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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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Gas analysis — Preparation of calibration gas mixtures
using dynamic methods —

Part 7:
Thermal mass-flow controllers
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If thfs method is employed for preparation of calibration gas mixtures the optimum per

Scope

145 is a series of documents dealing with various dynamic methods used fox the prg
ration gas mixtures. This document specifies a method for continuous preparation of
ixtures, from nominally pure gases or gas mixtures by use of thermal.mass-flow cont
d is applicable to preparation of mixtures of non-reacting species,.i.e” those which ¢
any material of construction of the flow path in the thermal mass=flew controller or t
ment.

paration of
calibration
rollers. The
lo not react
he ancillary

formance is

llows: the relative expanded measurement uncertainty~J,,obtained by multiplying the standard

rtainty by a coverage factor k = 2, is not greater than 2:%:

e-mixed gases are used instead of pure gases, melé fractions below 10-6 can be o

ained. The

surement of mass flow is not absolute and the flotw-controller requires independent caﬂi)ration.

merits of the method are that a large quantity of the calibration gas mixture can be pr
inuous basis and that multi-component mixtures can be prepared as readily as binary|
ppropriate number of thermal mass-flow controllers is utilized.

L

Gas blending systems, based ipon thermal mass-flow controllers, and some including t

M

Normative references

epared on a
mixtures if

he facility of

following documents-are referred to in the text in such a way that some or all of their content

titutes requirements of this document. For dated references, only the edition cited

hpplies. For

ited references, the latest edition of the referenced document (including any amendments) applies.

b143, Gas.analysis — Comparison methods for determining and checking the composition of

b145<1, Gas analysis — Preparation of calibration gas mixtures using dynamic volumetrid|
1::Methods of calibration

fcalibration

methods —

ISO 7504, Gas analysis — Vocabulary

[SO 12963, Gas analysis — Comparison methods for the determination of the composition of gas mixtures
based on one- and two-point calibration

ISO 19229, Gas analysis — Purity analysis and the treatment of purity data

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 7504 apply.
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ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— SO Onl

ine browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at: http://www.electropedia.org/

4 Symbols

Cp Heat capacity (at constant pressure)

ik [ndicesforcomponentsinagas-orgasmixture

Ji Ihdex for a parent gas

m Mass

p Bressure

q Number of components in the gas mixture

qm Mass flow rate

qv Volume flow rate

T Tlemperature

|4 Volume

P Heat flux

[0) Volume fraction of a component in a parent gas
10) Volume fraction of a component in a gas mixture
p Density

5 Principle

The continfious preparation\of calibration gas mixtures from nominally pure gases or other

mixtures b
adjustment
change the
of appropri

fraction of the component of interest in the matrix gas can be varied by a factor of 1 000.

composition-of the gas mixture rapidly and in a continuously variable manner. By sele
hte combinations of thermal mass-flow controllers and with use of pure gases, the vo

y the use of -cammercially available thermal mass-flow controllers is described]
of the set-pgints on the mass flow controllers to pre-determined values, it is possib{e to

6 Set-up

6.1 General

gas
By

tion
ume

To prepare a gas mixture, each gaseous component is passed through a calibrated thermal mass flow
controller (TMC) at a known and controlled flow rate and at constant pressure. Accurate flow meters
are used to measure the relevant flow rates in order to achieve an acceptable level of uncertainty
regardless of the setting of the mass flow controller (see also ISO 6145-1).

A TMC consists of a measuring unit for mass flow and a proportioning valve which is controlled by an
electronic unit (see also Reference [1] and [2]).

© ISO 2018 - All rights reserved
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6.2 Thermal mass-flow controller using a constant current supply

The flowing gas is passed through a heater connected to a constant current supply and the temperature
is sensed upstream and downstream from the heater.

