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1. Introduction

The EUROMET regional key comparison EUROMET.T-K4 was initiated during the
EUROMET TC THERM meeting on 30./31. March 2004 in Ljubljana, Slovenia. PTB was cho-
sen to be the pilot laboratory. All participants have globally agreed the protocol in its ver-
sion 2 from 2005-01-12 (see Appendix A) during the EUROMET meeting in March 2005 in
Vienna, Austria. The protocol was accepted by EUROMET as EUROMET Project 820. A
previous version of the protocol was agreed by the chairman of CCT WG7 on 22.11.2004.

The procedure of EUROMET.T-K4 is not identical with the procedure of CCT-K4 [1]: While
CCT-K4 was a direct comparison of Al and Ag fixed point cells, EUROMET.T-K4 requires the
calibration of an SPRT (25 Q) at the freezing point of Al and 2 HTSPRTSs at the freezing point
of Ag by each participant. Participants only interested in a comparison at the Al freezing point
will only calibrate the SPRT (25 Q). The procedure follows partly the procedures used in
APMP.T-K4 [2].

During the preliminary characterization of the HTSPRTs by the pilot laboratory it was found
that the thermometers are not as stable as desirable. Several improvements of the protocol
have been considered and mostly rejected, because the necessary effort would have been
too large. As a compromise, one additional Ag fixed point cell (provided by NMi/VSL) was
compared only among the pilot and sub-pilot laboratories (see Appendix B). This allows for a
better control of the stability of the thermometers. Moreover, the linkage of the loops can be
based on more reliable measurements.

The comparison involves the 5 EUROMET NMIs that participated previously in CCT-T-K4
[BNM-INM (FR), INRIM (IT), NMi/VSL (NL), NPL (GB), PTB (DE)] as pilot or sub-pilots and
additional nearly all European national laboratories. The comparison is divided in 4 loops.
Besides PTB there will be another participant of CCT-K4 and/or CCT-K3 in each of the loops
of EUROMET.T-K4.

The organisation of the comparison is presented in Fig. 1.1 and Tab. 2.1.
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Fig. 1.1: Organisation of the comparison. Sub-pilots are SMU (SK) for loop A, LNE-INM (FR)
for loop B, NPL (UK) for loop C and INRiM (IT) for loop D.



2. Schedule of the project

For a given laboratory, the time allowed for the measurements (calibration of 1 SPRT at the
Al freezing point and 2 HTSPRTSs at the freezing point of Ag) was estimated to be less than 4
weeks. The travelling time between two NMIs could be rated at 2 weeks. In agreement with
these estimations the schedule followed Tab 2.1. Due to delays caused by several reasons
the provisional schedule had to be changed several times. In brackets the actual dates when
PTB received the first results from the NMls (typically the first TPW measurements) are

given.

Loop A Loop B Loop C Loop D

(only Pt-25)
DE DE

DK (02.12.04) CZ (10.01.05) DE
NO (28.01.05) PL (18.02.05) SK (11.04.05) DE
HU (18.03.05) | FR + Ag cell (27.04.05) | UK + Ag cell (16.05.06) FI (29.04.05)

SK (SA) Sl (22.08.05) SE (14.07.05) GR (10.06.05)
RO (02.07.05) CH (23.09.06) LT (12.09.05) IT + Ag cell (19.07.05)
TR (06.09.05) AT DE (19.10.05) PT (03.01.06)
HR (02.11.06) DE RU (02.12.05) ES (13.03.06)

DE(01.03.06)

DE (03.12.05)

NL + Ag cell (08.05.06)

DE

Table 2.1: Schedule for Thermometers in EUROMET.T-K4. Sub-pilots are indicated in blue.

The Ag fixed point cell will be used by the pilot and sub-pilot laboratories to compare the re-
alisations of the freezing point of Ag and to control the stability of the HTSPRTs. The sched-
ule was organised in such a way that thermometers and the Ag fixed point cell should be at
the same time in the laboratories of the sub-pilots, but arriving from and going to different

laboratories.




3. Participating Laboratories

In alphabetic order of the following NMls participated in the project

BEV (AT), CEM (ES), CMI (CZ), DTI (DK), EIM (GR), FSB (HR), GUM (PL), INM (RO), INRiM (IT),
IPQ (PT), JV (NO), LNE-INM (FR), METAS (CH), MIKES (FI), MIRS (SI), NPL (UK), OMH (HU), PTB
(DE), SMU (SK), SP (SE), UJ-PFI (LT), UME (TR), VNIIM (RU)

Details fort he laboratories are as follows:

AUSTRIA (BEV)

Franz Adunka

Bundesamt fiir Eich- und Vermessungswesen
Arltgasse 35

A-1160 Wien

Austria

Phone: +43 1 49 110 537

Fax: +43 149 20 875

email: F.Adunka@metrologie.at

Croatia (FSB)

Davor Zvizdic

Faculty of Mechanical Engineering and Naval
Architecture

University of Zagreb

Ivana Lucica 1

41000 Zagreb

Croatia

Phone: +3851 611 944
Fax: +3851 514 535

email: davor.zvizdic@fsb.hr

CZECK REPUBLIC (CMI)
Marek Smid

CMI OI Praha

Radiova 3

102 00 Praha 10

Czech Republic

Phone : +4202 66020121

Fax : +420 2 704852

email :msmid@cmi.cz

DENMARK (DTI)

Anette Bronnum

Reference Laboratory for Temperature
Measurement by Contact

Teknologisk Institut

Teknologiparken

Kongsvang Allé 29, building 14

8000 Arhus C

Denmark

Phone : + 45 89 43 89 43

Fax : +458943 8543

Email : Anette.Bronnum@tecknologisk.dk

FINLAND (MIKES)

Thua Weckstrom

Centre for Metrology and Accreditation
Lonnrotinkatu 37

P.O. Box 239

00181 Helsinki

Finland

Phone :+ 358 9 6167464

Fax : +358 9 6167467

email : thua.weckstrom@mikes.fi

FRANCE (LNE-INM)

Eliane Renaot

LNE-INM/CNAM formerly BNM-INM / CNAM
292 rue Saint Martin

75141 Paris CEDEX 03

France

Phone : 33 140272021

Fax :33142713736

email : renaot@cnam.fr

GERMANY (PTB)

Erich Tegeler
Physikalisch-Technische-Bundesanstalt
Abbestrafie 2-12

10587 Berlin

Germany

Phone : + 49 30 3481 525

Fax : +49 30 3481 504

Email : Erich.Tegeler@ptb.de

GREECE (EIM)

Miltiadis Anagnostou

Hellenic Institute of Metrology
Industrial Area of Thessaloniki
Block 45

Sindos, GR57022
Thessaloniki

Greece

Phone : +30 2310 569 950
Fax : +30 2310 569 996

email : miltiadis.anagnostou@eim.org.gr
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HUNGARY (OMH)

Emese Andras

National Office of Measures (OMH)
Németvolgyi ut 37-39

H-1535 Budapest

Hungary

Phone + 36 1 458 5963

Fax: +36 1 458 5809

email: e.andras@omh.hu

ITALY (INRiM)

Peter Steur

Istituto Nazionale di Ricerca Metrologica (INRiM)
Formerly Istituto di Metrologia “G. Colonnetti”
Strada delle Cacce, 73

10135 Torino

Italy

Phone : + 39 11 3977 339

Fax :+39 11 3977 347

email: p.steur@imgc.cnr.it

LITHUANIA (UJ-PFI)
Antanas Pauzha

SMS/SPI

Temperature Standard Laboratory
A. Gostauto 11

LT-01108 Vilnius

Lithuania

Phone : +370 5 262 6736

Fax : +370 5262 7123

email : pauzha@pfi.lt

The NETHERLANDS (VSL)

Jan Nielsen

NMi Van Swinden Laboratorium B. V.
Schoemakerstraat 97

P. O. Box 654

2600 AR Delft

The Netherlands

Phone: + 31 15269 16 61

Fax :3115269 1515

Email : jnielsen@nmi.nl

NORWAY (JV)

Fridtjov Helgesen

Senior Engineer

National Standards Laboratory
Thermometry / Hygrometry
Fetveien 99

2007 Kjeller

Norway

Phone: + 47 64 84 84 61

Fax : +47 64 84 84 85

email: fridtjov.helgesen@justervesenet.no

POLAND (GUM)

Elzbieta Grudniewicz

Chief of Temperature Laboratory
Central Office of Measures (GUM)
ul. Elektoralna 2

00-950 Warsaw, P-10

Poland

Phone: + 48 22 581 9432

Fax: + 48 22 581 9395

email: psychem@gum.gov.pl

Portugal (IPQ)

Eduarda Filipe

Instituto portugués da Qualidade
Rua Antonio Giao

2829-513 Caparica

Portugal

Phone : + 351 21 294 81 61

Fax : + 35121294 81 88

Email : efilipe@mail.ipq.pt

ROMANIA (INM)

Sonia Gaita

Biroul Roman de Metrologie Legala
Institutul National de Metrologie
Sos. Vitan-Barzesti 11, Sector 4
Bucuresti 042122

Romania

Phone: 40 744 352263

Fax : 40 21 334 53 45

email : sonia.gaita@hotmail. com
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RUSSIA (VNIIM)

Anatoly 1. Pokhodun

D.I. Mendeleyev Instritute of Metrology
19, Moskovsky Prospect

198005 St. Peterburg

Russia

Phone: + 7 812 315 5207

Fax: +7812 1130114

email: a.i.pokhodun@vniim.ru

SPAIN (CEM)

Vicente Chimenti

Centro espanol de Metrologia
Alfar, 2

28760 TRES CANTOS
Madrid

Spain

Phone : + 34918 074 714
Fax :34 918 074 807

email : vchimenti@mfom.es

SWEDEN (SP)
Jan Ivarsson

SP Swedish National Testing and Research Insti-

tute

Volume, flow and temperature
P. O. Box 857

SE-501 15 BORAS
SWEDEN

Phone: +46 33 16 54 42

Fax: +46 331069 73

email: jan.ivarsson@sp.se

SLOVAKIA (SMU)
Stanislav Duris

Slovak Institute of Metrology
Karloveska 63

842 55 Bratislava

Slovakia

Phone: 42 17 60294277

Fax: 42 17 65429592

email: duris@smu.gov.sk

SLOVENIA (MIRS)

Jovan Bojkovski B.Sc

Laboratory of Metrology and Quality
Faculty of Electrical Engineering jovan.
Trzaska 25

1000 Ljubljana

Slovenia

Phone: + 386 61 1768 224

Fax: + 386 61 1264 633

Email : jovan.bojkovski@fe.uni-lj.si

SWITZERLAND (METAS)
Anton Steiner

Swiss Federal Office of metrology (OFMET)

Lindenweg 50

3003 Bern-Wabern
Switzerland

Phone : + 41 31 32 33 371

Fax : +41313233210

Email : anton.steiner@metas.ch

TURKEY (UME)

Sevilay Ugur

TUBITAK

UME-Ulusal Metroloji Enstitusu
Anibal Caddesi

MAM Kampusu

Besevler-Gebze
KOCAELI-TURKEY

Phone : 90 262 646 63 55:/Ext. 245
Fax : 90 262 646 5914

email: sevilay.ugur@ume.tubitak.gov.tr

UNITED KINGDOM (NPL)
David Head

National Physical Laboratory
Queens road

Teddington

Middlesex

TW11 OLW

United Kingdom

Phone : + 44 2080 943 7036
Fax : +44 2080 943 6755
email : david.head@npl.co.uk
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4. Protocol and organisation of the project

The final version of the protocol (see Appendix A) was sent to the participants on January 20,
2005. Details for the intercomparison with an Ag freezing point cell can be found in Appendix
B.

The comparison was divided into 4 loops. The participants of loop A performed measure-
ments at the Al freezing point only, the participants of loops B, C and D performed measure-
ments at the freezing points of Ag and Al.

The devices used for the intercomparison are listed in Tab. 4.1. It is worthwhile to note that a
total of 11 HTSPRTs have been checked for stability. Only the most stable thermometers
were used in the comparison but even for these thermometers the stability was in most
cases not as good as desired. Four thermometers were destroyed during the project and
have partly been repaired.

Tab. 4.1: SPRTs used in the project EUROMET 820

Loop |PRT Manufacturer Type Ser. Number | Provider
SPRT Hart 5681 1444 Hart
HTSPRT Chin. Man. 93103 metas
B HTSPRT Hart 5684 1068 Hart
SPRT Hart 5681 1445 Hart
HTSPRT Chino R800-3L | 944RS13 MIKES
C HTSPRT Hart 5684 1065 Hart
SPRT Hart 5681 1446 Hart
P A ——€—§—§@§—§—m——S‘ty5m®my
HTSPRT Hart 5684 1041 BIPM
D HTSPRT Hart 5684 1043 BIPM
SPRT Hart 5681 1450 Hart
P ———§—S§™§
Spare |HTSPRT Hart 5684 BIPM
HTSPRT Hart 5684 Hart

PTB performed the initial and final measurements for all loops, while the measurements of
the sub-pilots were done in the middle of the loops, including the measurements with the
additional Ag freezing point cell.

All laboratories sent their results to the pilot, their measurement uncertainty budget and a list
of their equipment used for the measurements. Additionally the measured immersion profiles
for the Al freezing point were reported. The equipment list is given in Appendix C, a short
version of the uncertainty budget can be found in Appendix D.

5. Results for measurements at the Al freezing point

The comparison at the freezing point of Al was carried out in 4 different loops. The first and
last measurements were performed by the pilot laboratory PTB. In each loop a subpilot was
included; the sub-pilot was also a participant of CCT K3 and except for loop A also of
CCT K4.



5.1 Loop results

Tables 5.1a to 5.1d and Figures 5.1a to 5.1d present the W-values given by the participants.
The uncertainties are given for k = 2. Only the average values of at least 3 realisations of the
Al freezing points are given.

The uncertainties in Tab 5.1 and Fig. 5.1 are taken from the reports of the laboratories. The
calculation of the combined uncertainty from the data provided by the participants has been
critically reviewed, but no calculation errors have been found. This does not mean that the

uncertainties given by the laboratories do not need further scrutiny.

Tab. 5.1a

Loop A, SPRT Ser. No. 1444
Participant WAl U/mK
PTB (DE) 3,3758467 2,44
DTI (DK) 3,3758478 4,75
JV (NO) 3,3758479 3,55
OMH (HU) 3,3758345 2,64
SMU (SK) 3,3758515 1,97
INM (RO) 3,3758312 2,20
UME (TR) 3,3758458 3,08
FSB (HR) 3,3758356 12,24
PTB (DE) 3,3758582 2,44
Table 5.1c

Loop C, SPRT Ser. No. 1446
Participant W Al U/mK
PTB (DE) 3,3756619 2,01
SMU (SK) 3,3756730 2,00
NPL (UK) 3,3756659 1,00
SP (SE) 3,3756709 2,25
UJ-PFI (LT) 3,3756709 3,33
VNIIM (RU) 3,3756715 1,11
PTB (DE) 3,3756756 2,34

Tab. 5.1: Results for the measurements at the Al freezing point. Uncertainties are given for

k=2

Tab. 5.1b
Loop B, SPRT Ser. No. 1445
Participant WAl U/mK
PTB (DE) 3,3756893 1,62
CMI (C2) 3,3756921 3,63
GUM (PL) 3,3757013 2,84
LNE-INM (FR) 3,3757024 2,36
MIRS (SI) 3,3756860 25
METAS (CH) 3,3757072 1,51
BEV (AT) 3,3756977 3,41
PTB (DE) 3,3757032 1,31
Tab. 5.1d
Loop D, SPRT Ser. No. 1450
Participant WAl U/mK
PTB (DE) 3,3757974 2,02
MIKES (FI) | 3,3757968 3,23
EIM (GR) 3,3757568 5,06
INRIM (IT) 3,3757940 3,33
IPQ (PT) 3,3757984 3,04
CEM (ES) 3,3757994 6,77
VSL (NL) 3,3758028 3,34
PTB (DE) 3,3758112 2,81

10
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Loop D, SPRT 1450
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Figure 5.1d
Fig.5.1: Results for the measurements at the Al freezing point

For all loops the final measurements at PTB result in a value which is higher by an equivalent
of 3 mK to 4 mK than the first measurement. It has carefully been checked if the reason
might be a shift in the standards of PTB (see Appendix F). The check SPRT used parallel to
all measurement did not show such an effect. It is therefore assumed that the reason is a
drift of the thermometers. This is strange, but not completely unlikely, because all thermome-
ters were new and from the same batch of fabrication. But it should be mentioned that after a
minimum of 5 realisations of the Al freezing points all thermometers were stable at the TPW
better than 0,3 mK.

5.2 Linking the loops for the measurements at the Al freezing point

The procedure for linking the loops in EUROMET 820 follows basically the procedure used
for EUROMET.T-K3 (EUROMET 552). In the report of EUROMET 552 [3] all formulas are
given in detail, and they will not be repeated in full length here.

The pilot PTB is the only laboratory with measurements in all loops. Therefore results will be
given relative to the PTB results. The reference value for each loop is the simple mean of the
first and last measurements at PTB. All values are converted to a temperature scale using
the following formula:

or
Ty = Tprp = (Wi - Wppp) X (WJAI

The conversion factor has the value (é‘Tj — 312,02 K

The uncertainty of the temperature difference to PTB is given by

_ 2 2 2 2
U(TL(:IJ_TPTB) - 2 \/ (uTLuh + ump(PTB) + uinst(PTB) + uStab)

12



The contributions to the uncertainty have been determined as follows:
e The uncertainty ugy, is taken from Tab. 5a to 5d.

e The uncertainty contribution u.erere) resulting from the reproducibility of the PTB meas-
urement is taken from the scatter of the W-values during the measurements (see Ap-
pendix D). The maximum of the values from the initial and final measurements was
used.

e The uncertainty uinsypre) is caused by changes in the instrumentation of PTB between
initial and final measurements. The main source is the replacement of the Al fixed point
cell.

e The contribution usi, from the instability of the thermometers has been calculated from
the initial and final calibration at PTB according to

_ ‘ (Wﬁnal )_ (VVinitialj x( or )
Stab — 7 \/g SW p

The contribution for the four thermometers are listed in Tab. 5.2

Tab. 5.2 Uncertainty contribution (k = 1) for the linkage of the loops

Thermometer Ureppte) / MK Uinstete) / MK Ustap / MK
SN 1444 1,08 0,30 1,04
SN 1445 0,291 0,30 1,25
SN 1446 0,359 0,30 1,23
SN 1450 0,97 0,30 1,24

The summary of differences between PTB and the other participants is presented in Fig. 5.2.

Fig. 5.2 All loops relative to PTB. Uncertainties are given for k = 2.

Al freezing points, all loops
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5.3 EUROMET Reference Value (ERV) for the Al freezing point

The designation of the ERV follows again basically the procedure proposed in EUROMET
552. There are 3 possibilities for the determination of the ERV: the simple mean, the
weighted mean and the median applied to the data of all participants. These methods have
been used to determine the temperature difference between a possible ERV and the tem-
perature measured by PTB, i.e. the methods were applied to the data given in Figure 5.2. For
the calculation the result of EIM was eliminated as an obvious outlier. The possible ERVs are
presented in Tab. 5.3. For the mean two different uncertainties are given, calculated as the
standard deviation of the mean

u2 = 1 i(xl_ —;)2 with X; = Tiap - Tpre
n(n-1)7

or the uncertainty (given in brackets) calculated from the uncertainty of the individual labora-
tories:

1
n2

2
u =

z’l':uz(xi)

Tab 5.3: Possible ERVs and their uncertainty U (k = 2)

ERV = Tyean (PTB) / mK

Value/mK | U/mK (k= 2)

Mean -1,180 1,03 (1,06)
Weighted mean -0,691 0,84
Median -1,295 1,272

The three possible ERVs agree within their uncertainty. It was decided to use the simple
mean as the ERV with the uncertainty calculated from the uncertainties of the laboratories:

ERV (820) = Ters - (1,18 £ 1,06) mK  (Uncertainty for k = 2)

When calculating the uncertainty of the deviation of the laboratory results from the ERV, it
has to be taken into account that there is a correlation between the uncertainty of the labora-
tories and the uncertainty of the ERV. With the uncertainty of the ERV being calculated from
the uncertainty of the participants, with an argument similar to that given by Cox [4] the un-
certainty of the deviation from the ERV can be approximated by:

U*(Tiap — ERV) = U%(Tiap) — U(ERV)
The values for (T ., — ERV (820)) are given in Tab. 5.4 and in Fig. 5.3.

