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ABSTRACT

This report describes a COOMET key comparison ofupmatic gauge pressure
standards of four National Metrology Institutestdd in the chronological order of
their measurements, that was carried out in thegé&om November 2008 to March
2010 in order to determine their degree of equivaden the range of 100 Pa to 5 kPa
of gauge pressure. The pilot laboratory was PTR rHference pressure standards of
the participants were of different design. The s¢fan standard was a piston gauge
model V1600 of the comparBressurementsThe quantity under comparison was the
effective area of the transfer standard at diffemessure values reported together
with uncertainty contributions and the conclusivembined uncertainty of
measurement. All participants’ results agree with key comparison reference values
within the expanded uncertainties calculated withoserage factor 2, all but one
results even within the standard uncertainties. tRerparticipants’ results compared
in pairs, all of totally 48 pairs show agreementhwi the expanded and 46 pairs
within the standard uncertainties. The results lo¢ tcomparison demonstrate
equivalence of the laboratory standards and supgpeit measurement capabilities
stated in the KCDB of BIPM.
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1. INTRODUCTION

At the COOMET TCM meeting held at KazInMetr, Astana 8 October 2008, it was
decided to carry out a key comparison (KC) in tiege of 5 kPa of pneumatic gauge
pressure. Point of aim of this comparison was atesthe equivalence of the national
pressure standards of the participating nationadtatogical laboratories in the 5 kPa
range. Two participants in this comparison, the di#alisch-Technische
Bundesanstalt (PTB), Germany, and the Czech Meyolostitute (CMI), Czech
Republic, are also participants in the respectiveCsK of EURAMET,
EURAMET.M.P-K4.2010, being in progress, and a CCM Koeing still in
preparation. This will allow a link of the curreBOOMET KC to the corresponding
EURAMET and CCM KCs.

PTB was agreed to be a pilot laboratory in this &@ provided a transfer standard
(TS) for this KC.

The comparison was carried out in accordance wghlechnical Protocol which
specified the procedures to be followed in the camspn and had been prepared in
accordance with the Guidelines for CIPM Key Comgams, 1 March 1999.

2. PARTICIPANTS

The laboratory standards (LS) used in this compangere of different types, namely
a diving bell manometer, deadweight and force-adlel piston gauges, and a water
column micromanometer. Different methods were &gplby the participants to

compare their standards with the TS. All uncertamtelating to the participants

standards and their results in this report aredstahones if not explicitly indicated as
expanded.

2.1 PTB pressure standards and measurement method

Two different laboratory standards were used by RTEhis KC. For the pressure
values up to nominally 4 kPa, the diving bell knoasm TGM 5with the mass set
identified by g01lma2 was compared to TS. This lmelhometer was developed at the
ASMW [1] and was transferred to PTB in 1990 actihgre as a reference standard
for small gauge and differential pressures up ki*4. In order to cover this pressure
range it was equipped with Fluorinert instead ohame as a working fluid, and,
moreover, the load mechanism was directly attadbethe bell. It was used in a
comparison of European differential pressure stalsdrtom 3 Pa to 1 kPa [2]. The
effective area of the diving bell is traceable tprimary mercury manometer of PTB.
Table 1 summarizes properties of the diving bellnamaeters and the related
measurement conditions.
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Table 1. PTB diving bell manometer for pressures upto 4 kPa and
measurement conditions

Type of device Diving bell manometer
Manufacturer ASMW, Germany
Measurement range in Pa, mode (1 — 4000), gauge
Material of diving bell or piston brass
Working liquid (for diving bell manometer) Fluoririe
Pressure-transmitting gas Air or nitrogen
Zero-pressur_e effective ared) at reference 486.880- 10
temperature in f

Relative uncertainty of, in 10° 35.5
Uncertainty of masaf) pieces or of mass 125 mg + 2-16m
measurement

Linear thermal expansion coefficient of 36.10°

diving bell manometerd,) in °C*

Reference temperaturg)(in °C 20

Local gravity ) in m/s 9.812533
Relative uncertainty of in 10° 0.6

Height difference between laboratory standard

(LS) and TSH, positive if LS is higher than 0

TS) in mm

Uncertainty oth in mm 5

For pressure values 4800 and 5000 Pa a gas-operatesiire balance TL1568 from
Ruskacompany was used together with the mass set pOdmegoroperties of this
pressure balance are presented in Table 2.
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Table 2. PTB pressure balance for pressures of 4ad 5 kPa

Type of device TL1568
Manufacturer Ruska
Measurement range in kPa, mode 1.4 — 180, gaugelsmadute
Material of diving bell or piston steel
Material of cylinder (for pressure balance) Tungstarbide
Pressure-transmitting gas Dry gas/nitrogen
Zero-pressur_e effective are®) at reference 3.356606
temperature in M

