66;;39_09
9E-04 1E-05 4E-08
1 9’56721251'2422 1,023026172 4'5634931]5931 1,639150157 2'8409931]5232 2,429891070 981181;:3? 1,491886151
5E+00 5E-01 5E-03 1E-06
2| 4,4p9311758 6'6306;;?_8(2) 2,116906566 73462?}2?31 1,258135189 1’06678;13(1) 4,275745144 6’460400?;55(2)2
9E+01 8E+02 1E+01 3E-07
D ) ] ] 3 X
3 9,7 122323;} 9,446421676 45060;;133 1,546589355 26143;2?3: 2,193525104 8'7124;;;?;( 1,305885444
1E+04 0E+04 7E+02 8E-01
4| 1,0p0120072 7'20762;5_(9)2 4,411115375 1'5374323_32 2,5706364971 2'1303461282421 8,363603087 1'2405;?33?
5E+06 6E+06 9E+05 1E+07
98106524 | 1,663274171 | 9,67036421 X 29992 §
5 3,9p 0:;+03 2,350267362 /663 3E+08 5,824148148 @ 03?E+02 7,908152312 3,058 5E+0: 4,472335683
1E+08 4E+07 7E+05 7E+02
Parameters: Deviation from the REFPROP values:
0,04
TC* = O
Co =[-1 0,02 4
Range| Y -0,00 —
-0,02
0,1 MPa = p < 20 MPa
200KET=600K -0,04
200 300 400 500 600
X
Key
X temperature (kelvin)
Y deviation (%)
1 p=0,1MPaand 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T = 200 K[~ 600 K with
5 K step
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C.4 Dry air with carbon dioxide (CIPM 2007 composition+C02/0,04 %)

The critical flow function values produced by the REFPROP are given in Table C.5. The coefficients for

Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Table C.6.

Each mole fraction in the CIPM 2007 composition is multiplied by a constant in order to include CO; of

0,04 % mole fraction and make the total summation

Table C.5 — C* values (dry air with C02/0,04 %)

p
MPa
oj1 2 4 6 8 10 12 14 16 18 20
200 0,68589| 0,70501( 0,72798| 0,75397| 0,78250( 0,81214| 0,84068| 0,86583| 0,88612| 090118 091137
220 0,68566| 069977 0,71588| 0,73313| 0,75116( 0,76937| 0,78699| 0,80321| 0,817 37|(0,82909( 0/838 26
240 0,68548| 0,69614( 0,70791| 0,72008| 0,73243| 0,74465| 0,75640| 0,76733| 0,777d%,~ 0,78563| 0J792 69
260 0,68533| 0,69353( 0,70235| 0,71127| 0,72013| 0,72876| 0,73700| 0,74467| 0,75162| 0,75775| 0J76299
280 0,68520| 0,69157| 0,69830| 0,70499| 0,71153| 0,71783| 0,72380( 0,72933|\0,73435| 0,73882| 0J742 68
300 0,68508| 0,69007| 0,69526| 0,70035| 0,70526( 0,70995| 0,71435( 0,718 41\ 0,72209| 0,72536| 0728 20
320 0,68496| 0,68888| 0,69291| 0,69680| 0,70053( 0,70405| 0,707 33| 0,73034| 0,71305| 0,71544| 0§717 51
340 0,68483| 068791 0,69104| 0,69403| 069687 0,69952| 0,70197{,0,70419| 0,70618| 0,707 92| 0J709 40
360 0,68469| 0,68710( 0,68952| 0,69182| 0,69396( 0,69595| 0,697 76} 0,69939| 0,70083| 0,70206( 04703 10
380 0,684 54| 0,68640( 0,68826| 0,69000| 069161 0,69308| 0,69440( 0,69557| 0,69658| 0,697 42| 0469810
400 0,68436| 068579 0,68720| 0,68850| 0,68968| 0,69074}|N069167| 0,69247| 0,69314| 0,69367| 0)69407
420 0,68417| 0,68524( 0,68628| 0,68721| 0,68805| 068878y 0,68940| 068991| 0,69031| 0,69060| 0J)69077
440 0,68396| 0,68473| 0,68546| 0,68611| 0,68666( 0,68713| 068749 0,68777| 0,68795| 0,68803| 0§88 03
460 0,68372| 0,68425| 0,68473| 0,68514| 0,68546((0,68570| 0,68587| 0,68595| 0,68595| 0,68587| 0)68571
480 0,68347| 068379 0,68406| 0,68427| 0,68440| 0,68447| 0,68446| 0,68438| 0,68424| 0,68403| 0468375
500 0,68320| 068335 0,68345| 0,68348| 0,68346( 0,68337| 068323 0,68302| 0,68275| 0,68243| 0468205
520 0,6291| 0,68291| 0,68286| 0,68276|, 068260 0,68239| 068213 0,68182| 0,68145| 0,68103| 0468057
540 0,6261| 068249 0,68231| 068209} 068182 0,68151| 068115 0,68074| 0,68029| 0,67980| 04679 27
560 0,68229| 0,68206( 068179 0,68147| 0,68110| 0,68070| 0,68026| 0,67978| 0,67926| 0,67870| 0)67811
580 0,68196| 0,68164( 0,681284 0,68087| 0,68043| 0,67996| 0,67945| 0,67890| 0,67833| 0,67772| 0)677 07
600 0,68162| 0,68123| 0,68079 0,68031| 067981 0,67927| 0,67870| 067810 0,67748| 0,67682| 0§76 14
Component mold fractions (CIPM 2007 cemposition):

Nitrogen 0,780 848 0 Methane 0,000 0015

Oxygen 0,209 390,06 Krypton 0,000 001 1

Argon 0,009 3320 Hydrogen (normal) 0,000 000 5

Carbon dioxlde 0,000 4000 Nitrous oxide 0,000 000 3

Neon 0,000 018 2 Carbon monoxide 0,000 000 2

Helium 0,000 005 2 Xenon 0,000 0001
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Table C.6 — Coefficients C;;, range, and deviation (dry air with C02/0,04 %)

i

j 0 1 3 4 5 6 7
295910 2,64123131 | 9,0274334 "| 1,6364307 "1 9972521737
0 6,563 6?3-02 /6 ZE%Oi 2,069877649 0 333;:_82 1,809363631 636 36(;3-22 6,649487208 | ~’ 51E-i0
1E-04 4E-05 5E-08
1 2'7525;;%3? 1,193391522 3’0609?;373(1) 1,329803031 2'6778(‘)32]3832 2,424361393 9’842286012232 1,473676015
4E+00 2E-01 3E-03 1E-06
2| 1,0y1811824 6’175422332 1,735669108 7’56883]2?_33 1,529191523 138423?3?;; 5,609032176 8’37802;;4(2)2
8E+04 9E+02 2E+01 5E-02
3 2,0 358ggzgg 6,914648540 4'571332332 2,077271853 4'2156?);122 3,812656349 154052;?31 2,293474221
2E+04 4E+04 7E+02 6E-01
4| 2,013451764 5'987222332 5,787239267 2'743622?32 5,619197623 5'0796ng(2)2 2,045191854 3'0317;‘;?2‘1}
9E+08 1E+06 4E+05 9E+03
7,681225627 . 457392 | 290441171 11 20373 i
5 6p 12309 2,695989180 3,033 ;EiOB 1,400132897 J 0E+0§ 2,630286366 'OSSOSEEOE 1,555811504
7E+08 0E+08, 2E+06 N 3E+03
Paramleters: Deviation from the REFPROP values:
0,02
TC* = 65 0,01 1
CC* = —1 |
0,01
Range Y 0,00
-0,01 4
0,1 MPa = p = 20 MPa -0,01
200K E T=600 -0,02
200 300 400 500 600
X
Key
X temperature (kelvin)
Y deviation (%)
1 p=0,1 MPaand 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T = 200 K|~ 600 K with
5 K step
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C.5 Dry air without carbon dioxide (CIPM 2007 composition /no CO2)

The critical flow function values produced by the REFPROP are given in Table C.7. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Table C.8.

Each mole fraction in the CIPM 2007 composition is multiplied by a constant to make the total
summation unity.

NOTE In CIPM 2007 composition, the summation of all the mole fractions is not unity.

Table C.7 — C* values (dry air without CO;)

p (MPa)
T(K) oj1 2 4 6 8 10 12 14 16 18 20
200 0,68590| 0,70499( 0,72793( 0,75388( 0,78234( 081192 0,84040| 0,86549| 0,88575| _0,90078( 0}91097
220 0,68566| 0,69976( 0,71584( 0,73307( 0,75107( 0,76925| 0,78683| 0,80302| 0,817 15}-0,82885( 0j838 00
240 0,68548| 069613 0,70789( 0,72004( 0,73237( 0,74457| 0,75630| 0,76720| 0,727 00'| 0,78547( 0}792 52
260 0,68534| 069352 0,70234( 0,71124( 0,72009( 0,72871| 0,73693| 0,74458| ©,Z5152| 0,757 64| 0}762 87
280 0,68521| 069157 069830 0,70497( 0,71150| 0,71779| 0,72375| 0,729274 0,73428| 0,73874| 0742 60
300 0,68509| 0,69007( 0,69526( 0,70033( 0,70524( 0,70992( 0,71431| 0,74837| 0,72204| 0,72530( 0728 14
320 0,68497| 0,68888| 0,69290( 0,69680( 0,70052( 0,70403( 0,70731|,.60,71031| 0,71301| 0,71540( 0J717 46
340 0,68484| 068791 0,69104( 0,69403( 0,69686( 0,69951( 0,70195|%0,70417| 0,70615| 0,707 88| 0}709 37
360 0,68470| 068711 0,68953( 0,69182( 0,69396( 069594 0,69775| 0,69938| 0,70081| 0,70204( 0J703 07
380 0,68455| 0,68641( 0,68827( 0,69001( 0,69161( 069308 0/69440| 0,69556| 0,69656| 0,69740( 0J698 08
400 0,68438| 0,68580( 0,68721( 0,68850( 0,68968( 0,69073[%0,69166| 0,69246| 0,69313| 0,69366| 0j694 06
420 0,68419| 0,68525| 0,68629( 0,68722( 0,68805( 068878 0,68940| 0,68991| 0,69030| 0,69059( 0j690 76
440 0,68397| 068474 068547 068612 0,68667| 0,68713( 0,68750| 0,68777| 0,68795| 0,68803( 0j68802
460 0,68374| 068427 068474 068515 0,68547%.0,68571| 0,68587| 0,68595| 0,68595| 0,68587( 0j68571
480 0,68349| 0,68381( 0,68408( 0,68428( 0,68441( 068447 0,68447| 068439| 0,68424| 0,68403( 0)68375
500 0,68322| 0,68336( 0,68346( 068349 0,68347( 068338 0,68323| 0,68303| 0,68276| 068243 0J682 05
520 0,68293| 0,68293( 0,68288( 0,6827Z( 0,68262( 0,68240( 0,68214| 068182 0,68146| 0,68104( 0)68057
540 0,68262| 0,68250( 0,68233( 0,682\ 068184 068152 068116| 0,68075| 0,68030| 067981 0)679 27
560 0,68231| 068208 068180 0,68148( 068112 0,68072( 0,68027| 067979| 0,67927| 067871 0}67812
580 0,68198| 0,68166( 0,68129( )0,68089( 0,68045( 067997 0,67946| 0,67892| 0,67834| 0,67773| 0)677 08
600 0,68163| 068125 0,68080( 068033 067982 067928 0,67871| 067812 0,67749| 0,67683| 0)67615
Component mold fractions (CIPM coniposition - CO2):

Nitrogen 0,7811627 Methane 0,000 0015

Oxygen 0,209 4744 Krypton 0,000 001 1

Argon 0,009'335 8 Hydrogen (normal) 0,000 000 5

Carbon diox}de 0 Nitrous oxide 0,000 000 3

Neon 0,000 018 2 Carbon monoxide 0,000 000 2

Helium 0,000 005 2 Xenon 0,000 000 1
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Table C.8 — Coefficients C;;, range, and deviation (dry air without CO?)

i
J 0 1 2 3 4 5 6 7
924 4234066969 1711 4529 11,0679784439 § 1871
0 6,5 30?3332 3,423 066}3_24 2,0954051829 | ' 5068 E5-05 1,2461892868 06 8E-z6 4,2659753578 6,38618 E6i(5)
E-04 E-05 E-08
1 2301447;33? 1,2812135058 23371545};3? 9,9339975043 1’7475562]312;} 1,4993712527 5'985318(])3832 8,9484113100
E+00 E-02 E-03 E-07
2|8,30p0638713 6'618289]2?(8); 1,5488602225 52695672?3? 9,3239379114 8'01073711203? 3,1945775977 4'7670086]3631
E+03 E+02 E+00 H-02
3 1’490416;%32 8,5926517878 3'72030938(2;;2 1,3294637918 2’3736572332 2,0424718497 8’1312612132 1,2099043993
E+04 E+04 E+02 E-01
4(1,32p2707497 7'09303012332 4,1919752798 1'5982322332 2,9002281935 2'5020962331 9,9370844451 1'4726662532
E+08 E+06 E+05 E$02
5 4’6019572323 2,7151693882 13084662?32 7,3785979970 1'368880;}33; 1,1879467068 4'7059342331 6,9373458601
E+08 E+07 E+06 E+02
Parameters: Deviation from the REFPROP values:
0,010
T =[80
Co =-1 0,005
0,000
Range Y
-0,005
0,1 MPa < p = 20 MPa
200KE T=600K Q010
200 300 400 500 600
X
Key
X temperature (kelvin)
Y deviation (%)1 p=0,1 MPaand 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T = 200 K ~ 600 K with 5
K step
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C.6 Humidity correction for air of a typical composition

The humidity correction may be estimated at a practical accuracy by Formula (C.2);

9,926 6)
p

NOTE As far as confirmed for air with typical compositions, the deviations of the correction from the REFPROP values
were smaller than 0,005 %.

