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1. INTRODUCTION

The objective of this bilateral supplementary corgua (SC) is to check equivalence of gas
pressure standards of the two institutes, Natidmstitute of Metrology (Thailand) (NIMT)
and Physikalisch-Technische BundesangRliB, Germany), in the pressure range 60 kPa to
350 kPa in gauge mode. The results of this comparsill be essential to support the
calibration and measurement capabilities (CMC) BTN

The pilot laboratory of this SC is NIMT, which hpsovided a transfer standard (TS) for the
SC. The TS was a piston-cylinder assembly (PCA &inominal effective area of 10 tm
The TS properties are described in the TechniaatbPol [1].

The measurements were started at NIMT during 288-N@avember 2012. The TS was
brought to PTB from NIMT on 7 December 2012 andrieasurements at PTB were carried
out in the time 10 — 12 December 2012. The TS wasdht back to NIMT on 14 December
2012 and the measurements were done at NIMT agaiarttrol the transportation effect. All
measurements were performed in accordance witfiebknical Protocol [1] at pressures (60,
100, 150, 200, 250, 300 and 350) kPa.

This report presents the results of NIMT and PTB.uAcertainties in this report are standard
ones k= 1).

2. DESCRIPTION OF THE LABORATORY STANDARD

2.1 NIMT Laboratory Standard

The NIMT laboratory standard (LS) used in this canmgon was a pressure balance with a
PCA of 10 cm manufactured by Fluke Corporation, DH Instrumebigision (DHI), USA,
and identified by serial number 0693. The propsrtoé the NIMT LS are summarised in
Tables 1 - 3.

Table 1: Details of the pressure balance usethéocomparison

Manufacturer Model / Serial Description

PG-7601 /
Base DHI serial no. 867

PC-7100/76001 Operation modé: Simple

Piston-cylinder DHI 10-TC/ Pressure range [MPa]: 0.35
serial no. 0693
MS-7002-35 /| Total mass [kg]: 35
serial no. 2111} Typical relative uncertainty af

Weights DHI )
g with carrying | mass pieceskél) [ppml: 2.5
bell no. 349
Thermometer DHI P& 601 Serial No.U856

#1 for example: Simple or controlled-clearance, etc



Table 2: Details of the piston-cylinder

Material Linear thermal expansion
coefficient @) [°C™
Piston Tungsten carbide 4,530
Cylinder Tungsten carbide 4.5%90

Table 3: Details of the effective area of thequistylinder

coefficient4, * [kPal]

Value Uncertainty§=1] | Traceability*

Zero-pressure effective area [dm  9.80528 5.0x10° x A Dimensional
at ref. temp.Ag ™ measurement
(Ref. temp.1o) (to : 20 [°C)) Certificate No.
50078 PTB 10

Pressure distortion 4.2x10° 7.5x10"° Manufacturer

Pressure distortion
coefficientd, * [kPa?]

(if applicable)

#2 for example: from PTB, Certificate number 12@4mercury manometer, etc.

#3A=Ag (1 +1, p + 4 PP)

Note The zero-pressure effective aréa)(was determined from dimensional measurements
and from cross-float measurements against the &1@&s used as the primary gas pressure
standards at NIMT, described in [2].

The value of pressure distortion coefficieat)(has been taken from the manufacturer and its

uncertainty is assumed to be 35%6(2).

2.2 PTB Laboratory Standard

The PTB LS used in this comparison was a pressatanbe with a PCA of 10 dm
manufactured by Desgranges et Huot (DH) and idedtldy serial number 288. Its properties

are described in [3] and are summarised in Table$4




Table 4: Details of the pressure balance usethéocomparison

Manufacturer| Model / Serial Description
Base PTB -
. . . Operation modé: Simple
Piston-cylinder DH Serial no. 288Pressure range [MPal: 0.6 - 1
Total mass [kg]: 100
Weights DH Serial no. 4138Typical relative uncertainty of mass
pieces k=1) [ppm]: 0.5
Thermometer Grelsmg_er GTF 102
Elektronic

#1 for example: Simple or controlled-clearance, etc

Table 5: Details of the piston-cylinder

Material

Linear thermal expansion
coefficient @) [°C™]

Piston

tungsten carbide

4.5<10°

Cylinder

tungsten carbide

4.5<10°

Table 6: Details of the effective area of thegmstylinder

(if applicable)

Value Uncertainty=1] | Traceability?
Zero-pressure effective area [gm PTB, dim.
at ref. temp.Ag ™ 9.804904 1.68<10°x A, | Measurements
(Ref. temp.1o) (to : 20 °C) and mercury
manometer
Pressure distortion PTB, elastic
coefficient, * [kPal] 4.0¢10° 1.47%10° theory, dim.
data, material
properties
Pressure distortion
coefficient, * [kPa?] 0 0 -

#2 for example: from PTB, Certificate number 12@4mercury manometer, etc.