14



Tab. 5.4: Summary of the results for the Al freezing point. Uncertainties are given for k = 2.

Participant TLab - TPTB U/mK, k=2 TLab'ERV/ mK| U/ mK, k=2 En
DTI -1,45 5,65 -0,27 5,55 -0,05
JV -1,42 4,69 -0,24 4,56 -0,05

OMH -5,60 4,04 -4.42 3,90 -1,13
SMU 0,52 3,65 1,70 3,50 0,48
INM -6,63 3,77 -5,45 3,61 -1,51
UME -2,08 4,34 -0,90 4,21 -0,21
FSB -5,26 12,62 -4,08 12,57 -0,32
CMI -1,30 4,49 -0,12 4,36 -0,03
GUM 1,58 3,88 2,76 3,73 0,74
LNE 1,92 3,54 3,10 3,38 0,92
MIRS -3,20 3,64 -2,02 3,48 -0,58
METAS 3,42 3,04 4,60 2,85 1,61
BEV 0,45 4,31 1,63 4,18 0,39
NPL -0,89 2,81 0,29 2,61 0,11
SP 0,67 3,46 1,85 3,29 0,56
UJ-PFI 0,67 4,24 1,85 4,11 0,45
VNIIM 0,86 2,86 2,04 2,65 0,77
MIKES -2,34 4,55 -1,16 4,43 -0,26
EIM -14,82 5,99 -13,64 5,90 -2,31
INRIM -3,21 4,62 -2,03 4,50 -0,45
IPQ -1,84 4,42 -0,66 4,29 -0,15
CEM -1,53 7,49 -0,35 7,41 -0,05
VSL -0,47 4,63 0,71 4,51 0,16
PTB 0,00 3,36 1,18 3,19 0,37

Fig. 5.3: All participants relative to the ERV for Al
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5.3.1 Birge ratio test

The statistical consistency of a comparison can be investigated by the so-called Birge ratio
Rz [5]. This test compares the observed spread of the results with the spread expected from
the individual uncertainties. The relevance of this test applied to the data given in Tab. 5.4 is
somewhat doubtful, because the method used for the linkage of the loops leads to the result
that uncertainties from the PTB measurements contribute to all data. Therefore they cannot
be considered to be independent.

The Birge ratio is defined as

U, [ERY

- 2 Wlth uex -
Un(ERTY ’

‘B

Uit is the uncertainty of the ERV as given in Tab. 5.3. A value of R close to 1 or less sug-
gests that results are consistent, whereas values much greater than is suggests that results
are inconsistent.

The data presented in Tab. 5.4 lead to a Birge ratio of Rg = 1,28; if the result from EIM is
neglected the Birge ratio is reduced to Rg = 1,04. Considering the problems with linking the
loops this seems to be reasonable.

5.4 Linkage between EUROMET 820 and CCT K3 and CCT K4

The linkage to CCT K3 and CCT K4 is made via those NMIs which participated in both key
comparisons. It is assumed that for this group of NMIs the average value remained the same
between the comparisons. Therefore a deviation in the average difference to the KCRV is
caused by a difference in the KCRVs. Tab. 5.5 gives an overview for the relevant key com-
parisons. The average was taken as the simple mean, and the uncertainty is the standard
deviation of the mean, multiplied with k = 2.

Tab. 5.5: Al freezing point: T_,, — KCRV in mK for different interlaboratory comparisons.
Uncertainties are given for k = 2. For the CCT K3 the “unofficial” ARV was used.

(T(NMI) — KCRV) | mK for the Al freezing point
Laboratory EUROMET 820 CCT K3 CCT K4
INRIM -2,03+4,16 -2,02 +1,29 1,00 + 1,42
LNE-INM 3,10 £ 3,40 2,67 £2,27 0,25+ 1,44
NPL 0,29 £ 2,63 -2,25+ 2,20
PTB 1,18 £ 3,22 1,38 £1,79 -0,75 + 1,50
SMU (mean loops A and B) 1,70 + 3,15 1,48 + 1,31
VNIIM 2,04 £ 2,68 0,05 £1,85 -1,50 £+ 1,74
VSL 0,71 £4,17 -0,07 £1,58 -4,35 £ 3,98
Average (INRiM, LNE, 1,12 £ 1,42 0,58 £ 1,33
PTB, SMU, VNIIM, VSL)
Average (INRiM, LNE, 0,88 £ 1,42 -0,77 £ 1,80
NPL, PTB, VNIIM, VSL)
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The average was taken as the simple mean, and the uncertainty is the standard deviation of
the mean.

Fig. 5.4: Results for the freezing points of Al for participants in EUROMET 820, CCT K3 and
CCT K4. Uncertainties are given in Tab. 5.5.

—e— Euromet 820
A A —m— CCTK3

-2 ./ \\A/ —a—CCT K4

(T(NMI) - KCRV) / mK
o

The results are alos shown in Fig. 5.4. In most cases the agreement between the different
comparisons is within uncertainties. The agreement between EUROMET 820 and CCT K3
seems to be better than between EUROMET 820 and CCT K4. From the last two lines in
Tab. 5.5 it follows:

ERV (Al, 820) = ARV (Al, CCT K3) + (0,54 £ 1,96 ) mK (k = 2)

ERV (Al, 820) = KCRV (Al, CCT K4) + (1,65 + 2,28 ) mK (k= 2)

The uncertainty of the correction is the sum in quadrature of the average values.
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6. Results for Measurements at the Ag freezing point

The results of the measurements at the freezing point of Ag suffer from the instability of the
used High Temperature Standard Platinum Resistance Thermometers (HTSPRTSs). This was
known after the initial measurements at PTB, and for this reason 2 HTSPRTs were used in
each loop and additionally the sub-pilot carried out an additional intercomparison with an Ag
fixed point cell provided by NMi-VSL.

6.1. Intercomparison with a Ag Freezing Point Cell

An additional interlaboratory comparison among the pilot and the sub-pilots was organised
for the freezing point of silver. This allowed to correct some doubtful data caused by instable
HTSPRTSs.

This additional comparison followed basically the protocol of CCT-K4. The travelling instru-
ment was a re-sealable Ag freezing point cell which was provided by NMi-VSL. During the
transportation the crucible with the silver ingot was taken out of the cell in order to minimise
the risk of damage.

The participating NMIs measured the temperature difference between their cell used in EU-
ROMET 820 and the travelling cell of NMi-VSL. The result of the measurements is given in
Tab. 6.1 and Fig. 6.1 . The uncertainty of the temperature difference was estimated to be the
standard deviation of the individual measurements. It should be mentioned that the uncer-
tainties given in Tab. 6.1 and Fig. 6.1 are the uncertainty for the temperature difference be-
tween two fixed point cells and not the uncertainty of the ITS-90 realisation of the Ag freezing
point.

Tab. 6.1: Ag freezing point: Tia, — Trav for the sub-pilots of EUROMET 820. Uncertainties
for the difference between the national standard and the travelling cell are given for k = 1.

Laboratory (Tiab — T1rav) / MK u/ mK
PTB -1,92 0,86
LNE-INM 1,26 0,69
NPL -0,62 0,90
INRIM 1,13 0,28
VSL 1,30 0,56
PTB 1,72 0,42
VSL 0,81 0,72

Fig. 6.1: Ag freezing point: T a — Tty for the sub-pilots of EUROMET 820. Uncertainties
are given for k= 2.
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PTB made an initial and a final measurement. The deviation of 3,64 mK between these two
measurement is quite large. There are indications that a contamination of the silver in the
travelling cell (resulting in a decreased freezing point temperature) between the first PTB and
the LNE measurement can not be excluded. This suspicion is based on the fact that in the
beginning of the measurements at LNE-INM the head of the travelling cell was overheated,
resulting in a melting of the sealing. This may have lead to additional impurities in the cell,
leading probably to a to a decrease in the freezing temperature of the silver cell. Unfortu-
nately no measurement of NMI-VSL before the measurement of PTB is available, but NMI-
VSL repeated the measurement after the final measurement of PTB and received good
agreement with the previous measurement. Due to the unclear situation the initial PTB
measurement is neglected in the further evaluation.

For the evaluation of the HTSPRT measurement the difference between the sub-pilots and
the PTB must be calculated. For the estimation of the uncertainty a contribution for stability of
the travelling cell was estimated as

_ |TVSL1 - TVSL2| ~0,28mK

Ustah = \/g

The uncertainty for the difference between sub-pilot and PTB is then calculated according to

— 2 2 2
U(TLuh _TPTB) o 2 \/uT(Lab) + uT(PTB) + uSlab

The uncertainty of T(PTB) was estimated to be the smaller value (0,42 mK) of both uncer-
tainties given in Tab 6.1, because partly the PTB uncertainties are included in usip. The re-
sults are given in Tab. 6.2.

Table 6.2: Ag freezing point: T . — Tps

Laboratory (Tiab— Tpre) / MK U/mK(k=2)
LNE-INM -0,46 1,71
NPL -2,34 2,06
INRIM -0,59 1,15
VSL -0,67 1,51

The values given in Tab. 6.2 will be used to link the measurements with the HTSPRTSs of the
subpilots to the corresponding measurements at PTB.

6.2 Intercomparison with HTSPRTs: Loop results

The comparison at the freezing point of Ag was carried out in 3 different loops. The first and
last measurements were performed by the pilot laboratory PTB. In each loop a sub pilot was
included; the sub-pilot was also a participant of CCT K4. Tables 6.3a to 6.3f and Fig. 6.3a to
6.3f present the W-values given by the participants. The uncertainties are given for k = 2.

Only the average values of at least 3 realisations of the Ag freezing points are given. The
calculation of the combined uncertainty from the data provided by the participants has been
critically reviewed, but no calculation errors were found. This does not mean that the uncer-
tainties given by the laboratories do not need further scrutiny. Please notice that the in-
creased uncertainties for the final PTB measurements are caused by the instability of the
thermometers.
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Tab. 6.3: Results for the HTSPRTs

. Uncertainties are given for k = 2.

Tab. 6.3a

Loop B, HTSPRT Ser. No. 1068
Participant W(Ag) U/mK
PTB (DE) 4,2864783 | 5,36
CMI (C2) 4,2864403 | 4,66
GUM (PL) 4,2864393 | 4,31
LNE-INM (FR) | 4,2864485 | 3,12
MIRS (SI) 4,2864542 | 11,00
METAS (CH) 4,2864254 | 6,34
BEV (AT) 4,2864227 | 3,31
PTB (DE) 4,2863253 | 10,20
Tab. 6.3c

Loop C, HTSPRT Ser. No. 1065
Participant W(AG) U/mK
PTB (DE) 4,2864822 | 2,88
SMU (SK) 4,2864397 | 2,70
NPL (UK) 4,2864433 | 3,67
SP (SE) 4,2864565 | 7,94
UJ-PFI (LT) 4,2864497 | 8,30
PTB (DE) 4,2863535 | 16,10
VNIIM (RU) 4,2862177 | 2,89
PTB (DE) 4,2861253 | 22,13
Tab. 6.3e

Loop D, HTSPRT Ser. No. 1041
Participant W(AG) U/mK
PTB (DE) 4,2864090 | 7,33
MIKES (FI) 4,2863581 | 10,12
EIM (GR) 4,2863639 | 9,61
INRIM (IT) 4,2863307 | 4,95
IPQ (PT) 4,2863423 | 8,01
CEM (ES) 4,2862974 | 15,41
VSL (NL) 4,2863028 | 5,42
PTB (DE) 4,2862115 | 26,63

Fig. 6.3: Results for the HTSPRTs
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Tab. 6.3b
Loop B, HTSPRT Ser. No. 93103
Participant W(AG) U/mK
PTB (DE) 4,2866423 3,81
CMI (C2) 4,2866176 5,14
GUM (PL) 4,2866365 3,51
LNE-INM (FR) | 4,2866518 8,61
MIRS (SI) 4,2866398 6,94
METAS (CH) 4,2866377 6,99
BEV (AT) 4,2866386 6,40
Tab. 6.3d
Loop C, HTSPRT Ser. No. 944RS13
Participant W(AG) U/mK
PTB (DE) 4,2861421 4,45
SMU (SK) 4,2854753 3,29
NPL (UK) 4,2855277 6,63
SP (SE) 4,2855697 8,12
UJ-PFI (LT) 4,2856229 8,52
PTB (DE) 4,2855281 8,00
VNIIM (RU) 4,2855851 8,77
PTB (DE) 4,2854623 | 36,34
Tab. 6.3f
Loop C, HTSPRT Ser. No. 1043
Participant W(AG) U/mK
PTB (DE) 4,2864869 5,76
MIKES (FI) 4,2864518 9,77
EIM (GR) 4,2864742 8,02
INRiIM (IT) 4,2864607 3,18
IPQ (PT) 4,2864728 | 10,14
CEM (ES) 4,2864648 | 15,70
VSL (NL) 4,2864430 3,41
PTB (DE) 4,2863748 | 10,97
Fig. 6.3a
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6.3 Review and correction / compensation of the data

It is known that the instability of HTSPRTs is caused mainly by two reasons: mechanical
stress of the sensor and poisoning of the sensor by impurities. Metallic and other impurities
can diffuse at high temperatures (for instance the freezing temperature of Ag) through the
thermometer sheath and into the sensor material. For this reason all HTSPRTs should be
cleaned with acid (for instance soaked in 20% nitric acid) before inserting them into an an-
nealing furnace or a Ag fixed point cell. From the final measurements at PTB it seems that
not all laboratories followed this procedure: for some thermometers the drift during the
measurements was extremely large.

For a test of the hypothesis of contamination for some thermometers an extra cleaning pro-
cedure with acid was applied and the acid then was analysed by mass spectrometry. Several
metals were found, in particular Ag, Pb, Cu, Mo and Pt.

In few cases a thermometer has also been measured at the Al freezing point before starting
the loops. It was found that also the W-value for Al has changed by a large amount. It there-
fore was concluded that the drift of the thermometers was not caused by other instrumental
instabilities at PTB, but by poisoning of the sensors in the thermometers.

The drift of a HTSPRT caused by contamination can partly be compensated [6]: Basically the
change of the resistance is not or only slightly temperature dependent. By comparing the
resistance R(TPW) at the triple of water measured by the laboratory with the resistance
measured by the pilot or sub-pilot a compensation can be applied:

_R®) * _ R()+AR
W= RTPW) W= R(TPW)+AR

The shift AR in the resistance can easily be determined from the measured resistance
R(TPW) at the triple point of water. It has been found for the measurements at the Al freezing
point that all measurements at the TPW agreed within 1 mK or better (see Appendix F). The
reference value for R(TPW) is more or less arbitrary and will only lead to the same shift of all
compensated W*. For convenience as reference the measurements of the subpilots were
chosen, because these measurements are in the middle of the loops. Details and an estima-
tion of the uncertainty of the compensation are given in Appendix E.

This compensation has been applied to both thermometers in all 3 loops. For each loop it will
be discussed if the compensation should be applied or not. If the decision is not clear, no
compensation for the drift of the thermometer will be applied. It will also be discussed if
measurements should be eliminated (outliers).

For the freezing point of Ag there is an additional comparison between pilot and sub-pilots
using an Ag fixed point cell. The temperature difference between pilot and sub pilots is there-
fore known with relatively small uncertainty, and the results of the sub-pilots can also be
used for the linkage of the loops. The details will be discussed for all thermometers of the
comparison.

The procedure for linking the loops together will be similar to the procedure used for the
measurements at the Al freezing point: all measurement will be given as difference to the
PTB measurement, because the pilot PTB is the only participant in all loops. For this purpose
a value called “Thermometer PTB Value, TPV will be calculated for each thermometer. As
already explained the measurement of the sub-pilots can also be used for the calculation of
the TPV, because the differences between pilot and sub-pilots have been determined by an
additional intercomparison with an Ag fixed point cell. Because in each loop 2 HTSPRTs
were used, for the calculation of the deviation to the PTB measurements the average of both
thermometers will be used.
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6.3.1 Loop B

For comparison the original W and compensated W* for both HTSPRTSs in the loop are
shown in Figs. 6.4a and 6.4b.

Fig. 6.4a: Original W and compensated W*. The uncertainty is only given for W*
(see Appendix E)
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HTSPRT Ser. No. 1068: The compensation leads to a better agreement between the first
and the final measurement of PTB, while the deviations between the other measurements
seem even to be improved. In particular there seems to be a shift between the first three and
the last three measurements. Because the improvement for the PTB measurements is quite
substantial, the compensated values will be used, although there are also good arguments to
delete this loop completely. The details for the compensation that was applied are given in
Tab. 6.4a

Tab 6.4a: Compensation for thermometer HTSPRT 1068

Euromet 820(C) th. 1065

Participant | Wae Rp/ O UMW)/ mK |ARtp/ uQ Wag* Uw* I mK
PTB 4,286478 0,2494043 5,36 -5,414,2864075 5,72
CMI 4,286440 0,2494072 4,66 -2,514,2864078 5,07
GUM 4,286439 0,2494075 4,31 -2,214,2864098 4,75
LNE 4,286449 0,2494097 3,12 0|4,2864485 3,71
MIRS 4,286454 0,2494067 11,00 -3,014,2864150 11,18
METAS 4,286425 0,2494058 6,34 -3,914,2863735 6,65
BEV 4,286423 0,2494066 3,40 -3,114,2863820 3,94
PTB 4,286325 0,2494135 10,2 3,75|4,2863775 10,39

The thermometer PTB value (TPV) will be calculated as the simple mean of both PTB meas-
urements and the LNE measurement. The uncertainty component (k = 2) for the instability of
the thermometer is set to be the difference between the initial PTB measurement and the
corrected LNE measurement. The uncertainty of the linkage of sub-pilot via the measure-
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ment of the Ag freezing point cell is neglected in all cases. The details for the calculation of
the TPV are given in Tab. 6.4b.

Tab 6.4b: Thermometer PTB value for HTSPRT Ser. No. 1068

Pilot / w* Deviation from PTB | Corrected W TPV u(TPV) I mK
Sub-pilot (from FP comparison) | (reference: PTB) (k=1)
PTB 4,2864075
LNE 4,2864485 |+0,46 mK 4,2864498
AW = +1,31E-6
PTB 4,2863748
4,2864107 |7,44

HTSPRT Ser. No. 93103: This thermometer was destroyed close to the end of the meas-
urements at BEV; therefore no final measurement at PTB is available. There is no reason to
apply a compensation. It is remarkable that for both HTSPRTs the compensation results in a
considerable increase of the LNE measurement, but of no other measurements. The reason
for this effect is not clear.

The TPV will be calculated from the measurements at PTB and LNE as the simple mean.
The uncertainty component (k = 1) for the instability of the thermometer is set to the differ-
ence between the first PTB measurements and the LNE measurement. Because of the
strange behaviour of the LNE measurement if the compensation is applied, the uncertainty of
the TPV will be increased by 50%.

Fig. 6.4b: Original W and corrected W*. The uncertainty is only given for W*.
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The details for the calculation of the TPV are given in Tab. 6.4b.