Figure 1 shows the working principle of a TMC and its key parts: heater, temperature sensors and
associated circuitry. The two temperature sensors, one upstream and one downstream from the heater
form two arms of a Wheatstone bridge circuit, which is balanced to give zero reading when there is
no gas flow. When there is a gas flow through the system a temperature difference, AT, is established
between the two sensors such that the heat flux, @, is given by Formula (1):

p=tATT, 1)

N4

|

5 6 7 8
Key
1  femperature sensor 1 5  current supply
2 heater 6  wheatstone bridge
3  femperature sensor 2 7  differential amplifier
4  Bassupply 8 signal readout

Figure 1 — Principle of a thermal mass-flow controller with constant current sypply

The difference in temperature between sensors results in a potential difference across the Wheatstone
bridge circuit and-thus a signal. The signal is compared with an adjustable reference yoltage in a
diffdrential amplifier. The resulting output signal is in turn used for operating a contfol valve to
regulate theflew of gas.

6.3 | (Fhermal mass-flow controller under constant temperature control

In the system, shown in Figure 2, the parent gas passes through three heaters in sequence, each of
which is connected into an arm of a self-regulating Wheatstone bridge. Instead of the difference in
temperature being measured, the input to each heater is such that the temperature distribution along
the flow path is uniformly maintained. The Wheatstone bridge current is proportional to the heat loss
and therefore proportional also to the mass flow of the gas. The output signal is again used to operate a
solenoid valve to control the mass flow rate.

© ISO 2018 - All rights reserved 3
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Q
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5 6 7 8
Key
1  heater 1 5 currentsupply
2 heater 2 6  whedtstone bridge
3 heater 3 7  differential amplifier
4  gassupply 8.\ signal readout

Figure 2 — Thermal mass-flow controller under constant temperature control

In the prepdration of multicomponent mixtures, it is generally necessary to use one mass-flow contrpller
for each component. Dual-channel gontrollers are available and may be used in the preparatign of
binary mixfures or, for example, preparation of mixtures of a given gas in air.

7 Preparation of gas mixtures

7.1 Description ofthe experimental procedure
A schemati¢ diagram of the arrangement for preparation of binary mixtures is shown in Figure 3.

The pressuré-and temperature at the time of the calibration shall be recorded. Depending on the gases
to be mixed and their departure from ideality, the volume fraction can be somewhat influenced by the
ambient pressure and temperature. The pressure and temperature at the time of calibration of the
analyser should be as near as possible to those prevalent at the time the TMCs were checked by the
comparison method ISO 6143 or ISO 12963 (see 7.3).

Compositions of calibration gas mixtures are normally expressed by volume fractions but
manufacturers’ accuracy specifications for thermal mass-flow controllers are usually expressed in
terms of percentage of the full scale of the instrument. The relative expanded uncertainty of 2 %, which
is quoted in the Scope of this document, is 2 % of the volume fraction of the calibration component of
the mixture. This value assumes optimum use of each TMC in the system, which means that each is
operated at, or very near to, its maximum flow rate. Thus, if a TMC is operated at 10 % of full scale, the
expanded uncertainty expressed as percentage of maximum flow (as distinct from relative expanded
uncertainty) can be *1 %, but if expressed instead as a percentage of the actual flow rate the relative
expanded uncertainty becomes 10 %.

4 © ISO 2018 - All rights reserved
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Key
Matrjx gas: €alibration component:
1  tylinder of pressurized gas 7  cylinder of pressurized gas
2 pressure regulator 8  pressure regulator
3 bhut-off valve 9  shut-off valve
4  filter against contamination 10 filter against contamination
5 thermal mass-flow controller 11 thermal mass-flow controller
6  phut-off valve 12 shut-off valve
13 mixing vessel
Figure 3-=—Mixing apparatus for preparation of binary gas mixtures
by means of thermal mass-flow controllers

A binary mixtur€ containing the calibration component at volume fraction 1:11 could be prepared by
use pf two . TMCs each of full scale 1 000 mL/min by operating one at 100 mL/min and the other at
1 000 mLymin. However, the expanded uncertainty associated with the flow rate of the former would
be #[10-% of flow rate and the relative expanded uncertainty in the volume fraction would be +9 %. Use
one ¥ 3 Heranee-ofH00-mAnirandasecondone-witha aHeraree—e )00 ml/min,

both being operated very close to full scale, so that the mixture has a volume fraction with a relative
expanded uncertainty of 2 %.