Relative uncertainty of, in 10° 5.7
Uncertainty of mass piecesf@ta, mg 3

Linear thermal expansion coefficient of 11.106°
diving bell or piston &) in °C* '

Linear thermal expansion coefficient of 4.10°
cylinder (for pressure balance,) in °C*

Reference temperaturg)(in °C 20

Local gravity ) in m/s 9.812533
Relative uncertainty af in 10° 0.6
Height difference between laboratory standard

(LS) and TSH, positive if LS is higher than -64.0

TS) in mm

Uncertainty ofh in mm 5

2.2 VNIIM pressure standard and measurement method

The VNIIM pressure standard is a water column nm@oometer which is a part of
the national special standard of unit of pressued @5-75 (GOST 8.187-76 «State
system for ensuring the uniformity of measuremente State special standard and
All-Union verification schedule for means of measuents of the difference of
pressures up to 4-1@a») having designation "MK". Physically, it is a water-based
compensated micromanometer working in a pressungeraip to 5 kPa with a
traceability of its properties to VNIIM standard#/ith the TS used in the KC and
under the conditions of the experiment, the maximpmassure of the laboratory
standard was limited by 4.8 kPa. Hence, deviatoghfthe Technical Protocol, the
highest measured pressure was 4.8 kPa. TS waparées to VNIIM by the pilot
laboratory on 21 November 2008 and measured thetkgelen 24 and 26 November
2008. It was returned to PTB on 28 November 200& properties of the VNIIM
pressure standard and the measurement conditierggvan in Table 3.
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Table 3. VNIIM water column micromanometer and measrement conditions

Type of device Water column micromanometer

Manufacturer VNIIM, Russia

Pressureff) measurement range in Pa 100 - 5000

Relative uncertainty of pressure for 100 Pa: 2-10
for 5000 Pa: 1.6- 10

Working liquid Distilled water

Density of working liquid £) kg/nt 998.202

Relative uncertainty gf in 10° 1

Reference temperature of working liqutg) ( 20

in °C

Uncertainty ofty in °C 0.1

Pressure-transmitting gas Nitrogen

Local gravity ) in m/s 9.819308

Relative uncertainty of in 10° 0.2

Height difference between laboratory standard

(LS) and TSH, positive if LS is higher than 20

TS) in mm

Uncertainty oth in mm 1.0

2.3 CMI pressure standard and measurement method

The CMI pressure standard used in this comparis@force-balanced piston gauge
(FPG) manufactured b®H Instruments USA, model FPG 8601, whose description
of the physical principle is described in [3] ah@ tommercial realisation in [4]. The
setup of the CMI FPG was modified with respecti® commercial one in such a way
that a turbo-molecular pump was added to the pugnpystem of the reference side in
order to reduce the residual pressure on the refereside and, therefore, its
uncertainty contribution. A thorough evaluationtloé CMI system is presented in [5].
The effective area was evaluated both by a dimeakimeasurement of the piston-
cylinder geometry and by cross-floating technigoesparing it against the CMI PG
7601 pressure balance. These comparisons werermpedowith the CMI standards
during the year 2002. An intercomparison with thev&k national metrology institute
(SMU) was performed in December 2002 from 2 to Pakn both gauge and
absolute pressure mode with a Bell and Howell presdalance as a transfer
standard. Another intercomparison with the Finnigtional metrology institute,
(MIKES), was realized in July 2003 from 1 Pa tokPa in gauge pressure mode and
from 6 Pa to 15 kPa in absolute pressure modeMik&=S standard being another
FPG 8601. A third bilateral comparison, EURAMET.MBR, was carried out with
PTB that used an FRS5 force-compensated pressuasmcbamanufactured by
Furness ControlsUK.

For the actual measurements an MKS Baratron diftedepressure cell (DPC) was
used as a zero pressure indicator installed betweeICMI FPG and the TS. With
this DPC CMI could automate the measurements siftgvare Compass of the FPG.
The technical details of the CMI standard and tleasnrement conditions are given
in Table 4.
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The transfer standard was transported to CMI byptloe laboratory on 11 May 20009.
The measurements were performed in the period ftdrto 13 May 2009, according
to the Technical Protocol. Afterwards, TS was biduzack to PTB on 15 May 2009.