TZ

_ (C.2)
100000

c*HA _ c«DA {1+{[7,894— 12571)

( 4,473 -
p

7,056 3}

T + (6,366 5-
p 0

Hy
100 000

This formula is valid in the ranges:

0,1 MPa <
280K <1
0% < Hg

As seen in F
REFPROP do

0,00

p < 0,5MPa
<310K
<90%

es not produce C* where there is no data point in the figure.

igure C.2, the deviation caused by the humidity may be negligible at‘high pressurg.

The

280K

-0,02

-0,04 — -

NS

-
-
-
=

-0,06

-0,08

Y -0,10

-0,12

—— 0,1 MPA?

-0,14 ---- 0,2 MPa?

— 0,4 MP&®

-0,16

-0,18

-0,20

20 4Q) 60 30

1. MPa
D0 K

Key

X humidity (%)

Y deviation (%) of C* from that of dry air

a  Eachat280K,290K,300K,310 Kand 320 K.

Figure C.2 — Differences of C*PA with humidity from that of dry air in percent
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C.7 Methane

The critical flow function values produced by the REFPROP are given in Table C.9. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Tables C.9 to
C.12 for each range.

Table C.9 — C* values (methane)

p
MPa

0,1 2 4 6 8 10 12 14 16 18 20

200 0,67480| 0,72109| 0,81178 — — — — — — 1 —

220 0,67404( 0,70710( 0,75733| 0,84096| 099220| 1,16340| 1,26520( 1,30970| 1,32280\1,31890| 1,30590

240 0,67323( 069796 0,73118| 0,77554| 0,83585| 091211| 098936 1,04930| 1,08800| 1,10970| 1,119 50
260 0,67229( 0,69135( 0,71515| 0,74381| 0,77822| 0,81818| 0,86109| 0,902 06 |)0;93653| 0,96260| 0,980 60
280 0,67119( 0,68619( 0,70403| 0,72426| 0,74702| 0,77203| 0,79839| 0,824.59(~ 0,84887| 0,8¢983| 0,886 78
300 0,66992( 068189 0,69566| 0,71068| 0,72691| 0,74413| 0,76192| 0,Z7964| 0,79656| 0,8}1200| 0,82546
320 0,66850( 0,67815( 0,68898| 0,70049| 0,71259| 0,72513| 0,73788}.}0,75051| 0,76268| 0,77403| 0,784 30
3440 0,66696( 0,67480( 0,68344| 0,69243| 0,70172| 0,71118| 0,72067( 0,73002| 0,73904| 0,74754| 0,755 35

360 0,66532( 067173 0,67869| 0,68582| 0,69308| 0,70039| 0,707 64| 0,71475| 0,72159| 0,72806| 0,734 06

380 0,66363| 066889| 0,67454| 0,68025| 0,68600| 0,69173|\0,69737| 0,70287| 0,70814( 0,71314( 0,717 79

400 0,66193( 0,66626( 0,67085| 0,67546| 0,68005| 0,68459| 0,68903| 0,69333| 0,69745| 0,70134| 0,70497

420 0,66025| 0,66381| 0,66756| 067129 0,67497| 0,67859| 0,68211| 068550 0,68873| 0,69178( 0,694 63

44( 0,65860( 066153 0,66459| 0,66761| 0,67058 0,67347| 067627 0,67895| 0,68149| 0,68389| 0,68611

460 0,65700| 0,65940| 0,66190| 0,66435| 0,66673| 0,66905| 067127 067339 0,67539( 0,677 27| 0,679 00
480 0,65547( 065743 0,65946| 0,66144] 0,66335| 0,66519| 0,66695| 0,66862| 0,67018| 0,6Y164| 067298
500 0,65401( 065561 0,657 24| 0,65882) 0,66035| 0,66180| 066318 0,66449| 0,66570| 0,66682| 0,667 84

520 0,65262( 065391 0,65521| 0,65647| 0,65767| 0,65881| 0,65988| 0,66088| 0,66180| 0,66264| 0,663 39

5440 0,65131( 0,65233( 0,653 364\"0,65434| 0,65527| 0,65614| 0,65696( 0,65770| 0,65839| 0,6$900| 0,659 53
560 0,65007( 065087 0,651%66| 0,65241| 0,65311| 0,65376| 0,65436( 0,65490| 0,65538| 0,6$580| 0,656 15

580 0,64891( 0,649 51 ((0,65010| 0,65065| 0,65116| 0,65163| 0,65204| 065240 0,65271| 0,6%297| 0,65318

600 0,64780| 0,64824) 0,64866| 0,64905| 0,64939| 0,64970| 064996 065017 0,65034(| 0,65046( 0,650 54
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Table C.10 — Coefficients C;j, range, and deviation (methane/high temperature)

i
j 0 1 2 3 4 5 6 7
263640749 | 9,8191834 | 4,027749234| 1,218851539 | 6,263640749
0 6,2636 6(;3-01 6,142086968 8 853]’332 9,795174480 0 6E-?)8 ! 8858;?)9 7,326340807 6,2636 6(;3-01
1E-04 1E-07 6E-11
1 1’0904igi§2 1,496316?33? 9,237198005 9'2261712535 2,904124099 | 1,804114893 8'2455981]3332 1’0904igi§2
0E-01 0E-03 3E-04
2| 1,29407576p 8’12312;?3;3 1'44383;}352 2,621707593 321902;?31 9985222?;8 3,546186002+\1,294(075765
6E+0[7 0E+03 4E-01 6E+07
o| 9179505 | inaass| 1seaongo | 2199429520 TOSBOOSIOS | o | 7036NTB 91703088
3E+09 1E+07 5E+05
4| 3,36015986p 322722;8?2 4'672322?_;1'3 127293?323 2,628563806 2'5830221(2); 6,612531615| 3,360159860
2E+1p 0E+10 3E+07 2E+14
2165619 X 700951 | 1,44147849 | 2,5347 4| 532145619
5 53 62;_13 5,604976573 >83 0813512 5,224073288 ! 32?12 1,106682957 3 ngjl >3 (gg+12
4E+16 0E+14 5E+13
Parameters: Deviation from the REFPROP values:
0,004 ‘
T =110 e 1
Co=—17 0,002
0,000
Range:
-0,002
280K=T=60pK
-0,006
200 300 400 500 600
X
Key
X Ytemperature (kelvin)
Y deviation (%)
1 p=0,1MPaand 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T =280 K ~ 600 K with 5 K step
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Table C.11 — Coefficients C;jj, range, and deviation (methane/low pressure)

IS0 9300:2022(E)

i
j 0 1 2 3 4 5 6 7
6,25605 - - - -
7,666112059 9 41 4067102
0 59279E- | 5956392371 | 1,242193433 /666 7;35 2,356178324 3 69686]3_32 3,025458313 68 065;02
01 5E-04 3E-04 6E-05 0E-07
122428\ | 1 00678806 | 8,394860954 | 1,584648571 "1 1,893225893 R}
1 40792E+| CEL01 ' Spego | 5174242921 ’ 3Es00 | 2651151275 ’ 4E.0p | 3158903348
03 4E+00 7E-01 7E-04
2 117’;*;3?;? 1'16482332 2,242041315 1‘3216;;?03(5) 4272682225 7‘51663253; 5,441978964 8‘526822333
3E+05 9E+04 5E+0]
07
1,02628 - - : -
3 08655E+ | 1,043782046 3'136222383 1,877167006 6'7253:;f§g 1,284098784 1'01492218, 2,137694702
11 0E+10 7E+09 7E+08 8E+05
4 541‘22222 5'0660§éfﬁ 2,212162374 1‘546932312 5,987030080 1,1897;2?2 9,80578597 2‘36722;23;
2E+13 2E+12 3E+1
14
8,65598 - - - -
13875994 2,5074 7 194859
5 80822F+ | 1,309881655 8,138 ZE+12 6,268291276 50 22336 4,934045960 3.9 g;i 8,763280054
17 2E+17 1E+16 9E+15 9E+12
7,58379 | 1,401086040 19,237521152 "1 6,806593961 5,539596076
6 oz'ifgm ' LEs20 | 1153337978 ’ 3Es1o| 3654835794 ’ gpe1g| 4616725083 ’ TEA1s
4E+20 4E+19 5E+1]
20
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Parameters: Deviation from the REFPROP values:
0,010
Tc* =80 i 1
Co=-1,7 0,005 ¥
0,000
Range: Y
-0,005
0,1 MPa=p=6,5MPa -0,010
Temperature range as below.
-0,015
200 300 400 500 600
» . M
M“t' T T Key
K
MPa K X temperature (kelvin)
Y deviation (%)
01~4 | 200 1 p=0,1MPaand 0,5 MPa ~ 6,5 MPa with 0,5 MPa step, and T = 200K ~ 600 K wfith 5 K
t
45 205 Step
5 210
600
5,5 215
6 220
6,5 225

50
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Table C.12 — Coefficients C;j, range, and deviation (methane/high pressure)

IS0 9300:2022(E)

i
j 0 1 2 3 4 5 6 7
1,1520857 12121649 1 1,663798479 | 2,428748414 X
0 61522;3— A5 03;23 2,231734452 | 62;2; 9,928890684 663 6?3-05 428 4?5_07 8,681346709
9E-01 6E-04 5E-09
00
3,29858 - - - -
1 61490E+ | 1,588799060 2,965220007 2,627909625 1027564323 2,797042991 | 9,345603855 1912148535
GE+04 QE+0?2 8E-03
05 0E+05 9E+03 SE-01 OE-0
2 017,3251?; 75426?2?2; 1,316640018 1'0066(5)217)2 2,118843477 | 1,492459924 9’269122134 1,483517249
10 7E+09 5E+06 1E+05 8E+02
3,53205 - - - -
3 85319E+ | 1,544894865 2'3583323?3 1,161465546| 5,981195185 9'1362;§f32 3,70579488 5’19138232
14 9E+14 0E+12 1E+10 3E+0
4 Oiggi’; 137252;822 1,440380129 | 7,066024966 2'52152;32 1,982754319 6'77113232 8,753920254
18 1E+17 4E+15 0E+14 6E+10
1,50088 - - - -
5 49666E+ | 4,072878023 | 2,483411354 20013[;;3;3 2,797281528 17932;23?; 5,58751037 635733;?22
22 8E+21 1E+20 9E+19 9E+1
6 215'35123 2,045971848 35632?;1;2 8,767610434 976932;?2; 5,670408794 1’67102232 1,979459267
25 8E+24 5E+23 1E+21 0E+18
Parameters: Deviation from the REFPROP values:
0,15
T =[80 010 -
C.=|-1,8
0,05 -
Range Y 0,00+
0,05
6,5 MPa = =20 MPa 0.10
Tempgrattre range as below. '
0,15
200 300 400 500 600
p Min.T | Max.T X
Ke
MPa K K y
X temperature (kelvin)
6,5~7 215 Y deviation (%)
75~85 220 1 p = 65 MPa ~ 20 MPa with 0,5 MPa step, and T = 215 K ~
9~19 215
19,5 ~ 20 220

© ISO 2022 - All rights reserved
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C.8 Carbon dioxide

The critical flow function values produced by the REFPROP are given in Table C.13. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Tables C.14 and
C.15 for each range.