24



Tab 6.4b: Thermometer PTB value for HTSPRT Ser. No. 93103

Pilot / w Deviation from PTB | Corrected W TPV u(TPV)/
Sub-pilot (from FP comparison) | (reference: PTB) mK (k = 1)
PTB 4,2866432 4,2866432
LNE 4,2866518 |*0.46 MK 4,2866531
AW = +1,31E-6
4,2866482 |5,23

Average Values for the Loop

The temperature difference T o, - T(TPV) is calculated as already explained for the meas-
urements at the Ag freezing point according to the equation

Ty —T(TPV) = (W, -TPV)X(&) with (éT)=352K
W ) 4 W

The results for both HTSPRTSs of loop B are shown in Fig. 6.4c.

Loop B, Ag freezing point, T - T(TPV)

—e—Th 1068
—m—Th 93103

TLab - T(TPV))/ mK

Fig. 6.4c

The results for both HTSPRTs are then summarized by calculating the weighted mean for

(T - T(TPV)) of both thermometers, and the final result is presented in Fig. 6.4d. The details
for the calculation are given in Tab. 6.4c.
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Tab. 6.4c: Details for the calculation of (7.an — 7(TPV)) for loop B and its uncertainty.

Loop B
Participant | Thermometer, w Uuw)/mK w= Uuwr)/mK TPV UTPV)TMK[ T o= T(TPV) [U(T o~ T(TPV)[T ao- T(TPV)] U (average)
k=2 k=2 k=2 /mK ImK, k=2 |/mK, average| /mK, k=2

PTB Th 1068 4,2864075 5,72 4,2864107 14,89 1,13 15,95 A,77 9,12
Th 93103 | 4,2866423 3,81 4,2866482 10,45 2,08 11,12

CMI Th 1068 4,2864078 5,07 4,2864107 14,89 1,01 15,73 7,32 9,36
Th 93103 | 4,2866176 5,14 4,2866482 10,45 10,77 11,65

GUM Th 1068 4,2864098 4,75 4,2864107 14,89 0,31 15,63 -2,85 9,01
Th 93103 | 4,2866365 3,51 4,2866482 10,45 412 11,02

[LNE-INM Th 1068 4,2864485 3,71 4,2864107 14,89 13,31 15,34 6,54 10,15
Th 93103 | 4,2866518 8,61 4,2866482 10,45 1,27 13,54

MIRS Th 1068 4,286415 11,18 4,2864107 14,89 1,50 18,62 1,57 10,40
Th 93103 | 4,2866398 6,04 4,2866482 10,45 2,96 12,54

METAS Th 1068 4,2863735 6,65 4,2864107 14,89 13,11 16,31 7,21 9,96
Th 93103 | 4,2866377 6,99 4,2866482 10,45 -3,70 12,57

BEV Th 1068 4,286382 3,04 4,2864107 14,89 10,11 15,40 -5,99 9,59
Th 93103 | 4,2866386 6,40 4,2866482 10,45 3,38 12,25

PTB Th 1068 4,2863775 10,39 4,2864107 14,89 11,70 18,16
Th 93103 4,2866482 10,45
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Loop B, Ag freezing point, T - T(TPV)

(TLab - T(TPV)) / mK

6.3.2Loop C

In loop C there are 3 measurements of PTB. For comparison the original W and corrected W

for both HTSPRTs in the loop are shown in Figs. 6.5a and 6.5b.

Fig. 6.4d

Fig. 6.5a: Original W and corrected W*. The uncertainty is only given for W*
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For HTSPRT Ser. No. 1065 the compensated values will be used. It is remarkable how well
the jump between PFl and PTB is cancelled out by the compensation. The details for the

compensation that was applied are given in Tab. 6.5a.

Tab 6.5a

Euromet 820(C) th. 1065

Participant Wi RTP/ Q U(W) / mK ARTP/ MQ WAG* U(W*) / mK
PTB 4,2864822 0,2518220 2,88 5,4 14,2865500 3,51
SMU 4,2864397 0,2518180 2,70 1,4 |4,2864585 3,36
NPL 4,2864433 0,2518166 3,67 0]4,2864433 4,18
SP 4,2864565 0,2518155 7,94 -1,114,2864421 8,19
PFI 4,2864497 0,2518161 8,30 -0,514,2864428 8,54
PTB 4,2863535 0,2518238 16,09 7,314,2864233 16,21
VNIIM 4,2862177 0,2518315 2,89 14,9 4,2864122 3,51
PTB 4,2861253 0,2518354 22,13 18,8 14,2863784 22,22
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The TPV will be the simple mean of the second PTB measurements and the NPL measure-
ment.

The details for the calculation of the TPV are given in Tab. 6.5b. The uncertainty of the TPV
is set to be the difference between the NPL and the second PTB (compensated) values.

Tab 6.5b: Thermometer PTB value for HTSPRT Ser. No. 1065

Pilot / w* Deviation from PTB | Corrected W* | TPV u(TPV)/ mK
Sub-pilot (from FP comparison) | (reference: PTB) (k=1)
PTB 4,2864233 4,2864233
NPL 4,2864433 |+2,34 mK 4,2864500
AW = +6,65E-6
4,2864367 [9,40
HTSPRT Ser. No. 944RS13
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Fig. 6.5b

For HTSPRT Ser. No. 944RS13 the compensated values W* will be used. The compensation
does not correct the first PTB measurement completely. It should be noted that the ther-
mometer was at BEV between the measurements at PTB and SMU, but the measurements
were cancelled due to technical problems at BEV. It is not clear what happened to the ther-
mometer in the meantime. The details for the compensation that was applied are given in
Tab. 6.5c.

Tab. 6.5¢

Euromet 820(C) th. 944RS13

Participant | Wae R/ Q UW)/ mK ARt/ uQ | Wag* Uw* /I mK
PTB 4,2861421 |0,2614649 |4,55 -59,4 4,2853949 (4,97
SMU 4,2854753 |0,2615274 |3,29 3,1 4,2855146 |3,85
NPL 4,2855277 |0,2615243 |6,63 0 4,2855277 [6,93
SP 4,2855697 |0,2615209 |8,12 -3,4 4,2855271 |8,36
PFI 4,2856229 |0,2615209 |8,52 -3,4 4,2855796 [8,75
PTB 4,2855281 |0,2615256 |8,00 1,3 4,2855445 [8,25
VNIIM 4,2855851 |0,2615263 |8,77 1,9 4,2856094 [9,00
PTB 4,2854623 |0,2615318 |36,34 7,5 4,2855589 |36,39
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The TPV will be the simple mean of the last PTB measurements and the NPL measurement.
The uncertainty of the TPV is set to be the difference between these two measurements. The
details for the calculation of the TPV are given in Tab. 6.5d.

Tab 6.5d: Thermometer PTB value for HTSPRT Ser. No. 944RS13

Pilot / w* Deviation from PTB |Corrected W* | TPV u(TPV) / mK
Sub-pilot (from FP comparison) | (reference: PTB) (k=1)
NPL 4,2855277 |+2,34 mK 4,2855344
AW = +6,65E-6
PTB 4,2855589 4,2855589
4,2855467 |8,62

The results for both HTSPRTSs of loop C are shown in Fig. 6.5d.

Loop C, Ag freezing point, T - T(TPV)
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Fig. 6.5d

The results for both HTSPRTSs are then summarized by calculating the weighted mean for AT

of both thermometers, and the final result is presented in Fig. 6.5e. The details for the calcu-
lation are given in Tab. 6.5e.

Loop C, Ag freezing point, T - T(TPV)
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Tab. 6.5e: Details for the calculation of ( 7Lab —

T(TPV)) for loop C and its uncertainty.

Loop C
Participant  |Thermomter w= UW*) ImK TPV UTPV)TMK[T - T(TPV)] U(T - T (TPV) [ T oo~ T(TPV) | U (average)
k=2 k=2 I mK /mK, k=2 I mK, average| / mK, k=2

PTB Th 1065 4,2865500 3,51 4,2866437 18,80 39,88 19,12
Th 944RS13 | 4,2853949 4,97 4,2855467 17,24 -53,43

SMU Th 1065 4,2864585 3,36 4,2866437 18,80 7,67 19,10 -2,55 12,97
Th 944RS13 | 4,2855146 3,85 4,2855467 17,24 -11,30 17,66

NPL Th 1065 4,2864433 4,18 4,2866437 18,80 2,32 19,26 -2,34 13,37
Th 944RS13 | 4,2855277 6,93 4,2855467 17,24 -6,69 18,58

SP Th 1065 4,2864421 8,19 4,2866437 18,80 1,90 20,51 -2,80 14,00
Th 944RS13 | 4,2855271 8,36 4,2855467 17,24 -6,90 19,16

UJ-PFI Th 1065 4,2864428 8,54 4,2866437 18,80 2,15 20,65 717 14,11
Th 944RS13 | 4,2855796 8,75 4,2855467 17,24 11,58 19,33

PTB Th 1065 4,2864233 16,21 4,2866437 18,80 -4,72 24,82 -2,24 15,14
Th 944RS13 | 4,2855445 8,25 4,2855467 17,24 -0,77 19,11

VNIIM Th 1065 4,2864122 3,51 4,2866437 18,80 -8,62 19,12 6,47 13,64
Th 944RS13 | 4,2856094 9,00 4,2855467 17,24 22,07 19,45

PTB Th 1065 4,2863784 22,22 4,2866437 18,80 -20,52
Th 944RS13 | 4,2855589 36,39 4,2855467 17,24 4,29
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6.3.3 Loop D

For comparison the original W and corrected W* for both HTSPRTSs in the loop are shown in
Figs. 6.6a and 6.6b.

Fig. 6.6a: Original W and corrected W*. The uncertainty is only given for W*
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For HTSPRT Ser. No. 1041 the corrected W*-values will be used. The change between the
initial PTB measurement and the MIKES measurement is largely overcorrected by the com-
pensation; it is not understood what happened. Therefore the initial PTB measurement will
be ignored. During the measurements of the other participants there seems to be a continu-
ous poisoning of the thermometer, which can be corrected quite well. The compensation
does not work sufficiently for the last PTB measurement, which therefore also will be ignored.
TPV will be chosen as the simple mean of the INRiIM and the NMi-VSL values. The uncer-
tainty of the TPV was set to be the difference between the compensated INRiIM and VSL
measurement.

The details for the compensation that was applied is given in Tab. 6.6a.

Tab. 6.6a
Euromet 820(D) th. 1041
Participant WAG RTP/ Q U(VV) ARTP/ HQ WAG* U( W*) / mK
PTB 4,2864090 |0,2537027 |7,33 -42,5 4,2858584 |7,60
MIKES 4,2863581 |0,2537450 |10,12 -0,2 4,2863549 |10,32
EIM 4,2863639 |0,2537445 |9,61 -0,7 4,2863552 |9,82
INRIM 4,2863307 |0,2537452 4,95 0 4,2863307 |5,34
IPQ 4,2863423 |0,2537446 |10,00 -0,6 4,2863346 |10,20
CEM 4,2862974 |0,2537480 |15,40 2,8 4,2863336 | 15,53
VSL 4,2863028 |0,2537484 |5,42 3,3 4,2863451 |5,78
PTB 4,2862115 |0,2537525 |26,63 7,3 4,2863057 |26,70

The details for the calculation of the TPV are given in Tab. 6.6b.
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Tab. 6.6b: Thermometer PTB value for HTSPRT Ser. No. 1041

Pilot / w* Deviation from PTB | Corrected W* | TPV u(TPv)/
Sub-pilot (from FP comparison) | (reference: PTB) mK (k = 1)
INRIM 4,2863307 |+0,59 mK 4,2863324
AW = +1,68E-6
NMi-VSL |4,2863451 |+0,67 mK 4,2863470
AW = +1,90E-6
4,2863397 |5,14

Fig. 6.6¢c: Original W and corrected W*. The uncertainty is only given for W*
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For HTSPRT Ser. No. 1043 the compensation does not seem to make any sense. There is
not enough information about he details of the drift of the thermometer: it would be helpful to
have information on the drift of W(AI) and W(Ga), but that is beyond the scope of this inter-
comparison. The uncompensated values (from Tab. 6.3f) will be used, but without the PTB
measurements. TPV will be chosen as the simple mean of the INRIM and the NMi-VSL val-

ues. The uncertainty of TPV is set to be the difference between INRiM and the VSL value.

The details for the calculation of the TPV are given in Tab. 6.6c.

Tab. 6.6¢c: Thermometer PTB value for HTSPRT Ser. No. 1043

Pilot / w Deviation from PTB | Corrected W* | TPV u(TPV) /I mK
Sub-pilot (from FP comparison) | (reference: PTB) (k=1)
INRIM 4,2864607 |+0,59 mK 4,2864624
AW = +1,68E-6
NMi-VSL |4,2864430 |+0,67 mK 4,2864449
AW = +1,90E-6
4,2864537 (6,16
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The results for both HTSPRTSs of loop D are shown in Fig. 6.6d

(TLab - T(TPV)) / mK

Loop D, Ag freezing point, T - T(TPV)
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Fig. 6.6d

The results for both HTSPRTs are then summarized by calculating the weighted mean for

TLan — T(TPV) of both thermometers, and the final result is presented in Fig. 6.6e. The details
for the calculation are given in Tab. 6.6d.

(TLab - T(TPV)) / mK

Loop D, Ag freezing point, T - T(TPV)
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Tab. 6.6d: Details for the calculation of ( 7(ap —

T(TPV)) for loop D and its uncertainty.

Loop D
Participant [ Thermometer w uw) w uwr) TPV U(TPV) I mK| T ap- T(TPV)| U(T Lao-T(TPV) | TLao- T(TPV)| U (average)
k=2 k=2 k=2 / mK k=2 /mK, average| /mK, k =2

PTB Th 1041 4,2858584 7,60 4,2863397 10,28
Th 1043 4,2864869 5,76 4,2864537 12,36 11,69 13,60

MIKES  [Th 1041 4,2863549 10,32 4,2863397 10,28 5,35 14,57 2,57 10,69
Th 1043 4,2864518 9,77 4,2864537 12,36 -0,67 15,72

EIM Th 1041 4,2863552 9,82 4,2863397 10,28 5,46 14,22 6,31 10,22
Th 1043 4,2864742 8,02 4,2864537 12,36 7,22 14,70

INRIM Th 1041 4,2863307 5,34 4,2863397 10,28 -3,17 11,58 -0,62 8,57
Th 1043 4,2864607 3,18 4,2864537 12,36 2,46 12,72

IPQ Th 1041 42863346 10,20 4,2863397 10,28 -1,80 14,48 2,08 10,70
Th 1043 4,2864728 10,14 4,2864537 12,36 6,72 15,87

CEM Th 1041 4,2863336 15,53 4,2863397 10,28 2,15 18,62 0,67 13,62
Th 1043 4,2864648 15,70 4,2864537 12,36 3,91 19,96

VSL Th 1041 4,2863451 5,78 4,2863397 10,28 1,90 11,79 -0,70 8,67
Th 1043 4,2864430 3,41 4,2864537 12,36 -3,77 12,78

PTB Th 1041 4,2863057 26,70 4,2863397 10,28
Th 1043 4,2863748 10,97 4,2864537 12,36

34




6.3.4 Treatment of PTB measurements

The measurements of PTB need a special treatment, because PTB is the only NMI with
measurements in all loops and the PTB measurements are used to calculate the Tempera-
ture PTB value (TPV). Because also the measurements of the sub-pilots are considered for
the calculation of the TPV, the TPV is not identical with the PTB reference for all loops.
Tab. 6.6e the data for all thermometers for which the data from PTB and at one other NMI
were used to calculate TPV. The value for (T(PTB) — TPV) is calculated as the average of all
thermometers.

Tab. 6.6e: Calculation of Tprg — T(TPV)

Thermometer (T(PTB)-TPV)/mK | U/mK (k= 2)
TH 1068 (average) -6,88

TH 93103 -1,76

TH1065 -4,72

TH 944RS13 4,29

Average -2,27 9,77

The uncertainty of (T(PTB) — TPV) is estimated from the uncertainty of the PTB measure-
ments for all thermometers. The uncertainty is estimated as the average of all uncertainties
(11 values) given for the PTB measurements in Tab. 6.3a to 6.3f, except the last value of
HTSPRT 944RS13.

6.4 Linking of the loops for the Ag freezing point

The procedure for linking the loops together is similar to the procedure used for the meas-
urements at the Al freezing point: all measurement will be given as difference to the Tem-
perature PTB Value (TPV).

The summary of differences between TPV and the participants is presented in Fig. 6.7a and
Tab. 6.7c.

Fig. 6.7a: All loops relative to PTB

All Loops EUROMET 820, Ag FP
20
o | ) _
e 15 ! - - T
= 10 - N T T
S | . ? o * T
é z _ L 2 - T * ¢ +
'T B ¢ ¢ o 1 *
ﬁ = ¢ + 1 T l
~ .10 - | ) L
-15 - L I ! ‘ _>_ = . L L I I | I I _ I L
S =E Y o 9 2 2 & = ® = = g = 4 0
c3ifpEsEszEuEtERE
= 5 > = =

35



6.5 EUROMET Reference Value (ERYV) for the Ag freezing point

The procedure for the determination of the ERV(Ag) is the same as for the determination of
the ERV(AIl). Three possible values for the ERV are shown in Tab. 6.7b. The method for is
the same as in the case of the Al freezing point.

Tab 6.7b: Possible ERVs and their uncertainty U (k = 2)
ERV - T(TPV)/ mK

Value / mK U(k=2)/mK
Mean -0,52 2,04 (1,30)
Weighted mean -2,50 1,84
Median -0,66 212

There is no clear preference for the choice of the ERV. In such a case typically the mean
value is chosen. Therefore:

ERV(Ag, 820) = T(TPV) - (0,52 + 1,30 ) mK (uncertainty for k = 2)

The resulting deviation of the laboratories from the ERV is given in Tab. 6.7c, additionally to
the deviation from TPV. The results of the participants relative to the ERV are shown in
Fig. 6.7b.

Tab. 6.7c: Summary of the results of EUROMET 820 for the freezing point of Ag

Participant |T . - T(TPV) U/ mK (T -ERV)/mK |U/mK
CMI -7,99 7,03 -7,87 6,91
GUM -2,72 6,34 -2,60 6,21
LNE 5,90 8,57 6,02 8,47
MIRS -1,35 8,20 -1,23 8,10
METAS -5,45 7,97 -5,33 7,86
BEV -4,48 7,57 -4,36 7,46
SMU -2,55 12,97 -2,43 12,90
NPL -2,34 13,37 -2,22 13,31
SP -2,80 14,00 -2,68 13,94
UJ-PFI 717 14,11 7,29 14,05
VNIIM 6,47 13,64 6,59 13,58
MIKES 2,57 10,69 2,69 10,61
EIM 6,31 10,22 6,43 10,14
INRIM -0,62 8,57 -0,50 8,47
IPQ 2,08 10,70 2,20 10,62
CEM 0,67 13,62 0,79 13,56
VSL -0,70 8,67 -0,58 8,57
PTB -2,27 9,95 -2,15 9,86
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Fig. 6.7b: All participants relative to the ERV for Ag
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6.5.1 Birge ratio test
The Birge ratio test was applied as described in chapter 5.3.1.
The data presented in Tab. 6.7c lead to a Birge ratio of Rg = 1,63.

Taking into account the severe problems with the instability of the HTSPRTs it is not surpris-
ing that the Birge ratio test indicates some problems with the consistency of the corrected
data. Nevertheless, without an alternative the quality of the data will be considered to be suf-
ficient for the report to the CCT.
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6.6 Linkage between EUROMET 820 and CCT K4

The linkage between EUROMET 820 and CCT K4 for the freezing point of Ag follows the
same procedure as for the Al freezing point. Tab. 6.8 and Fig. 6.8 give the data of those
NMlIs that participated in EUROMET 820 and in CCT K4. The average is taken as the simple
mean, and the uncertainty is the standard deviation of the mean, multiplied with k = 2.