Table 4. CMI force-balanced piston gauge and measement conditions

Type of device FPG 8601
Manufacturer DH Instruments
Measurement range in Pa 1 — 15000, gauge and &bsolu
Material of diving bell or piston tungsten-carbide
Material of cylinder (for pressure balance) tungstarbide
Pressure-transmitting gas nitrogen
Zero-pressur_e effective are®) at reference 9.80527.0°
temperature in
Relative uncertainty of, in 10° 12.5
Uncertainty of masaf) pieces or of mass 0.5 mg + 210°m
measurement
Linear thermal expansion coefficient of 4.510°
diving bell or piston &) in °C* '
Linear thermal expansion coefficient of "

: ) 1 4.510
cylinder (for pressure balancg;) in °C
Reference temperaturg)(in °C 20
Local gravity ) in m/s 9.809272
Relative uncertainty of in 10° 0.8
Height difference between laboratory standard
(LS) and TSI, positive if LS is higher than 124
TS) in mm
Uncertainty ofh in mm 2//3

2.4 VMC pressure standard and measurement method

The VMC laboratory standard was a piston gauge anebi05, Vozduch I,
manufactured byetran Russia, serial number 094, made in 2008. Thecdewas
calibrated at PTB (Germany) in August 2009. Thtsspressure value is traceable to
the German national pressure standards. The peesalues realised with pistons M
and B in combination with weights and the uncettamof that pressure values were
determined at PTB and reported in Calibration fieatie Nr. 0050 PTB 2009. Finally,
the effective ared(p) of piston M assembly and piston B assembly wateutated at
VMC. The technical details of the VMC standard #mel measurement conditions are
given in Table 5.
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Table 5. VMC piston gauge and measurement conditi@n

Type of device Metran-505, Vozduch I, serial Nr409
Manufacturer Metran
20 Pato 25 kPa: gauge pressurg
5 Pa to 25 kPa: differential pressure
up to 125 Pa - aluminium
160 Pa to 25 kPa - stainless steel
Material of cylinder (for pressure balance) stasnleteel
Pressure-transmitting gas Air/nitrogen
Zero-pressure effective are&) at reference .
tempgrature in M ! 3 pistons 4.910°
Relative uncertainty of, in 10° 19
Uncertainty of masaf) pieces or of mass

D

Measurement range, mode

Material of pistons

measurement, mg [
Linear thermal expansion coefficient of piston 6
and cylinder &) in °C* (23£2)10
Reference temperaturg)(in °C 20
Local gravity ) in m/s 9.814380
Relative uncertainty af in 10° 5
Height difference between LS and T ( 6
positive if LS is higher than TS) in mm

Uncertainty oth in mm 5

TS and the laboratory standard were interconnegi@ed DPC using nitrogen as a
pressure-transmitting medium. TS and the laboragigndard were loaded with
masses corresponding to the nominal pressureseasieg in the Technical Protocol
and the residual pressure differences between thera measured with the DPC.
Hence, the uncertainty of the DPC, which accordmtipe pilot laboratory is

| Uncertainty of zero indicator | 0.02 Pa |

was added to the uncertainty of the VMC standafl.was brought to VMC on 23
November 2009 and measured between 24 and 27 Nevebdfore it was returned
to PTB on 27 November 2009.

3. TRANSFER STANDARD

The transfer standard was described in detailertéhnical protocol. It was a piston
gauge V1600/1D manufactured IBressurementd.td., Bedfordshire, England, in
1998 and identified by serial number 10533-98. aksembly consisted of a cylinder
identified by serial number B 192, which is engihes the cylinder face, and three
different pistons all carrying number N 192 on kbwer piston face and identified by
markings "1 mbar”, "2 mbar" and "L". The nominafeetive area of the assembly
wasAg nom= 4.91 cr.

The cylinder's material was stainless steel, whengiaton "1 mbar" was made of
aluminium and pistons "2 mbar" and "L" were fabrachagain from stainless steel.
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Following the manufacturer information, the thernexipansion coefficient of the
assembly of cylinder and any of the pistons (eithiesteel or of aluminium) was
taken as (22 +20° °C' with its standard uncertainty based both on the
manufacturer information and the experience ofpila laboratory.

Table 6. Masses and densities of pistons

Piston True massin g Density in kg/m
"1 mbar" 4.9999+ 0.0005 265 25
"2 mbar" 9.9986+ 0.0005 792@& 25
"L" 10.7333+ 0.0005 792@ 25

The weight carrier was marked with "L" and madalodminium.

Table 7. Masses and densities of the weight carrier

Weight carrier True mass in g Density in kg/m

9.2776+ 0.0005 265@ 25

Seven weights were identified by markings "1 mb&'mbar”, "10 mbar"”, "20_1
mbar”, "20_2 mbar", and additionally by serial n&anbl192 on each piece.