NOTE Carbon dioxide may have a significant vibrational relaxation effects and the effect becomes stronger in small
nozzles. See B.5.

Table C.13 — C* values (carbon dioxide)

p
Z; MPa

0|1 2 4 6 8 10 12 14 16 18 20
260 -+ 0,736 59 — — — — — — — -+ —
280 -+ 0,71519| 0,808 20 — — — — — — -+ —
300 -+ 0,70188| 0,75514( 0,866 04 — —_— — — — —_— —_—
320 0,66646| 0,69245| 0,72920| 0,78419| 0,884 86 — — v — — —
340 0,66470( 0,68539( 0,71256| 0,74821| 0,79797| 0,87274| 098659 1,12050|_4,22830| 1,29850| 1J340 00
360 0,66313| 0,67989| 0,70083| 0,72633| 0,75813| 0,79864| 0,85046( 0913904 098271 1,04590| 1)096 30
380 0,66171| 0,67550( 0,69209| 0,71134| 0,73388| 0,76041| 0,79155( 0,827 36/ 0,86673| 0907 11| 0J945 22
400 0,66042( 067189 0,68532| 0,70038| 0,71729| 0,73631| 0,75756| 0;78099| 0,80620| 0,83239| 0)858 44
420 0,6§926( 066889 0,67993| 0,69199| 0,70518| 0,71954| 0,73511[(0,75179| 0,76939| 0,78755| 0J805 80
440 0,6§819| 0,66634| 0,67553| 0,68538| 0,69592| 0,70716| 0,71908} 0,73160| 0,74461| 0,75791| 0J/7128
460 0,6$721| 0,66416| 0,67188| 0,68003| 068862| 0,69763| 0,70A03| 0,71677| 0,72677| 0,73692| 0J747 08
480 0,6§631| 0,66226( 0,66880| 0,67562| 0,68272| 0,69007|0,697 65| 0,70542| 0,71332| 0,72128]| 0J729 22
500 0,6§548( 0,66060( 0,66618| 0,67193| 0,67786| 0,68394] “0,69015| 0,69645| 0,70282| 0,70920| 0J/1554
520 0,6p471| 065913 0,66391| 0,66880| 0,67379| 0,67887| 0,68402| 0,68921| 0,69442| 0,69961| 0J/0475
540 0,6$399| 0,65782| 0,66193| 0,66611| 0,67034| 0;67462| 0,67892| 0,68324| 0,68755| 0,69183| 0J696 05
560 0,6$332| 0,65665| 0,66019| 0,66377| 0,667 38440,67100| 0,67463| 0,67825| 0,68185( 0,68540| 0)68890
580 0,6$269| 0,65558( 0,65865| 0,66173| 0,66482] 0,66790| 067097 0,67402| 0,67704| 0,68001| 0J68293
600 0,6$210| 0,65462| 0,65728| 0,65993| 0,66258| 0,66521| 0,66782| 0,67040| 0,67295| 0,67545| 0J)677 89
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Table C.14 — Coefficients C;j, range, and deviation (carbon dioxide/low temperature and low
pressure)

i
3

7,2651017647E
+02

7,4282410458
E+03

1,8178414177E
+04

1,8366764887
E+04

8,8398754707E
+03

2,0093181655
E+03

1,7393995859
E+02

9,9523245358E
+03

1,0144544029

2,4786025589E
+05

2,5017382440

1,2033270592E
+05

2,7342096481

E+05

E+05

E+04

2,3665929299
E+03

H4476152343E
+04

(52}

5,5403801369
E+05

1,3514635095E
+06

1,3626602981
E+06

6,5501414597E
+05

1,4877822819
E+05

1,2875660370
E+04

(=Y

,#906557209E
+05

1,5125824719
E+06

3,6834931977E
+06

3,7100625626
E+06

1,7822079229E
+06

4,0465276783
E+05

3,5014523641
E+04

,390474043E
+05

N

2,0642995508
E+06

5,0185149477E
+06

5,0492187611
E+06

2,4238629669E
+06

5,5012626003
E+05

4,7594939416
E+04

[uny

,1154329978E
+05

1,1266558320
E+06

2,7342748454E
+06

2,7479445070
E+06

1,3182298545E
+06

2,9906817856
E+05

2,5870114020
E+04
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Parameters: Deviation from the REFPROP values:
0,06
T« =175 0,04 - 1
Cer = =02 0,02 N
' =N ;s
1 N
A |
Range: Yy 000 A 7 i ;i‘.
-0,02
[ |
0,1 MPa<p=<4MPa -0,04 }
Temperature range a below. 0,06
200 300 400 500 600
D AT MaxT X
Ke,
MPa K K y
X temperature (kelvin)
0,1 Y deviation (%)
305 1 p=0,1MPaand 0,5 MPa ~ 4 MPa with 0,5 MPa step, and T =265 K ~ 370 K with 5 K
0,5 ste
p
1
265
15
2 275 370
2,5 285
3 270
3,5
280
4
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Table C.15 — Coefficients C;j, range, and deviation (carbon dioxide/high temperature and low

pressure)
i
Ji 1 2 3 4 5 6 7
6,37569 - - - -
0 79939E-| 2,421770841 9'841031(])36(1)2 5,858764685 1'8322295]3335_ 2,932490992 2'3047132]3032 7,054949253
01 5E-03 5E-04 3E-05 4E-08
3,74909 7,040191399 " 12,277406627 "11,136389005 “12,742299236
1 ) , , )
85095E+ CE-01 3,894896491 9E-01 7,098538903 VE-02 8,941256440 4E-05
00 GE-UT 7E-0Z 3E-07
- - . ) -
2 620,22125 5,765703226 5'4974;213? 3,219639397 9'9819;};32(3) 1,597646619 1'2589(;;58 i 3,872667995
02 9E+00 6E+01 4E+00 9E-03
9:90669 ) "1 2,063687706 "1 1,018018742 [ | 2,487331396
3 59359E+ | 9,855986072 | 3,381080281 | 4E+03 6,362925893 | ' TE+02 8,04373015 ’ SE-01
03 2E+01 0E+03 4E+02 1E+0
4 818'33223- 3,649526270 95877?;?3: 5,974307939 1'8383225_82 2,939945450 2'33398[1jg 7,287512883
05 0E+03 2E+04 1E+03 4E+00
L5899 194674221 "1 6,218726303 "1 3,059606696 [ | 7,781555475
5 67523E+| GE+05 9,896342802 | SE+05 1,911490346 | 9E+04 2,447406459 | ’ 8E+01
06 7E+05 2E+05 9E+0
6,37569 - - - -
6 79939E-| 2,421770841 9'841031(;6(1)2 5,858764685 1'832229233?} 2,932490992 2’3047132]303 L 7,054949253
01 5E-03 5E-04 3E-05 4E-08
Parameters: Deviation from the REFPROP values:
0,02 : =
T« =1280 001 = 1
Cx=|—-0,9 0,01 /
-0,00
Range] -0,01 -
-0,01
0,1 MHPa = p £,10 MPa -0,02
Tempgrature range as below. -0,02
200 200 400 500 600
p Min. T Max. T X
Key
MPa K K X temperature (kelvin)
01~9 320 Y deviation (%)
’ 1 p=0,1MPaand 0,5 MPa ~ 10 MPa with 0,5 MPa step, and T=320 K ~
9,5 325 600 600 K/5 K step
10 330

© ISO 2022 - All rights reserved

55



https://standardsiso.com/api/?name=ca1377ee0af1a488e365b0c8f472be2a

IS0 9300:2022(E)

C.9 Oxygen

The critical flow function values produced by the REFPROP are given in Table C.16. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Tables C.17 and
C.18 for each range.

Table C.16— C* values (oxygen)

p
T
MPa
K
0,1 2 4 6 8 10 12 14 16 18 20

200 0,685 75| 0,70823| 0,73708| 0,77315| 0,81854| 0,87394| 093516 0,99278| 1,03880( 1,071 20.) 109190
220 0,68547| 0,70220| 0,72230| 0,74533]| 0,77155| 0,80077| 0,83208| 0,86371| 0,89342( 0,91931| 0)940 38
240 0,68523| 0,69804| 0,71279| 0,72888| 0,74627| 0,76476| 0,78395| 0,80325| 0,82194( 0,83932| 0j85481
260 0,68501| 0,69501| 0,70619| 0,71802| 0,73040| 0,74320| 0,75621| 0,76915| 0,781 73[+0,79365| 0j804 63
280 0,68477| 0,69269| 0,70136| 0,71034| 0,71954| 0,72888| 0,73822| 0,74743| 0,75637| 0,76487| 0J/72 81
300 0,68451| 0,69085| 0,69768| 0,70464| 0,71167| 0,71870| 0,72567| 0,73249].9;78907 | 0,74534| 0J/5122
320 0,684 22| 0,68932| 0,69477| 0,70024| 0,70571| 0,71113| 0,71645| 0,721 62" 0,726 60| 0,73133| 0J/3577
340 0,68388| 0,68802| 0,69239| 0,69674| 0,70105| 0,70528| 0,70941| 0,71340| 0,71722| 0,72085| 0J/24 25
360 0,68351| 0,68687| 0,69039| 0,69387| 0,69729| 0,70063| 0,703 86 [\0,70698| 0,70994( 0,71275| 0J/15 38
380 0,68309| 0,68583| 0,68867| 0,69146| 0,69419| 0,69684| 0,699.38{ 0,70182| 0,70414| 0,70632| 0J708 36
400 0,682 64| 0,68487| 0,68716| 0,68940| 0,69158| 0,69367| 069568| 0,69760| 0,69941( 0,70110| 0J702 68
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Table C.17 — Coefficients Cjj, range, and deviation (oxygen/whole range)

i

j 0 1 2 3 4 5 6 7
0 6'9665721:31_32 4,610600444 4'756735?51_33 1,5912009266 2'49221?32 1,90544879 6'88%26;32 9,47117711
5E-02 E-02 65E-04 71E-08
1 1,1823468498 6'05921:)1]38§§ 4,7907181508 1'654633?528; 2,59483926 2'00%1()3;3731 7,38548710 1'035315?£2§3
E-02 E-02 50E-03 21E-06
L
, ; ; ; ;
2 46 03631932 2,481480225 1'9375891139;; 6,8114246732 1'0699;7]393;} 8,36223947 3'1263111]3486 4,45063748
6E-02 E-03 51E-05 42E-08
3 9,0p80321451 4‘759318?3332 3,9094413907 1’38744728(5)3 2,18390913 1'724102?253;3 6,5293663p 9'4152%1129(8);
E-04 E-03 13E-04 56E-0f
4 89 4205925(7)2 4,488347576 3'9212518]3031 1,3985989771 2’20121:;0(1)2 1,75791955 6'73215203; 9,81064518
6E-04 E-04 12E-06 96E-10
~11,6895814 . 29691 | 7,09212 ~| 4,031
5 3,8560932735 /68 S%E-(S)g 1,5613068340 558296 Eai(z)z 8,83552019 0 60E3:8553 2,7412032p 03 901?:?;
E-06 E-05 17E-07 75E-0P
Paramleters: Devéalt(i)on from the REFPROQP values:
T+ =]190 0.05
C+ =10,35 ’ ;
Y 0,00 o
Range
-0,05'
0,1 MPa £ p < 20 MPa
k< < '0,10
200K T=400K 200 250 300 350 400
X
Key
X temperature (kelvin)
Y deviation (%)
1 p=0,1MPaand 0,5 MPa ~ 20 MPa with 0,5 MPa step, and T = 200 K|~ 400 K with
5K-step
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Table C.18 — Coefficients Cjj, range, and deviation (oxygen/ high accuracy at low pressures)

