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Abstract — This paper demonstrates different configurationgorking line pressure. That illustrates the need &cflow
of the SCL’s reference flow standard used in cating a calibration system capable of calibrating a flowaseing
mass flow controller at various line pressures, elatiorates devices at various working line pressures.
on methods to improve the calibration efficiencydan There are three different pressure dependent agitior
accuracy by using a back pressure regulator. Tapepalso types for the flow elements of the flow calibratispstem
studies the sensitivity of the reference flow stddto used in this paper, namely Low pressure, High piresand
various line pressures. It is revealed that theiadiem of Downstream. This paper demonstrates how a mass flow
relative reading errors is less than the unceitnof the controller can be calibrated at different workiimgel pressure
reference flow standard. while the flow element is calibrated with only atedibration

type with the aid of the back pressure regulatastlbut not

Keywords: reference flow standard, back pressure regulatdgast the sensitivity of the reference flow staddar various

flow measurements line pressures deviated from the calibration veatiion
pressure but within the valid indicated pressurgirsg from
1. INTRODUCTION 200 to 325 kPa for low pressure calibration typh also be

studied.

The flow calibration system which serves as thereice
flow standard at the SCL comprises a flow termiaad 2. CALIBRATION OF AMASSFLOW CONTROLLER

various flow elements covering different flow rangehe AT VARIOUSLINE PRESSURES
flow calibration system provides a user friendiypact and _ o o _
precise tool for calibrating a wide variety of flameasuring A typical calibration setup for calibrating flow muring

devices including: mass flow controllers, mass fimaters, devices such as a mass flow controller is showrign 1. It
rotameters, turbine meters, bubble meters andoftierThe consists of the following components (from leftright): an
flow terminal is a controller equipped with two psare air compressor for supplying dry filtered air a® tfiow
transducers and a temperature measurement system mMgdium, a pressure regulator for adjusting the atjrey
pressure and temperature measurement of the flawesits. pressure ranges, a bellows shut-off valve for dhgwhe gas
The flow terminal then calculates and displaysrtieasured supply to be shut off for configuration changes/flaw
flowrate. The flow calibration system at the SCh gaovide element of the reference flow standard, a meteraige for
flow measurements from 1 to 45 slm (standard lipes manually regulating the flow, a pressure gaugerfonitoring
minute). The measurement range can be flexiblynelet@ the line pressure to a device under test (DUT)taeddevice
with addition of appropriate flow elements and otheunder test, which is a mass flow controller.
supporting instruments.

Flow measuring devices are sensitive to the limsgure.

Correction factors for change of line pressureaggied [2].

Error due to line pressure variation is intoleralite Pressure  Mass Flow

1 H H Air . Gauge Controller

instruments such as mass flow controllers whicly planajor Compressor b  pellows Reference ‘ =

role in the success of the semiconductor manufactur Shut OO Pow Vavering
. . . . andar

process. Customers who need lower calibration taicgies

may wish to have their flow measuring devices catibd at

their working line pressure.

This paper firstly demonstrates how a mass flo

controller is effectively calibrated at various wimg line Fig. 1. The typical calibration setup for caliingta mass flow

pressures with the aid of a back pressure regutaionected controller.
with the flow calibration system. Measurements bé t
accuracy of the mass flow controller at various kiray line The flow rate of the flow element is determined by

pressures will be conducted. The measurement sesiiw  measuring the differential pressure across ithasrass flow
that the reading error of a flow meter is signifiteelated to  rate s proportional to the differential pressudg [The flow



rate changes with the differential pressure. Hettoe,flow
calibration point can be easily set by adjusting mhetering
valve to vary the differential pressure acrosdlthe element.

2.1. Calibration of a mass flow controller at various line
pressures

A back pressure regulator is connected with thev flo

calibration system when a mass flow controllereiguired to
be calibrated at a specific working line pressufde
calibration setup is shown in Fig. 2. The back gues

regulator connected at downstream of the mass flo

controller controls the upstream pressure of thaesnfiow
controller. The back pressure regulator functidkes & relief
valve i.e. it closes to increase the upstream pressand

opens to reduce the upstream pressure. Once theeams

pressure of the mass flow controller is set at dbsired
pressure, a metering valve connected at the dogarstof the
flow element can adjust the flow rate to the debaa&ibration
point easily. Although metering needle valve indted the
back pressure regulator could be used to mairttaimbrking

line pressure for the mass flow controller, theuatipent and

tuning process is time consuming and requires afleffort
because it involves numerous tuning steps to altimely

adjust two valves: one for maintaining the masswflo

controller at the desired line pressure and anotimer for
maintaining the desired flow rate.
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Fig. 2. The calibration setup for calibrating assilow controller at
specified line pressure of 2 bars (gauge pressure).
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To verify the sensitivity of a mass flow controller line
pressure, calibration setups as shown in Fig. 2Riqud3 are
set up for measuring the flow rate from 5 LPM @grper
minute) to 45 LPM while the line pressure of thessidlow
controller is maintained at 2 bars, 4 bars and 8 kgauge
pressure) respectively. The measurement results beil
compared with that where the mass flow controlfemot
connected with pressure control and downstrearheofrtass
flow controller is at atmospheric pressure.
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Fig. 3. The calibration setup for calibrating assilow controller at
specified line pressure of 4 bars or 6 bars (gauegssure).