The same requirement shall be observed relative to preparation of multi component mixtures.

A method for which there is no requirement for calibration against external standards of gas flow rate
or volume fraction is described briefly in Annex B, and the reference to the publication which provides
the complete description is given in the bibliography.

As shown in Figure 3, gas cylinders (1) and (7)containing the matrix gas and the component of interest
respectively are connected to the thermal mass-flow controllers (5) and (11) through pressure
regulators (2) and (8) and shut-off valves (3) and (9). The two in-line filters (4) and (10) provide
protection against contamination. The gases from the flow controllers enter the mixing vessel (13).

© IS0 2018 - All rights reserved 5
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The recommended working range for the pressure regulators is 60 kPa (0,6 bar) to 600 kPa (6,0 bar).
The pressure regulator for the “gaseous component” shall also be suitable for the particular component
involved (e.g. the diaphragm shall be of stainless steel or other corrosion resistant material). Similarly,
the thermal mass-flow controllers shall be suitable for use with the gaseous components and for the
requirements of the gas mixture.

Set the input pressures appropriate to the controllers using the pressure regulators and open the shut-
off valves (3), (6) and (9). Purge the inlet path of the gaseous component through the shut-off valve (12),
which shall be of a type which can be operated rapidly.

Adjust the set pomts of the controllers so as to obtaln the respectlve flow rates in the correct ratio for
the desired T 1R mear pUT f the
input tube f ne of
gas at least

or the component gas by multlple openmg and closmg of valve (12) until a total velun
10 times the volume of the flow path has been vented.

llers
flow
the

When the gystem has been thoroughly purged, feed the gases via the thermal mass-flow contro
to the mixing vessel (13), constructed from inert materials. Provided that the résistance to
downstrear of the mixing vessel (13) is low in relation to the flow being delivered ‘at the source
mixture flows at ambient atmospheric pressure to the instrument.

Although fpr most applications the gas mixture will be transmitted @t \the prevailing ambient

exit

atmospheri
pressures. |
density of t

7.2 Rang

As stated in

C pressure, this method may also conceivably be applied to conteéy mixtures at elevated
lowever, in this case it would be necessary to give due con$ideration to changes in Cp
he gaseous components with pressure in order to assess¢he’validity of this procedure.

e of validity

the scope, this method is applicable to preparation of mixtures of non-reacting specie

those whic
controller

do not react with any material of construction of the flow path in the thermal mass-
the ancillary equipment. Particular care-shall be exercised if the method is considered

and

5, i.e.
flow
asa

sive
Fline

means of prjeparation of gaseous mixtures which egntain components which form potentially expld
mixtures in|air. Steps shall be taken to ensure thatthe apparatus is safe for example by means of in|
flame arresftors in addition to the items listed\in'6.1.

This methofl is not absolute and each theérmal mass flow controller shall be calibrated for the partiqular

gas or gas miixture for which it is to beused.

7.3 Operfating conditions

The conditipns for efficient-operation of the sensor system are that

— there shall be no heat loss or heat gain, other than that which results from the flow of gas, bety
the reglon of thé heater and that of the downstream sensor, and that

veen

— there shallbe& uniform temperature distribution across the gas stream.

The assumytiuu that Cp ts—constant-is—vatid uu}_y overarestricted Tange of tc:1up51 ature—The gt eral
precautions common to all dynamic techniques of preparation shall be observed. It is essential that
attention is paid to the materials used in the construction of the flow system. Only materials of low
porosity that do not cause adsorption of any of the components in the gases or gas mixture are suitable.
The tubing shall be clean and all unions secure.