Tab. 6.8: Ag freezing point: T o, — KCRV in mK for different interlaboratory comparisons.
Uncertainties are given for k = 2.

(T(NMI) — KCRV) / mK for the Ag freezing point

Laboratory EUROMET 820 CCT K4
INRiM -0,50+ 8,47 0,85 + 2,36
LNE-INM 6,02 £+ 8,47 -2,69 + 3,06
NPL -2,22 + 13,31 -3,89 + 3,60
PTB -2,15+ 9,86 1,27 + 1,46
VNIIM 6,59 + 13,58 -2,16 £ 2,20
VSL -0,58 + 8,57 -7,12 £ 3,88
Mean 1,19+ 3,29 -2,29 £ 2,55

Fig. 6.8 Results for the freezing points of Ag for participants in EUROMET 820 and CCT K4.
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From the last line in Tab. 6.8 it follows:

ERV (Ag, 820) = KCRV (CCT K4) - (3,48 + 4,16) mK (k = 2)

The uncertainty of the correction is the sum in quadrature of the average values.
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7. Bilateral Equivalence

The bilateral degrees of equivalence between laboratories i and j are expressed by the de-
viation of their results:

Dy=T-T,

and the related uncertainty

_ A [ 2 2

The data T; and u; are taken from Tab. 5.4 and Tab. 6.7c; for the uncertainty the uncertainty
of the deviation from the ERV is taken. Note that the degrees of equivalence is independent
of the choice of the ERV and its uncertainty depends only very little on the ERV. The degree
of equivalence are given in Tab 7a for Al and in Tab. 7b for Ag.

In Tab. 7a and 7b below the diagonal the quantified degree of equivalence, QDEggs, is
shown, which is a one-parameter description of equivalence [8]. It is calculated as

/uij]}"ij,

ODE| o5 (i, ) = \D,.j + {1 645+ 0.3295 * exp[— 4.05\D,j

with Djand u; as defined above.

The degree of equivalence of the participants relative to the ERV is also given in Tab.
7a and 7b . The data for (71— ERV/) and its uncertainty are taken from Tab. 5.4 and
6.7b.
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Tab. 7a: Degree of equivalence between the participating NMls in EUROMET.T-K4 for the freezing point of Aluminum.
Upper right part of matrix: degrees of equivalence, expressed in mK

Lower left part of matrix: quantified demonstrated equivalence at the 95% level (QDE; ¢s5), expressed in mK

lab lab; —»
l DTI JV OMH SMU INM UME FSB CcMI GUM
D ymK | Uy/mK | D ymK] UymK][ D ymK T UymK| D ymK] UymK | D ymK]UymK| D ymK] Uy/mK| D ymK] UymK | D ymK] Uy/mK|D ymK JU/mK
DTI 003 ] 718 ] 415 [ 678 | -1,97] 656 | 518 [ 6,62 | 0,63 [ 6,97 | 3,81 | 13,74] -0,15 [ 7,06 | -3,03] 6,69
JV 7,08 4,18 [ 6,00 | -1,94 | 575 | 521 [ 582 ] 0,66 | 6,21 | 3,84 | 13,37 ] -0,12 | 6,31 | -3,00] 5,68
OMH 9,74 9,12 612 524 | 1,03 [ 531]-352 574]-034]13,16]-4,30[ 585 | -7,18] 516
sSMu 7,46 6,73 10,43 7,15 [ 503 | 2,60 | 547 | 578 [ 13,05] 1,82 | 559 | -1,06] 4,87
INM 10,63 9,99 5,58 11,29 -4,55 | 5,55 | -1,37 [ 13,08 | -5,33 | 5,66 | -8,21[ 5,19
UME 6,91 6,20 8,25 7,12 9,11 318 [ 1326 | -0,78 [ 6,06 | -3,66] 5,62
FSB 15,35 15,05 12,92 16,57 13,05 14,40 -3,96 [ 13,30 -6,84] 13,11
cmI 6,93 6,20 9,11 6,48 9,99 6,12 15,10 -2,88] 5,52
GUM 8,56 7,68 11,42 5,20 12,48 8,29 17,66 7,43
LNE-INM 8,73 8,07 11,49 6,00 12,21 8,40 18,08 7,42 5,70
MIRS 7,26 6,57 6,72 7,78 7,56 578 13,39 6,55 8,98
METAS 10,00 9,26 12,99 6,62 13,83 9,68 19,29 9,00 5,73
BEV 7,74 7,05 10,75 5,36 11,62 7,44 20,46 6,81 5,92
NPL 6,09 5,23 8,57 5,05 9,40 5,38 15,06 5,03 6,22
SP 7,50 6,76 10,47 4,72 11,32 7,16 16,67 6,51 5,19
UJ-PFI 7,89 7,20 10,93 5,30 11,80 7,61 16,87 6,97 5,72
VNIIM 7,42 6,64 10,34 4,34 11,17 7,04 16,73 6,38 4,69
MIKES 6,26 6,47 8,13 7,52 8,99 6,00 14,25 6,42 8,69
EIM 20,03 19,53 15,04 20,98 13,88 18,70 20,99 19,55 22,14
INRIM 7,80 7,17 7,33 8,42 8,17 6,43 13,67 7,15 9,60
IPQ 6,90 6,17 8,53 6,94 9,40 5,90 14,62 6,06 8,10
CEM 9,12 8,56 10,98 8,97 11,89 8,39 16,03 8,44 10,00
VSL 7,25 6,54 10,03 5,92 10,91 6,81 15,89 6,34 6,92
PTB 6,88 6,11 9,74 4,74 10,59 6,46 16,01 5,87 5,68
ERV 5,45 4,48 7,63 4,59 8,42 4,49 14,57 4,28 5,83
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Tab. 7a (continued): Degree of equivalence between the participating NMls in EUROMET.T-K4 for the freezing point of Aluminum.

Upper right part of matrix: degrees of equivalence, expressed in mK

Lower left part of matrix: quantified demonstrated equivalence at the 95% level (QDE; ¢s5), expressed in mK

lab lab; —»
l LNE-INM MIRS METAS BEV NPL SP UJ-PFI VNIIM MIKES
D y/mK | UymK | D /mK] UymK]| D ymK ] Uy/mK| D /mK[ Uy/mK | Dy/mK]UymK| D y/mK| UymK| D /mK] UymK | D /mK] Uy/mK] D ymK]Uy/mK
DTI -3,37 | 6,50 | 1,75 | 6,55 | -4,87 | 6,24 | -1,90 | 6,95 | -0,56 | 6,13 | -2,12 | 6,45 [ -212 [ 6,91 | -231 [ 6,15 | 0,89 | 7,10
JV -334 | 574 | 1,78 | 574 | -484 [ 538 | -1,87] 619 | 053 [ 525 | 2,09 | 562 [ -209[ 6,14 | -228 [ 527 | 0,92 | 6,36
OMH 752 | 483 | -240] 523 902 | 483 -605] 572 | 471469 | -627 [ 510|627 567 | 646 4,72 | -3,26 | 5,90
SMu -1,40 | 545 | 372 | 494 | -2,90 | 451 ] 007 | 545 | 1,41 [ 4,37 | -0,15 [ 4,80 | -0,15] 540 | -0,34 | 4,39 | 2,86 | 5,65
INM -855 | 4,45 | -3,43 [ 501 [-10,05] 460 | -7.08 | 552 | -574 [ 445 | -7.30 | 4,88 | -7.30 [ 547 | -749[ 448 | -4,29 [ 5,71
UME -4,00 [ 534 [ 112 [ 546 | -550 | 508 | -253 | 593 | 1,19 4,95 | -275 [ 534 [ -275] 588 | 2,94 [ 497 | 0,26 | 6,11
FSB 7,18 [ 13,22 -2,06 | 13,04] -8,68 | 12,89] 9,56 | 13,25 | -4,37 [ 12,84 -5,93 [ 12,99 -5,93 [ 13,22 | 6,12 [ 12,85 -2,92 [ 13,33
cMmI -322 | 510 | 1,90 | 558 | -4,72 | 521 | -1,75| 6,04 | -041[ 508 | -1,97 | 546 | -1,97 | 599 | -2,16 | 5,10 | 1,04 | 6,22
GUM 0,34 [ 579 | 478 | 510 ] -1,84 [ 469 | 1,13 [ 560 | 2,47 [ 4,55 | 0,91 [ 497 [ 091 ] 555 | 0,72 | 4,58 | 3,92 [ 5,79
LNE-INM 512 | 485 ] -1,50 | 12,97 2,39 | 538 | 2,81 | 427 | 1,25 | 472 ] 1,25 | 532 | 1,06 | 429 | 4,26 | 557
MIRS 9,11 -6,62 | 450 | -365| 544 | 2,31 [ 435|387 | 479 | -3.87 | 539 | -4,06 | 4,37 | -0,86 | 5,63
METAS 13,00 10,32 2,97 | 506 | 431 [ 386 | 275 | 435 | 2,75 | 5,00 | 2,56 | 3,89 | 576 | 5,27
BEV 6,84 8,13 7,14 1,34 [ 493 ] -022[532] 163 ] 586 | -041] 4,95 | 2,79 | 6,09
NPL 6,33 5,90 7,49 5,48 -1,56 | 420 ] 0,29 | 487 | -1,75| 3,72 | 1,45 | 5,14
SP 5,22 7,81 6,33 5,22 5,05 1,85 | 526 | -019 | 4,22 | 3,01 [ 552
UJ-PFI 5,76 8,30 6,87 6,55 4,79 6,23 -0,19 | 4,89 | 3,01 | 6,04
VNIIM 4,69 7,66 5,76 4,90 4,82 4,15 4,80 3,20 | 5,16
MIKES 8,85 576 10,09 7,82 5,77 7,56 8,00 7,45
EIM 22,33 17,25 23,63 21,22 19,24 21,05 21,40 21,00 18,55
INRIM 9,76 5,61 11,01 8,72 6,62 8,47 8,90 8,37 6,40
IPQ 6,85 6,03 9,50 7,26 5,26 6,98 7,43 6,86 6,10
CEM 10,19 0,24 11,49 9,19 7,77 9,02 9,34 8,97 8,58
VSL 7,06 7,43 7,09 515 5,15 5,91 6,38 5,74 7,16
PTB 5,77 7,09 6,94 0,86 4,40 4,67 5,25 4,40 6,86
ERV 5,88 4,89 6,94 5,10 2,61 4,56 5,25 4,22 4,89
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Tab. 7a (continued): Degree of equivalence between the participating NMls in EUROMET.T-K4 for the freezing point of Aluminum.

Upper right part of matrix: degrees of equivalence, expressed in mK
Lower left part of matrix: quantified demonstrated equivalence at the 95% level (QDE, g5), expressed in mK

lab, lab; —»
l EIM INRIM IPQ CEM VSL PTB ERV

Dy/mK' | Uy/mK [ Dy/mK| Uy/mK] Dy/mK | Uy/mK| Dy/mK| Uy/mK | Dy/mK]| Uy/mK] D /mK] Uy/mK] D ;/mK] Uj/mK
DTI 13,37 | 8,10 | 1,76 | 7,15 | 0,39 | 7,01 | 0,08 | 926 | -0,98 | 7,15 | -1,45 | 6,40 | -0,27 5,65
JV 1340 | 746 | 1,79 | 6,41 | 042 | 6,26 | 0,11 | 870 | -0,95| 6,41 | -1,42 | 557 | -0,24 4,56
OMH 9,22 7,07 | -239] 595 | -3,76 | 580 | -4,07 | 8,37 | -5,13 | 5,96 | -5,60 | 5,04 | -4,42 3,90
SMU 15,34 |1 6,86 | 3,73 | 570 | 2,36 | 554 | 205 | 820 | 0,99 [ 571 [ 0,62 | 4,74 | 1,7 3,50
INM 8,19 | 6,92 | -342 | 5,77 | 479 | 561 | -510| 8,24 | -6,16 | 5,78 | -6,63 | 4,82 | -5,45 3,61
UME 12,74 | 725 | 1,13 | 6,16 | -024 | 6,01 | -055| 852 | -161| 6,17 | -2,08 | 5,28 | -0,9 4,21
FSB 9,56 | 13,89 | -2,05 [ 13,35 -3,42 [ 13,28 -3,73 | 14,59 | -4,79 | 13,35| -5,26 | 12,97 -4,08 | 12,57
CMI 13,52 | 7,34 | 1,91 | 6,27 | 0,54 | 6,12 | 0,23 | 8,60 | -0,83 | 6,27 | -1,30 | 5,40 | -0,12 4,36
GUM 16,40 | 6,98 | 4,79 | 584 | 342 | 568 | 3,11 | 830 | 205 | 585 | 1,58 | 491 | 2,76 3,73
LNE-INM 16,74 | 6,80 | 513 | 563 | 3,76 | 546 | 345 | 8,14 | 2,39 | 564 | 1,92 | 465 | 3,1 3,38
MIRS 1162 685 | 0,01 | 569 | -1,36 | 552 | 1,67 | 819 | -2,73 | 570 | -3,20 | 4,72 | -2,02 3,48
METAS 18,24 | 6,55 | 6,63 | 533 | 526 | 515 | 495 | 794 | 3,89 | 534 | 342 | 428 | 4,6 2,85
BEV 1527 | 7,23 | 3,66 | 6,14 | 229 | 599 | 1,98 | 851 | 0,92 | 493 | 045 | 526 | 1,63 4,18
NPL 13931 645 | 232 | 520 | 095 | 502 | 064 | 7,86 | -042 | 521 [ -0,89 | 4,12 | 0,29 2,61
SP 1549 | 6,76 | 3,88 | 557 | 2,51 | 541 | 2,20 | 8,11 1,14 | 558 | 0,67 | 4,58 | 1,85 3,29
UJ-PFI 1549 | 719 | 3,88 | 6,09 | 251 | 594 | 220 | 847 | 1,14 [ 6,10 [ 0,67 | 520 | 1,85 4,11
VNIIM 15,68 | 647 | 4,07 | 522 | 2,70 | 504 | 239 | 7,87 | 1,33 | 523 | 0,86 | 4,15 | 2,04 2,65
MIKES 12,48 | 738 | 087 | 631 | -050 | 6,17 | -0,81| 863 | -1,87 | 6,32 | -2,34 | 546 | -1,16 4,43
EIM -11,61]| 742 | -1298| 7,29 |-13,64| 9,47 [-14,35| 7,43 [-14,82| 5,90 |-13,64] 5,90
INRIM 17,71 -1,37 | 6,22 | 1,68 | 867 | -2,74 | 6,37 | -3,21 | 5,52 | -2,03 4,50
IPQ 18,98 6,66 -0,31| 856 | -1,37] 6,22 | -1,84 | 5,35 ] -0,66 4,29
CEM 21,43 9,11 8,40 -1,06 | 8,67 | -1,53 | 8,07 | -0,35 7,41
VSL 20,46 8,01 6,66 8,73 -0,47 | 5,52 | 0,71 4,51
PTB 19,67 7,76 6,29 8,45 5,47 1,18 3,19

ERV 18,49 5,75 4,39 7,28 4,63 3,83
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Tab. 7b: Degree of equivalence between the participating NMls in EUROMET.T-K4 for the freezing point of Silver.
Upper right part of matrix: degrees of equivalence, expressed in mK
Lower left part of matrix: quantified demonstrated equivalence at the 95% level (QDE; ¢5), expressed in mK

lab; lab; —»
l CMI GUM LNE-INM MIRS METAS BEV SMU NPL SP
D/mK | Uy/mK] D /mK| Uy/mK| D /mK [ Uy/mK] D /mK| Uy/mK | D/mK| Uy/mK| D;/mK| Uy/mK| D;/mK]| Uj/mK| D /mK| Uy/mK] D j/mK] Uy/mK
CMI -5,27 | 9,29 1-13,89] 10,93 -6,64 | 10,65 | -2,54 | 10,47 -3,51 | 10,17] -5,44 | 14,63 | -5,65 | 15,00| -5,19 | 15,56
GUM 12,93 -8,62 | 10,50 -1,37 | 10,21 | 2,73 [ 10,02] 1,76 | 9,71 | -0,17 | 14,32 ] -0,38 | 14,69] 0,08 | 15,36
LNE-INM 22,88 17,26 725 | 11,72 1 11,35 | 11,56] 10,38 | 11,29] 8,45 | 15,43 | 8,24 | 15,78 | 8,70 | 16,41
MIRS 15,41 10,33 16,90 4,10 [ 11,29] 3,13 | 11,01] 1,20 | 15,23 ] 0,99 | 15,58 1,45 | 16,22
METAS 11,39 11,15 20,85 13,48 -0,97 [ 10,841 -2,90 | 15,11 ] -3,11 | 15,46 -2,65 | 16,00
BEV 11,98 10,11 19,66 12,37 10,75 -1,93 [ 14,90 | -2,14 | 15,26 | -1,68 | 15,81
SMU 17,60 14,09 21,17 15,05 15,85 15,05 -0,21 [ 18,54 0,25 | 18,99
NPL 18,10 14,42 21,25 15,34 16,32 15,50 18,24 0,46 | 19,35
SP 18,16 15,14 22,23 16,08 16,50 15,79 18,68 19,01
UJ-PFI 28,04 22,18 13,48 19,20 22,12 22,33 25,16 22,55 24,04
VNIIM 26,99 21,49 15,71 20,87 24,83 23,70 24,49 24,52 25,34
MIKES 20,98 15,46 14,80 15,10 18,90 17,74 19,09 19,18 20,02
EIM 24,39 18,81 12,97 18,35 22,31 21,15 16,74 22,45 23,33
INRIM 16,37 11,08 16,40 11,54 14,40 13,26 15,55 15,77 16,51
IPQ 20,49 15,00 15,22 14,69 18,42 17,27 18,67 18,77 19,60
CEM 21,20 16,05 18,57 15,93 19,12 18,05 19,38 19,51 20,22
VSL 16,35 11,10 16,53 11,59 14,38 13,25 15,56 15,79 16,51
PTB 15,67 11,44 18,87 12,59 13,82 12,86 15,96 16,33 16,76
ERV 13,55 7,74 12,99 8,28 11,80 10,51 13,50 13,74 14,63
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Tab. 7b (continued): Degree of equivalence between the participating NMIs in EUROMET.T-K4 for the freezing point of Silver.
Upper right part of matrix: degrees of equivalence, expressed in mK
Lower left part of matrix: quantified demonstrated equivalence at the 95% level (QDE; ¢s5), expressed in mK

lab ; lab; —»
l UJ-PFI VNIIM MIKES EIM INRIiM IPQ CEM VSL PTB ERV
D /mK [ UymK] D yymK]| Uy/mK| D y/mK | UymK| D ymK| UymK | Dy/mK]| Uy/mK| D y/mK | UymK]| D /mK| UymK | Dy/mK]| UymK D y/mK [UymK|Dy/mK  UymK