#3A=Ag (1 +1, p+ 4 PP)

Note The zero-pressure effective arég)(was determined from dimensional measurements
and from measurements against a primary mercuryomater [3], the latter being described

in [4].

The pressure distortion coefficient) (of the PCA was determined from its dimensions and

the elastic constants of its materials using equoati

T 2E

1 {R§+R12_Rf—3rf
R-R R-r

+4u |,

(1)



in which E and u are Young’s modulus and Poisson’s coefficient teé piston-cylinder
material,R; andR; are inner and outer cylinder radii, ands radius of the bore in the piston.
Additionally, 4 was calculated by the finite element method takimg account the real

dimensions of the gap between the piston and astifts).

3. DETAILS OF THE MEASUREMENT CONDITIONS

Details of the measurement conditions are giveFainles 7 — 9.

Table 7: Local gravity and height difference

NIMT PTB
Value Uncertainty (k=1) Value Uncertainty (k=1)
[m/s] [mm] [m/s] [mm]
Local gravity,g 9.783124 4.9x10 9.812533 5.2x10°
Height
difference Ah * 0.0 1.0 -20.45 0.37
* |t will be positive, if the level of the LS is gher.
Table 8: Piston rotation during measurement
NIMT PTB
LS Rotate by hand, with speed 15 rpn Rotate by haith speed 20 rpm
TS Rotate by hand, with speed 15 rpm Rotate by haith speed 20 rpm
Table 9: Instruments for measuring environmergaddion
Parameter Manufacturer Model Uncertairky]]
Temperature 0.25°C
NIMT | Humidity Lufft 8150.30 1.25%
Ambient pressure 0.18 mbar
Temperature 0.5°C
PTB Humidity Vaisala PTU 300 3%
Ambient pressure 0.016 mbar

4. CALIBRATION METHOD: TECHNICAL DETAILS

4.1 NIMT
The TS PCA was operated in a DHI platform PG 7&@&tial no. 216. DHI mass carrying

bell, serial no. 316, and DHI mass set, serial2881, were used for operation. The direct
comparison method (also called the fall-rate methads used in the measurements,

according to EURAMET cg 3: Calibration of PressBadances, Version 1.0 (03/2011). The
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pressure generated by LS at the reference levd@lSotind the effective area of TS were
calculated with the formulas given in the Technieedtocol [1].

4.2 PTB

The TS PCA was operated in a DHI platform PG 7&®tial no. 135, belonging to PTB.
Also DHI mass carrying bell, serial no. 235, and|Dhass set, serial no. 2067, used for
operation of the TS are property of PTB. Pressufferdnces between TS and LS were
measured using a differential pressure cell (DP®SMBaratron, type 698A11TRC, serial
no. 016390809. DPC readings measured over thedir6@ s were averaged and then used in
the calculation. The absolute values of pressuferdnces between TS and LS were always
smaller than 0.64 Pa. The standard uncertaintheftPC in this pressure range is smaller
than 0.08 Pa.

The pressure generated by LS at the reference ¢d¢VES, p, was calculated with the well-
known formula

92 M A= p.!p)+py, OV A= pal py,)

. Ay L+ APpor )L+ 2a (t )] +py,9h A=p./ py,)+AD )

where:

m, are masses of the piston, the weight carrier &edntass pieces placed on the weight
carrier,

o are densities of the parts with masses

a IS air density;

o2 IS density of nitrogen at pressyr@nd temperature

g is local gravity acceleration;

V is free volume in the piston above the pressuereace level;

Ao is zero-pressure effective area;

A is pressure distortion coefficient;

Pnom IS NOMINal pressure

a is thermal expansion coefficient of the piston aylihder material,

t is temperature of the LS;

to is reference temperatuttg = 20 °C;

h is height difference between the reference leokthe LS and the TS;

Ap is pressure difference between the TS and LS meadsuth the differential pressure cell.
The density of nitrogen was calculated by equatpresented in [6].

The density of air that enters the calculationhaf buoyancy effect was determined from the
so-called BIPM formula [7] using values of room femature and atmospheric pressure
measured during the calibration process.

The effective area of the TS at pressprand temperature 20 °@Q\'f) was calculated by
formula

9. m @~ pa/p)
TPl (a, )t —t,)]

A, ®3)

in which:



m; are masses of the piston, the weight carrier dedntass pieces placed on the weight
carrier on the TS;

p'i are densities of the parts with massgs

d'p andd'¢ are thermal expansion coefficients of the pistoth @ylinder materials of the TS;
t' is temperature of the TS.