Unless independence of the thermal mass-flow controller to its orientation has been established, it
shall be maintained in the orientation in which it was calibrated. Controllers shall be calibrated for the
components in question and it may be necessary to consult the manufacturer of the controller if the
type of gas is to be changed; it may be necessary for the sensor to be changed.

© ISO 2018 - All rights reserved
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8 Calculations

8.1 Volume fraction

Determine the volume fraction using any of the methods of calibration for the flow rates described in
[SO 6145-1. Due consideration shall be given to the uncertainty associated with the method selected.

Calibration of the TMC will define the mass flow rate, or the volume flow rate, dependent on the
method used.

)]
- 2
Hm CPAT ( )
)]
Iy = (3)
CppAT

The |following calculation of the volume fractions is only valid if high-purity gases arg used with
impirity fractions that are sufficiently low. The purity of the gases shall be evaluated in|accordance
with ISO 19229 and the purity data shall be prepared accordingly. If impurity levels are top high to be
neglected in the calculation of the composition, an alternative calculation shall be used. On¢ possibility
is giyen in Annex A.

The pmount of substance fraction is calculated as:

(Qm )A
M
Ky = A 4)
() )y
My Mg
whefe
V5 and My are the molar‘masses of components A and B respectively;

(gm)a and (gm)  denote thevalues of mass flow rate, for components A and B respectipely.
The forresponding volume fraction is:

(qV)A
(av), +law )y

(5)

DA

8.2 | Sources’of uncertainty

Commetcially available thermal mass flow controllers indicate the gas flow rate usually in volume
unitE ds’an analogue or digital display. Typical claims for accuracy are +1 % of full scale, provided that
the ambient temperature is maintained within +5 °C of the temperature at which the instrument was
calibrated. The corresponding claims for set point repeatability are +0,2 % full scale.

It is assumed that pressures and temperatures respectively are measured with the same instruments
during calibration and use, so that the standard uncertainties in these measurements are constant
throughout.

From Formulae (2) and (3):

1
u(an) _|u* (@) u’(ar) wi(C,)|? ©
m @ AT? cl

© ISO 2018 - All rights reserved 7
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(7)

1
2 2 2 2 2
ulay) | u* (@) u?(ar) u*(p) u*(Cp)
2 2 2 2
dy ] AT p C p
NOTE The expressions for relative combined uncertainty given in Formulae (6) and (7) are provided for

information only. They have been given to identify the parameters which contribute to urel(qm) and urei(qy). @
and AT are functions of the mass flow controller and the uncertainties are covered by the uncertainty quoted by
the manufacturer described in Annex C.

The following is a typical example of the relative change in C, with temperature and pressure. These

values sho

thatthe effects of pressure and fnmpprahn‘n r‘hangnc are nng]igih]n in r‘nmparicnn Wit

uncertainty

EXAMPLE

for nitrogen
0,000 2. The|
approximate

8.3 Uncertainty of measurement

The uncert
constant te
of the calibr

The volume

The relativd

inherent in the controller itself.

With reference to effects of pressure and temperature changes, the relative change
for example, at 100 kPa (1 bar) for a change of 5 K in temperature from 290 K is”approxim
relative change in Cj at 290 K for a change in pressure from 100 kPa (1 bar) to 200 kPa (2 b
ly 0,001.

hinty of the volume fraction of the calibration component in-the calibration mixtur
mperature and pressure, can be estimated from the separateuncertainties in the flowq
ation component and the matrix gas.

fraction, ¢a, of component A is given by Formula (5).
expanded uncertainty in ¢4 is then given by theormula (8):

N | =

Ulea)l (av )y ”2[(qV)ALuz[(qV)B}
B + 2 2
oa | (av),+(av)y (), ] [@),]
NOTE The derivation of the above formula is-Summarized in C.1.

The coverag
in the case

The uncert

one of the npethods presented.in ISO 6145-1.