(od)1]| -15,16 | 15,66 | -14,46| 15,24 | -10,56 | 12,66 |-14,30| 12,27 | -7,37 | 10,93 -10,07| 12,67 | -8,66 | 15,22 | -7,29 | 11,01 | -5,72| 12,04 -7,87 6,91
GUM 9,89 [14,93] -9,19 [ 14,93] -529 [12,29] -9,03 | 11,89 | -2,10 [ 10,50| -4,80 | 12,30 | -3,39 | 14,91 [ -2,02 [ 10,58 | -0,45] 11,65] -2,60] 6,21
LNE-INM| -127 [13,58] -0,57 [ 16,00] 3,33 | 13,58 -0,41 [ 1321 | 6,552 [11,98] 382 [ 13,58 523 | 1599 | 6,60 | 12,06| 8,17| 1300 6,02 847
MIRS -8,52 (12,98 -7,82 | 15,81 -3,92 | 13,35| -7,66 | 12,98 | -0,73 | 11,72 | -3,43 | 13,36 | -2,02 | 15,80 | -0,65 | 11,79 0,92| 12,76 -1,23 8,10
METAS | -12,62 | 11,56]-11,92] 15,69 -8,02 | 13,20|-11,76| 12,83 | -4,83 | 11,56 -7,53 | 13,21| -6,12 | 15,67 | -4,75 | 11,63 | -3,18] 12,61 -5,33 7,86
BEV -11,65 [ 12,98 ]-10,95( 15,49 | -7,05 | 12,97 |-10,79] 12,59 | -3,86 | 11,29 | 6,56 | 12,98 | -5,15| 15,48 | -3,78 | 11,36 | -2,21| 12,36 -4,36 7,46
SMU -9,72 (18,72 -9,02 | 18,73 | -5,12 [ 16,70| -2,43 | 16,41 | -1,93 | 15,43 | -4,63 | 16,71 | -3,22 | 18,72 | -1,85 | 15,49 | -0,28] 16,24 -2,43 12,90
NPL -9,51 [15,83] -8,81 | 19,02 -491 (17,02| -8,65 | 16,73 | -1,72 | 15,78 -4,42 | 17,03 | -3,01 | 19,00 | -1,64 | 15,83 | -0,07| 16,56 -2,22 13,31
SP -9,97 (17,07]| -9,27 | 19,46 | -5,37 [ 17,52 9,11 | 17,24 | -2,18 | 16,31 | -4,88 | 17,52 | -3,47 | 19,45 | -2,10 | 16,36 | -0,53| 17,07 -2,68 13,94
UJ-PFI 0,70 |1 19,54 4,60 | 2795 7,29 | 17,33 | 7,79 |16,41| 5,09 | 1761| 6,50 | 19,53 | 7,87 | 16,46 9,44| 17,16 7,29 14,05
VNIIM 19,18 3,90 [17,23] 0,16 | 16,95 | 7,09 [16,00| 4,39 | 17,24 | 5,80 | 19,19 | 7,17 | 16,06 8,74 16,78 6,59 13,58
MIKES 28,80 18,53 -3,74 | 14,68 | 3,19 | 13,58 0,49 | 15,01 1,90 | 17,22 | 3,27 | 13,64 4,84 14,48 2,69 10,61
EIM 21,64 16,69 16,12 6,93 [13,21| 4,23 | 14,68| 6,43 | 16,93 | 7,01 | 13,28 8,58| 14,14 6,43 10,14
INRIM 21,34 20,33 14,69 17,83 -2,70 1 13,58 | -0,50 | 15,99 | 0,08 | 12,05 1,65] 13,00 -0,50 8,47
IPQ 19,86 18,93 14,74 16,54 14,32 2,20 | 17,22 | 2,78 | 13,65 4,35| 14,49 2,20 10,62
CEM 22,78 21,86 17,22 20,49 15,69 17,37 1,37 | 16,04 2,94 16,77 0,79 13,56
VSL 21,46 20,45 14,81 17,96 11,87 14,44 15,89 1,57| 13,06 -0,58 8,57
PTB 23,59 22,58 16,91 20,23 13,11 16,48 17,40 13,13 -2,15 9,86
ERV 18,88 17,80 11,64 14,78 8,33 11,26 13,34 8,44 10,54
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8. Conclusion

The results for the measurements at the freezing point of Al are more or less satisfactory,
while the measurements at the freezing point of Ag suffer from severe instabilities of the
HTSPRTSs. By using two HTSPRTs in each loop and an additional comparison with a travel-
ling Ag freezing point cell results were achieved which can be used partly for scrutinizing of
the CMC entries delivered by the participants. Nevertheless, the uncertainties are still higher
than expected before the start of the comparison.

The following recommendations and questions may be concluded:

¢ All laboratories should include in their quality manual a cleaning procedure for the
thermometers, fixed point cell and annealing furnaces in order to minimise the poi-
soning of the thermometers.

¢ In a future comparison at least the W-values of Ga and Al should also be reported.
This will allow a better understanding of the history of the thermometers.

e The results with a re-sealable travelling cell were much better than the results with
the HTSPRTSs. It seems that the risk of damage for such a cell is acceptable. It should
be considered to perform further comparisons at the freezing point of Ag with such a
cell.

e HTSPRTs are used in NMlIs for the interpolation of the temperature scale, but not in
industry. It should be discussed if HTSPRTSs are suitable as travelling instruments at
all. Au/Pt thermocouples may at the end allow measurements with smaller uncertain-
ties than HTSPRTs. Moreover, some statistical information about the real number of
calibrations of HTSPRTs may be gathered to discuss if such an enormous effort as
EUROMET 820 is justified.

The evaluation of the data that is suggested in this report for the measurements at the Ag
freezing point is somewhat arbitrary. It is quite unlikely that another evaluation of the data
would result in the same difference between the results of the participants and the ERV. On
the other hand all data handling was clearly described and each “manipulation” (drift com-
pensation, elimination of outliers) can be discussed and probably also be justified. Neverthe-
less, the large number of “manipulations” may be thought as a kind of data cosmetics. But
one should have in mind that the estimation of the measurement of the uncertainties is quite
conservative. All “manipulations” are thought to be within the uncertainties.
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1. Introduction

The EUROMET regional key comparison was initiated during the EUROMET TC THERM meeting on
30./31. March 2004. PTB was chosen to be the pilot laboratory of EUROMET-T-K4. The procedures
and instructions, which are given below, should be followed by all participants. Each laboratory should
follow its common practice in realizing the aluminum and silver freezing points. The instructions are
based on the Protocols given in the Guidelines for CIPM key comparisons, Appendix F to the MRA, 1
March 1999.

The procedure of EUROMET-T-K4 is not identical with the procedure of CCT-K4: While CCT-K4 was
a direct comparison of Al and Ag fixed point cells, EUROMET-T-K4 requires the calibration of an
SPRT (25 Q) at the freezing point of Al and 2 HTSPRTSs at the freezing point of Ag and by each par-
ticipant. Participants only interested in a comparison at the Al freezing point will only calibrate the
SPRT (25 Q). The procedure follows partly the procedures used in APMP-T-K4.

During the preliminary characterization of the HTSPRTSs by the pilot laboratory it was found that the
thermometers are not as stable as desirable. Several improvements of the protocol have been con-
sidered and mostly rejected, because the necessary effort would have been too large. As a compro-
mise, now 1 additional Ag fixed point cell (provided by NMi-VSL) will be compared only among the
pilot and sub-pilot laboratories. This will allow for a better control of the stability of the thermometers.
Moreover, the linkage of the loops can be based on more reliable measurements.

The comparison will involve the 5 EUROMET NMIs previously involved in CCT-T-K4 [BNM-INM (FR),

INRIM(IT), NMi-VSL (NL), NPL (GB), PTB (DE)] as pilot or sub-pilots and additional nearly all Euro-
pean national laboratories. The comparison will be divided in 4 loops. Besides PTB there will be an-
other participant of CCT-T-K4 in each of the loops of EUROMET-T-K4.

The pilot will calibrate a total of 9 HTSPRTs, and 5 SPRT, including 1 spare thermometers of each
type. The thermometers were generously provided by Hart Scientific (3 HTSPRTs and 4 SPRTSs),
BIPM (3 HTSPRTSs), MIKES (2 HTSPRTs), Metas (1 HTSPRT) and PTB (1 SPRT).

The thermometers are very fragile and must be handled with extreme care. When not in use, they
should be stored in a safe place in the groove of the protecting foam. The SPRTs and the Ag fixed
point cell will be hand carried from laboratory to laboratory. Each laboratory is responsible for carriage
of the devices to the following laboratory in the list. The procedures required by the Department of
Customs of various countries must be strictly obeyed when the thermometers are shipped outside EU.
In these cases, the Carnet forms must be carefully and accurately completed. It is the responsibility of
the laboratory carrying the transfer SPRT to the next laboratory to present the Carnet to Customs
when leaving the country and upon arrival in the country of destination. Personnel at the receiving
laboratory must check the Carnet forms very carefully upon receipt. It is the duty of the pilot laboratory
to find out a solution between the different participants (in this loop) for taking in charge the ATA car-
net fees.

If the thermometers have not been received in due time the pilot must be immediately informed. As a
result the delayed laboratory may be excluded from the comparison, or the timetable may be revised
accordingly.

Any participant will calibrate at least one thermometer. It will establish a calibration report. This report
will be sent (within 1 month) to the pilot laboratory.
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2. Scheme of Organization
2a: Thermometers

DE

. 6
. 6
. 6
Ad

2b: Ag fixed point cell
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3. Provisional schedule

For a given laboratory, the time allowed for the measurements (calibration of 1 SPRT at the Al freez-
ing point and 2 HTSPRTSs at the freezing point of Ag) is estimated to be less than 4 weeks. The travel-

ling time between two Labs could be rated at 2 weeks. In agreement with these estimations the
schedule will in principle follow tables 1a and 1b.

Start of meas- Loop A Loop B Loop C Loop D
urements (only Pt-25)

1. July 2004 DE DE

1. Dec. 2004 DK Ccz DE

1. Feb. 2005 NO PL AT DE

1. Apr. 2005’ HU FR (SB) *+ Ag cell SK Fl

15. May 2005 SK (SA) CH UK (SC) i Ag cell GR

1. July 2005 RO SI SE IT (SD) + Ag cell
1. Sep. 2005 HR TR LT PT

15. Oct. 2005 DE DE RU ES

1. Dec. 2005 DE NL i Ag cell
1. Feb. 2006 DE

Draft A prepared by PTB: April 2006

Table 1a: Provisional schedule for Thermometers in EUROMET-T-K4

The Ag fixed point cell will only be used by the pilot and sub-pilot laboratories to control the stability of
the HTSPRTSs. The schedule was organised in such a way that thermometers and fixed point cell
should be at the same time in the laboratories of the sub-pilots, but arriving from and going to different

laboratories.

Start of measurement NMI

1. February 2005 NL

1. March 2005 DE

1. April 2005 FR (SB)
15. May 2005 UK (SC)
1. July IT (SC)
1. September DE

1. November NL

Table 1b: Provisional schedule for Ag fixed point cell in EUROMET-T-K4

4. Participating Laboratories
see Chapter 3 of the report on EUROMET 820

' EUROMET meeting in Vienna on 6./7. April 2005
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5. Requirements to be fulfilled by participating laboratories

0.

Laboratories that will only participate for the comparison of the Al fixed point, only have to do
the measurements for this point. The instructions are to be modified by the laboratory accord-

ingly.

All participating laboratory must have an aluminum freezing-point cell and a silver freezing-point
cell whose thermometer wells have inner diameter larger than 8 mm. The freezing-point cells
have to be long enough to achieve a reasonable hydrostatic head.

All participating laboratory should prepare one and to be safer side more than one monitoring
HTSPRT and one monitoring SPRT, which will be used in the realization of the freezing points
of aluminum and silver.

Each participating laboratory should have experience with calibration of PRTs at the freezing
points of Al and Ag. The procedure shall be described in the quality manual of the laboratory,
including a detailed uncertainty analysis.

The reproducibility of the calibration at the freezing points of Al and Ag should be demonstrated
in a period close the measurements of EUROMET K4, i.e. within 3 months before the
EUROMET project. For this purpose the monitor thermometers should be calibrated at least 4
times at the fixed points, and the standard deviation of the results should be in agreement with
the expected uncertainty.

6. Task of the pilot and sub-pilot laboratories

The pilot laboratory prepares for each loop

2 pieces of HTPRT as transfer thermometer whose nominal resistance at the triple point of water
is <2,5Q, in most cases appr. 0,25 Q

1 piece of SPRT as transfer thermometer whose nominal resistance at the triple point of water
appr. 25 Q

1 Ag fixed point cell

The PRTs should be stable during the realization of the freezing points of aluminum or silver and the
suggested short-time stability before and after the freezing-point realization, approximately within 1.0
mK at the TPW.

The pilot laboratory will in the beginning and at the end of each loop follow the same procedures as all
participating laboratories, which are described in the detailed instructions.

The pilot laboratory will calibrate all thermometers of the intercomparisons according to the instruction
given below twice (in the beginning and at the end of the intercomparison).

The sub-pilot laboratories will calibrate the thermometers of their loops in the same way as all other
laboratories. Additionally they will compare the Ag fixed point cell to their own national standard. The
procedure for this comparison follows the usual procedure. An example can be found in the technical
protocol for CCT K4. Receiving of the Ag cell and the result of the comparison will be reported to the
pilot laboratory.
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7. DETAILED INSTRUCTIONS FOR PARTICIPATING LABORATORIES
(only calibration of thermometers)

Remark
Each participant should follow the instructions given in
(A1) (Receiving the Thermometers)
as soon as possible after receiving the thermometers.
After this, calibrate the specified thermometers for
(B): SPRT (25 Q) at the freezing point of Al
(C): HTSPRTSs at the freezing point of Ag
The sequence of (B) and (C) is not mandatory.
After the calibrations, pack securely the thermometers and transport them to the next participant. If
any discussion upon this protocol and the measurements during this international comparison is nec-
essary, the participant should share the information through e-mail to all participants.

(A) Receiving the Thermometers

Procedures

1. Upon receiving the transfer SPRT and the transfer HTSPRTSs, the host laboratory must inspect
the thermometers for damage. The host laboratory must report the condition of the thermome-
ters to the pilot laboratory. If there is damage, the pilot laboratory will give instructions on how to
proceed.

2. If no damage is reported to the pilot laboratory, the host must measure the resistance of the
transfer PRT and the transfer HTSPRTs using two measuring currents (in order to determine
the zero-power value) in a triple point of water (TPW) cell.

3. After completing measurements according to step 2, resistance values of the 3 transfer ther-
mometers at the TPW (Rrpw1), Which are extrapolated to a measuring current of 0 mA and
which are corrected for the hydrostatic head effect, must be communicated to the pilot labora-
tory before proceeding further measurements. Based on this information, the pilot laboratory will
advice the host laboratory on the next step to be taken.

(B) SPRT (25 Q) to be calibrated at the freezing point of Al

Remarks

Firstly, the SPRT (25 Q) should be annealed according to the procedures given in the following para-
graphs. If the specified criteria are fulfilled, calibrate the SPRT using three plateaus of the aluminum
freezing point. Measure the immersion characteristics using the transfer SPRT during one of the three
plateaus or in an additional fourth plateau.

Procedures

1. Anneal the transfer SPRT before the measurement of the freezing-point temperatures of alumi-
num. Insert slowly the transfer SPRT into an annealing furnace which is preheated to 500 °C, and
then increase the temperature of the annealing furnace to 675 °C over approximately 1 hour.
Maintain the temperature at that point for 30 minutes, then reduce it to 500 °C over approximately
1.5 to 4 hours. When the temperature has reached 500 °C, remove slowly the SPRT from the fur-
nace directly to the room environment.

2. After the SPRT has cooled down to room temperature, measure its resistance at the TPW (Rrpw2).

3. If the change of the resistance of the PRT at the TPW before and after annealing (Rrpw2 - Rrpw1),
as measured according to steps 2 and 3, is equivalent to 0.5 mK or smaller, proceed to step 4,
otherwise repeat step 1 and 2. If the requirement is not fulfilled of the second annealing, contact
the pilot or sub-pilot laboratory.

4. After the annealing and the measurements at the TPW are completed, calibrate the transfer SPRT
at the aluminum freezing point. The SPRT must be preheated in an annealing furnace which is
preheated to 500 °C, and then the temperature is increased up to a value between 600 °C and
660 °C over approximately 1 hour. The transfer SPRT should be removed then from the annealing
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furnace, and inserted into the well of the aluminum freezing point cell and calibrated in the stable
plateau of the freezing curve of aluminum.

5. After calibration measurements at two currents at the freezing point of aluminum, measure the
immersion characteristics using the transfer SPRT whenever the participating laboratory decide to
measure it during this plateau. The method for measuring the immersion characteristics should
follow the common procedure practiced by each participating laboratory. If the participating labo-
ratory does not decide to measure the immersion characteristics during this plateau, proceed to
step 6.

6. The SPRT should be removed and inserted into the annealing furnace whose temperature is
maintained at a temperature between 600 °C and 660 °C, annealed for 30 minutes and then
cooled down to 450 °C within approximately 1.5 to 4 hours.

7. When the temperature of the annealing furnace (along with the PRT) has been dropped to 450 °C,
wait for appr. 30 minutes and then remove slowly the PRT from the furnace directly to the room
environment. After the SPRT has cooled down to room temperature, measure its resistance at the
TPW (Rrpw)-

8. Calibrate the thermometer three times by repeating steps 4 to 7.

9. If the participant decides to conduct the immersion characteristics measurement in an additional
plateau, then repeat step 4, 5, 6 and 7.

(C) 2 HTSPRTSs to be measured at the freezing point of Ag

Remarks

In this protocol only the calibration of 1 thermometer is described. The calibration of the second ther-
mometer follows the identical procedure. The time where the thermometer is at temperatures above
500 °C should be minimized (< 8 hours).

Firstly, the HTPRT should be annealed according to the procedures given in the following paragraphs.
If the specified criteria are fulfilled, calibrate the HTPRT using two plateaus of the silver freezing point.
Perform an immersion test using the transfer HTPRT during one of the two plateaus or an additional
plateau.

If desirable for reasons of organisation, the thermometer may after cooling down remain at 500 °C for
several hours in all steps described below.

Procedures

1. Anneal the transfer HTPRT before the measurement of the freezing-point temperature of silver.
Insert slowly the transfer HTPRT into an annealing furnace which is preheated to 500 °C, and
then increase the temperature of the annealing furnace to 975 °C over approximately 2 hours.
Maintain the temperature at that point for 30 minutes, then reduce it to 500 °C over approximately
4 to 8 hours. When the temperature has reached 500 °C, remove slowly the HTPRT from the fur-
nace directly to the room environment.

2. After the transfer HTPRT has cooled down to room temperature, measure its resistance at the
TPW (Rrpw2).

3. If the change of the resistance of the transfer HTPRT at the TPW before and after annealing
(Rrpw2 - Rtpw1), @s measured according to steps 2 and 3, is equivalent to 1.0 mK or smaller, pro-
ceed to step 4, otherwise repeat step 1 and 2. If the requirement is not fulfilled after the second
annealing, contact the pilot or sub-pilot laboratory.

4. After the annealing and the measurements at the TPW are completed, calibrate the transfer
HTPRT at the Ag freezing point. The monitor HTPRT should be used in the realization of the
freezing point of silver. The transfer HTPRT must be preheated in an annealing furnace which is
preheated to 500 °C, and then the temperature is increased up to 960 °C over approximately 2
hour. The transfer HTSPRT should then be removed from the annealing furnace and inserted into
the well of the silver freezing point cell and calibrated in a stable plateau of the freezing curve of
silver, preferably between 85% and 70% of metal in the liquid phase.
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After measurements at two currents at the freezing point of silver, perform an immersion test with
the transfer HTPRT whenever the participating laboratory decides to measure it during this pla-
teau. For the immersion test lift the thermometer by 10 mm and measure the temperature change
of the HTSPRT. If the participating laboratory does not decide to measure the immersion charac-
teristics during this plateau, proceed to step 6.

The transfer HTPRT should be removed and inserted into the annealing furnace at 960 °C. In-
crease the temperature to 975 °C, anneal the thermometer for 30 minutes and then cool down to
500 °C within approximately 4 to 8 hours.

When the temperature of the annealing furnace (along with the transfer HTPRT) has been
dropped to 500 °C, remove slowly the HTPRT from the furnace directly to the room environment.
After the transfer HTPRT has cooled down to room temperature, measure its resistance at the
TPW (Rrpw).