J

i 0 1 2 3 4 5 6
2625615758E+ |2,6411737361E "11,0232345111E "13,2547928464E- |-1,3404136153E-
0 3,2625615758E+ (2,6 37361E+ 2.6559289469E+ ,0232345 + 2.5629438653E+ 3,25 846 ,3404136153
00 01 01 01 02
01 00
111,3152444836E+ |9,5505818766E+ 9'160433701551 3,5191511384E+ 8'810659373058 1,1131181383E+ 4’5719814041(])52-
01 01 01 00
2 2,4602540776E+ |1,3778565194E+ 1.2617984292E+ 4,8392763470E+ 1,2108120896E+ 1,5220462857E+ |-6,23553199023E-
1 02 01 00 02
02 01
3|2,1860112941 F+ [0,8978831449E+ 007 81773466 14 o cag767288+ | O3 149 109582E ) o) 1435748, | H200673474E-
01 00 02
1 01 01 00
4 9,3897436213EF+ |3,5377731086E+ 2.9805713869E+ 1,1423914120E+ 2853353922054 3,5525673308E- |-1,4482861353E-
0 01 01 01 02
01 00
51,5754181469E+ |5,0323240705E+ 4,0902565392E+ 1,5688761261E+ 3,9443853918E- |-4,8513512511E-| 1,9731258821E-
00 01 02 03
00 00 00
Parameters: De(}/%]%tion from the REFPROP values:
» | | | |
| I I 14 I
| | | |
Tc* = 159 0,002 ~ﬂ\ 7 —
C+=10,08 N\ T e —
0,000
N
Range: -0,002 {1+ 7~
H—Y /
-0,004 1t
0,1 MPa<p<=12MPa !
200K = T=400K -0,006
200 250 300 350 400
X
Key
X temperature (kelvin)
¥ deviation (%)
1" p=0,1 MPaand 0,5 MPa ~ 12 MPa with 0,5 MPa step, and T =200 K ~ 400 K with § K step
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The critical flow function values produced by the REFPROP are given in Table C.19. The coefficients for
Formula (C.1), their valid ranges, and deviations from the REFPROP values are given in Tables C.20 and

C.21 for each range.
Table C.19 — C* values (steam)
p
T MPa
0.1 Z T 3 8 10 12 12 16 18 20
42q | 067337 — — — — — — — — 4 —
44q | oe67272 — — — — — — — — 1 —
46q | 067208 — — — — — — — N\ 4 —
480 | 067148 — — — — — — — —_ 4 —
sod | 067090 | 069657 | — — — — — —( — 1 —
52 | 067035 | 0,69359 — — — — — - — 4 —
540 | 066981 | 068976 | 0,71539 — — — — — — 4 —
56 | 066929 | 0,68640 | 0,70886 | 0,735 98 — — 7~ — — 4 —
58 | 066878 | 0,68358 | 0,70246 | 0,72579 | 0,75468 | — A — — —+ —
60q | 066829 | 068118 | 069714 | 0,71638 | 0,740 04 | 0,769 86\0,81134 | — — —+ —
62q | 066781 | 067912 | 0,69278 | 0,70874 | 0,727 77 | 0,75501 | 0,78030 | 0,819 82 — —+ —
64q | 066733 | 067732 | 068913 | 0,70260 | 0,71816 | 073648 | 0,758 52 | 0,78585 | 0,821 42 | 0,872 52 —
66q | 066687 | 067572 | 068604 | 0,69756 | 0,71056:10,72540 | 0,74259 | 0,76287 | 0,78737 | 0,817 97 | 0,858 17
68q | 066641 | 067430 | 0,68337 | 0,69335 | 0,704\0 | 0,71672 | 0,73061 | 0,74641 | 0,764 66 | 0,786 08 | 0,81177
70q | 066596 | 067302 | 0,68104 | 0,68976 | 069928 | 0,70971 | 0,72123 | 0,73402 | 0,74834 | 0,764 52 | 0,783 02
72 | 066552 | 067185 | 067899 | 0,686,671 70,69495 | 0,70391 | 0,71365 | 0,72427 | 0,73592 | 0,748 76 | 0,763 00
74q | 066508 | 067078 | 0,677 16 | 0,683/97 | 0,69123 | 0,69902 | 0,70737 | 0,71637 | 0,726 08 | 0,736 60 | 0,748 04
76q | 066464 | 066980 | 0,67552 {0,68158 | 0,68801 | 0,69483 | 0,70208 | 0,70981 | 0,71806 | 0,726 88 | 0,736 33
78q | 066422 | 066888 | 0,67404 0,679 47 | 0,68518 | 0,69120 | 0,697 55 | 0,704 27 | 0,71137 | 0,71888 | 0,726 85
god | 066379 | 066803 | 0,672)69 | 0,67757 | 0,68267 | 0,68802 | 0,69363 | 0,69952 | 0,70570 | 0,712 19 | 0,719 01
82q | 066337 | 066723067146 | 0,67585 | 0,68044 | 0,68521 | 0,69020 | 0,69539 | 0,70082 | 0,706 49 | 0,712 40
84q | 066296 | 0,66648.10,67032 | 0,67430 | 0,67843 | 0,68271 | 0,687 16 | 0,69178 | 0,696 58 | 0,70 57 | 0,706 74
86q | 066255 | 066576 | 0,66926 | 0,67287 | 0,67661 | 0,68047 | 0,68446 | 0,68859 | 0,69286 | 0,697 28 | 0,701 85
88q | 066214066509 | 066828 | 0,67157 | 0,67495 | 0,67845 | 0,68204 | 0,68575 | 0,68957 | 0,698 51 | 0,697 56
90q | 0,66174)( 0,664 44 | 0,66736 | 0,67036 | 0,673 44 | 0,676 61 | 0,67986 | 0,68320 | 0,686 64 | 0,690 16 | 0,693 78
92q |,0%66134 | 066382 | 0,66650 | 0,66924 | 0,67205 | 0,67493 | 0,67788 | 0,68091 | 0,68400 | 0,687 17 | 0,690 42
94q (), 0:66095 | 0,66323 | 0,66569 | 0,66820 | 0,67077 | 0,67339 | 0,67608 | 0,67882 | 0,68163 | 0,684 49 | 0,687 42
96 0,66056 | 0,66267 | U,6649Z | 0,66723 | 0U,66958 | 0,67198 | 0,6744Z | 0,6769Z | 0,67947 | 0,68206 | 0,684 71
980 | 066018 | 0,662 12 | 0,664 20 | 0,66631 | 0,66847 | 0,67067 | 0,67290 | 0,67518 | 0,67750 | 0,67986 | 0,682 26
1000 | 065981 | 0,66159 | 0,66351 | 0,66546 | 0,667 44 | 0,66945 | 0,67150 | 0,67358 | 0,67570 | 0,677 85 | 0,680 03
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Table C.20 — Coefficients Cjj, range, and deviation (steam/low temperature)

i

j 0 1 2 3 4 5
0| 7,6383628636E-01 +1,3948809459E+00 |-9,4682604528E-03 |-1,6324349951E-02 |-4,8136125911E-04 | 2,7472738708E-04
11+2,5022686945E+02 | 3,0698113874E+03 | 2,5438748520E+02 +1,9835926887E+01 | 1,0308868889E+01 |1,2180337513E+00
212,2309865728E+05 +2,5007340159E+06 1-4,3319430117E+05 | 6,8529295310E+04 }1,7185358070E+04 | 1,5839639878E+03
318,3375219628E+07 | 8,9290286975E+08 | 2,5143120800E+08 +4,6235981182E+07 | 9,8380474046E+06 |8,1916664054E+05
411,1296847134E+10 1,1698415314E+11 [4,8602570794E+10 | 9,4769242935E+09 }1,8812765934E+09 | 1,4882150791E+08
Parameters: Deviation from the REFPROP values:
0,10
TC* = 0 \ - 2
Cx=-1 0,05 = :
7. (I '
\ I‘ 14
Range: Y 000 i 1
B i |
4 \
0,1 MPa = p = 6 MPa 0,05 1
Temperature ranfge as below. 2010
400 500 600 700 800 900 1 000
p Min. T Max. T X
Key
MPa K K X temperature (kelvin)
01 405 Y deviation (%)
’ 1 p=0,1 MPaand 0,5 MPa ~ 6 MPa with 0,5 MPa step, and T { 405 K
0,5 430 ~ 700 Kwith 5 K step
2 0,1LMPa
1 455 3, 0,5MPa
15 475
2 490
2,5 500
3 510 700
3,5 520
4 525
4.5 535
5 540
5,5 545
6 550
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Table C.21 — Coefficients C;j, range, and deviation (steam/high temperature)

i

j 0 1 2 3 4 5
0| 6,0538184067E-01 | 4,4451919734E-03|-1,0552950714E-03 | 2,6192602318E-04 [-3,0734451594E-05 | 1,6713260277E-06
1{2,5168685232E+00|-3,5787620199E-01 | 7,0538988170E-02 |-1,7254081463E-02 | 2,0412362614E-03 |-1,1177534079E-04
214,5170447476E+01 |1,0172762225E+01 }1,8680420538E+00 | 4,4732366508E-01 [-5,3361463859E-02 | 2,9464670782E-03
314,2758519902E+02 +1,1602332503E+02 | 2,4357667835E+01 }5,7162905587E+00 | 6,8716465501E-01 |-3,8321292332E-02
412,0807195140E+03 | 6,3131772787E+02 1,5405400890E+02 | 3,6119701698E+01 }4,3706355366E+00-/ 2,4653199971E-01
514,1081046567E+03 +1,3597740602E+03 | 3,8149828437E+02 }9,0450567417E+01 [ 1,1028054833E+01 |-6,2965180441E-01
Paranjeters: Deviation from the REFPROP values:

0,006

— O

T+« = 483 0,004 _ 4
CC* = "0,5 1 +

0,002 2
Range: Y 0,000

-0,002 ! —]
0,1 MPa|= p = 6 MPa -0,004 I
645KS|TS1000K 006

200 400 600 800 1000
X
Key

X temperature (kelvin)

Y deviation (%)

1p=0,1MPa, 0,5 MPa~ 17MPa/0,5 MPa step, and T = 645 K~ 1000 K/5 K step
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Annex D
(informative)

Computation of critical mass flux for critical flow nozzles with high nozzle

throat to upstream pipe diameter ratio, 5> 0,25

D.1 General

A pressure t3pping is used to measure the static pressure, i.e. the pressure of the moving gas; Hoy
a temperatufe sensor fixed on the pipe measures the temperature of the gas when it is in rest ow
the viscosity|of the gas, recording a temperature, Ty, that is neither the stagnation temperature }
the static temperature T. The relationship between the temperatures is given by the-recovery
depending on the gas, probe form, and flow Formula (D.1);

Tm

Re =—M|
f TO

For Ry, a vallie of zero means that the probe is measuring the static temperature 7, whilst a va

1 means it is
boundary la
thickness, rq

measured temperature is closer to the stagnation temperature-than the static temperature.

D.2 Corre

IMPORTANT

been establighed. See References [36] to [39]/If a correction factor for a natural gas mixture is req

then that for

NOTE Iti
because therd
ambiguity of {
estimate the fl

The followin
temperature
correction is

The mass flo

-T
-T

the stagnation temperature T, being measured. R=0 and/1 correspond to the tempe
yers whose thicknesses are infinite and equal to that of the velocity boundary
spectively. In practice, R¢ is generally in the range-0,5 to 0,9, which implies thj

ction factors

— At the time of drafting this Annex;the correction factors for natural gas mixtures hg
methane is a reasonable estimate and should be used.