As necessa
evaluated a

This estimg
measureme

ve factor “2” has been applied'in order to give a coverage probability of approximately §
bf normal distribution.

hinty in the flow rates’is estimated by calibration of the thermal mass-flow controlley

'y, the effect/of impurities in the gases mixed on the measurement uncertainty sha
ccordingly. (See also Annex A).

te ofithe relative uncertainty in the composition depends entirely on the uncertainti

check if a

nts ‘of flow rates. The other factor to be taken into account is the efficiency of mixin

the

n Cp
ately
hr) is

e, at
ates

(8)

)5 %

s by

1] be

bS in
. To

shall

be prepared as specified in Clause 7, the compositions shall be checked using the methods given in

ISO 6143 or

ISO 12963, and the ambient pressure and temperature shall be recorded.

This procedure also identifies bias from other sources and establishes traceability against standard gas

mixtures.
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Annex A
(informative)

Pre-mixed gases for the preparation of mixtures of high dilution

A.1 _Calculation of the volume fraction

If pfe-mixed gases are used instead of pure gases mixtures of higher dilution cah.bg¢ prepared.
Calcplation of volume fraction is then as below (see also Reference [3]):

The folume fraction of component A in a gas mixture with matrix gas B is givendy the Fornpula (A.1):

B N )M +¢”a (av )B 3 N )M +9” 5 (ay )B

A= = (A1)
(av )y +lav)g (qv)(p
whefe
D' A is volume fraction of A in the pre-mixed gas;

p''s  is volume fraction of A in the matrix gas, B (this' will normally be zero);
(qv)m  is volume flow rate of the pre-mixed gas;M;

(qv)B  is volume flow rate of the matrix gasB;

(qv)p is volume flow rate of the calibration gas.

NOTE (qv)e = (qv)m +(qv)B only if thereis no volume change on mixing.

A.2| Uncertainty of volunie fraction

Itis necessary to take intp-account the standard uncertainties of the volume flow rates and the standard
uncdrtainties of the volumne fractions of the component in the pre-mixed gas and also in th¢ matrix gas
(if r¢levant). Normally-the matrix gas will not contain the component of interest.

For the case in whieh the matrix gas does not contain the component A, see Formula (A.2):

0% (av )y
e > M A.2
DA (qV)M+(qV)B ( )

and the retative standard uncertainty 1 tne volume 1rraction ¢4 1s given by the rormuld (A.S5 ):

N |~

(N (qV)B"'(qV)M (qv)i/[ (qV)ZB

(A.3)

ulpn)__lav)y u2[<qv>MLu2[<qv>B}{<qv>B+<qv>Mruz )
(av ) (¢'2)"

This formula is derived from C.2.

© ISO 2018 - All rights reserved 9


https://standardsiso.com/api/?name=724750f6707da5f108346b27da3cc7a1

ISO 6145-

B.1 Equi

The comple

Pressure r

component$

The thermdg

7:2018(E)
Annex B
(informative)

Practical hints

pment

te flow system should be clean and free from particulates.

bgulators and associated pipework should be dedicated for use with specific gas

P«

I mass-flow controller should be maintained in the same orientation when it is caliby

and when i use for preparation of gas mixtures.

The operat]
flowrate an|

NOTE T
given in 6.1.

Shut-off val
order to ens

All dimensi
interaction
suitable fon
reactive coy
such as pol
steel should

The noming
interest and

B.2 Opel

Before use ¢

d the possible volume fractions.

he requirement that the thermal mass-flow controllers are“te/be operated near to full scg
ves should be installed between pressure regulaters‘and thermal mass-flow controlle
ure that there is no leakage past the regulators.

bns of the flow paths and the materials of construction should be carefully selected so

eous

ated

ing ranges should be appropriate for the gaseous component,“mixing ratio, minifnum

le is

s in

that

with the gaseous components is minimised. In particular, pressure regulators shou

be used.

l inner diameter of the cofiveyance tubes should be 1,5 mm to 2,0 mm for the compone
4,0 mm to 6,0 mm for the matrix gas.