The zero-pressure effective area and the pressstatibn coefficient of the TSA'y and A,
were calculated by a linear fit oAY; p) data using the model equation

A =Ax+2-p). (4)

5. MEASUREMENTS RESULTS

The effective area results obtained in individuainplete measuring series of each institute
are presented in Table 10 — 15.

5.1 NIMT Results

Table 10: Measurement results of NIMT for seriexf 3

Date: 26 Nov. 2012

Meas.| Nom. | Local | Amb. | Amb. | Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t P’ area

[kPa] [°C] | [%] | [bar] | [°C] | [C] [kPa] A [en]

1 60 | 15:00 20.3 | 64.5| 1.0074 21.16 | 22.04) 60.00394 9.805286
2 100 | 15:10 20.3 | 64.0| 1.0077 21.18| 22.04| 100.006743 9.805276
3 150 | 15:20 20.4 | 64.0| 1.0077 21.19| 22.03] 150.0352C 9.805277
4 200 | 15:30 20.4 | 64.0| 1.0077 21.21| 22.03| 200.0137¢ 9.805278
5 250 | 15:40 20.4 | 64.0| 1.0077 21.22 | 22.03| 249.9924( 9.805276
6 300 | 15:50 20.5 | 64.0| 1.0074 21.23| 22.02| 300.0206¢ 9.80527Y
7 350 | 16:00 20.5 | 63.5| 1.0074 21.23 | 22.04| 349.99919 9.805273
8 350 | 16:10 20.5 | 64.0| 1.0074 21.24 | 22.04| 349.9991¢ 9.805274
9 300 | 16:20 20.5 | 63.5| 1.0074 21.26 | 22.04| 300.02064 9.805275
10 250 | 16:30 20.5 | 63.5| 1.0074 21.27 | 22.06| 249.99251 9.805270
11 200 | 16:4Q 20.5 | 63.0| 1.0078 21.29 | 22.06| 200.01387 9.805270
12 150 | 16:50 20.5 | 63.0| 1.0078 21.31| 22.07| 150.03519 9.80527%
13 100 | 17:00 20.5 | 63.0| 1.0078 21.32 | 22.10| 100.00671 9.805273
14 60 | 17:10 20.5 | 62.5| 1.0078 21.35| 22.13] 60.00398 9.805271

t is temperature of the institute’s standard;
t' is temperature of the TS;

p' is the pressure measured with the institute standtathe local gravityy and the local air density, and
calculated at the reference level of the TS;

A{J is the effective area of TS at the reference teatpee 20 °C.



Table 11: Measurement results of NIMT for seriexf 3

Date: 27 Nov. 2012

Meas.| Nom. | Local | Amb. | Amb. | Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t < area

[kPal Cl | %] | [ba | [°C] | [°C] | [kPa] | A [cm]
15 60 | 13:00 20.2 | 62.0| 1.0089 21.16| 22.01|f 60.00402 9.805273
16 100 | 13:1Q 20.2 | 62.0| 1.0089 21.17 | 22.00{ 100.00671 9.805278
17 150 | 13:2Q 20.2 | 61.5| 1.0089 21.18 | 22.00f 150.03521 9.805276
18 200 | 13:30 20.3 | 62.0| 1.008% 21.20| 21.99| 200.01384 9.805275
19 250 | 13:40 20.3 | 62.0| 1.0085% 21.21| 22.00| 249.99247 9.8052738
20 300 | 13:50 20.4 | 61.5| 1.0082 21.22| 22.00| 300.02072 9.805275
21 350 | 14:00 20.5 | 61.5| 1.0082 21.23| 22.00{ 349.99914 9.805277
22 350 | 14:10 20.5 | 61.5| 1.0082 21.25| 22.01| 349.99927 9.805272
23 300 | 14:20 20.5 | 62.0| 1.0078 21.26| 22.02| 300.02084 9.805270
24 250 | 14:30 20.5 | 61.5| 1.0074 21.28 | 22.04| 249.99254 9.805268
25 200 | 14:4Q0 20.6 | 62.0| 1.0074 21.30| 22.04, 200.01393 9.805270
26 150 | 14:5Q0 20.6 | 61.5| 1.0070 21.32 | 22.08] 150.03525% 9.805271
27 100 | 15:0Q 20.6 | 62.0| 1.0070 21.36| 22.11| 100.00674 9.805271
28 60 | 15:10 20.6 | 62.0| 1.0070 21.39| 22.15| 60.003971 9.805272
Table 12: Measurement results of NIMT for seriexf 3