5 not recommended to measure flow rate using CFNs if the flow velocity in the upstream pipe
will be significant errortin the static pressure measurement, and also the error caused
he correction factors-(see Annex ]J) will be significant. This annex should only be applied d
ow rate when the diameter of the upstream pipe is unavoidably small.

b correctionfactor is applicable to nitrogen, argon, dry CO,-free air and methane. Thg
and pressure range is 250 K- 600 K (270 K- 600 K for methane) and up to 20 MP
valid forgvalues from 0,25 to 0,5.

i through a nozzle with a high (0,15 to 0,5), g, 4, for a given inlet measured temper

Uever,
ing to
o nor
factor

(D.1)

Jue of

ature
layer
it the

id not

uired,

s high
by the
nly to

valid
. The

hture,

T, (K), and p

ressure p,, (MPa), can be calculated from Formula (D.2);

m,p = qm,stag [(1—R¢)Fo +ReFy |

where

qm,stag

R¢

62

is the mass flow rate as calculated using Annex C;

is the temperature probe recovery factor.

(D.2)
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The correction factors, F, and F; take the form Formula (D.3);
Fi=1+B-C; (D.3)
where

B = 25,879 B° — 32,693 B5 + 34,276 B* — 6,019 9 B3 + 1,115 6 B2 — 0,112 2 f + 0,004 7 (D.4)

and

Cp= Y ny ek (D.5)
k

The cpefficients for Formula (D.5) are given in Tables D.1 to D.4. For the critical parameters required to

obtain the reduced pressure and temperature, n and 7.

See Reference [41].

Table D.1 — Coefficients for Formula (D.5) fornitrogen

i k Nik Pik tik
1 1,304 619 x 1072 0 0
2 -3,666 323 x 105 0 1
3 -3,668 8201073 0,5 -5
’ 4 5,024.075 x 104 1 -1
5 2,846 962 x 1073 2 -6
6 ~7,569 285 x 1074 3 -8
1 1,516 890 x 1072 0 0
2 -2,433 804 x 1075 0 1
3 -3,755 322 x 1073 1 -3
! 4 4,068 331 x 1073 1 -2
5 9,540 179 x 1073 1,5 -6
6 ~4,828 687 x 107° 5 -6
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Table D.2 — Coefficients for Formula (D.5) for argon

i k Nk Pik tik
1 1,359 113 x 1072 0 0
2 5,072 601 x 10~* 1 -1

0 3 5,776 326 x 10™* 2 —4
4 4,625 040 x 104 3 -10
5 -3,001 709 x 1077 6 —4
1 1,702 515 x 1072 0 0
2 3,255 007 x 1073 1 2

1 3 2,029 543 x 1074 1 -1
4 6,931 127 x 1073 2 -6
5 -1,846 055 x 1074 4 -6

Table D.3 — Coefficients for Formula (D.5) for dry-CO,-free air

i k n; Pik tik
1 1,307 864 x 1072 0 0
2 —4,752 544 x 1033 0 1
3 1,760 268 x 1072 0,5 -6

’ 4 ~1,340/098 x 1072 0,5 -5
5 4,672 622 x 107* 1 -1
6 1,294 203 x 1073 1,5 —4
1 1,522 775 x 1072 0 0
2 4,726 879 x 107> 0 1
3 -5,958 875 x 1073 1 —4

' 4 3,445 387 x 1073 1 -2
5 1,256 916 x 1072 1,5 -6
6 4,775 091 x 107> 4 -6

64
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Table D.4 — Coefficients for Formula (D.5) for methane

IS0 9300:2022(E)

i k Nk Pik tik
1 1,068 826 x 1073 0 -1
2 1,199 593 x 102 0 0
3 -1,482 920 x 1073 0,5 -6
4 2,764 799 x 1074 1 -1

° 5 7,920 711 x 1075 2 -2
6 1,111278x 1073 3 -8
7 —6,815 626 x 107> 5 -10
8 3,862 490 x 1078 10 -18
1 -3,463 148 x 1073 0 -3
2 5,286 029 x 1073 0 -1
3 1,195 016 x 1072 0 0
4 1,664 232 x 1073 1 -2

' 5 1,159371x 1073 1,5 —4
6 7,260 461 x 1073 3 -10
7 ~7,541 9331074 5 -12
8 2,613967 x 1077 10 -15
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Annex E
(informative)

Diameter correction method

E.1 General

The diamet

o , . . - . .
or to match J‘; on a reference/target curve based on a calibration result at a single Reynolds num

throat diameter without affecting on the calculation result of mass flow rate. For, ex3

modifies the
a CFN comfp
Formula (17
in a discharg
by the error
the throat - g

flow field, but it may have an effect on the throat diameter measuremént; as a result, the

calibration

Since the DC

to be used 4t the calibration is no longer necessary to be accurate, thus a nominal value or €

visually asse

Although the
have any ef
obtained by
throat diamg
is important
Consequentl
the Y-axis by

It is noted t

lying with this document should have the discharge coefficient curve, express
with the coefficients in Table 1; however, a flow calibration of the CFN sgmetimes r
e coefficient curve that is significantly deviated from the equation, which-is mostly ¢
in throat diameter and the DCM corrects it. It is noted that some tiny\structure for
uch as a small projection immersed in the boundary layer - may not’have any effect

ay result in a significantly large offset of discharge coefficient.curve if the CFN is smal
M replaces the role of throat diameter by a calibration.result, the value of throat dia
ssed value can be used during the calibration.

throat diameter appears in the equation of mass flow rate superficially, it actually do
ect on the calculation result of mass flow rate if the discharge coefficient curv
flow calibration. That is because the,curve implicitly contains the inverse of squ
ter that is cancelled out when calculating the mass flow rate, therefore, the only thin
for the throat diameter is to use\the same value at both the calibration and applid
/, when calibrating the CFN, the discharge coefficient curve can be shifted to anywhs
modifying the throat diameter.

hat the throat diameter.is still one of the most important parameters if the floy

measurement is based on dry calibration, which is the main purpose of this document.

Except for af
and, from tha

E.2 Proce

plying on pooled-historical data, the DCM should be applied at the beginning of calib
t point onwards, the calibration shall use the corrected throat diameter, dpcy

dures

range
ber. It
mple,
bd by
psults
hused
ed at
n the
flow
I

meter
VEn a

PS not
P was
ire of
g that
ation.
re on

/ rate

ation

E.2.1 Overview

There are three ways to apply the DCM. If possible, the visual procedure is recommended because it
automatically contains all the corrections necessary for the DCM and, thus, can achieve the highest
accuracy, although the procedure is very simple.

The calibration Reynolds number for the DCM shall not be in, or in the vicinity of, the transition regime
because the behaviour of CFN in it may be unstable.
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E.2.2 Visual procedure

If the calibration software can be modified to include a routine to calculate the target discharge
coefficient, and if all the calculation results can immediately respond to the change of throat diameter,
the visual procedure is recommended.

a)
b)

c)
d)

e)
f)

Make the calibration software calculate the target discharge coefficient at the calibration condition.

Make the calibration software display the deviation of discharge coefficient obtained by the

calibration from the reference curve.

Make the calibration software recalculate all the results if the throat diameter is chafg

(ontinue changing the throat diameter until the resultant discharge coefficient
eference curve. Denote the final value of throat diameter by dpcm.

=

(ontinue the calibration using dpcwm.

et

n the application, use dpcm.

This procedure can be applied also to the pooled historical calibfation data set obtained in
of the| calculations are active.

E.2.3| Coarse procedure

If it i not necessary for the shifted discharge coefficient curve to pass exactly through the
the cgarse procedure is applicable. Although the\Reynolds number is shifted by the correc
diameter, this procedure does not compensate for it; therefore, the shifted discharge coe
does [not pass through the target, but near it. The procedure is suitable to locate the
convgnient range.

It is njot recommended to perform the calibration for DCM at low Reynolds number becaug
sensitivity of discharge with the Reynolds number, which may result in a significant shift
from the target even by a slight/correction in the throat diameter.

Denofe the target value of discharge coefficient at the calibration Reynolds number by ¢4

a)

b)

c)
d)

(alibrate the-CFN at the Reynolds number using the given throat diameter dog;
rpsultantdischarge coefficient by ¢ OR!.

pd.

reaches the

the past if all

target value,
ion of throat
ficient curve
curve in the

e of the high
of the curve

pet

Denote the

(alculate the coarsely corrected throat diameter dpcy by Formula (E.1);

C ORI
dDCM = dORI d
target
Cq

Continue the calibration using dpcum.

In the application, use dpcy.

E.2.4 Fine procedure

(E.1)

This procedure compensates for the effect of shifted Reynolds number by the correction of throat
diameter based on the supposed Reynolds number dependence. It requires iterative calculation, but if
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the sensitivity of discharge coefficient curve against the Reynolds number is similar to or smaller than
that of Formula (17), with the coefficients in Table 1, a single iteration should be sufficient in most cases

(see Figure E

1).

Several hundred percent error in the given throat diameter does not affect significantly on the resultant
discharge coefficient curves even by the single iteration. However, it is recommended not to perform
the calibration for DCM at low Reynolds number by the same reason as in E.2.3.

Suppose that the target discharge coefficient curve is expressed by a function f, as given by

Formula (E.2

);

Cdtarget _

If the CFN is

a) Calibrats
measurg

this docfiment using dog; thus by Formulae (E.3) and (E.4);

f (Re)
romplying with this document, fshould be Formula (17) with the coefficients.in/Table]

e the CFN at a Reynolds number geOR! using the given throat diameter-dor;. Deno

ORI ORI
.Cy

d discharge coefficient by C, and geOR! should be calculated)in accordance

m

c % = [
4
ReORI _ 7
T
where g

b) Calculat

CdtargetO |

c) Calculat

dpcmo =

d) Calculat

2
tdori J * Do
4 R
— |T,
(M) 0

im 1
Lo dori

is the mass flow rate of CFN measured by the calibration facility.

p the base target discharge coefficient ¢ %rset0 at g.ORl by Formula (E.5);

i f( ReORI)
ed the base correctedthroat diameter dpcmo by Formula (E.6);

CdORI

1 — =
ORI
CdtargetO

 thie.corrected Reynolds number getarget by Formula (E.7);

Retarset

d
_ ReORI_dor1
dpcmo

e) Calculate the target discharge coefficient ¢,'rget at peterset by Formula (E.8);

Cdtarget _

68

f ( Retarget )

(E.2)

1.

e the
with

(E.3)

(E4)

(E.5)

(E.6)

(E.7)

(E.8)
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f)  Calculate the corrected throat diameter dpcm by Formula (E.9) or (E.10);

c ORI
d -d _=d
DCM =doRI Cdtarget

or

CdtargetO
dpcm =dpmco e

(E.9)

(E.10)

g) (ontinue the flow calibration using dpcm.
h) Inthe application, use f{Re) and dpcw.

Further iteration is possible by substituting re'@¢t for Re®R! Formula (E5); however
iteratjon, i.e.,, Formula (E.9) or (E.10), should be sufficiently accurate in-most cases if the
discharge coefficient against the Reynolds number is similar to or smaller than Formula (
coeffirients in Table 1.

Examples of the deviations of resultant curves from the targeb one are shown in Figure
that the CFN complies with this document and the target cutve is expressed by Formula
coeffirients in Table 1.

, the single
Sensitivity of
17), with the

.1, provided
17) with the

003 0,03
A 3 A
0102 N\ 0,02
oot A 00116
LA L~ N 5
e 7! 500 B~
0}00 é:__ . 0,00 - = e ——
Y y L M o — Y 2 l --_\\/ Z
-0j01 ] 5 -0,01 ©
-002 o -0,02 ]
1 ™
-olo3 \S e -0,03
-0j04 -0,04
0,01 0,10 1,00 10,00 0,01 0,10 1,00 10,00
X X
a) PSingledteration/toroidal throat/DCM applied b) Single iteration/toroidal-throat/DCM applied
at at
Re=2 X 10* Re=1=10°
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003 0,0010
A B
0,02 7 0,0005 ~ 2
00 TE T T 4
MRy, 0,0000
0,00 — ——————— AL
Y 2 Y N\ — I 6
-0,01 -0,0005 N e
N
-0,02 1 Ny
-0,0010 < 7
-0,03 ‘\/
-0,04 -0,0015
0,01 0,10 1,00 10,00 0,01 0,10 1,00 10,00
X A

c) Single iteration/toroidal-throat/DCM applied

d) Second iteration/toroidal-throat/DCM applied

at at
Re =7 x 105 Re=2 x 10*
0,01 0,010
C A 2 ¢
L 0,005
0,00 <:~~\ = 4 7\ 2
v 1 ~~ N 6 Y 0,000 LSl L. e e
] ) 7 4 N 6
-0,01 \ 7
-0,005
\/ LTINS
-0,02 -0;010
0,10 1,00 10,00 0,10 1,00 10,0p
X X
e) Single iteration/cylindrical-throat/DCM f) Single iteration/cylindrical-throat/DCM
applied at applied at
Re=1,5 x 10* Re =4 x 10*
Key
X  Reynolds|number, Re (x106)
Y deviation|(%) from Formula+(17)
1 DCM applied point
2 -80 % ernor in dnt
3 -50 % errfor in dnt
4 -20 % errfor in dxt
5 420 % erftor4n dnt
6 +100 % eprorin dnt
7  +400 % error in dnt

Figure E.1 — Error in the fine procedure applied on the CFN complying with this document
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Annex F

(informative)

Adjustment of discharge coefficient curve on a data set

F.1 General

Formula (17) can be fitted on any of data sets of discharge coefficients of typical CFNs regardless of the

type. [[his Annex describes a way to fit the curve on a data set.