Table 8. Masses and densities of the weights

Weight True mass in g Density in kgim
"1 mbar" 5.0042+ 0.0005 265 25
"2_1 mbar" 10.0112+ 0.0005 265@ 25
"2_2 mbar" 10.0110+ 0.0005 265@ 25
"5 mbar" 25.0271+ 0.0005 265& 25
"10 mbar" 50.0398+ 0.0005 792@ 25
"20_1 mbar" 100.0825t+ 0.0005 792@ 25
"20_2 mbar" 100.0824+ 0.0005 792@& 25

In combination with the piston gauge, a zero pressulicator FC 014 was delivered
to the participants, which had been manufactureBumess Controland had serial
number 92021254-1. This indicator had a scale vatesf 0.02 Pa and a maximum
differential pressure range of 100 Pa at a maximagveptable line pressure of
100 kPa and a maximum overload differential pressfil00 kPa.

4. ORGANIZATION AND CHRONOLOGY OF THE
COMPARISON

The measurements were performed in the order amebtgiven in Table 9.
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Table 9. Chronology of measurements

Institute Measurement start date| Measurement end date
PTB, initial investigation of TS 4 Nov 2008 17 Nov 2008
VNIIM 24 Nov 2008 26 Nov 2008
PTB, intermediate check of TS 30 Mar 2009 3 Apr 2009
CMI 12 May 2009 13 May 2009
PTB, intermediate check of TS 12 Nov 2009 12 Nov 2009
VMC 24 Nov 2009 27 Nov 2009
PTB, final check of TS 4 Mar 2010 9 Mar 2010

The pilot laboratory performed three measurementlesy and one half-cycle
measurement (November 2009) of TS. The measuremdfarch 2010 was taken as
a PTB contribution to this KC.

5. MEASUREMENT PROCEDURES

The transfer standard had to be handled and thenpiylinder assembly mounted in
accordance with the instructions given in the Usétanual Reference of the V1600
provided to the participants. TS was operated tjinout all measurements by one
member of the pilot laboratory (Mrs. Ahrendt).

The TS was recommended to be located close t@bwedtory’s reference standard to
keep the pressure line between the two instrumamntshort as possible. The piston
gauge V1600/ID of TS was equipped with two cylireléFhe cylinder identified by
"B" was used in the comparison measurements. Tieeeree level of TS was the
upper face of cylinder B. The horizontality of T&pected to be better than 0.1 mm/m
was checked with a spirit level placed on the upfsre of cylinder B. The
temperature of TS was measured with a thermomdtdheo participant. It was
attached to cylinder B of TS. The reference tentpeszof the comparison was 20 °C.
For measurements performed at a temperature dayiltim 20 °C, the effective area
of the TS was referred to 20 °C using the pistdmdgr thermal expansion
coefficient. The zero-pressure indicator was sveitthn the pressure line between the
gauge of TS and the laboratory standard to coetyahlity of the pressures generated
by the two pressure standards and to avoid pregsadéents along the line. A bypass
line with a valve was connecting both sides of #eeo indicator to set its zero
reading.

The working gas of the assembly was either dryamitrogen. The piston gauge of
TS did not have any electronics to be warmed upthmizero-pressure indicator had
to be switched on at least 5 minute before the oreasents. The piston had to be in a
self-centred stable floating position. The timewssn a pressure level change and the
acquisition of the data corresponding to the elguidim of the laboratory standard and
TS had to be not shorter than 3 minutes.

The measurements included four cycles each withimamressures generated in the
following order (100, 200, 500, 1000, 2000, 3000,3%000, 5000, 5000, 4000, 3000,
2000, 1000, 500, 200, 100) Pa. Thus, 64 measuresmamne performed in total.

10



Final Report on COOMET.M.P-K14, Version 1 of 2011-12-07

Table 10. Load of TS to generate the nominal presses

Nominal
pressure Loads (pistons, weight carrier, weights)
in Pa
100 Piston "1 mbar"
200 Piston "2 mbar"
500 Piston "L" + weight carrier "L"+ "1 mbar"
1000 Piston "L" + weight carrier "L" + "1 mbar" 5 'mbar"
2000 Piston "L" + weight carrier "L" + "1 mbar" b 'mbar" + "10 mbar"
Piston "L" + weight carrier "L" + "1 mbar" + "5 mbat+
3000 " "
20 1 mbar
Piston "L" + weight carrier "L" + "1 mbar" + "5 mBbat+ "10 mbar"
4000 " "
+"20_1 mbar
5000 Piston "L" + weight carrier "L" + "1 mbar" + "5 mbat+
"20_1 mbar" +"20_2 mbar"

Due to measurement set-up of the actual comparigdilM was only able to
measure a nominal pressure value of 4800 Pa asighest achievable, see section
2.2. The corresponding combination of mass piemethfs point was the following:

Table 11. Load of TS to generate the nominal presseiof 4800 Pa

Nominal
pressure Loads (pistons, weight carrier, weights)
in Pa
4800 Piston "L" + weight carrier "L" + "2_1 mbar" +"2_@bar" +
"20 1 mbar" +"20_2 mbar"

Comparability of the results obtained at this puessvith the results of other
participants obtained at 5 kPa was determined tasorements of the pilot laboratory
performed at both nominal pressures, 4.8 and 5 kPa.