Calibrate the thermometer a second time by repeating steps 4 to 7.

8. REPORT OF RESULTS

The participating laboratories must send the followings to the pilot laboratory by the specified sched-
ule.

1.

Resistance values of the transfer PRT in its specified freezing-point cells [= R(T)in the freezing-point
cer] @nd in the TPW cell [R(273.16 K)], and the related resistance ratios [= R(T)in the freezing-point cell /
R(273.16 K)] obtained after the measurement of aluminum and silver freezing point.

The participating laboratory report to the pilot laboratory the non-corrected R(T)/Rsq4 data at two
currents for deriving 0 mA value and the corrected values for hydrostatic head, gas pressure,
and self-heating.

The immersion curves obtained using the transfer PRT in the Al freezing point cell used for the
comparison.

Freezing curves of aluminum and silver cells measured by monitor PRTSs.

Uncertainty analysis according to the "Guide to the Expression of Uncertainty in Measurement”,
ISO 1993, ISBN 92-67-10188-9. The uncertainty analysis must include the following terms and
other items that the participating laboratory wants to include.

Type A
Freeze-to-freeze repeatability with the degree of freedom

Type B

Chemical impurities of Al and Ag cell

Hydrostatic-head errors

Bridge measurement errors

effects of changes in reference resistors

non-linearity of bridge

quadrature effects in ac measurements

Uncertainty propagate from the TPW

SPRT self heating errors

Heat flux-immersion errors

Errors in gas pressure in the Al and Ag cell

Errors in the choice of freezing point value from plateau of the freezing curve
High-temperature insulation degradation of the transfer HTPRT
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5. Details of instrumentation and experimental techniques of the participating laboratory
must be reported to the pilot laboratory

Details of instrumentation

Bridge

Manufacturer and model
Frequency

Bandwidth

Gain

Quad gain

Normal measurement currents
Self-heating currents

Reference resistor

Manufacturer and model

How maintained

Temperature control stability of maintaining bath
Temperature coefficient of reference resistor

Freezing point cells

Manufacturer and model

Type of cell(open/closed)

Length and diameter of cell(cm)
Crucible materials

Source of crucible

Sample source

Purity of sample

Immersion depth of HTPRT (mm)
Thermometer well ID (mm)
Pressure in cell(kPa)

Furnace details

Manufacturer and model

Dc or Ac heat power

Furnace control type

How many zones in furnace
Uniformity in furnace with cell
Temperature stability over 16 hrs(mK)

Details of experimental techniques

Length of time that the sample is heated above the melting point before nucleating freeze
Method of nucleation freezes

Duration of freeze(h)
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9. Customs declaration

TO WHOM IT MAY CONCERN

EUROMET Regional Key Comparison T-K4 (EUROMET Project 820)

EUROMET is an organisation representing the National Measurement / Standards Laboratories of a large num-
ber of countries/territories in the European region. Its broad objective is to improve the measurement capabilities
in the European region by sharing facilities and experience in metrology.

As part of a major intercomparison program, EUROMET is conducting an intercomparison on International

Temperature Scale of 1990 (ITS-90) in the temperature range 660 °C to 960 °C involving the participants as
given in the Laboratory Schedule.

The project is co-ordinated by
Dr. Dieter Heyer
PTB
Abbestr. 2-12
D-10587 Berlin
Phone: +49 30 3481 595
Fax: +49 30 3481 504
Email: dieter.heyer@ptb.de

The following artefact is circulated among the participants for calibration:

Standard Platinum resistance thermometer N°:

The purchase/manufacturing cost of the artefact was . However it has no commercial value
(it is not for sale). It is meant solely for the calibration of national standards and will be re-exported immediately
after the calibration is completed (see enclosed Laboratory Schedule).

We request that the device is not handled or removed from the container/package. If a Customs inspection is
required then please contact the relevant person listed in the attached schedule so that he/she can be present and
help you unpack it.
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Please send to

Dieter Heyer

PTB

Fax: +49 30 3481 595
Email: dieter.heyer@ptb.de

ARTEFACT RECEIVED

EUROMET Key Comparison T-K4 (Project 820)

Name of participating lab:

The and its ATA Carnet was

(SPRT references)

received at

(name of laboratory)

on

(date)

The condition when it was received was:

[] in good physical and working order
[ damaged (explain)

Signature

57



Please send to

Dieter Heyer

PTB

Fax: +49 30 3481 595
Email: dieter.heyer@ptb.de

ARTEFACT SHIPPED

EUROMET Key Comparison T-K4 (Project 552)

Name of participating Lab:

The

(SPRT reference)

delivered to

(name of laboratory)

on

(date)

Signature
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PROTOCOL APPROVAL

EUROMET Key Comparison TC-K4 (Project 820)
This approval concerns only the protocol of the measurement.
During the last EUROMET meeting held in Ljubljana (30-31 March 2004) the protocol has been glob-
ally agreed by all the participants.

We need a formal approval from any participant to the final protocol of EUROMET project 820.

Name of participating lab:

D We approve the Protocol (version 2005-01-04) and we agree to participate in the
EUROMET Key comparison TC-K4 (Project 820)

D We do not approve the Protocol (version 2005-01-04) and we will not be participating in
the EUROMET Key comparison TC-K4 (Project 820)

Date

Name

Responsibility

Signature
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Appendix B: Comparison of Ag freezing point cells among the sub-pilots

The comparison among the sub-pilots and the pilot with a Ag silver freezing point cell did not
follow a very strict protocol. Instead the participants were asked to follow basically the proto-
col of CCT K4, but applying their own procedure for their cells.

The Ag fixed point cell was provided by NMi-VSL. It is a re-sealable cell, which was hand
carried in a suitcase in dismounted condition. The mounting instructions are given at the end
of appendix B.

Among the sub-pilots there was a discussion about the extra measurements with the Ag
freezing point cell. The summary of this discussion was distributed by email on January 12,
2005 as follows:

Comments of the sub-pilots on the protocol of EUROMET 820
Replies by Erich Tegeler are in red.

Comments from Peter Steur

Inserting a Silver Point cell, even if only partially, in the comparison, can only improve the
reliability of the outcome. As such, | have no objections to it, and, in an overall sense, | agree
with the modified proposal, but | do have a number of questions and a couple of remarks :

Question 1: Has it been ascertained that the travelling Ag cell is compatible with the dimen-
sions of the sub-pilots' furnaces?

The drawing of the cell was sent to the sub-pilots on 12. Jan. 05. | hope that there are no
problems.

Question 1: How is the Ag cell to be transported from one sub-pilot to the other? By hand or
by courier? This information is to be specified in the protocol and preferably added at the
bottom of page 2.

Hand-carrying of the cell was included on page 2.

Question 3: How does the start of measurements of the Silver cell (NL), Table 2, compare
with the start of measurements of the Thermometers (NL), Table 1, November and Decem-
ber

respectively?

The Has been included.

Ag fixed point cell will form its own loop, independent from the thermometer loops.

Question 4: How come that loops A and B have already started when the protocol is still to
be accepted by the participants?

The protocol was accepted by the participants (at least nobody had any objections that were
not considered) and by CCT WG7. Now we are dealing only with modifications that became
necessary due to problems of the HTSPRTs. The modified protocol will be sent to all partici-
pants when the all modifications proposed by the sub-pilots are included in the final text
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Remark 1: On page 4 there are two tables, each labelled with the number 1. In the second
one, thus Table 2, IT(SC) should be IT(SD).
Has been changed into Table 1a and Table 1b.

Remark 2: It would be desirable to add, on page 9, a procedure for "Receiving the Silver cell
(sub-pilots only)".

Comments from Eliane Renaot
We agree the protocol of the EUROMET Project 820. Nevertheless | have some remarks:

- The inner diameter of the thermometer wells in our Al and Ag cells is 8 mm, so the diameter
of the thermometers have to be smaller than 8 mm.(7.7 mm maximum).
The diameter of the thermometers is 7.7mm or less.

- What are the geometrical characteristics of the transfer Ag cell ? The sub pilots have to
verify that these characteristics are compatible with their local furnaces

The drawing of the cell was sent to the sub-pilots on 12. Jan. 05. | hope that there are no
problems.

- There are some contradiction between the stability of the SPRT required before and after
the freezing point of silver page 8 (0.5 mk) and page 11 (1 mK)
Has been changed to 1 mK for all cases.

- in order to avoid a large drift of the SPRTs | suggest you recommend a maximum duration
while the SPRT can stay in the fixed point.

That is a good idea. | recommend a maximum of 10 hours at temperatures >500 °C for each
thermometer..

Comments from David Head

Perhaps | don't understand something - why is SK in two loops? Is it something to do with 25
Ohm PRTs?

The reason is as follows: SK participated in CCT K3, but not in CCT K4. Therefore SK can
be sub-pilot for loop A, which is only a comparison at the Al fixed point. On the other hand
SK is an ordinary participate for the measurements at the Ag fixed point.

We are assuming that under this protocol the sub labs are responsible also for transporting
the ingot to the next sub pilot? An additional cost which we will have to bear as a bigger lab.
However Jayne is concerned that it will be very tight to do both the comparison of the cells as
well as the

measurement of the RT and transporting both the RT and the cell on to separate destina-
tions, all within 6 weeks. (I suppose we will only hold up the second half of loop 4 if we are
late!).

You are right, but | see no other possibility. In many cases the flight tickets are really cheap,
so the costs should not really be a problem.

Maybe 6 weeks for the measurements including the comparison of the Ag fixed point are too
short. What would you suggest? Would 8 weeks be enough?

| suggest we leave the timetable as it is - it might slip by the time it gets to us anyway - we
will try to do it but we just want you to be aware of time problems (also in May six weeks is a
UK holiday and schools off so Jayne may be out for one week with her children)
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For us time is also money so re travel it is not so much the ticket but a day of my time is over
£800 (1200E)! Anyway that is something we must just live with according to our full costs
accounting system. Maybe | can visit Sweden - | have not been there and Jayne can go to
IMGC and also look at their heat pipe set up; she has not seen it. Not to worry.

| note that the countries needing Carnets are in different loops viz Ru in C while CH and TR
are in B, rather than having them all in one HTPRT group; but maybe Latvia is easy way into
Russia?

| hope that the carnets will not be a problem. Most of the thermometers are provided by Hart
Scientific; | suppose that they are in Europe with a carnet, but | do not have this carnet. So
we have issued new carnets. Anatoly Pokhodun up to now did not decide if VNIIM will par-
ticpate in the

comparison. So | decided just to wait and see.

Will the Netherlands do a before and after comparison of the travelling ingot with another?
Non travelling ingot in the Netherlands? (I assume you will as it goes back to you before the
NL).

This has still to be decided.

We also noted one other thing in the protocol In one point after annealing you decrease to
500 °C but everywhere else it is 450 °C - is this a deliberate difference?
500 °C is for HTSPRTs, 450 °C for SPRTs (25 Ohm).
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Instruction for mounting and dismounting the VSL Ag05 cell

Euromet-820 Key Comparison.

50 mm
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The cell is dismounted for transport into the following components:

Quartz outer tube / container

Graphite crucible containing the silver

Quartz thermometer well together with quartz wool isolation and graphite disks.
Bottom flange

Cell cover with gas handling tube and valve

Top flange with screws

Spare screws

Spare o-rings

NN WD =
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Mounting instructions:

Step 0

SPECIAL WARNING!!!

Be extra careful while unpacking and later packing of the graphite crucible with the silver ingot. As soon as
you tilt this part upside down with just a very slight angle, the large weight of the silver will cause it to slide
down the crucible. It will likely cause the inner graphite well to break exactly at the point where it sticks out

from the silver as soon as it falls on the table (or even worse: the floor...).

Please, before transporting it to the next lab, attach a warning label on the packed crucible + silver that indicates
which side is the top and pack it such that the silver ingot cannot move.

Step 1.

Insert the graphite crucible into the quartz container preferably using dust free disposable handgloves while
holding the quartz container in a horizontal position.
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Step 2.

Mount the thermometer well + isolation and graphite disks together into the quartz container.
If you find this easier, first insert the thermometer well and insert the isolation layers one by
one. Start with a graphite disk at the bottom.

\

| {
L
Step 3.

After (or before) all the isolation and graphite disks have been stuffed in, place the cell vertically.
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Step 4.

Mount the o-ring and bottom flange
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Step S.

Mount the cell cover, with the small o-ring around the quartz thermometer well

Step 6.

Mount the top flange with the crews over the cell cover.

and connect the top and bottom flange. Screw in the screws inch by inch (actually mm by
mm) taking turns on the screws that are lined up opposite. Continue until the flanges are
tightly together taking care not to break the quartz container.
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Step 7.

Finally, screw tightly the seal for the thermometer well using a wrench.

Step 8.

Before heating the cell, check for leaks. In case of a leak, try to tighten the screws in the top
flange a bit further and/or tighten the thermometer well seal. If the leak persists, check the o-
rings for deformation due to excessive heating and replace them with new o-rings.
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Appendix Leak testing and further preparation

The leaktest can initially be executed by simply pumping on the cell for some time and clos-
ing the valve to the pump while monitoring the pressure in the cell. The pressure in the cell
should only slowly rise (outgassing) and stabilise at a few times 10-3 mbar.

If above criteria can not be met even after precautions have been taken as described in step
8., use a leak detector to find the exact position of the leak.

Further preparation:

The NMi-VSL procedure for further preparing the cell after leak testing has passed is the fol-
lowing:

Continue pumping on the cell.
Heat up the cell to 820 °C while pumping and keep pumping like this overnight.
Stop pumping and fill the cell with an overpressure (100 mbar) of very pure argon.
Increase the temperature further and slowly melt the silver at a few degrees above the
melting point.
5. After the silver has melted, flush the cell and gas lines three times:
Slowly pump on the cell until an underpressure of 0.9 bar has been reached and fill
again up to 1.1 bar (repeat 3 times and record the end pressure at about 1.1 bar).
6. The cell is now ready for a freeze plateau to be induced according to your own proce-
dure.

Eal e
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Appendic C: Instrumental details

The tables presented in the next pages correspond the experimental details Excel files sent
by the participants in their reports.
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820), Loop A

Laboratory name DTI (DK) Justervesenet (NO) OMH (HU) INM (RO) UME (TR) HR

Bridge used for SPRT (25 Ohm)

Manufacturer ASL Measurement International |Guildline Automatic Systems ASL - MI ASL

Type F18 Model 6010T 9975 F18 F18 - 6010 F700

Unity reading 1,0000000 Ohm 8 digit 1.000 000 O 1,0000001 1.000 000

AC or DC AC DC DC AC AC -DC AC

If AC, give Frequency 75 Hz 25 Hz Low 50 Hz

If DC, give Period of reversal 5s 4 sec 30s

Normal measurement current 1 mA 1mA 1 mA 1 mA 1mA 1mA

Self-heating current 1.41 mA 1,41 mA 1,414 mA 1.414 mA 1,41 mA 1.41 mA

Evaluation of linearity of resistance No

bridge (yes or not) yes not Yes yes yes

If yes, How? resistors from specification by checking the equality RBC 400
Rx/Rs = 1/ (Rs/Rx)

Reference resistor 1

Manufacturer H.M. Sulivan Ltd Tinsley Cambridge H Tinsley & Co Ltd Tinsley Tinsley

Type 1613 Model 5685A 10 ohm 5685 A, 100 ohm 100 ohm, 5685 A 5685A

Reference resistor temperature corjyes yes Yes Yes yes Not

termostated oilbath

Temperature controlled

in thermostat, measured

Oil bath and room

In a temperature-controlled

Unstirred bath, temperature

If yes, How? bath with PRT temperature control oil bath correction
Al Cell
no Pyrocontrole, France Not Isothermal Technology Ltd [Not, NPL made Purchased, Isotech
Home made or not
Closed cell or open closed Closed Closed Closed Closed Open
Nominal purity 6N 6N 99.999 9% 99,9999% 6.5N
Immersion depth of middle of the S|18 12,5 cm 17,5 cm 17 cm 17,4 cm 18 cm
Al Furnace
no Isotech Model 17702 ITL  |Not home made Isothermal Technology Ltd |Not, Carbolite Purchased, Isotech
Home or not
Type (1 zone, 3 zones, heat pipe, . |heat pipe Heat pipe 3 zones heat pipe Heat pipe 3 zones
Typical duration of the melting plateau 3 hours 2h 5 hours 4 hours
16 h 4 -7 hours, depends on 7 hours 5h 6 hours 8 hours
Typical duration of the freezing platy load
TPW Cell
no NPL type Not home made Laboratory of the Home made Purchased, Isotech E11
Government Chemist (UK)
Home made or not
Immersion depth of middle of the S|26 20,5 cm 23 cm 18.5cm 24,5cm 25cm
isothermail enclosure with |Bath bath Ice In a maintenance bath kept |lce bath

How are mantles maintained (ice, b

ice/water, plexiglas jacket

near TPW value
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820), Loop B

Laboratory name CMI (CZ) GUM (PL) LNE-INM/CNAM (FR) MIRS/FE-LMK (SI) METAS (CH) BEV (AT)
Bridge used for SPRT (25
Ohm)
Manufacturer ASL ASL Guildline Measurements Measurements Measurements
International International International

Type F18 F18 9975 6010 B 6010T 6010B
Unity reading 1,0000000 0,0000001 110-7 N/A resistance ratio Ohm
AC or DC AC AC DC DC DC DC
If AC, give Frequency 75 Hz 75 Hz -
If DC, give Period of reversal 4s 10 sec 6s 10 sec
Normal measurement current 1 mA 1mA 1mA 1 mA 1mA 1mA
Self-heating current 1,414 mA 1,41 mA 1,414 mA sqrt (2) v2 mA 1.414 mA
Evaluation of linearity of Yes
resistance
bridge (yes or not) yes not yes yes no
If yes, How? 0,0000001 Batch of standard resistors |RBC verification of the bridge's

ratio(r) linearity with a set of|

standard resistors
Reference resistor 1
Manufacturer Tinsley Tinsley Guildline Tlnsley Tinsley & Co Ltd Fluke
Type 5685 A (100 ?) 5685 A 9330 5685 A 5685A 742A-100
Reference resistor temperature  |yes yes yes Yes yes no
control (yes or not)
If yes, How? (23 £0,05)°C In the bath in (23,00 + 0,04)|Guildline bath oil bath, stability 3 mK over {air thermostat at (36.0 £ 0.5) °C

Bridge used for HTSPRT

Manufacturer ASL ASL ASL Measurements International Measurements International Measurements International
Type F18 F18 F18 6010 B 6010T 6010B
Unity reading 1,0000000 0,0000001 110-7 N/A resistance ratio Ohm

AC or DC AC AC AC DC DC DC

If AC, give Frequency 75 Hz 75 Hz 25 Hz -

If DC, give Period of reversal 10 sec 6s 10 sec
Normal measurement current 20 mA 10 mA 10mA 14,142 mA 10 mA 14.14 mA
Self-heating current 28,828 mA 14,1 mA 14,14mA 20 mA v20 mA 20 mA
Evaluation of linearity of Yes

resistance

bridge (yes or not) yes not yes yes no

If yes, How? 0,0000001 Batch of standard resistors |RBC verification of the bridge's

ratio(r) linearity with a set of
standard resistors
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820), Loop B, continued