ration

fthe calibration gases, ensure that the pipework for the component of interest is sufficig

purged with the commponent concerned. A short period is satisfactory in the case of the pure gas or

mixed gase
(below 10-1

For calibra

5 at higher volume fractions, but several hours are necessary for the more dilute pre-m
by<«alume).

be

the gases which they are to convey. ‘GE-quality stainless steel should be used to copvey
hponents. [t is permissible for non-reactive matrix gases to be conveyed in plastics mateJrials
yethylene or polytetrafluorethylene. If there is any risk of adsorption, however, staimless

nt of

ently
pre-
ixed

. £ 1 4 1 o4t L. H 4] 1.l 4 i) 141
UIll' Ul saa aucu_y OCIT S dl IIUT'IIIAal auuuapuc1 IC lJl CoSUlL Gy, LIt Lalnivul dtivll 55[3 S11UUIU UT auy

lied

at no excess pressure. Suitable by-pass tubes should therefore be provided. The excess depends upon

the calibrat

ion gas component and the pressure dependence of the analyser.

In the case of corrosive or toxic gases any excess flow should be safely vented but long runs of venting
pipework should be avoided in order to minimize back-pressure effects.

In the event of short interruption in the analyser calibration procedure, conveyance of the gases
should not be arrested and if connecting tubes are removed they should be adequately sealed against

contaminat

10

ion.
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B.3 Calibration and precision

A high-accuracy gas flow dilution system using mass-flow controllers, but not restricted
mass-flow controllers, has been developed and is described in Reference [4]. To gain an app

to thermal
reciation of

the method, which has been employed to provide a variety of volume fractions to a typical uncertainty
of £0,4 % of volume fraction, the original paper should be read. The paper details the uncertainty
analysis on the basis of the flow rates of the calibration component and the emergent calibration gas

and the method has been verified experimentally against gravimetric methods.

An additional paper[5] describes an improved approach to calculating the uncertainties
mass-flow controllers. The paper provides a review of the mathematical basis for a ge

of thermal
neral least-

squdres solution to the determination of best-fit calibration curves, and separates the
contfribution to the uncertainty which results from the calibration of the flow system from
uncgrtainty incurred each time the system is operated. In an appendix to the paper;the e3
and [mathematical procedures are illustrated with reference to the gas flow dilution syst¢
the $ubject of References [4], but it is equally applicable in principle to the méthod of prg
binalry gas mixtures described in this document. Twenty-five literature references are prov|

systematic

the random
(perimental
em which is
paration of
ided.
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Annex C
(informative)

Calculation of uncertainties

C.1 Relative standard uncertainty of ¢, in case of nominally pure gases

The symbols are those given in 7.3 and Annex A.
The volume|fraction of component A in a mixture of pure gas A and pure gas B is given by
(qV )A

o :<_qV)A +<qV)B

The uncertainty in ¢4 is:

(C.1)

2 2
CL 2 dPa 2 i
u(Q, )3 u“|(q + u“l(q C.2)
( A) [a(qV)A] I:( V)A] [a(qv)B I:( V)B:|
By differentiation of Formula (C.1):

dpp | (av )y

A(ay), [(av), +av)g ]

LN ( )

(av ), [(QV)A +(QV)BJ2

and by subgtitution in Formula (C.2) the relative standard uncertainty is:

u(ga) | (av ), *+(av)g 1 2,2 a2 2 2
(N I (qV)A [(qV)A‘F(qV)BT {(qV)B [(qV)A]} {(QV)A [(qv)B]}
_ (‘IV QV { [(CIV)B]F
i), [qv clay), || (q,, Y
_ (QV)B “2[(QV)A]+“2[(CIV)B} 2
(av)a+(av)g | ()} (av)’

The coverage factor “2” is applied in 7.3 to give 95 % coverage probability.

C.2 Relative standard uncertainty of ¢, in case of diluting a gas mixture

The symbols are those given in 7.3 and Annex A.
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