Date: 28 Nov. 2012

Meas.| Nom. | Local| Amb. | Amb. | Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t' p' area

[kPa] [°C] | [%] | [bar] | [°C] | [C] [kPa] A o]

29 60 | 13:00 20.5 | 60.5| 1.0089 21.37 | 22.23| 60.00386 9.805280
30 100 | 13:10 20.5 | 60.0| 1.0089 21.39| 22.24| 100.00653 9.80527FY
31 150 | 13:20 20.5 | 60.5| 1.0089 21.39| 22.22| 150.0349( 9.805278
32 200 | 13:30 20.6 | 60.0| 1.0086 21.39| 22.22| 200.01347 9.805274
33 250 | 13:40 20.6 | 60.0| 1.0086 21.40| 22.20| 249.9919¢ 9.805276
34 300 | 13:50 20.6 | 60.0| 1.0086 21.40| 22.20] 300.0202% 9.8052738
35 350 | 14:00 20.6 | 60.5| 1.0086 21.41 | 22.20| 349.9986€ 9.805272
36 350 | 14:10 20.6 | 60.0| 1.0086 21.42 | 22.20| 349.99863 9.8052738
37 300 | 14:20 20.6 | 60.5| 1.0082 21.42 | 22.20| 300.02041 9.805269
38 250 | 14:30 20.6 | 60.5| 1.0078 21.44| 22.20| 249.99212 9.805272
39 200 | 14:40 20.6 | 60.5| 1.0078 21.46 | 22.22| 200.01357 9.805271
40 150 | 14:50 20.6 | 60.5| 1.0082 21.48 | 22.23| 150.0350( 9.805272
41 100 | 15:00 20.7 | 60.5| 1.0082 21.51| 22.26] 100.00659 9.805271
42 60 | 15:10 20.6 | 60.5| 1.0078 21.54 | 22.30] 60.0038§ 9.805272




5.2 PTB Results

Table 13: Measurement results of PTB for serieg3 o

Date: 10 Dec. 2012

Meas.| Nom. | Local | Amb. | Amb. | Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t' P’ area

[kPa] [°C] | [%] | [bar] | [°*C] | [°C] [kPa] A [em]
1 60 9:05| 20.12 26| 0.9941219.81| 21.09] 60.03761 9.805311
2 100 | 9:30| 20.14 26| 0.9946519.84 | 21.11| 100.06300  9.80530P
3 150 | 9:55| 20.15 26| 0.9951219.85| 21.11| 150.09442  9.80530p
4 200 | 10:20 20.16 27 | 0.99552 19.86 | 21.10] 200.12580  9.805296
5 250 | 10:45 20.18 27 | 0.99606 19.87 | 21.11| 250.15715  9.805296
6 300 | 11:09 20.18 27 | 0.99651 19.87 | 21.11] 300.18874  9.80529p
7 350 | 11:41 20.20 28 | 0.99674 19.88 | 21.10| 350.22045  9.805287
8 350 | 13:18 20.18 28 | 0.99806 19.90 | 21.12| 350.22023  9.80528P
9 300 | 13:35 20.17 28 | 0.99832 19.90| 21.12] 300.18833  9.805301
10 250 | 13:52 20.15 27 | 0.99860 19.89 | 21.13| 250.15684  9.8053083
11 200 | 14:09 20.14 | 27 | 0.99885 19.88| 21.14| 200.12552  9.805301
12 150 | 14:26 20.13 27 | 0.99912 19.88 | 21.13| 150.09433  9.8053083
13 100 | 14:44 20.13 27 | 0.99947 19.87 | 21.13| 100.06290  9.80531p
14 60 | 15:01 20.12 27 | 0.99990 19.86| 21.13| 60.03744 9.805328
Table 14: Measurement results of PTB for serie62 o

Date: 11 Dec. 2012

Meas.| Nom.| Local | Amb. | Amb.| Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t p' area

[kPal Cl | [ | [barl | [°C] | [C] | [kPa] | A [enT]