No additional/different loads were applied to thstgns of TS. The equilibrium
between TS and the laboratory standard, which wasraled with the help of the
zero-pressure indicator, was achieved by adjustiveg pressure in the laboratory
standard. In the case of VMC using a similar dewecdS as a laboratory standard,
the zero indicator reading was used as a directsuneaof the pressure difference
between TS and LS.

The effective area of the TS determined for a paldr measuremen#y) referred to
20 °C was calculated with the equation

_ gzm[(l_pa/A)
P = p[l+(a + B)(t-20°C)]" (1)

where

m are true masses of the piston, the weight caandrthe mass pieces placed on
the weight carrier of TS;

Joi are densities of the parts with massgs

11
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is air density;

Is local gravity acceleration;

is pressure generated by the laboratory standdhe &S reference level,

(a+ p) is thermal expansion coefficient of the pistorivoyer;

t Is temperature of TS.

The values ofp and p, were calculated ant was measured by the participating
laboratory. The conditions of the measurementgaen in Annexes Al-A4.

'O(Qp

6. RESULTS

6.1 Stability of the transfer standard

Prior to the comparison, the long-term stabilityT& has been evaluated on the basis
of calibration results obtained in 1999, 2001 a@@722(Figs. 1 and 2).

I . B ——.———,

]

A

(]

PS |}
-

. .

.
R S ——————————.

Gauge pressure in Pa

Figure 1. Deviations from reference pressure, pistes "1 mbar” and "2 mbar”

12
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Figure 2. Deviations from reference pressure, pisto"L"

As a result, no systematic changes could be se@neasures up to 200 Pa. At the
maximum pressure of 5 kPa, the differences diceroeed 1 Pa.

During the comparison, the TS stability was measurg the pilot laboratory at the

beginning, in the middle, and at the end of the gamnson. The results for the one
year period of the actual KC are presented in F3gand 4. During the time of the

KC, the pilot laboratory performed four measurerseimt March 2010, November

2009, March 2009 and November 2008, see tableti®owdh the measurements of
November 2009 included only one measurement at gadsure.

4906} -
.
= Mar 2010 T
4904 | e Nov 2009 n 5
Mar 2009 I
*  Nov 2008 *
£ 4902} \ -
£
<Q.
490.0 -
489.8 1 -
-50 0 50 100 150 200 250
p/Pa

Figure 3. Stability of the transfer standard. Meaneffective areas and their
standard uncertainties for pistons "1 mbar" and "2 mbar" measured
by PTB in 2008, 2009 and 2010

13
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Figure 4. Stability of the transfer standard. Meaneffective areas and their

standard uncertainties for piston “L” measured by PTB in 2008, 2009
and 2010

From an analysis of these results, see Appendix &uld be concluded that the TS
did not underlay any systematic time drift durinigst KC. Therefore, no time

dependent correction was applied to the particgyaasults, and the instability of TS,
Uinstaf Ap), Was expressed by the standard deviation of #@nnvalues of the effective
area measured by the pilot lab for each nominagune Ay piiot, mean

Ay = 3 / N, @
Unsl A )= {Z(AJ = A, siamear) /(N —1)}05, ®)

whereN is number of pilot laboratory measurements overtiime of the comparison,
N = 4. The uncertainty of the TS determined in sy is presented in Table 12.

Table 12. Uncertainty contribution due to instabilty of TS, Uinstan(Ap)

Nominal pressure in Balinstad Ap) / mnf Uinstat(Ap)/ Ay X 10°

100 0.067 137
200 0.063 128
500 0.020 41
1000 0.010 20
2000 0.016 33
3000 0.010 21
4000 0.0042 9

4800 0.0018 4

5000 0.0098 20

Figures 5 and 6 show relative deviations of theaive areas measured by the pilot
four times from their mean values. It is obviouattho systematic time drift occurred.
Hence, the participants’ values of the effectiveaardid not have to be corrected for
the comparison.