The relative reading error of the MFC when it is

maintained at various line pressures is showngn 4 The
measurement results reveal that the relative rgagliror can
be up to 2 % when the nominal flow rate is at 4B1_P
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Fig. 4. The relative reading error (%) of a MFQ/attious line
pressures.

2.2. The calibration types of the flow elements

There are three different pressure dependent atibior
types for flow elements, namely low pressure, pgessure
and downstream.

specifications of the flow element. The calibratitypes
would also affect the flow element’s flow range aifa
differential pressure associated with the flow &nghe
calibration types, operating pressure range andiffexential
pressure over the flow elements are summarisealiheTl.

Table 1. Pressure Dependent Calibration Types.

Calibration . Nom'“"’?'
Operating Pressure Differential
Type
Pressure
Low pressure | 200 to 325 kPa absolute 50 kPa
(LOP) upstream of flow
elements
High pressure| 325 to 525 kPa absolute 50 kPa
(HIP) upstream of flow
elements
Downstream | Atmospheric pressure 80 kPa
(DOWN) downstream of the flow
elements 85 to 105 kP4g

The flow elements have been characterised over the

indicated pressure range for the actual calibratige(s)
specified in the calibration certificate providedhwthe flow
elements. The operation of the flow elements atmbtled by
the specified calibration type and the correspamdiperating
pressure range. To revolve this, a DUT can be aiadeat
upstream or downstream of the flow elements. Bygl@o,
the flow elements can be operated within the preskunits
of its calibration type while the DUT can be cadited at a
specified line pressure. At low working line prassup to
200-300 kPa, the DUT can be connected at downstoé#me
flow elements as the configuration shown in FigwBile for
high working line pressure, it is necessary forEhéT to be

The calibration types determine th
operating pressure ranges and mass flow measurement



connected at upstream of the flow elements as tf The relative reading error (%) at 1000, 3000 and 5000 sccm
configuration shown in Fig. 3. over various line pressure

When a DUT is connected at upstream of the floy
elements, the use of a back pressure regulateqisred. A
needle valve can help to regulate and controlldve, thereby .
maintaining the upstream pressure of the flow eteme
within the required operating pressure range. Ti&raam
pressure, however, will vary with the flow, whiatnder the
adjustment to be more complicated. The back pressu
regulator can effectively maintain the upstreansguee of
the flow elements within the required operatingsprege over
a wide range of flow. Once a designated back presstiset,
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only minor fine tuning is required for various flewithin the N kPa | 24k 255kPa | 272kPa | 2%6kPa | 299KPa | 313kPa
ﬂOW range Of the ﬂOW element' Various upstream line presure deviated from the verification pressure of 272 kPa
3. SENSITIVITY OF THE REFERENCE FLOW Fig. 6. The relative reading error (%) at 10000@@nd 5000 sccm
STANDARD TO VARIOUSLINE PRESSURES (reference to standard temperature and pressuditioms of 0C
DEVIATED FROM THE CALIBRATION and 101.325 kPa) over various line pressures.

VERIFICATION PRESSURE
The comparison results between the reference flow

Calibration type of Low pressure is selected fdtoav ~ standard and the DUT indicated that the maximuratired
element, with maximum flow capacity up to 5000 sccmeading error (defined as value of DUT- value of
(standard cubic centimetres per minute). Accordimghe standard)/value of standard is 0.157 %, which mgarable
calibration certificate provided with the flow elent, it is with the calibration results of the DUT. The maxim
calibrated at a pressure of 272 kPa. However ritdationed deviation of relative reading errors for variouselipressures
in the calibration certificate that the flow elerhdras been deviated from the calibration verification pressaféhe flow
characterised over the indicated upstream pressunging element is 0.04 % at 1000 sccm, while the maximum
from 200 to 325 kPa. In order to validate the perfance of deviation of relative reading errors is 0.02% @@@nd 5000
this flow element over the indicated pressure ramghigh sccm. The deviation of relative reading error ithim the
precision flow standard, which is a piston provglysed as a possible uncertainties of this reference flow ssaddthat is
DUT while the flow element is severed as referefior 0.2 % of reading or 0.02 % full scale, whichevegrsater.
standard for this validation study. The calibratestup is

shown in Fig. 5. 4. MEASUREMENT UNCERTAINTY EVALUATION
The estimated expanded measurement uncertaintyeof t
Piston SCL flow standard ranging from 1 to 45 sIlm is akm6t% of
Prover reading.
Compremor Pressure g tows The measurement model is given below:
egulator Reference