15 60 | 08:37:01 19.96 | 21 | 1.01301 19.73| 20.98] 60.03743 9.805321
16 100 | 08:51:01 19.97| 21 | 1.01300 19.74| 20.98| 100.0627p 9.805316
17 150 | 09:06:02 19.97 | 21 | 1.01300 19.97 | 20.97| 150.09392 9.805323
18 200 | 09:21:01 19.96| 21 | 1.01314 19.73| 20.96| 200.12534 9.805304
19 250 | 09:36:03 19.95| 22 | 1.01338 19.73 | 20.95| 250.15673 9.805300
20 300 | 09:52:01 19.96| 21 | 1.01349 19.72| 20.94| 300.18813 9.805300
21 350 | 10:07:01 19.95| 22 | 1.01356 19.72 | 20.93| 350.21979 9.805294
22 350 | 12:24:09 20.10| 20 | 1.01347 19.79| 20.95| 350.21986 9.805290
23 300 | 12:40:01 20.11| 20 | 1.0135519.80| 20.96| 300.18811 9.805299
24 250 | 12:55:01 20.09| 21 | 1.0135919.80| 20.98| 250.15688 9.805291
25 200 | 13:10:01 20.07| 20 | 1.01366 19.80 | 20.98| 200.12544 9.805296
26 150 | 13:27:01 20.06| 20 | 1.01368 19.79| 20.97| 150.09418 9.805305
27 100 | 13:42:01 20.05| 21 | 1.01366 19.79| 20.98| 100.06279 9.805312
28 60 | 13:57:01 20.04| 20 | 1.01376 19.78 | 20.99| 60.03747 9.805313




Table 15: Measurement results of PTB for serie63 o

Date: 12 Dec. 2012

Meas.| Nom.| Local | Amb. | Amb.| Amb. | Temp.| Temp.| Pressure | Effective
No. | Pres.| Time | Temp.| R.H. | Pres. t t < area

[kPa] Cl | %] | [bar] | [C] | [C] | [kPa] | A [cnT]

29 60 | 08:31:06 20.12| 22 | 1.01107 19.86| 21.09] 60.03742 9.805318
30 100 | 08:46:02 20.10| 22 | 1.01100 19.86| 21.08| 100.06284 9.805302
31 150 | 09:01:06 20.09| 23 | 1.0109519.86| 21.07| 150.09400 9.805312
32 200 | 09:17:04 20.08| 23 | 1.01092 19.85| 21.04| 200.12547 9.805294
33 250 | 09:32:01 20.08| 23 | 1.01098 19.84 | 21.03| 250.1566[L 9.8053(2
34 300 | 09:48:0% 20.07| 21 | 1.01097 19.83| 21.02| 300.18799 9.805302
35 350 | 10:01:01 20.07| 22 | 1.0110519.83| 21.00| 350.21978 9.805292
36 350 | 13:13:01 20.16| 23 | 1.0103519.86| 21.02| 350.21980 9.805291
37 300 | 13:29:01 20.18| 23 | 1.01013 19.88| 21.03] 300.1882P 9.805295
38 250 | 13:44:08 20.17| 23 | 1.01000 19.88 | 21.04, 250.1567P 9.805296
39 200 | 13:59:01 20.16| 23 | 1.00998 19.88 | 21.05] 200.1253D0 9.805303
40 150 | 14:14:03 20.15| 23 | 1.00994 19.88 | 21.07| 150.09421 9.805301
41 100 | 14:29:03 20.14| 23 | 1.00983 19.87 | 21.08| 100.06284 9.805304
42 60 | 14:41:03 20.13| 23 | 1.00977 19.87| 21.07| 60.03743 9.805319

The results for all of three measuring series doéqu in Figure 1, in which S1, S2 and S3
represent the result from series 1, 2 and 3, réispéc

A’ (c?)

9.80534
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9.80532
9.80531
9.80530
9.80529
9.80528
9.80527
9.80526

Effective area of TS (PCU 1671)

®NIMT_S-1 ¢NIMT_S-2 ¢NIMT_S-3 ©PTB_S-1 ©PTB_S-2 ©PTB_S-3
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o
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8 8 8 8 ¢
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L 4
L g
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Figure 1: Distorted effective area results forodithe measuring points, NIMT and PTB
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The summary of all three measuring series of easfitite are given in Tables 16 — 17.

Table 16: Summary results of NIMT

Period: 26 Nov. 2012 — 28 Nov. 2012
Nom. Typi(;al min. | Average ofp{), Rel._stgndard Rel. staqdard Stano_lard Rel. stgndard
Pres. adjusted deviation of uncertainty | uncertainty of| uncertainty of
kPa | mass | <A>Tm? ) g9 of teel® | <A > [107°
[mg] * p'[107 ¥

60 10 9.805276 0.62 5.8 0.25 6.6
100 10 9.805274 0.32 5.8 0.25 6.6
150 10 9.805275 0.28 5.8 0.25 6.6
200 10 9.805273 0.33 5.8 0.25 6.6
250 20 9.805273 0.33 5.8 0.25 6.6
300 20 9.805273 0.34 5.8 0.25 6.6
350 20 9.805273 0.18 5.8 0.25 6.6