14
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Figure 5. Instability of TS: Relative deviations ofthe single effective areas from
the mean ones of pistons "1 mbar" and "2 mbar" measred by the
pilot laboratory together with the relative standard deviations of the
mean values (uncertainty bars) extracted from Tabld. 2
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Figure 6. Instability of TS: Relative deviations ofthe single effective areas from
the mean ones of piston "L" measured by the pilotdboratory
together with the relative standard deviations of he mean values
(uncertainty bars) extracted from Table 12

6.2 Results of the Participants

The mean effective areas, the standard deviatibtieceffective areas at each
pressure and the combined relative standard umtgetaof the effective areas
reported by the participants are presented in ThRBId he graphical visualization of
the summary of all measurement cycles and partit§pia given in Figures 7 and 8.
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Table 13. Mean effective areas (&,>), their relative standard deviations §(Ay)/Ap), relative standard uncertainties of pressuresu(p)/p),
standard uncertainty of the temperature of TS ((t)) and combined standard uncertainties of the meaaffective areas ((Ap)/Ap)

PTB VNIIM CMI VMC
’[\)l?ens“srllé;le <Ap> | S(A)A [ u(E)p | u(t) | u(A)A | <A> | SAIA, | u(p)/p ut) [ UAA | <A> | S(A)/A | u(p)p ut) | uA)A | <A> | S(A)A | U(p)/p ui) | u(A)lA

in Pa /mnt | x10° | x1®| /°C | x10° | /mn? | x1C° x 1P /°C x10f | /mnf | x10° x 10° /°C x10f | /mnf | x10P x 10° /°C x 1P
100 490.252 459 234 0.2 525 490.3721594 350 0.1 1622 490.344 69 90 0.1 151 490.278 306 628| 0.29 934
200 490.404 224 120 0.2 259 490.341 796 270 0.1 841 490.451 67 50 0.1 98 490.42]1L 103 304 0.29 439
500 490.502 53 56 0.2 98 490.5p5 123 190 0.1 227 490.549 20 27 0.1 69 490.626 77 126 0.24 192
1000 490.576 44 39 0.2 71 490.601 84 130 0.2 155 490.596 10 20 0.1 46 490.61p 52 98 0.29 156
2000 490.6164 36 34 0.2 55 490.636 75 79 0.1 109 490.629 18 17 0.1 35 490.634 58 99 0.29 157
3000 490.633 27 32 0.2 45 490.656 69 46 0.1 83 490.64p 18 16 0.1 29 490.638 59 88 0.29 146
4000 490.662 25 32 0.2 43 490.662 76 39 0.1 86 490.658 9 15 0.1 24 490.670 78 57 0.29 115
4800 490.647 15 21 0.2 28 490.6[72 72 37 0.1 81

5000 490.642 15 20 0.2 27 490.667 5 15 0.1 20 490.685 32 38 0.29 96
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Figure 7. Mean effective areas and their uncertainés of TS with pistons "1
mbar" and "2 mbar" determined by the participants
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Figure 8. Mean effective areas and their uncertainés of TS with piston "L"
determined by the participants
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6.3 Reference value calculation

The key comparison reference value (KCR®X),er, was calculated at each pressure
point of the KC as a weighted mean, see eq. (4gr&vN is the number of the
independent participants, PTB, CMI and VNIIN,= 3, A,; and u(A,)/A,,; are the
mean effective area and its uncertainty, respdgtivid participanti at pressure.
This method is recommended in [6] and has been fmedvaluation of numerous
KCs. The uncertainty oy rer, U(Aprer), Was calculated by equation (5). The weighted
mean method is applicable only when the resultghef participants succeed the
consistency check based on the chi-squared tesultRere considered as consistent
if the observed chi-squared valy@&ys calculated by (6) is smaller than the value of
the chi-square distribution calculated for degré&r@edomvy = N — 1 at probability

Pr = 0.05x%(v, Pr).

Arre =2, Z(A\L.)/ 2( ) @

( ref = gu‘z(i\'ﬁ) (5)

(6)

Note, that although four NMls participated in tl€, VMC was excluded from the
evaluation of KCRV since it is traceable to PTBli@ation certificate Nr. 0050 PTB
2009, see section 2.4) and, hence, is statisticallyndependent. Taking into account
the instability of TS as defined by equation (B tombined standard uncertainty of
KCRV, u*(Aprer), is defined as

U*(Ap,ref) = [Uz(Ap,ref) + Uzinstat(Ap)]O'S- (7)

Results of the KCRV evaluation are summarised inlda4.

Table 14. Key comparison reference valuesAfres), their relative standard
uncertainties U(Aprer)/Apref) and uncertainties combined with the TS
instability (u* (Aprer)/Aprer) @s well as parameters of the chi-squared test
X%obs and x(v, 0.05)

Nominal Ao ret ! U(Apref) / u*(Apref) / ) x%(v, 0.05),
pressure in Pa  mn? | Ayerx 10 | Agerx 10P | X obs v=N-1
100 490.337 145 199 0.12 5.99
200 490.444 91 157 0.18 5.99
500 490.535 55 68 0.67 5.99
1000 490.591 37 43 0.25 5.99
2000 490.626 29 43 0.2C 5.99
3000 490.643 23 31 0.35 5.99
4000 490.656 20 22 0.16 5.99
5000 490.659 16 25 2.472 5.99
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Y This value ofA,ref Was obtained by combining the PTB and CMI resolitained
at 5 kPa with the result of VNIIM obtained at 4.B& Such a combination is
justified by the measurements of the pilot labanafmerformed at pressures of 4.8
and 5 kPa which showed no difference in the effectirea.