The cpefficients in Formula (17) are to be adjusted using Formula (F.1), which has afijextra
[t tramsforms into Formula (17) by Formulae (F.2) and (F.3);

g(cadj - dadee_n )

Cd:(a—bRe_")— R
1+exp(e——ej
f
€= 8C,
d

= 8Cu

The effects of each coefficient in Formula (F.1) are simmarized in Table F.1.

Table F.1 — Effectsoof coefficients in Formula (F.1)

parameter g.

(F.1)

(F.2)

(F.3)

(oefficient Effect Explanation
. ((1 —bRe™" ) defines the laminar curve, thus a is for the core
ab Shape of the laminar éurve.
flow distribution and b is for the laminar boundary lpyer.
Coqi —dyqiRe ™" i iati
Cadj da Tendency irf the turbulent regime. ( adj ~ %adj ) defines the tendency of the deviation of the
turbulent curve from the laminar one.
g Jump height at the transition Larger g makes the jump larger.
e Jump steepness. Larger e makes the jump steeper.
f Jump location. Larger f makes the transition at higher Reynolds nurpber.
n Tendency of the curve. Larger n makes the curve steeper.

n can be set at individual values, e.g,, 0,5 and 0,2 for the laminar and turbulent regimes, respectively;
however, 0,5 should work fine for the whole range as shown below.
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F.2 Fitting procedure

a) Figure F.1is a sample data set from a toroidal throat CFN, on which the curve is to be fitted.

0,994
TR
0,990 o ¢ &
@ © ®
V_01999
7 (O
0,986
o)
)
0,984 @O
0,982
0,1 1,0 100
X

Key
X  Reynoldsinumber, Re (x106)
Y dischargd coefficient

Figure F.1 — Typical data set on which-the curve is fitted

b) The datq points in Figure F.1 are visually categorized into the laminar and turbulent regigns. If
necessaly, the transition region can be consideréd as in the figure.

0,994

1
e LA
0,992 o Y A
0,990 A ML A
A A M
Y 0,988
2 -
0,686 3
o
0,984 — Qg
0,982
0,1 1,0 10,0
X
Key
X Reynolds number, Re (x106)
Y discharge coefficient
1 transition region
2 laminar region
3 turbulent region

Figure F.2 — Visual categorization into the laminar, transition, and turbulent regimes
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c) Asshown in Figure F.3, the data in the laminar and turbulent regions are individually fitted by the
traditional equation for Cq expressed by Formula (F.1);

Cq =0iraq — btradRe_n (F'l)

using a preferred n, that may be theoretically 0,5 and 0,2 in the laminar and turbulent regions,
respectively. However, they will produce insignificant differences in the turbulent regime whereas
significant ones at higher Reynolds numbers in the laminar regimes as seen in the figure, therefore,
0,5 is recommended to use for the whole range of the Reynolds number for simplicity. This Annex
uses n = 0,5 in the whole range.

0,994 .
2 rdl
0,992 0 /; A A LA C
0,990 A d_},‘/‘%‘ iy
Y 0,988 (T A
) // -
0,986 = 3
0,984 o)
0,982
0,1 1,0 10,0
X
Key
X Reynolds number, Re (x106)
Y djscharge coefficient
1 tgansition region
2 lgminar region
3 tdrbulent region
---- n|=0,2fit
— n|= 0,5 fit

Figure F.3 — Fittings‘on the traditional C4 equation individually in the laminar and|turbulent
regimes

(¢hoosing‘n = 0,5, the curve in the laminar regime is almost identical even when the trpnsition data
dre included as seen in Figure F.4, thus it was not necessary in this data set to| exclude the
ransition data from the laminar data.

ot
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Key

N =< <

74

Reynolds{number, Re (x10¢)
dischargd coefficient

transitior} region

laminar region

turbulentregion
including|transition data (n = 0,5 fit)
excluding transition data (n = 0,5 fit)

Finally,

F.2. Thoge for the turbulent curve are not used in the following, but its curve is referred to

obtained as in Figure F.5. The values of the coefficients for the laminar curve are shown in
adjusting the equation.

Reynolds

0,994
2 >
0,992 o A A
rd L
0,990 /@»’ }% A
Y 0,988 [T A
) // -
0,986 y = 3
(o) 1
0,984 - 5
0,982
0,1 1,0 10,0

Figure F.4 — Fittings on the traditional C4 equation with n=0,5

the two curves pertaining to each regime, on which Formula (F.1) is to be adjuste

0,994
0,992 1 5 /,/ A A
/ o
0,990 AW B, =
’ ﬁ f’/k AA
Y 0,988 [T A
] // -
?
0,986 %
0,984 5
0,982
0,1 1,0 10,0

d, are
Table
when

number, Re (x10¢)

discharge coefficient

laminarr

egion (n = 0,5 fit)

turbulent region (n = 0,5 fit)

Figure F.5 — Two curves acting as basis of the adjustment bases
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Table F.2 — Coefficients diad and byaq for the laminar curve in Figure F.5

Coefficient Laminar regime
Atrad 0,9969
btrad 5,163

IS0 9300:2022(E)

d) Substitute diad and buad for a and b of Formula (F.1), and also for caq;, and daqj, respectively. Put the
typical values into g, e, and f; e.g., 0,01, 10, and 5 x 105, respectively. The equation is now expressed

by Formula (F.4) and shown in Figure F.6.

5,163
0,01| 0,9969 -
5,163 ( JRe j
Q4 =|0,9969 - T - P
ke 1+exp(10— ¢ j
5x10°

0,994

0,992

0,990

Y 0,988

0,986

0,984

0,982

0,1

Key
X Reynolds number, Re (x106)
Y djscharge coefficient
1 tyrbulent curve
2 1dminar curve
3 curve byFormula(F.4)

Figure F.6. Initial curve using the coefficients for the laminar curve and typical ¥
the other coefficients

1,0

10,0

(F.4)

alues for

e) Adjustg to match the curve in the turbulent regime on the turbulent curve as in Figure F.7. Fine
adjustment is not necessary here because the following adjustments will change the tendency
slightly, therefore, g is re-adjusted later. g = 0,004 is fine in this stage. The adjusted equation is now

expressed by Formula (F.5).
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o P I\ =0,004
Py 3 A ..
i a3
0,990 /@ =y Ak
Y 0;988 ,’ 27 \ .
0,986 // gz %.00'7
, (e} B L
0,084 ¢ gF 0.1
’ O
0,982
01 1,0 10,0

Key
X Reynoldsinumber, Re (x106)
Y dischargd coefficient

a  Baseline
Figure F.7 — Adjustment of the jump height
5,162)
0,004| 0,9969 —
¢, =[0,9p69— 2103 _ ( JRe (F.5)
A= JRe Re
€ 1+exp[10— 5)
5x10

f)  Adjust f] to locate the jump location around theé'supposed transition Reynolds number [as in
Figure F|8. fis re-adjusted later, therefore, f= 1;5% 105 is fine at this stage. The adjusted equation is
now expjressed by Formula (F.6).

0,994 L,/ TTTE 105
0,992 o T Bk .
0,990 57 A,,.‘T?—*"i—m

" Jat ”‘/ 2 “
Y 0,988 LAt / |
o / / r=8%10
. 1o FE1,5 % 10°
0,984 Q5
0,982
0,1 1,0 10,0
X

Key

X Reynolds number, Re (x109)
Y discharge coefficient

a  Baseline.

Figure F.8 — Adjustment of the transition Reynolds number

5,163)
0,01} 0,9969 —
C —(o 9969—5’163j— ( VRe (F.6)
d— )
vVRe Re
1+exp 10——5
1,5x10
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g) Adjust both d and g to let the curve in the turbulent regime match on the turbulent curve as in
Figure F.9. dagj = 440 and g = 0,0048 are fine in this stage. The adjusted equation is now expressed
by Formula (F.7).

aay

1 = 0,004

0,992
0,990
N _NQOQ
1 9,700
0,986
0,984
0,982
0,1 1,0 10,0
X
Key
X Reynolds number, Re (x106)
Y djscharge coefficient
a  Bpse line.
Figure F.9 — Adjustment of the tendency in the turbulent regime
5 163 0,0048(0,9969— 440]
Ay :(0,9969— ’ j_ Re (F.7)
JRe [ Re j
1+exp| 10—
1,5x10°
h) Hinally, adjust both e-and f so that the jump occurs at the supposed location at the supposed
steepness. Examples.0f'some adjustments are shown in Figure F.10. The adjusted ¢quation, e.g.
using e = 20 and fi=6,5 x 10% is now expressed by Formula (F.8) and shown in Figure F|11.
440 2,11
0,0048| 0,9969 — 0,0048-—
a _(0 9969—5'163 _ ( \/ﬁj _(0 9969—5'163 _ ( \/ﬁj (F.8)
d — ) - )
JRe ( Re j JRe ( Re J
l+exp| 10— 1+exp| 10—
6,5x10% 6,5x10%
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0,994

,992
0,99 5
0,990 ¥4

Y 0,988 1A

0,986 /

’ }IO )
0,984 ﬁF
0,982

0,1 1,0 10,0

Key
X Reynolds|number, Re (x10¢)
Y dischargq coefficient

a  Baseline

Figure F.10 — Adjustment of the jump steepness

0,994

0,992

0,990
Y 0,988

0,986

0,984

0,982

0,1 1,0 10,0

Key
X Reynoldsinumber;Re (x106)
Y dischargdg coefficient

Figure F.11— Curve by Formula (F.8)
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Annex G
(informative)

Discharge coefficient

General

Discharge coefficient compensates for the effect of distortion of flow field at the critical point from the

flat distribution, which the theoretical flow rate assumes. In the flat distribution, it is assumed that the

flow
flow ¥

G.2

The d
Viscos

The 1
accelq
accelg

On th
condi
flow Y
from
the oy

The ¢
layer’

core flow can be dealt with as the.isentropic flow. Being combined these distortions, the

distri

;

L

irection over the cross section is parallel to the AOS of the CFN exactly from wall:t6
elocity is constant and equal to the critical velocityl55]to [89],

Flow field distribution along a diameter at the critical point

istortion in the flow field at the critical point is caused by the monentum of flow an
ity of gas - even in an ideal CFN that complies completely with the specifications in Cl

nomentum of flow makes the flow faster near the walb and slower in the centre
rated.

e other hand, the viscosity of gas decelerates the«flow in the vicinity of the wall. In the
tions this document covers, the gas molecules:touching a wall should adhere to it; t
Felocity at wall is zero and the flow along a‘diameter at the critical point increases
zero to typically over 300 m/s at the edge of the boundary layer, whose thickness i

der of several tens micrometres.

ortion where the flow is decelérated by the effect of viscosity is referred to as th
, whereas the remaining portion - where the viscous effect is negligible - is the "co

bution at the critical pointalong a diameter is as depicted in Figure G.1 a).

wall and the

d also by the
huse 8.

because the

ration is produced by the curved wall; thus, the nearer to the wall the flow is, the more it is

range of gas
herefore, the
very rapidly
s typically in

e "boundary
re flow". The
flow velocity
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1 1
| S | | j o ] |
\ 2 \ \ w 5 S w
| | 3 | 4 |
Y| ‘ * | Y1 | | Y2
N | | ; ; ;
N | 4 | i |
| | | | | |
oL | | 0 1 | |
6 g 6 6 S 6
X X
Key Key
X  position @n a diameter at the critical point X  position on a diameter at the critical point
Y velocity Y1 velocity x density
1 flat (1 D ipentropic flow) Y2 density
2 distortio) by momentum 1 flat (1 D isentropic flow)
3  core flow 2 velocity
4  boundaryflayer 3  density
5 distortion} by boundary layer 4 velocity x density
h) Velocity distribution b) Density and/mass flux distributions

Figure G.1 — Flow velocity distribution along a diameter at the critical point

Since a faster velocity is accompanied with a lower pressure thus a higher density in the isentropif flow
(see Formulg (2)), the density distribution in the core is curved in the opposite sense compared with
the velocity dlistribution as in Figure G.1 b). According to¢he boundary layer theory, the pressure fin the
boundary layer is kept constant in the direction perpendicular to the wall, thus the density distriution
in it becomds as depicted in the figure. Finally, thé mass flux, i.e., the product of flow velocity and
density, by which the mass flow rate is calculated-as its integral over the throat area, becomes almost
flat in the cofe and rapidly decreases toward, zero in the boundary layer as seen in the figure. Singe the
flow is axisyjnmetric, the distributions over the critical point are actually given by the surfaces fqrmed
when rotating the distributions in the figure about the AOS. The ratio of the volumes surrounded by the
surfaces fo;]ned by the thick line in/Figure G.1b) to that by the flat broken line is the disdharge
coefficient.