Laboratory name CMI (CZ) GUM (PL) LNE-INM/CNAM (FR) MIRS/FE-LMK (SI) METAS (CH) BEV (AT)
Reference resistor 2 Tinsley
Manufacturer 5684 A(17) Tinsley Tinsley Tinsley Tinsley & Co Ltd Fluke
Type yes 5685 A 5685 A 5685 A 5685A 742A-25
Reference resistor temperature  [(23 +0,05)°C yes yes Yes yes no
control (yes or not)
If yes, How? In the bath in (23,00 + 0,04)|Guildline bath oil bath, stability 3 mK over air thermostat at (36.0 + 0.5) °C
Al Cell Isotech model ITL-M-17672 AL168
Home made or not not ISOTECH Model ITL-M-176/Chauvin Arnoux PyrocontrolNot, Isotech Al 130 Isotech, type M-17672, SN 1HART Scientific
Closed cell or open closed cell CLOSED licence LNE-INM/CNAM Closed closed closed
Nominal purity 6N 6N closed 6N 99,9999% 99,9999
Immersion depth of middle of the |134 mm 16 cm 99,9999% 18 13,6 16,5
SPRT sensible element/cm

14,5 cm
Al Furnace Isotech model ITL 17702
Home or not not ISOTECH Model ITL-M-17706 Not Isotech, type ITL-M-17706, {ISOTECH
Type (1 zone, 3 zones, heat pipe, |heat pipe heat pipe Home 3 zones heat pipe heat pipe
....... )
Typical duration of the melting 8 hours 2 hours heat pipe 6 hours 4 h with setpoint 5 °C above]2-3 h
plateau
Typical duration of the freezing 12 hours 10 hours 6h 8 hours 15h 2-3h
plateau

7h
Ag Cell Isotech model ITL-M-17673 AG39
Home made or not not ISOTECH Model ITL-M-17673 No Ag-89 Not, Isotech Ag 45 Isotech, type M-17673, SN §HART Scientific
Closed cell or open closed cell CLOSED Home closed closed closed
Nominal purity 6N 6N closed 6N 99,9999% 99,9999
Immersion depth of middle of the |130 mm 16 cm 99,9999% 18 16 17,5
SPRT sensible element/cm

14,5 cm
Ag Furnace Isotech model ITL 17702
Home or not not ISOTECH Model ITL-M-17706 Not, Isotech Isotech, type ITL-M-17706, {ISOTECH
Type (1 zone, 3 zones, heat pipe, |heat pipe heat pipe Home heat pipe heat pipe heat pipe
Typical duration of the melting 4 hours 3 hours heat pipe 4 hours 4 h with setpoint 5 °C abovel1-2 h
plateau
Typical duration of the freezing 8 hours 10 hours 8h 6 hours 7h 1-2h
plateau
TPW Cell cells NPL type 32 N° 1025
Home made or not not not, glass cell NPL type 32 N° 957 Not, NMi-VSL Hart Scientific, type 5901, S|HART Scientific
Immersion depth of middle of the |250 mm 19 cm not / UME 27 24 18
SPRT sensible element/cm
How are mantles maintained (ice, |Water Triple Point Mainteng TPW cell in PVC box 23 cm bath ice bath
bath,....) placed in the ice in Dewar

vessel
Isotech Hart bath
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820, Loop C)

Laboratory name PTB (DE) SMU (SK) NPL (UK) SP (SE) UJ-PFI (LT) VNIIM (RU)
Bridge used for SPRT (25 Ohm)
Manufacturer ASL ASL Automatic Systems ASL Measurements International |Guildline Instruments Inc.
Type F18 F900 F900 F-18 Automatic DC bridge, model |GUILDLINE 9975
Unity reading 1 18+30 (intervals of 10 |3 205 001 1.0000000 with IEEE two 5 pK
s, time of reading 3+5 more figures
min)
AC or DC AC AC AC AC DC DC
If AC, give Frequency 25 Hz 75 Hz Low (25 Hz) 75 Hz
If DC, give Period of reversal Not applicable 0.5 Hz 10s 4s
Normal measurement current 1mA 1mA 1mA 1 mA 1 mA 1.0 mA
Self-heating current 1,414 mA 1,414 mA N2 mA v2 mA 1.414 mA 1.414 mA
Evaluation of linearity of resistance No 6.3 <10 8
bridge (yes or not) yes not at present time Yes, tested at 1 mA yes
If yes, How? RBC 100 RBC Check the ratios 0.1, 1and |RBC
10 of calibrated resistors of 1
Ohm, 10 Ohms and 25 Ohms
Reference resistor 1 100 Ohm
Manufacturer Tinsley Tinsley and Co H Tinsley & Co Ltd Tinsley H. Tinsley & Co Ltd., UK Association
"Priborostroiteli", Russia
Type 5685A (100 0 «> 100 Ohm, 5686 A 5684C 5685A 100 ohm s/n Wilkins type, model 5685A - [MC3020, 10 Ohm
237850 25 Ohms
Reference resistor temperature control (yes |yes yes Yes Yes yes, at 23 °C, +/- 0.02 °C Yes
or not)
If yes, How? Temperature controlled [temperature controlled | Temperature controlled |In Temperature Controlled |Resistor kept in the oil bath  |oil balh 30 °C + 0.005 °C

oil bath at (23 +0,02) °c

bath

oil bath

Enclosure; Tinsley 5648
s/n 64/008 at 36.0 °C;
Control ratio 30 e.g. 1 °C
amb. eqv. 33mK; -0.53
ppm/°C

made by Isotech, model 455

Bridge used for HTSPRT

Manufacturer ASL ASL Automatic Systems ASL Measurements International |Guildline Instruments Inc.
Laboratories Ltd Ltd., Canada
Type F18 F900 F900 F-18 Automatic DC bridge, model |GUILDLINE 9975
6010T
Unity reading 1 20+30 3205 001 1.0000000 with IEEE two 50 uK
more figures
AC or DC AC AC AC AC DC DC
If AC, give Frequency 25 Hz 75 Hz Low (25 Hz) 75 Hz
If DC, give Period of reversal Not applicable 0.5 Hz 10s 4s
Normal measurement current 10 mA 10 mA 10 mA 10 mA 10 mA 10 mA
Self-heating current 14,14 mA 14,14 mA 10V2 mA 10 xv2 mA 14.14 mA 14.14 mA
Evaluation of linearity of resistance bridge |yes not Yes, tested at 1 mA No yes 6.3-10 8
(yes or not)
If yes, How? RBC 100 RBC Check the ratios 0.1, 1and |RBC

10 of calibrated resistors of 1
Ohm, 10 Ohms and 25 Ohms
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820, Loop C), Continued

Laboratory name PTB (DE) SK NPL (UK) SP (SE) UJ-PFI (LT) VNIIM (RU)
Reference resistor 2
Manufacturer Tnsley Tinsley and Co H Tinsley & Co Ltd Tinsley H. Tinsley & Co Ltd., UK Association
"Priborostroitel”, Russia
Type 5684 A (1 H) 2.5 0hm, 5649 A 5664A 5685A 1 ohm s/n 248676 |Wilkins type, model 5685A - 1MC3020, 1.0 Ohm
Ohm
Reference resistor temperature control (yes |yes yes Yes Yes yes, at 23 °C, +/- 0.02 °C Yes
or not)
If yes, How? Temperature controlled |temperatur controlled [Temperature controlled |In Temperature Controlled |Resistor kept in the oil bath  |oil balh 30 °C + 0.005 °C
oil bath at (23 £ 0,02)°c  |bath oil bath Enclosure; Tinsley 5648 |made by Isotech, model 455
s/n 64/009 at 36.0 °C;
Control ratio 30 e.g. 1 °C
amb. eqv. 33mK; 1.2
ppm/°C
Al Cell
Home made or not Home made not Home made, Ident: Al |[ENGELHARD PYRO- Made by Hart Scientific, Home made
(sealed) CONTROLE s/n Al 056 model 5907
Closed cell or open closed closed Closed long closed closed Open
Nominal purity 6N 6N 99.9999% 99.999% 99.9999%+ 6N
Immersion depth of middle of the SPRT 155 mm 17 See 1.2 & Table 1 13.5 cm (Hart SPRT) 17 18 cm
sensible element/cm
Al Furnace
Home or not ISOTECH model ITL not Commercial - Carbolite [ISOTECH ITL 17702 s/n (Made by Hart Scientific, Home made
17702 111441 model 9114
Type (1 zone, 3 zones, heat pipe, ....... ) heat pipe 3 zone Single zone with 1 zone Potassium heat 3 zones 3 zones
heatpipe pipe, AC, Eurotherm 818S,
Uniform. £0.01 °C /16h:
0,04 °C
Typical duration of the melting plateau 4 hours 1h 8 hours 1h 4 hours 12 hours
Typical duration of the freezing plateau 8 hours 6h 8 hours 6h 8 hours 10 hours
Ag Cell
Home made or not PTB not Home made, Ident: Ag [ISOTECH ITL M 17673 s/n|Made by Isotech Ltd., UK, Home made
2/97 AG 35 model ITL M 17673
Closed cell or open closed closed Closed short closed closed Open
Nominal purity 6N 6N 99.9999% 99.9999% 99.9999%+ 6N
Immersion depth of middle of the SPRT 155 mm 17 See 1.2 & Table 1 16.9 cm (Hart) ; 159 cm (17,5 18 cm
sensible element/cm (Chino)
Ag Furnace
Home or not Gero not Commercial - Carbolite [ISOTECH ITL 17705 s/n [Made by Isotech Ltd., UK, Isotech
161389-1 model 465
Type (1 zone, 3 zones, heat pipe, ....... ) heat pipe heat pipe Single zone with 1 zone Sodium heat pipe; |3 zones heat pipe
heatpipe AC, Eurotherm 818S;
+0.02 °C; +0.05 °C
Typical duration of the melting plateau 4 hours 1h 8 hours 1h 3 hours 5 hours
Typical duration of the freezing plateau 8 hours 2+3h 8 hours 6h 5 hours 4 hours
TPW Cell
Home made or not not not Commercial — Isotech, |NPL 32 s/n 980 Made by Hart Scientific, Home made
Ident: B11-323 model 5901
Immersion depth of middle of the SPRT 23. Feb See 1.2 & Table 1 19.7 cm (Hart) ; 18.7 cm |23 (for SPRT), 22 (for 26 cm
sensible element/cm (Chino) ;20.3 cm (Hart HTSPRT)
SPRT)
How are mantles maintained (ice, bath,....) |Water triple point bath Crushed ice TPW bath ISOTECH ITL- [Cell kept in the bath made by [ice

maintenance baths
(ISOTECH and Hart

M-18233

Hart Scientific, model 7012
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820), Loop D
Laboratory name CMA (FI) EIM (GR) INRiM (IT) IPQ (PT) C.E.M (ES) VSL (NL)
Bridge used for SPRT (25 Ohm) AC Resistance Bridge
Manufacturer ASL Measurements International Ltd, |ASL ASL ASL Ml
Type F18 6010B F18 Model F18 F18 MI6010T
Unity reading 1 1,000000000 1,0000000 ratio (0 to 1,299 999 9) 1,000 000 0 ?
AC or DC AC DC AC AC DC DC
If AC, give Frequency 75 Hz 25 Hz 75 Hz 75 Hz
If DC, give Period of reversal 8s -- 3 seconds
Normal measurement current 1 mA 1mA 1mA 1mA 1mA 1mA
Self-heating current sqrt(2) mA 1.4142 mA 1,4142 mA 1,414 mA 1,414 mA 1.41421 mA
Evaluation of linearity of resistance]
bridge (yes or not) yes yes yes No yes yes
If yes, How? RBC 100 reference resistors at ratios of by means of RBC unit RTU RBC and reciprocal
1/25, 1/4, 1/1,4/1 measurements
Reference resistor 1
Manufacturer Tinsley H. Tinsley&Co Ltd, UK Tinsley Tinsley Tinsley Tinsley
Type 5658A 25 ohm 5685A, 25 ohm 5685A Model 5685A model 5685 A; 1) 5684
Reference resistor temperature  |yes yes yes Yes yes yes
control (yes or not)
If yes, How? Tinsley 5648 oil bath at 23 °C Tinsley Enclosure 5648 Thermoregulated bath, modelfisothermal enclosure at |Hart Scientific 7008 oil
KB24 stability better than 36 °C bath
0,01 °C
Bridge used for HTSPRT AC Resistance Bridge
Manufacturer ASL Measurements International Ltd, |Automatic Systems AL -Automatic Systems ASL Mi
Canada Laboratories Laboratories
Type F18 6010B F18 Model F18 F18 MI6010T and 6015T
Unity reading 1 1,000000000 1,0000000 ratio (0 to 1,299 999 9) 1,000 000 0 ?
AC or DC AC DC AC AC DC DC
If AC, give Frequency 75 Hz 25 Hz 25 Hz 75 Hz
If DC, give Period of reversal 8s - 3 seconds
Normal measurement current 10 mA 10 mA 10 mA 10 mA 1mA 10 mA
Self-heating current 10 mA x sqrt(2) 14.142 mA 14,142 mA 1,414 mA 1,414 mA 14.1421 mA
Evaluation of linearity of resistance] yes
bridge (yes or not) yes reference resistors at ratios of yes No yes yes
1/25, 1/4, 1/1,4/1
If yes, How? RBC 100 by means of RBC unit RTU RBC and reciprocal

measurements
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Instrumentation Details

EUROMET Regional Key T-K4 Comparison (EUROMET Project 820), Loo

D, continued

Laboratory name CMA (FI) EIM (GR) INRIM (IT) IPQ (PT) C.E.M (ES) VSL (NL)
Reference resistor 2
Manufacturer Tinsley H. Tinsley&Co Ltd, UK Tinsley Tinsley Tinsley Tinsley
Type 5685A 1 ohm 5685A, 1 ohm 5685A Model 5685 AC model 5685 A; 100 + 5684
Reference resistor temperature coilyes yes yes Yes yes yes
If yes, How? Tinsley 5648 oil bath at 23 °C Tinsley Enclosure 5648 Thermoregulated bath, model|oil bath at 23 °C Hart Scientific 7008 oil
KB24 stability better than bath
0,01 °C
Al Cell Al Co3
Home made or not Hart Scientific ITL-M-17672, 1995, Al49 Home made ISOTECH Not Home made
Closed cell or open closed Closed Open Closed cell -Al50 open open
Nominal purity 99.9999%+ 99,9999% 6N metal purity: 99,9999 % 99,999 9 % 6N
Immersion depth of middle of the §15,75 18cm 15,4 18,4 cm 140 mm SPRT (s/n 22cm
1450)
Al Furnace
Home or not Isotech Isotech Home made ISOTECH — Model ITL — Not Home
M17702
Type (1 zone, 3 zones, heat pipe, .|heat pipe Very High Temperature Dual Heat pipe 1 zone Sodium heat pipe heat pipe
Furnace-17705 (Heat pipe)
Typical duration of the melting platd2 h 40 hours 16 hours 8h few hours
Typical duration of the freezing plai6 h 40 hours, Time sample is |30 hours 8h 40 hrs
kept above melting point
before nucleation
Ag Cell Ag JM2
Home made or not Isotech ITL-M-17673, 1995, Ag48 Home made ISOTECH Not Home
Closed cell or open closed Closed Open Closed cell -Ag58 closed open
Nominal purity 100,00% 99,9999% 6N metal purity: 99,9999 % 99,999 9 % 6N
Immersion depth of middle of the §15,75 18cm 16,4 16 cm 130 mm HTSPRT (s/n 17 cm
1041 and 1043)
Ag Furnace
Home or not Isotech 181303/3 Home made YELLOW SPRINGS - Model |Not Home
YSI M17702
Type (1 zone, 3 zones, heat pipe, .|heat pipe Very High Temperature Dual Heat pipe 1 zone Sodium heat pipe Heat pipe
Furnace-17705 (Heat pipe)
Typical duration of the melting platd4 h Isotech 10 hours 7h few hours
Typical duration of the freezing plai3 h 10 hours 10 hours 6h 20 hours
TPW Cell IMGC N°34 Jarrett water triple point cell,
type A-11
Home made or not Forschungsgemeinsch|VNIIM, 2004, Type WTPC, ser  |Home made home Not (s/n 2030 and 2036) |Home
aft fir techniches Glas|0/12
- Wertheim
Immersion depth of middle of the §20,35 27cm 24,9 25,5¢cm 260 mm HTSPRT (s/n |23 cm
1041 and 1043), 260 mm
SPRT (s/n 1450)
How are mantles maintained (ice, fcrushed ice In a water bath, set at 0.007 Maintenance bath HART SCIENTIFIC - Model |Water stirred bath bath

Degrees Celsius

7312
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Appendix D: Uncertainty budgets

The following tables are a short version of the uncertainty Excel files sent by participants in their reports.

Uncertainty analysis

Uncertainty contribution ui in mK
Quantity JComponents Loop A SPRT 1444
Qi PTB DTI JVv OMH SMU INM UME FSB PTB
Xt Repeatability of readings see Wt scatter 0,20 0,15 0,29 see Wt scatter 0,13 0,02 0,31 see Wt scatter
C xu1 Uncertainty linked with purity 0,39 1,50 1,50 0,43 0.35 0,66 1,50 1,50 0,39
C xie Uncertainty linked Hydrostatic pressure correction 0,01 0,02 0,02 0,01 0.0053 0,02 0,02 0,03 0,01
C xi3 Uncertainty linked with perturbing heat exchanges 0,10 0,10 0,33 0,06 0.067 0,10 0,05 3,00 0,10
C xva Uncertainty linked with self-heating correction 0,01 0,20 0,14 0,15 0.075 0,05 0,10 0,20 0,01
C xus Uncertainty linked with bridge linearity 0,07 0,20 0,01 0,02 0.04 0,16 0,05 0,25 0,07
C xus Uncertainty linked with AC/DC current 0,07 0,00 0,01 0,09 5,00
C xy7 Uncertainty linked with gas pressure 0,21 1,80 0,24 0,73 0.070 0,01 0,00 0,01 0,21
Xo.01°C Repeatability of readings see Wt scatter 0,01 0,05 0,21 see Wt scatter 0,07 0,01 0,01 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter 0,02 0,42 0,08 see scatter 0,10 0,25 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter 0,02 0,60 0,08 see Wt scatter 0,02 0,20 see Wt scatter
C o.01°c Uncertainty linked with purity and isotopic compositio 0,10 0,01 0,10 0,04 0.19 0,10 0,07 0,10 0,10
Co.01°cr2 Uncertainty linked Hydrostatic pressure correction 0,00 0,04 0,01 0,04 0.008 0,03 0,01 0,01 0,00
Coorciz  |Uncertainty linked with perturbing heat exchanges 0,03 0,01 0,08 0,04 0.040 0,03 0,05 0,10 0,03
C oo01°ca Uncertainty linked with self-heating correction 0,04 0,05 0,22 0,24 0.067 0,07 0,04 0,04 0,04
C o.01°cr5 Uncertainty linked with bridge linearity 0,24 0,03 0,02 0,02 0.067 0,13 0,05 0,25 0,24
C 0.01°cr6 Uncertainty linked with AC/DC current 0,22 0,03 0,10 0,25
C oo1°cr7 Uncertainty linked with internal insulation leakage 0,01 0,01 0,00 0,03 0,00 0,25 0,01
Drs/1 Uncertainty linked with stability of RS 0,03 0,03 0,00 0,53 0.025 0,00 0,03 0,50 0,03
Drs/2 Uncertainty linked with temperature of RS 0,17 0,05 0,01 0,53 0.0072 0,02 0,05 0,50 0,17
Swi Wt scatter 1,08 0,02 0,22 0,01 0.58 0,64 0,25 0,41 1,08
Combined uncertainty 1,22 2,37 1,78 1,32 0.98 0,97 1,54 6,12 1,22
Expanded uncertainty 2,44 4,75 3,55 2,64 1,970 2,20 3,08 12,24 2,44
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Uncertainty analysis

Uncertainty contribution ui in mK

Quantity  |Components Loop B SPRT 1445

Qi PTB CwMmI GUM LNE-INM MIRS Metas BEV PTB

Xt Repeatability of readings see Wt scatter 0,20 0,40 0,03 0,06 0,06 see Wt scatter