The consistency check supports the choice of th&WK€alculation as a weighted
mean.

6.4 Degree of equivalence

The degrees of equivalence of the participantgletion to KCRV considered at each
pressure are expressed in terms of relative dewistbf the participants' results from
KCRV (AAyi/ Apre) and relative expanded uncertainties of these atiewis
(U(QAAp)) 1 A rer), the latter being calculated as:

U (A'Abl )/Ap,ref = 2 l:[Uz(pb,i )_ l'IZ(Ap,ref |nstab ]OS/Ap ref * (8)

Numerical data for the deviations and the uncetitsnat all pressures are listed in
Table 15, a graphical presentation is given in Ayulbe A.

Table 15. Relative deviations of the participants’results from the reference
values AAy/A,) and their expanded uncertainties J(AAYAp))

PTB VNIIM CMI VMC
Nominal 2 g g 2
pressure < S gé < S q?“?‘g' < S g“g < =) ;{E‘g‘
(Pa) x | g x x | g x x | g x X X
EHIEHIE HIE I I HE P
100 -174 1046 71 327( 14 287 -121 1864
200 -81 549 -210 169( 14 267 -46 897
500 -67 182 41 447 29 1171 186 376
1000 -30 127 21 304 11 67 49 305
2000 -20 114 20 220 6 77 17 316
3000 -21 87 26 164 6 53 -11 290
4000 13 78 13 167 -5 31 30 227
5000 -34 59 27 164 17 47 54 193

The degrees of equivalence between the laborat@iesexpressed by relative
differences between therd;§ and relative expanded uncertainties of thesediffces
(U(dy)) calculated as:

d, -(AJ -A, )/Apref, ©)
U(g,)= 2w (A, )+ (A, )+ il A /A (10)

which are presented in the tables in Appendix B.
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7. DISCUSSION

From Table 13, the appropriate performance of TS canldmiced. At the highest
pressure of 5 kPa, the typical relative standandatiens of A, of the participants
range from 5 ppm to 80 ppm. A comparisors@,) with u(Ap) indicates that for most
NMis in this KC a major contribution to the uncemty of A, was from the
uncertainty of the laboratory standards. Comparisbtypical S(Ap)/A, values from
laboratory to laboratory clearly show differentfoemance of pressure measurements
of the participating NMIs. Among the laboratoria#l,values of the reporte#l, agree
within their expanded uncertainties < 2). All NMIs agree with the reference value
of KC within their expanded uncertaintids< 2), (Table 15 and Appendix A). The
most results agree with the reference value of KBeeven within their standard
uncertainties = 1) except for PTB at 5 kPa. A comparison in pdemonstrates that
the results of all participants agree with eacleothithin their expanded uncertainties
(k= 2) at all pressures (Appendix B). Within 48 comggbpairs of results, in no case
there is a disagreement on the level of the exghndeertaintiesk= 2). Only in two
cases there are differences between the laborateheh are bigger than the standard
uncertainties of these differences.

8. CONCLUSIONS

The transfer standard was stable within 0.025 PAG™ in terms of pressure in the
period of the KC. For all laboratories all the résware equivalent with the key
comparison reference values within the expandecnaiaties k= 2), all but one

results even within the standard uncertainties. ther NMIs’ results compared in
pairs, all of totally 48 pairs show agreement witthe expandedk (= 2) and 46 pairs
within the standard uncertainties.

With the results of this comparison PTB, VNIIM, CNMhd VMC have supported
their measurement capabilities stated in the KCDBIBM.
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APPENDIX A. Relative deviations of the participants

100 Pa:

200 Pa:

results’ from the reference value

((Ap,i - Ap,ret) /Apref) with the expanded
uncertainties (k = 2) of these deviations at
pressures 100 Pa to 5 kPa
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APPENDIX B. Relative differences between the
participants’ results (dj) and their
expanded uncertainties (U(dj)) (k= 2) at
pressures 100 Pa to 5 kPa

CMI VNIIM PTB VMC
p=100P{ 5 35| 5 38[ 53T/ 53T
X D X X D X X D X X i X
CMI 245 6573|188 1092| 53 | 2142
i VNIIM  |-245 | 6573 -57:6495|-192 6752
PTB -188; 1092| 57 6495 -135| 1891