Table 17: Summary results of PTB

Period: 10 Dec. 2012 —12 Dec. 2012
Nom. Typical Average of,o{), Rel._stgndard Rel. standard Stand_ard Rel. stgndard
[llilraeas]. usrtlz:\:r;(rjtf.;\rooic <A (o] ? de:watli); 6;)2) unceorftalnty uni:lezt;unst)y of unc':ertallr:)ti/] (ZI
Ap [kPa]? <A > o [107 9 [°C] <A >

60 0.17 9.805318 0.8 4.5 0.1 4.8
100 0.17 9.805309 0.7 3.1 0.1 3.4
150 0.17 9.805308 1.1 2.7 0.1 3.2
200 0.18 9.805299 0.6 2.5 0.1 2.9
250 0.19 9.805298 0.6 2.4 0.1 2.8
300 0.19 9.805298 0.5 2.4 0.1 2.8
350 0.19 9.805290 0.3 2.3 0.1 2.7

1) the smallest mass adjusted on the piston off®ido reach the equilibrium between it and theitunst's
standard, if the classical fall rate method is udéa differential pressure cell was applied toasere the
pressure difference between the laboratory andsfeanstandard, the typical uncertainty of the press
difference between the reference standard and €3adilnis method should be given. In this casentaing of
this column shall be changed to "Typical uncertaoftAp [kPa]";

2) average of th@', values measured at the same nominal pressure;

3) standard deviation of the mean value;

4) type B uncertainty of the pressure at the refeeelevel of TS, which includes uncertainty of pres
generated by the institute’s standard, of the hedlifierence between the institute standard and gfShe
density of the pressure transmitting medium, etc.;

5) type B uncertainty of the temperature measur¢me S;

6) combined uncertainty of the mean value in 2).

All the uncertainties are expressed as the starmtzes.
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The average of effective area values measured eatsiime nominal pressure with its
uncertainty for each nominal pressure is plotteBigure 2. In this figure the scale of pressure
(in x-axis) has been slightly shifted for a bettsolution of the NIMT and PTB mean values.

Effective area of TS (PCU 1671)
| ONIMT  APTB ®NIMT_ave APTB_ave |

9.80545 —x

5ppm
9.80540 Y 1l

9.80535 T I

9.80530

= s——
p—%ﬁ—q
h—‘ﬂjf—i

A, (cm?)

9.80525

|——‘82:q§>

9.80520

9.80515

Uncertainty atk = 2

9.80510

0 50 100 150 200 250 300 350 400
p (kPa)

Figure 2: Average values of the effective areaasueed at the same nominal pressure
with their expanded uncertaintids< 2), NIMT and PTB

Table 18 shows the relative difference of the eifecarea values between NIMT and PTB,
using the data from Tables 16 and 17, the expandexrtainties ofAp (U) and the
normalized errork,) that was calculated by the equation below.

< Ay>unr =< A >prl |/ <A >prg

" UA(< A >N )+U%(< A, >pr8)] o ®)
Table 18: Relative difference of the effectiveaaande,
Nom. Rel. difference of A'p>, Rel. uncertainty of A'y»> (k=2) =
[ill;e:] [< Ap> N - < Ap>prel/ <A pre [10°]
[10°] U A>nmr) | UK Ap>pra)

60 -4.3 13.2 9.6 0.26
100 -3.6 13.2 6.8 0.24
150 -3.4 13.2 6.4 0.23
200 -2.7 13.2 5.8 0.18
250 -2.5 13.2 5.6 0.18
300 -2.5 13.2 5.6 0.18
350 -1.7 13.2 5.4 0.12
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The maximum difference of the effective area valbesveen NIMT and PTB occurs at the
minimum pressure. It is about 4.3 ppm, which cqroesls toE, = 0.26. At higher pressure
the difference becomes smaller. At pressure 35Q #feadifference is only 1.7 ppm, which
corresponds td, = 0.12. The uncertainty claimed by NIMT is almdke same for all
nominal pressures, whereas that by PTB decreasiesnareasing pressure.

By a linear fit of A',; p) data using the model equatidy = A'o-(1+1"-p), the zero-pressure
effective area and the pressure distortion coefficof the TSA's andA', can be obtained as
given in Table 19.

Table 19: Zero-pressure effective ardg)(and pressure distortion coefficient)(of TS with
their uncertainties

NIMT PTB
Value Uncertainty Value Uncertainty
[k=1] [k=1]
A [en] 9.805266 0.000064 9.805320 0.000039
at ref. temp., 20 °C (6.5-10° x AY) (4.0-10° x AY)
A [kPa'] 4.2.10° 7.4-10'° -8.5-10° 9.4.10°

Note The value of pressure distortion coefficient ) reported by NIMT was taken from the
manufacturer certificate and its uncertainty wasiased to be 35%k E 2).