Shut-Off

Metering
Flow

Nalve Standard Valve c = fstd_ fuut (1)
where
o = correction
fia = mean of gas flow recorded by standard
Fig. 5. The calibration setup for calibrating gthprecision flow fur = mean of gas flow recorded by unit under test

standard. With reference to the above relationship

The accuracy of the DUT is of 0.15 %. The upstreafiencec = function(fsa, fuu)

pressure of the flow element is maintained at wewibne The combined uncertainty(c), of the output quantityg, is
pressures deviated from the verification press@i27@ kPa the positive square root of the sum of the squdreash
(i.e.£5 %, 10 % andt 15 %). The indicated values of thestandard uncertainty of the input quantity multipty by the
DUT at volume flows of 1000, 3000 and 5000 sccm argquare of its sensitivity coefficient as follows:
compared with the indicated values of the referefoe 5
standard. The comparison results are depictedgingr-i u2(c) = ¥, (:_f) u?(x;) (2)
Xi
Assuming all the input quantities are independentl a
uncorrelated, we obtain

[uc(c)]z = szsztd (fstd) + szuutu2 (fuut) (3)



where

The components contributed
uncertainty of the reference flow standard are sansed in

dc

Cfsta = m =
dc

Cruue = ﬁ =

1

-1

to

Table 2.

Table 2. Measurement Uncertainty Components of th
Reference Flow Standard

the measureme

U(fstad) 0.05 0.03
U(fstad 0.20 0.12
U(fsta 0.10 0.05
U(fstae) 0.10 0.05
U(fstae) 0.40 0.23

nt Usa- fuwd 0.05 0.05
u(fuu) 0.01 0.01

Relative combined standard uncertainty, 0.29

(%) '

€ Relative expanded uncertainty, (%) 0.58

Measurement Uncertainty Components of the Referetms
Standard

5. CONCLUSIONS

Measurement uncertainty of the reference flomdtad,
U(fso):

The application of a flow calibration system for
calibrating a mass flow controller at various lpressures is

@)

Measurement uncertainty of the flow element used
measurement(fs1).

fo studied in this paper. Even only one calibratiopetyis
available for the flow element, a back pressureulagr

(ii)

Measurement uncertainty due to the flow elemerntingg,
deviated from the reference valugfyy;).

enables the flow calibration system to be usedatibi@ate a
mass flow controller at various line pressuressTdauld be

(iii)

Measurement uncertainty due to long term drift fod
entire flow calibration systenoffsq:).

t done by connecting the mass flow controller at ngash or

downstream of the flow element while keeping thewfl

(iv)

Measurement uncertainty due to variation of catibra
pressure during measurement deviated from
verification pressure reported in the calibratiertificate
of the flow elementy(fsqy)-

(Remark: According to the manufacturer’'s instructi
for real gases there is a change in viscosity pidssure|
and in some cases is not very well known, therddc
introduce, because of the limited specific pressange,
systematic variations in flow measurement as high
0.1% of reading.)

element maintained at a line pressure within iterafing

thepressure limits or even maintained at the calibrafiressure

in any circumstances. This paper also elaborategtn®back

pressure regulator can help to improve the ovesdibration
efficiency and accuracy.

The sensitivity of a flow element to various lineegsures

L, deviated from the calibration pressure is alsoistidThe

measurement results revealed that the flow eleraader

a study is not sensitive to various line pressurasated from

the calibration pressure and the maximum relateeding

bn

v)

Measurement uncertainty due to variation of

air error is less than the possible uncertainties @ flow

composition on the accuracy of the flow elements, calibration system.

U(fstag)-

(Remark: According to the manufacturer instructi
when there is an uncertainty as high as 1% chang
content of gas component, there could introd

systematic variations in flow measurement as high a

0.1% of reading.)

More studies on the limitation and accuracy of fibgv
calibration system such as the sensitivity to tecmoee
PN. changes, dead air and orifice effects and the wgngiinciple
uecgof the sonic flow elements will be further condutie the
near future. It is expected the further studies ld/@asult in
better understanding and fruitful outcomes on thectical

(vi)

Uncertainty due to systematic offset identified idgr
validation of measurement reswfsqe)-

application of the flow calibration system.

Uncertainty due to repeatability of measuremembrs,
U(fstc - fuu1)-
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