The discharge coefficients specified in this document are valid only when the assumed distributigns as
in Figure G.1| are generated afthe critical point. Since the distributions are effected by how the flow is
accelerated and how largé. the surface friction is in the contraction (and also in the throat if it is
cylindrical), the specifications in Clause 7 are required.

G.3 Reynplds humber dependence of discharge coefficient

Momentum distortion: Because the cause of momentum distortion is the curved wall, it is inherent to
the form of CFN from somewhere in the contraction to the critical point for each gas. The acceleration in
the contraction is so quick that the histories of the flow impressed while flowing in the upstream
conduit and inlet of contraction are almost gone, therefore, only the form in the vicinity of throat has an
effect on the distortion. The location of the IP of the toroidal-throat CFN had been historically defined,
and it was confirmed later that there was no effect observed on the mass flow rate depending on its
upstream forml73l. Since the acceleration caused by the pressure gradient depends on the isentropic
exponent of the gas, the distortion also depends on the gas species. Generally speaking, the distortion in
a specific gas does not depend on the Reynolds number.

Viscous distortion: The viscous distortion also depends on the CFN form because of the dependence of

boundary layer growth on the surface form. It has a significant Reynolds number dependence because
of that of the boundary layer thickness. Generally speaking, the larger the Reynolds number is, the
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thinner the boundary layer is. The dependence on the Reynolds number is smaller in the turbulent
boundary layer than in it is the laminar one.

Total distortion: Combined these two effects, the Reynolds number dependence is as depicted in
Figure G.2. The boundary layer at the critical point becomes laminar or turbulent depending on the gas
condition at the upstream stagnation. Because of the difference in the thicknesses between the laminar
and turbulent boundary layers, a small jump is observed at the transition Reynolds number.
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Key
Reynolds number, Re (x106)
djscharge coefficient

decrease by the momentum effect
decrease by the viscous effect
tfansition

lgminar boundary layer
urbululent boundary layer
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Figure G.2 — The Reynolds number dependence of discharge coefficient

G.4 |Boundary layer transition

The tyansition from one to’the other boundary layer takes place around a Reynolds number that may be
specific to each CFN¢but it is typically around 10¢ for the CFNs complying with this documepnt.

The standard ferm of the toroidal-throat CFN, which has the inlet curvature of r. = 2d,, was originally
designed by, Stratford(®0] to make the jump negligible. This was achieved by choosing the contraction
curvature with which the theoretical boundary layer thicknesses at the expected transitjon Reynolds
number (106) were almost identical as shown by the broken lines in Flgure G 3. Howevgr, the actual
turbulen : . amdard CFN is
normally from a hlgher to lower values across the transition when the Reynolds number is increased.

The transition Reynolds number may strongly depend on the CFN quality; for example, a rough surface
and/or defects in the contraction may result in a low transition Reynolds number. In some CFNs, the
transition may occur at 2 x 106 for unknown reasons, which should be however very rare. Furthermore,
the transition Reynolds number may vary over time - even in a specific CFN, in which the variation may
be caused by contamination on the contraction surface; however, the transition should be repeatable if
the surface condition is kept the same. Even if the transition Reynolds number in a specific CFN varies
for some reason, the discharge coefficient may trace the laminar or turbulent curve as shown in
Figure G.3081],
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Figure G.B — Typical boundary layer transitions in the toroidal-throat CFNs and theoretigal
curyves by Stratford

As shown in| Figure G.3, the difference)of the transition Reynolds number may result in deviations
beyond 0,2 % from Formula (17) with'the coefficients in Table 1; accordingly, it is recommended pot to
use the CFNE in the transition regime, which may be from 0,5 x 106 to 3 x 106 including som¢ safe
margin, especially if periodic surface inspections together with prior transition measurements afe not
available.

To avoid thel Reynolds fiwmbers in the transition regime, multiple CFNs connected in parallel, e.g., the
chamber configuration’ and parallel connection of multiple pipe configurations, may be usdd (as
discussed in|AnnexJ). It can achieve the required flow rate in total by summing all the flows through
each CFNs thiat are'kept at low Reynolds numbers.

G.5 Discharge coefficient curves

The coefficients in Table 1 were derived by the method in Annex F using the experimental and
theoretical data reviewed in Reference [71] as well as the experimental data from References [72] to
[80] for the toroidal-throat CFN, and References [87] to [90] for the cylindrical-throat CFN.

The laminar and turbulent curves in Formula (17) with the coefficients in Table 1 for the toroidal-throat
CFN are identical to the curves for accurately machined nozzle (HPN) and normally machined nozzle
(NPN) in the former version of this document, respectively.

The toroidal-throat CFN was originally proposed to make it possible to calculate the flow rate
analytically at high accuracy in the era when no calibration facility existed and no effective numerical
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calculation had been established. Consequently, it is possible to calculate the discharge coefficient curve
of toroidal-throat CFNs analytically and it agrees very well with the laminar boundary layer curve in
Formula (17) with the coefficients in Table 1[591-611[701[101][102], The theoretical verifications were also
performed and the curve was re-confirmed by numerical calculationsi8l.

The discharge coefficients obtained by flow calibrations of HPNs showed that their discharge
coefficients distributed around Formula (17) mostly within 0,05 %, as well as the NPNs if the DCM was
applied, provided the throat was toroidal. Their transitions curves also followed the the path given by
Formula (17); the transition mostly started and ended between 0,8x10¢ and 1,5x106. There was only
one HPN found that traced the high transition path in Figure G.3. Putting artificial roughness on the
contraction resulted in paths between the low and typical transitions in Figure G.3[81l.
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5 confirmed that the form downstream of the critical point does not have any
hirge coefficient even in the transition regimel80l: that is, the quadrant CFNs and|als
hort diffuser of about 0,3.1dy: length both with and without a detachable diffaser (s
fed the trend given by Formula (17).

Obtaining discharge coefficient curve

CFN complies with the specifications in Clause 8, and thelthroat diameter is
tainty, its discharge coefficients should be given by Formula{(17) with the coefficien
f uncertainty.

CFN complies with the specifications in Clause 8, but-the throat diameter may have|
tainty, its discharge coefficient should be given by Formula (17) with the coefficients
ncertainty by applying the DCM.

CFN may not comply with the specifications in Clause 8 or the gas may have
ional relaxation effect, the CFN should be flow calibrated.

cient curve such as a curve gréater than unity; however, the resulting mass flow
ected by the unusual curve provided using the same value for the throat diametel
ation and application (see Annex E).

CFN is small, the flow“ealibration is generally preferred because the forms of cor
I are difficult to maghine accurately and also difficult to inspect.

pffect on the
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pe Figure J.2)
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ts in Table 1

a significant
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value of throat diameter has a large error, the calibration will result in an unusyal discharge
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Annex H
(informative)

Critical back pressure ratio

H.1 General

The theoret
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w of perfect gas in the diffuser, which is given by p2i/po (see Figure 6 a)). It depend
htio of diffuser exit to the throat for a specific gas.

BPR is always smaller than the theoretical value because there are pressufe,losses
also a decrease of flowing area at the diffuser exit. Formula (23), which-was deve

periments by Hillbrath[3], estimates the efficiency deficit in a frustumdiffuser at
mbers. Even in this empirical equation, the CBPR depends only on _the area ratio

recent experiments revealed that the CBPR depends signifieantly on the Reynolds nu
specific to each CFN and its installing conditions[111[13],

olds numbers, most diffusers operate roughly as predicted by the empirical equati
imple theory (see Figure H.4).

blds numbers, CFN will face the premature unchoking phenomenon (PUP), by whig

ser effect in theory, i.e., at the BPRs-greater than the critical pressure ratig
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Figure H.1 — Theoretical critical pressure ratio
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The mechanism and cause of the PUP is still unclear: accordingly it is not possible to predict the
conditions where the PUP occurs. Although it is not difficult to detect the PUP experimentally (see H.4),
the effect of PUP in a specific CFN may depend significantly on its installation condition; therefore, in
order to predict the PUP occurrence in a specific CFN based on experiments, the measurement should
be performed on the very CFN to be used in the application installed in its own upstream and
downstream conduits. One of the causes of the PUP is considered to be the resonance of vibrating shock
waves[51110] that may cause its dependence on the installing condition.

In general, for CFNs complying with this document, the typical Reynolds number at which the PUP may
starts affecting the flow rate is about 105, which corresponds to, for example, a CFN with dnc * 10 mm
(ca. 50 m3/h) operating at the atmospheric pressure. The decrease of discharge coefficient caused by
the PUP may be reduced by lengthening the diffuser, accordingly, this document recommends to let the
diffuser length be as long as possible, at least 4dy.. At the Reynolds numbers lower than [that the PUP
startg affecting, the user should assume that there is no diffuser effect at all; i.e., the-BPR$ higher than
the cifitical pressure ratio may cause serious error.

Whern the PUP is weak (at relatively high Reynolds numbers in the range whene-the PUP i
most CFNs may choke at the BPRs slightly smaller than the critical pressure ratio. Howeve
Reyn
occur
reson|
stron

5 suspected),
-, at very low
lds numbers approaching the lowest extreme of this document, the)decrease of flow rate may
at BPRs considerably smaller than the critical pressure ratio possibly because of th¢ shock wave

ance. Accordingly, this document recommends keeping the BPR.at 0,25 or less whgn the PUP is
D’

0,1dy, it is
h accuracy is
t reaches 0,1
ow is totally
eptable.

For (FNs without a diffuser, and also those with a very“short diffuser such as [ 5
recommended to keep the BPR smaller than 0,35 regardless of its Reynolds number if hig
requitred (see Figure H.5). A slight decrease of the flow rate starts from a BPR of 0,35 and 1
% at P,5, and then the flow rate decreases very rapidly~at BPRs beyond 0,5 because the f]
subsdnic; however, if 0,1 % deviation is tolerable in the application, a BPR of 0,5 may be acq

H.2 (Theoretical critical back-pressure ratio

sing the flow attains the critical(flow velocity at the throat but that in the diffuser is fully subsonic
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tally attached to the diffuserwall, the Mach number at diffuser exit, M,2, and the rati
fuser exit and stagnation,p3i/po, can be calculated by using Formulae (4) and (5)

ed in Figure H.2. Solving them numerically, the CBPR rcgp, = p2i/po is related to the
ed in Figure 6 a).
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H.3 Examples of the typical choking patterns with the PUP

Examples of the typical choking patterns, i.e., the discharge coefficient at a constant stagnation
condition plotted against the BPR, when the PUP occurs are shown in Figure H.3. All the measurements
were performed at the Reynolds numbers below the valid range of Formula (23). Figure H.3 a) and b)
are the patterns of a HPN and NPN, respectively. Each choking pattern is normalized at its own given
value at low BPRs; therefore, all the normalized discharge coefficients are unity at low BPRs, regardless

of the Reynol

ds number.