PTB explains that the result fdf cannot be considered as a realistic distortiorffictent
because the pressure range of the measurement amwashort for an experimental
determination oft'. This is expressed by the rather big uncertaifty.o

The distorted effective areds, from all measurements, the zero-pressure effeetigasA's,

which were calculated using the model equafidy+ A', / (1+2"-p) with 4 given in Table 19,
and the average valuesA$ with their uncertainties are plotted in Figure 3.
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Effective area of TS (PCU 1671)
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Figure 3: Plot of the effective areal, and Ay, and the average values A% with their
uncertaintiesi = 2)

The difference in the zero-pressure effective afellIMT and PTB is 0.000054 chor 5.5
ppm, whereas the value of NIMT is lower than of PTBe expanded uncertainty £ 2) of
A'p claimed by NIMT is 13 ppm and by PTB is 8 ppm.

Due to the fact that the pressure range of the mneament is too short for an experimental
determination oft’; the result forl' cannot be considered as a realistic value. Thexeits

value should not be compared.

6. UNCERTAINTY ESTIMATION

6.1 NIMT

The measurement uncertainty oA's> is determined in accordance with “EURAMET cg 3”

[8] and the ISO GUM [9]. The uncertainty budgetiud <A';> calculated at the minimum and
the maximum pressure range, 60 and 350 kPa, avensholables 20 — 21.
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Table 20: Uncertainty budget of th&'s> at 60 kPa

Symbol Source of Uncertainties Valug  Prob. Dist. RivESensitivity Standard Uncer. DOF
p const. 1/p
u_Ay,std |Uncertainty of A standard () 9.8E-09 N 2 1.0E+00 4.9E-09 ©
u_m,std | Uncertainty of STD mass (kg) 3.0E-P5 N 2 1.6E104 2.5E-09 0
U_pp,std |Uncertainty of STD mass density (kg®m | 5.0E+01 R V3 | 6.1E-12 1.8E-10 ©
u_t,std |Uncertainty of STD temp°C) 2.5E-01 R V3 8.8E-09 1.3E-09 0
u_m,uuc| Uncertainty of UUC mass (kg) 3.0E-pP5 N . 1.6E104 2.5E-09 o0
U_py,uuc |Uncertainty of UUC mass density (kgjn | 5.0E+01 R V3 | 6.1E-12 1.8E-10 ©
u_t,uuc |Uncertainty of UUC temp°C) 2.5E-01 R V3 8.8E-09 1.3E-09 0
u_(a+aJ |Uncertainty of thermal exp’@™) 9.0E-07 R V3 | 2.3E-03 1.2E-09 ©
u_p, [Uncertainty of air density (kg i 5.9E-03 N 2 1.2E-07 3.6E-10 0
u_Ah |Uncertainty of head corr. (m) 2.0E-03 R \3 6.3E-03 7.2E-060 o
u_p;  |Uncertainty of fluid density (kg ) 3.7E-03 N 2 0.0E+0Q 0.0E+00 o
u_® |Uncertainty of verticality (mm/m) 4.0E-0L R \3 3.9E-10 9.1E-11 o0
u_V  |Uncertainty of volume UUC (P 1.0E-06 R V3 6.4E+00 3.7E-0§ o
u_sens | Uncertainty of sensitivity of UUC (kg) 5.0E-p6 R \3 1.6E-04 4.7E-10 0
u_A,std |Uncertainty of STD distortion coeff. (Bp| 1.5E-12 N 2 9.8E-04 7.2E-1 0
Ug Type B uncertainty 7.2E-16| 6.4E-09 8.1E-0f
Uy Type A uncertainty 5.9E-10
U, Combined uncertainty 7.2E-16| 6.4E-09 8.1E-O
m? ppm
Standard uncertaintk£1) 6.4E-09 6.6
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Table 21: Uncertainty budget of thd's> at 350 kPa