VMC -53 2142192 6752|135 1891

cMI VNIIM PTB VMC
P=200P3 .8 88 |58 858888 ER
XD X XiD X XD X XD X
cMI 224 1711| 96| 610 | -61 936
. [ UNIM_[224 1711 128 1777| 164 1914
PTB | 96 610] -1281777 35 1051
VMC | 61 936 -164 1914 -35 1051

CMI VNIIM PTB VMC
P=500P3 53Y 838 . 853Y,838%
X D X X D X X D X X X
CMI 12 481 -96 253|157 415
i VNIIM -12 1481 -108 500| 145 599
PTB 96 ;| 253 108 500 253 438
VMC -157 415 -145: 599| -253 438

[S—

CMI VNIIM PTB VMC
p=1kPa TEY TFY T3 TS
X X XD X XD X X2 X
CMI 10 326|-41 174|38 327
i VNIIM |-10 : 326 -51: 343|128 441
PTB 41 17451 @ 343 79 | 345
VMC |-38 327|-28 441|-79 345
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[S—

CMI VNIIM PTB VMC
P=2kPd 55T B3E 53T 63T
XD X XD X X X XD X
CMI 14 | 238/ -26: 146|11 329
VNIIM [-14 238 -41 253|-3 388
PTB 26 14641 253 37 340
VMC |-11:329|3 @ 388|-37 340
i
CMI_[VNIM | PTB [ VMC
P=3KPA_LET _TET 5T 45T
XD X XD X XD X XD X
CMI 20 181]-26 115|-16 300
VNIIM |-20 181 -47,193|-37 338
PTB | 26 11547 ; 193 10 307
VMC |16 300| 37 338/ -10 307

—

CMI VNIIM PTB VMC
p=akPa UST LY TTT LT
XD X XD X XD X XD X
CMI 18 178 18 100/ 35 236
VNIIM |[-18 178 0 192(17 287
PTB -18 100|0 192 17 246
VMC |-35:236|-17 287|-17 246

[S—

CMI_[VNIIM | PTB_ | VMC

P=okPa 538,555 ,888:835

XD X XD X XD X XD X

CMI 47 |10 17251 78 [ 37 200

VNIIM_[-10 172 61 17526 254

PTB |51 78| 61 175 88 | 203
VMC [-37 200[-26 254]-88 203
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APPENDIX C. Stability of TS

The following discussion focuses — by chance —-hemiominal pressure point of 3000
Pa as a typical data point, compare to the wholaséda of TS measurements at the
pilot laboratory in Fig. 12. It could be shown tlzalinear fit without slope containing
all measurements without weighing procedure yieldeshtisfying result indicating
the stability of TS. Performing a weighted lineiayf= ax + b the following values for

a andb were obtained = 90.636 + 0.026 mfrand a = (2.36 + 3.57)- 10 mn¥/day,
see Figure C1.
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Figure C1. Weighted linear fit of the mean effectie areas with corresponding
combined uncertainties atp = 3000 Pa measured in March 2010
(0 days), March 2009 and November 2008, assumindiane drift.

Due to the uncertainties of the fit, a constanteroz— slope was deduced as a
consequence, i.e. it was assumed that basically $hkad no systematic drift during
the time of the comparison.
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Figure C2. Weighted linear fit of the mean effectie areas with corresponding
combined uncertainties atp = 3000 Pa measured in March 2010
(0 days), March 2009 and November 2008, assuming time drift.

On the other hand, the TS is associated with a-tiomstant uncertainty to be
evaluated. Performing a weighted linear yfit ax+ b assuminga =0 we obtained
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thenb = 490.643 + 0.014 mMm(Figure C2). This analysis was compared with a-non
weighted linear fit with zero-slope, see Figure C3.
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Figure C3. Non-weighted linear fit of the mean effetive areas with
corresponding combined uncertainties ap = 3000 Pa measured in
March 2010 (0 days), March 2009 and November 2008ssuming no
time drift.

We gainedb = 490.643 + 0.013 mfm Finally, we analysed all data points available,
i.e. we considered the single pressure-value measmnts in November 2009 for a
non-weighted linear fit with zero-slope, see FigGe
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Figure C4. Non-weighted linear fit of the mean effetive areas with
corresponding combined uncertainties ap = 3000 Pa measured in
March 2010 (0 days), November 2009, March 2009 amtbvember
2008, assuming no time drift.

The result is therb = 490.641 + 0.010 mfm Hence, we realized that the different
analyses with zero-slope basically yielded simila@sults. Consequently, we
performed non-weighted linear fits with the comeledata set to estimate the
uncertainty of TS due to its instability.
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