It is noted that these measurements should have been affected by the form of downstream conduit

including th;
performed t
patterns of
downstream

conduit as specified in 9.2.3.

1d be

hrough a pressure tapping drilled at the diffuser exit in order to compare the,'choking
different CFNs, but they were performed through a pressure tapping drilled” o
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Figure H.3 — Examples of the PUP

The flow rate deficit is already observed in the results of both the CFNs at their highest Reynolds
numbers. The complex structures of the patterns should depend on the upstream and also downstream
conduit structures; for example, some structure put at a location upstream or downstream the CFN may
erase the complex structures, resulting in a monotonically decreasing pattern from a BPR specific to

each Reynolds numberl!ll. The steep decreases of the discharge coefficient often have hysteresis
depending on whether the BPR is increased or decreased.

Examples of the choking patterns at high Reynolds numbers of the same HPN as that in Figure H.3 a) are

shown in Figure H.4. The PUP is also observed at 110 kPa (Re = 1,2 x 105); otherwise, the CBPR reaches
almost the theoretical value p;/po rather than that by Formula (23).
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patterns plotted in Figure H.3 are magnified inFigure H.5, where those at the Reynolds
hller than 2 x 10% are excluded because it is ouitside the valid range of this document. The
pfficients start decreasing rapidly from the BPR of 0,5 or 0,45 depending on the CFNk. The

steepness anjd starting point of the decreases have np.systematic dependence on the Reynolds number,

which may b

88

e because the PUP patterns are affected by the resonance.
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hoking patterns of CFNs with no diffuser (quadrant<CFN) and very short diffuser (I

ate is flat at the BPRs of only up to about 0,35, accordingly, this document recom
PR less than 0,35 regardless of the Reynoldsgnumber for quadrant CFNs and CFNs wi
er. However, the decrease at the BPR of 0,5 is still 0,1 % that may be ignora3
ations.
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H.4 Choking test

H.4.1 Against a reference CFN

Examples of the choking test of a CFN using another CFN as a reference meter are shown in Figure H.7.
The pressure controller controls the pressure ratio across the CFN under test. Provided po is constant
and the reference CFN is always choked, unchoking of the CFN under test in a) and b) induces the higher
and lower p», respectively.
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Figure H:7 — Examples of the choking test against a reference CFN

When both the~CFNs are choked, the ratio of upstream pressures of the CFNs is approximatgd by
Formula (H.13;

U (U2
P2 Cd | dnt (H.1)
po ¢ \d

where the superscripts U and D indicate that the variables are for the upstream and downstream CFNs,
respectively. According to Formula (H.1), the upstream CFN shall be sufficiently smaller than the
downstream one in order to let the both CFNs choked and the downstream pressure of the pipeline
shall be further low.

In Figure H.7 configuration b), care shall be taken not to be affected by the unchoking of reference CFN
because the higher p, induced by the unchoking of reference CFN may cancel out the lower p, that
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should have been induced by the unchoking of CFN under test. Accordingly, if possible, configuration a)
is recommended.

H.4.2 Against a reference flow meter

Some other choking tests are possible as in Figure H.8, repeated primary calibrations with a short
suction time, and so on.
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2 r¢ference flow meter
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Figure H.8 — Choking test against’a reference flow meter
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Annex I
(informative)

Viscosity values - Pure gases and air

I.L1 General

It is recomm

ended to compute the viscosity by using the REFPROP or any other reliable database;

however, for] several pure gases and air, the viscosity may be calculated in the specified ranges pf the
pressure and temperature by following this annex. All the information given here was confirmed|using
the values prjoduced by the REFPROP 10.0.
The viscosity] may be computed by Formula (1.1);
i jCy
a=2 |2V et |(T=Ty) ()
j i
and all the doefficients in it are given in each table. p and T in the~equations are all in MPa gnd K,
respectively.
The equation]s are valid strictly only in the specified ranges, as summarized in Figure I.1.
NOTE Sinfe the equations were derived by regressions, they can have extremely large errors if used outside the|r valid
ranges even slightly.
as T(k 200 200 200 200 200 200 200 900 1000 Tur o Table/ Typical deviation
g POMRR) | 01 1 2 5 10 15 20 ¢ ‘ Equation | from RHFPROP
Dry Al ' e ———
(n;yC(;zl; Z’:; o “&m“zo 160 02 Table H.3 0.4%
Z:E Z z001O 5 | = 190 0,2 Table H.4 +0,2%
’T):z: : 225 mzo 210 01 Table LS 0%
CH, Tranfe | 200 M 25 \ 0
Pranke 10 195 -0,5 Table H.6 +0,6%
Trange | 200 emm——0 - — 190 | 01 Table H.7 +1pp
|
Frahe for o =—10 | o 250 -1 Table H.8 +0,6%
co, JTJEE z o H7 120 01 Table H.9 i
;fz;‘: 260‘_300 - - 250 | 12 | TableH.10 +0,0%
|
0; Qigzi 2001U Mzo 100 01 Table H.11 +0,2%
;T):ZE: 01 %zo | 640 01 Table .12 0.3%
Steam Trange | 400 ——— 70
Prange | 01— 60 | ML ] Tebledns e
Figure I.1 — The valid ranges, coefficients, and typical errors
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The error of viscosity propagates into the Reynolds number at the same magnitude because the
Reynolds number is (inversely) proportional to the viscosity. Figure 1.2 shows the error that will be
produced in the discharge coefficient that is expressed or approximated by Formula (17) by the error in
R. specified in the figure. It shows that 2 % error in the viscosity is mostly negligible in the
measurements complying with this document.
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Key
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~
@

NOTE| Cais expressed >or approximated by Formula (17).

Figure 1.2 — Error of (4 caused by Re indicated in the graph

Considering the user's convenience, the fitting was stopped when the maximum absolfite deviation
from the REFPROP values become smaller than 2 % although the higher accuracy may b available if
allowjng more coefficients of more digit number.
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1.2 Nitrogen

The coefficients, valid range, and deviation from the REFPROP values are given in Table I.1.

Table 1.1 — Coefficients V;j range, and deviation (nitrogen)

X temperature (kelvin)

Y deviation (%)

1 p=0,1 Mpa,0,5 Mpa ~20 Mpa/0,5 MPa step and T =200 K ~ 600 K/5 K step

Vij J
i 0 1 2 3
0 -2,37372924E+03 -2,15205006E+02 3,80697293E+01 -7,19569669E-01
1 6,17528263E+03 4965638394E+02 -852196892E+01 1,61553774E+00
2 -5,35004624E+03 -3,80864753E+02 6,36511321E+01 -1,20998%58E+00
3 1,5508(¢318E+03 9,71508454E+01 -1,58613477E+01 3;02299893E-01
Coefficients: Deviation from the REFPROP values:
T, = 150 0.6
Cﬂ = 0,05 0,4
N
A\ |

0,2 *
Range: Y ~

0,0
0,1 MPa = p| = 20 MPa -0,2
200K=TS600K

-0,4

200 300 400 500 600
X
Key
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1.3

Argon

IS0 9300:2022(E)

The coefficients, valid range, and deviation from the REFPROP values are given in Table 1.2.

Table 1.2 — Coefficients V;; range, and deviation (argon)

Vi J
i 0 1 2 3 4 5 6
9,45120578 3,25597090 -1,63030985 3,87470871 -4,13638599 1,80930325 -2,71567168
0 E+03 E+02 E+02 E+01 E+00 E-01 E-03
-3,36790505 -1,26544548 6,31719943 -1,49715525 1,59988850 -6,99801783)|1,04967036 E-
1 E+04 E+03 E+02 E+02 E+01 E-01 02
4,01645241 1,63641921 -8,15651169 1,92681903 -2,06126026 9,01619877 -1,35147928
2 E+04 E+03 E+02 E+02 E+01 E-01 E-02
-1,60032862 -7,03779844 3,50937278 -8,25947681 8,84593129 -3,86946668 5,79617377
3 E+04 E+02 E+02 E+01 E+00 E-01 E-03
Coeffig¢ients: Deviation from the REFPROP values:
T, = 165 10
¢, = 1+0,05
# 0,5 _
1
Range Y 0,0
0,1 MPa < p = 20 MPa -0,5 4%
200KE T=600K
<10
200 300 400 500 600
X
Key
X temperature (kelvin)
Y deviation (%)
1 p=0,1MPa, 0,5 MPa ~ 20 MPa/0,5 step, and T= 200 K ~ 600 K/
5 K step
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1.4 Dry air

The coefficients, valid range, and deviation from the REFPROP values are given in Table 1.3. The air is
supposed to have the CIPM 2007 composition specified in Table B.7 (no CO3).

Table 1.3 — Coefficients V;;, range, and deviation (dry air/CIPM 2007 composition)

Vi
i

0

1

J
2

3

4

0

2,195671E+01

-1,072776E+00

2,099647E-01

5,337098E-02

-1,934377E-03

-1,028073E+01

1,583527E+00

-1,646644E-01

-5,353841E-02

1,932906E-03

1,548471E+00

-6,213702E-01

4,405660E-02

1,782954E-02

-6,427325E-04

6,732455E-01

7,465762E-02

-4,008054E-03

-1,972206E-03

7,109563E-05

01M
200K

ficients: Deviation from the REFPROP values:
=160 0.4
1
0,2 02 1
/
Y 0,0
a < p = 20 MPa 02 ¥
= T=600K
-0,4
200 300 400 500 600
X
Key

X temperature (kelvin)

Y déwiation (%)

1~'p= 0,1 MPa, 0,5 MPa ~ 20 MPa/0,5 step, and T = 200 K ~
600 K/5 K step

As an example, the differences of viscosity of air A from that of air C (CIPM 2007 compositi¢n) in

Table B.10 aj
recommendg
accurate con

e shownnin Figure 1.3. Especially at high pressures and also at low temperature, it nfay be
d to use a database such as the REFPROP to compute the viscosity values based dn the
position.
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Key

F

0.5 15 pa

0,1 MPa

0,0 i

_0’5 -

Y -1,0
-1,5

-2,0

20 MPa

15 MPa

10 MPa

25

IS0 9300:2022(E)

(=g

¢mperature (kelvin)
pviation of viscosity (%)

o

.

200 300 400 500

(air A - air C)

600

gure 1.3 — Example of difference of viscosities of dry air caused’by different compositions

Deviations of the viscosities of humid air from those of dry airYare shown in percent in Figure [.4. The

REFPROP cannot produce viscosity where there is no data.in the figure. The effect of the
the viscosity may be negligible in this document.
0,0 =
3 S tenl ""'f"-ﬂ------qp
-0,2 L ~ ]
~I~\\ WL\“\\“ZSO K
-0,4 = b T S
/ “T=-e
0,6 ™
v ’ T~
0,8 ~
al
Se .
-1,0 o 290 1
12 -
e
-1,4
0 20 40 60 80 100
X
Key
X humidity (%)
Y deviation(%) from the dry air viscosity

humidity on

Figure 1.4 — Deviations of the viscosities of humid air from those of dry air
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.5 Methane

The coefficients, valid range, and deviation from the REFPROP values are given in Tables 1.4 to 1.7 for

each range.
Table 1.4 — Coefficients V;j, range, and deviation (methane/low pressure)
Vi j
i 0 1 2 3 4
o | 8412167E+00 -1,902221E+00 2,127231E+00 -8,939054E-01 1,299924E-01
1| 3490053E-01 2,274401E+00 -2,330664E+00 1,014824E+00 -1,454548E-01
2 -1,73B028E+00 -8,255381E-01 8,493656E-01 -3,783110E-01 5,359155E-02
3 7,8918219E-01 9,662284E-02 -1,026505E-01 4,638343E-02 -6)507910E-03
Coefficignts: Deviation from the REFPROP values:
— 1d

T, =190
Cy = 0,
Range: 1,0
0,1 MPaE p =5MPa 05
200K =[S 600K ' 1

Y X

0]0 E
-0,5 =
200 250, 300 350 400 450 500 550 600
X
Key

X teémperaure (kelvin)
Y- deviation (%)
1 p=0,1 MPa, 0,5 MPa ~ 20 MPa/0,5 step, and T = 200 K ~ 600 K/5 K step
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