Symbol Source of Uncertainties Valug  Prob. Dist. RivESensitivity Standard Uncer. DOF
p const. 1/p
u_Ay,std |Uncertainty of A standard () 9.8E-09 N 2 1.0E+00 4.9E-09 )
u_m,std | Uncertainty of STD mass (kg) 1.8E-p4 N 2 2.8E105 2.5E-09 0
U_pp,std |Uncertainty of STD mass density (kg®m | 5.0E+01 R V3 | 6.1E-12 1.8E-10 ©
u_t,std |Uncertainty of STD temp°C) 2.5E-01 R V3 8.8E-09 1.3E-09 0
u_m,uuc| Uncertainty of UUC mass (kg) 1.8E-p4 N . 2.8E105 2.5E-09 o0
U_py,uuc |Uncertainty of UUC mass density (kgjn | 5.0E+01 R V3 | 6.1E-12 1.8E-10 ©
u_t,uuc |Uncertainty of UUC temp°C) 2.5E-01 R V3 8.8E-09 1.3E-09 0
u_(a,*ao) [Uncertainty of thermal exp®G™) 9.0E-07 R V3 2.3E-03 1.2E-09 0
u_p, [Uncertainty of air density (kg i 5.9E-03 N 2 1.2E-07 3.6E-10 0
u_Ah |Uncertainty of head corr. (m) 2.0E-03 R \3 3.8E-02 44E-09 o
u_p;  |Uncertainty of fluid density (kg ) 1.0E-02 N 2 0.0E+0Q 0.0E+00 o
u_® |Uncertainty of verticality (mm/m) 4.0E-0L R \3 3.9E-10 9.1E-11 o0
u_V  |Uncertainty of volume UUC (P 1.0E-06 R V3 3.9E+01 22E-04 o
u_sens | Uncertainty of sensitivity of UUC (kg) 1.0E-P5S R \3 2.8E-05 1.6E-10 0
u_A,std |Uncertainty of STD distortion coeff. (Bp| 1.5E-12 N 2 9.8E-04 7.2E-1 0
Ug Type B uncertainty 7.2E-16| 6.4E-09 4.9E-O
Uy Type A uncertainty 5.9E-10
U, Combined uncertainty 7.2E-16| 6.4E-09 4.9E-O
m? ppm
Standard uncertaintk£1) 6.4E-09 6.6
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6.2 PTB

The calculation of the measurement uncertainty Af><is based on the ISO GUM [9]. The
list of the main uncertainty quantities, X, theitarsdard uncertaintiesy(X), and their
contributions to relative uncertainties ofA's>, u(<A'p>)/<A'p>, at the minimum and
maximum pressures are given in Table 22. The dartdns of smaller thanx10® are
omitted. The values of the outputs were calculdigda numerical method (variation of
parameters). A computer program calculated the rteiogy in the values of the output
quantities (effective areas) from the uncertaintghie input quantities.

Table 22: List of principal uncertainty componefisfor the effective area,> determined
at pressures of 60 kPa and 350 kPa

U(<A'p>)/<A'p>
60 kPa | 350 kPa
Gravity acceleration change in0.5m 16X | 1.610° | 1.6107

Quantity (X) u(X)

Height difference 0.37 mm 410° | 4.1.10°
Temperature of LS 0.1°C 91’ | 9.010'
Temperature of TS 0.1°C 910’ | 9.010"

Thermal expansion coefficient of LS 19’ K* | 1.3107 | 1.1.10’
Thermal expansion coefficient of T$ 18’ K* | 5510’ | 5.510"

DPC reading 0.08 Pa 11®° | 2.310°
Standard deviation of DPC 0.26 Pa 3® | 6.3107
Pressure distortion coefficient of L§ 16" MPa* | 8.810° | 5.1.10°
Free volume in piston of LS 3ém | 3.3107 | 3.410°
Non-verticality of NPS 1 mm/m 5007 | 5.0107
Non-verticality of TS 1 mm/m 5.00° | 5.0107
Const. mass parts (piston, etc.) on |.S 75mg -1a%3| 2.110’
Const. mass parts (piston, etc.) on TS 38mg -16/3| 1.1107
Density of const. mass parts on LS 54 Ky/m| 2.7107 | 4.510°
Density of const. mass parts on TS 51 Kg/m| 1.5107 | 2.610°

Additional mass (deadweights) on LS  max. 17 mg -102| 4.210'
Additional mass (deadweights) on TS max. 28 mg -16.9| 7.910’

Density of additional mass on LS 25 kd/m | 3.2107 | 4.4107
Density of additional mass on TS 20 kd/m | 3.2107 | 4.010"
Effective area of LS 1:70°X | 1.710° | 1.7.10°
Type B relative uncertainty of <A',> 4710 | 2.7.1¢

Type A relative uncertainty of <A',> 8.0.10' | 3.2-10
Combined relative uncertainty of <A',> 4810 | 2.7-10°
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7. CONCLUSION

The relative difference ok’, in this bilateral supplementary comparison vafiem 1.7 ppm
to 4.3 ppm, which corresponds g = 0.12 to 0.26, respectively. Therefore, it canfrthat
the gas pressure standards maintained by the tstitutes, NIMT and PTB, in the pressure
range 60 kPa to 350 kPa in gauge mode are equivaldre results of this bilateral
supplementary comparison support the calibratiosh measurement capabilities (CMC) of
NIMT in the pressure range 60 kPa to 350 kPa.
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