C Xt/1 Uncertainty linked with purity 0,39 1,50 0,40 0,88 0,40 0,67 0,40 0,39

C Xt/2 Uncertainty linked Hydrostatic pressure correction 0,01 0,01 0,02 0,01 0,03 0,01 0,02 0,01

C Xt/3 Uncertainty linked with perturbing heat exchanges 0,10 0,20 0,10 0,06 0,10 0,10 0,23 0,10

C Xt/4 Uncertainty linked with self-heating correction 0,01 0,20 0,20 0,06 0,20 0,23 0,19 0,01

C Xt/5 Uncertainty linked with bridge linearity 0,07 0,10 0,20 0,10 0,03 0,06 0,32 0,07

C Xt/6 Uncertainty linked with AC/DC current not estimated 0,00 0,05 1,20

C Xt/7 Uncertainty linked with gas pressure 0,21 0,03 0,60 0,30 0,08 0,20 0,21

X0.01 °C |Repeatability of readings see Wt scatter 0,17 0,30 0,02 0,08 0,41 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter 0,17 0,58 0,09 0,05 0,02 0,11 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter 0,70 0,20 0,60 0,20 0,03 0,21 see Wt scatter

C 0.01°C/1|Uncertainty linked with purity and isotopic compositio 0,10 0,17 0,20 0,20 0,05 0,00 0,21 0,10

C 0.01°C/2|Uncertainty linked Hydrostatic pressure correction 0,00 0,01 0,02 0,01 0,01 0,00 0,34 0,00

C 0.01°C/3|Uncertainty linked with perturbing heat exchanges 0,03 0,07 0,17 0,10 0,01 0,04 0,21 0,03

C 0.01°C/4|Uncertainty linked with self-heating correction 0,04 0,14 0,19 0,20 0,03 0,06 0,03 0,04

C 0.01°C/5|Uncertainty linked with bridge linearity 0,24 0,14 0,19 0,03 0,01 0,27 0,24

C 0.01°C/6])Uncertainty linked with AC/DC current not estimated 0,00 0,05 0,63

C 0.01°C/7|Uncertainty linked with internal insulation leakage 0,01 not estimated| 0,04 0,00 0,01 0,11 0,01

DRS/1 Uncertainty linked with stability of RS 0,03 0,03 0,01 0,00 0,01 0,21 0,03

DRS/2 Uncertainty linked with temperature of RS 0,17 0,35 0,05 0,03 0,00 0,17 0,12 0,17

SWt W1t scatter 0,59 0,40 0,79 0,37 1,06 0,13 0,33 0,29

Combined uncertainty 0.81 1,81 1,42 1,18 1,22 0,77 1,70 0,66

Expanded uncertainty 1,62 3,63 2,84 2,36 2,50 1,51 3,41 1,31
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Uncertainty analysis

Uncertainty contribution uiin mK
Quantity = Components Loop C SPRT 1446
Qi PTB SMU NPL SP UJ-PFI VNIIM PTB
Xt Repeatability of readings see Wt scatter | see Wt scatter 0,02 0,05 0,02 see Wt scatter
C Xt/1 Uncertainty linked with purity 0,39 0.35 0,40 0,87 1,50 0,40 0,39
C Xt/2 Uncertainty linked Hydrostatic pressure correction 0,01 0.0053 0,01 0,01 0,00 0,005 0,01
C Xt/3 Uncertainty linked with perturbing heat exchanges 0,10 0.033 0,12 0,46 0,06 0.2 0,10
C Xt/4 Uncertainty linked with self-heating correction 0,01 0.059 0,01 0,06 0,03 0,007 0,01
C Xt/5 Uncertainty linked with bridge linearity 0,07 0.04 0,04 0,04 0,05 0,006 0,07
C Xt/6 Uncertainty linked with AC/DC current 0,00 0,12
C Xt/7 Uncertainty linked with gas pressure 0,21 0.070 0,05 0,04 0,04 0,009 0,21
X0.01 °C |Repeatability of readings see Wt scatter | see Wt scatter 0,03 0,10 0,03 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter [see Wt scatter 0,00 0,19 0,20 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter | see Wt scatter 0,00 0,19 0,39 see Wt scatter
C 0.01°C/1 [Uncertainty linked with purity and isotopic composition 0,10 0.19 0,12 0,19 0,34 0,015 0,10
C 0.01°C/2 [Uncertainty linked Hydrostatic pressure correction 0,00 0.008 0,02 0,04 0,00 0,005 0,00
C 0.01°C/3 |Uncertainty linked with perturbing heat exchanges 0,03 0.040 0,05 0,10 0,02 0,033 0,03
C 0.01°C/4 |Uncertainty linked with self-heating correction 0,04 0.051 0,03 0,19 0,10 0,017 0,04
C 0.01°C/5 [Uncertainty linked with bridge linearity 0,24 0.067 0,12 0,15 0,02 0,01 0,24
C 0.01°C/6 [Uncertainty linked with AC/DC current 0,00 0,19
C 0.01°C/7 |Uncertainty linked with internal insulation leakage 0,01 0,00 0,01
DRS/1 Uncertainty linked with stability of RS 0,03 0.025 0,00 0,01 0,03
DRS/2 Uncertainty linked with temperature of RS 0,17 0.0072 0,03 0,01 0,01 0,00 0,17
SWt Wt scatter 0,96 0.35 0,19 0,21 0,06 0,29 1,135
Combined uncertainty 1,00 0.55 0,50 1,12 1,66 0,54 1,17
Expanded uncertainty 2,01 1,100 1,00 2,25 3,33 1,11 2,34

81




Uncertainty analysis

Uncertainty  contribution ui in mK
Quantity |Components Loop D SPRT 1450
Qi PTB MIKES EIM INRIM IPQ CEM VSL PTB
Xt Repeatability of readings see Wt scatter 0,20 0,01 0,62 0,02 0,04 0,04 see Wt scatter
C Xt/1 Uncertainty linked with purity 0,39 1,50 1,50 0,39 1,50 0,57 0,39 0,39
C Xt/2 Uncertainty linked Hydrostatic pressure correction 0,01 0,00 0,01 0,01 0,01 0,02 0,01 0,01
C Xt/3 Uncertainty linked with perturbing heat exchanges 0,10 0,07 0,14 0,04 0,10 0,39 0,11 0,10
C Xt/4 Uncertainty linked with self-heating correction 0,01 0,07 0,02 0,01 0,01 0,06 0,07 0,01
C Xt/5 Uncertainty linked with bridge linearity 0,07 0,00 0,06 0,00 0,01 0,00 0,18 0,07
C Xt/6 Uncertainty linked with AC/DC current 0,05 0,00 0,00 0,16 0,00
C Xt/7 Uncertainty linked with gas pressure 0,21 0,00 0,30 0,05 0,05 0,00 0,21
X0.01 °C |Repeatability of readings see Wt scatter 0,05 -0,01 0,02 0,01 0,01 0,10 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter 0,10 -0,42 0,01 0,02 0,01 see Wt scatter|
Short repeatability of calibrated SPRT see Wt scatter 0,07 -1,04 - 0,06 0,95 0,10 see Wt scatter
C 0.01°C/1|Uncertainty linked with purity and isotopic compositio 0,10 0,10 -0,42 0,01 0,10 0,00 0,12 0,10
C 0.01°C/2|Uncertainty linked Hydrostatic pressure correction 0,00 0,00 0,01 0,00 0,00 0,00 0,01 0,00
C 0.01°C/3|Uncertainty linked with perturbing heat exchanges 0,03 0,02 -0,01 0,00 0,02 0,00 0,03 0,03
C 0.01°C/4|Uncertainty linked with self-heating correction 0,04 0,00 -0,02 0,01 0,00 0,19 0,14 0,04
C 0.01°C/5|Uncertainty linked with bridge linearity 0,24 0,00 0,00 0,00 0,01 0,00 0,05 0,24
C 0.01°C/6|Uncertainty linked with AC/DC current 0,02 0,00 0,00 0,32 0,00
C 0.01°C/7|Uncertainty linked with internal insulation leakage 0,01 0,00 -0,03 0,00 0,00 0,00 0,01
DRS/1 Uncertainty linked with stability of RS 0,03 0,04 0,01 0,00 0,07 0,00 0,00 0,03
DRS/2 Uncertainty linked with temperature of RS 0,17 0,01 0,11 0,00 0,00 0,00 0,01 0,17
SWt Wt scatter 0,97 0,53 1,16 - 0,17 0,49 1,03 1,375
Combined uncertainty 1,01 1,62 2,49 0,73 1,52 2,55 1,42 1,41
Expanded uncertainty 2,02 3,23 5,06 1,47 3,04 6,77 3,34 2,81
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Uncertainty analysis

Uncertainty contribution ui in mK
Quantity Components Loop B HTSPRT 1068
Q; PTB CMI GUM LNE-INM MIRS Metas BEV PTB
Xt Repeatability of readings see Wt scatter 0,250 0,792 0,100 0,473 1,411 see Wt scatter
C xv1 Uncertainty linked with purity 0,650 2,000 0,850 1,176 0,600 1,122 0,650 0,650
C xio Uncertainty linked Hydrostatic pressure correction 0,110 0,010 0,077 0,032 0,025 0,031 0,062 0,110
C xis Uncertainty linked with perturbing heat exchanges 0,500 0,500 0,202 0,235 0,100 0,333 0,321 0,500
C xua Uncertainty linked with self-heating correction 0,010 0,200 0,282 0,059 0,200 0,750 0,240 0,010
C xus Uncertainty linked with bridge linearity 0,080 0,100 0,250 0,100 0,025 0,087 0,453 0,080
C xus Uncertainty linked with AC/DC current not estimated 0,000 0,050 1,200
C xy7 Uncertainty linked with gas pressure 0,240 0,030 0,600 0,400 0,104 0,173 0,240
Xo.01°c Repeatability of readings see Wt scatter 0,210 0,377 0,100 0,262 0,409 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter 0,210 0,946 0,108 0,050 0,017 0,754 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter 0,650 0,253 0,759 0,480 0,166 1,390 see Wt scatter
C 0.01°c/1 Uncertainty linked with purity and isotopic composition 0,130 0,210 0,257 0,253 0,050 0,003 0,301 0,130
Co.01°cr2 Uncertainty linked Hydrostatic pressure correction 0,010 0,009 0,031 0,018 0,005 0,004 0,493 0,010
C oot°ca Uncertainty linked with perturbing heat exchanges 0,040 0,090 0,214 0,126 0,010 0,038 0,301 0,040
C 0.01°c/a Uncertainty linked with self-heating correction 0,050 0,170 0,253 0,253 0,030 0,166 0,048 0,050
C o.01°cs5 Uncertainty linked with bridge linearity 0,340 0,170 0,247 0,025 0,014 0,391 0,340
C o0.01°cr6 Uncertainty linked with AC/DC current not estimated 0,000 0,050 1,420
C o.01°c7 Uncertainty linked with internal insulation leakage 0,010 not estimated 0,051 0,000 0,067 0,752 0,010
Drsr1 Uncertainty linked with stability of RS 0,120 0,040 0,009 0,001 0,011 0,602 0,120
Drsio Uncertainty linked with temperature of RS 0,170 0,430 0,064 0,003 0,001 0,231 0,174 0,170
Swi Wt scatter 2,500 0,500 1,182 0,490 5,391 2,846 0,713 5,000
Combined uncertainty 2,680 2,328 2,154 1,558 5,467 3,235 3,314 5,100
Expanded uncertainty 5,360 4,657 4,307 3,117 11,000 6,341 6,629 10,200
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Uncertainty analysis

Uncertainty contribution ui in mK
Quantity Components Loop B HTSPRT 93103
Q PTB CMI GUM LNE-INM MIRS Metas BEV PTB

Xt Repeatability of readings see Wt scatter 0,250 0,891 0,100 0,492 1,404
C xv1 Uncertainty linked with purity 0,650 2,000 0,850 1,176 0,600 1,122 0,650
C xu2 Uncertainty linked Hydrostatic pressure correction 0,110 0,010 0,077 0,032 0,025 0,031 0,062
C xus Uncertainty linked with perturbing heat exchanges 0,500 0,500 0,289 0,235 0,100 0,333 0,321
C xua Uncertainty linked with self-heating correction 0,010 0,200 0,282 0,047 0,200 0,888 0,211
C xus Uncertainty linked with bridge linearity 0,080 0,100 0,250 0,100 0,025 0,087 0,453
C xus Uncertainty linked with AC/DC current not estimated 0,000 0,050 1,200
C w7 Uncertainty linked with gas pressure 0,240 0,030 0,600 0,400 0,104 0,173
Xo.01°c Repeatability of readings see Wt scatter 0,210 0,377 0,100 0,239 0,409

Repeatability of temperature realized by cell see Wt scatter 0,210 0,711 0,108 0,050 0,017 0,754

Short repeatability of calibrated SPRT see Wt scatter 1,100 0,253 2,529 0,190 0,202 1,384
C 0010 Uncertainty linked with purity and isotopic composition 0,130 0,210 0,257 0,253 0,050 0,003 0,301
Co.01°cr2 Uncertainty linked Hydrostatic pressure correction 0,010 0,009 0,031 0,018 0,005 0,004 0,493
C oo1°cia Uncertainty linked with perturbing heat exchanges 0,040 0,090 0,214 0,202 0,010 0,038 0,301
C v.01°cia Uncertainty linked with self-heating correction 0,050 0,170 0,253 0,202 0,030 0,202 0,048
C o.01°cs5 Uncertainty linked with bridge linearity 0,340 0,170 0,247 0,025 0,014 0,391
C o01°cis Uncertainty linked with AC/DC current not estimated 0,000 0,050 1,204
C o01°cr7 Uncertainty linked with internal insulation leakage 0,010 not estimated 0,051 0,000 0,067 0,752
Drsn Uncertainty linked with stability of RS 0,120 0,040 0,009 0,001 0,011 0,602
Drsp2 Uncertainty linked with temperature of RS 0,170 0,430 0,064 0,003 0,001 0,231 0,174
Swt Wt scatter 1,640 0,800 0,121 2,450 3,375 3,180 0,619
Combined uncertainty 1,905 2,569 1,754 3,743 3,468 3,569 3,200
Expanded uncertainty 3,810 5,137 3,507 7,486 6,935 6,994 6,400
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Uncertainty analysis

Uncertainty contribution Ui in mK
Quantity Components LOOp C HTSPRT 1065
Q PTB SMU NPL SP UJ-PFI PTB VNIIM PTB
Xt Repeatability of readings see Wt scatter | see Wt scatter 0,044 0,100 0,200 0,473 see Wt scatter
C xu1 Uncertainty linked with purity 0,650 0.45 0,577 2,309 4,000 1,122 0,670 0,650
C xu2 Uncertainty linked Hydrostatic pressure correction 0,110 0.018 0,031 0,031 0,016 0,031 0,016 0,110
C xus Uncertainty linked with perturbing heat exchanges 0,500 0.19 0,433 1,732 0,289 0,333 0,300 0,500
C xva Uncertainty linked with self-heating correction 0,010 0.10 0,006 0,115 0,066 0,750 0,013 0,010
C xus Uncertainty linked with bridge linearity 0,080 0.10 0,041 0,043 0,242 0,087 0,080
C xve Uncertainty linked with AC/DC current 0,000 0,115 0,050
C xu7 Uncertainty linked with gas pressure 0,240 0.060 0,045 0,035 0,300 0,104 0,008 0,240
Xo0.01°c Repeatability of readings see Wt scatter | see Wt scatter 0,114 0,214 0,129 0,262 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter | see Wt scatter 0,000 0,247 0,257 0,017 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter | see Wt scatter 0,000 0,247 0,619 0,166 see Wt scatter
C 0.01°ci Uncertainty linked with purity and isotopic composition 0,130 0.24 0,175 0,247 0,429 0,003 0,015 0,130
Cootrocr Uncertainty linked Hydrostatic pressure correction 0,010 0.010 0,024 0,049 0,005 0,004 0,006 0,010
C oo1°ci3 Uncertainty linked with perturbing heat exchanges 0,040 0.81 0,072 0,124 0,066 0,038 0,043 0,040
C 001°ci Uncertainty linked with self-heating correction 0,050 0,770 0,048 0,247 0,285 0,166 0,040 0,050
C oo1°cis Uncertainty linked with bridge linearity 0,340 0.086 0,175 0,186 0,124 0,014 0,340
C oo1°cis Uncertainty linked with AC/DC current 0,000 0,247 0,050
C oo1°cr7 Uncertainty linked with internal insulation leakage 0,010 0,000 2,475 0,067 0,010
Drs/1 Uncertainty linked with stability of RS 0,120 0.0043 0,000 0,007 0,011 0,120
Drs/2 Uncertainty linked with temperature of RS 0,170 0.0039 0,037 0,010 0,017 0,231 0,01 0,170
Swi Wt scatter 1,070 0,500 1,660 0,924 0,268 8,000 0,740 11,020
Combined uncertainty 1,440 1,350 1,835 3,969 4,145 8,060 1,040 11,070
Expanded uncertainty 2,880 2,700 3,669 7,939 8,290 16,090 2,890 22,130
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Uncertainty analysis

Uncertainty contribution ui in mK
Quantity Components Loop C HTSPRT 944RS13
Q PTB SMU NPL SP UJ-PFI PTB VNIIM PTB
Xt Repeatability of readings see Wt scatter | see Wt scatter 0,039 0,150 0,200 0,473 see Wt scatter
C xv1 Uncertainty linked with purity 0,650 0.45 0,577 2,309 4,000 1,122 0,670 0,650
C xu2 Uncertainty linked Hydrostatic pressure correction 0,110 0.018 0,031 0,031 0,016 0,031 0,016 0,110
C xu3 Uncertainty linked with perturbing heat exchanges 0,500 0.19 0,433 1,732 0,664 0,333 0,300 0,500
C xua Uncertainty linked with self-heating correction 0,010 0.10 0,006 0,115 0,061 0,750 0,013 0,010
C xus Uncertainty linked with bridge linearity 0,080 0.10 0,041 0,043 0,233 0,087 0,080
C xus Uncertainty linked with AC/DC current 0,000 0,115 0,050
C w7 Uncertainty linked with gas pressure 0,240 0.060 0,045 0,035 0,300 0,104 0,008 0,240
Xo.01°c Repeatability of readings see Wt scatter | see Wt scatter 0,084 0,214 0,257 0,262 see Wt scatter
Repeatability of temperature realized by cell see Wt scatter | see Wt scatter 0,000 0,247 0,257 0,017 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter | see Wt scatter 0,000 0,742 0,619 0,166 see Wt scatter
C 0010 Uncertainty linked with purity and isotopic composition 0,130 0.24 0,175 0,247 0,429 0,003 0,015 0,130
Co.01°cr2 Uncertainty linked Hydrostatic pressure correction 0,010 0.010 0,024 0,049 0,005 0,004 0,006 0,010
C oo1°cia Uncertainty linked with perturbing heat exchanges 0,040 0.81 0,072 0,124 0,153 0,038 0,043 0,040
C v.01°cia Uncertainty linked with self-heating correction 0,050 0,086 0,078 0,247 0,334 0,166 0,040 0,050
C o.01°cs5 Uncertainty linked with bridge linearity 0,340 0.086 0,175 0,186 0,124 0,014 0,340
C o01°cis Uncertainty linked with AC/DC current 0,000 0,247 0,050
C o01°cr7 Uncertainty linked with internal insulation leakage 0,010 0,000 2,475 0,067 0,010
Drsn Uncertainty linked with stability of RS 0,120 0.0043 0,000 0,007 0,011 0,120
Drsp2 Uncertainty linked with temperature of RS 0,170 0.0039 0,037 0,010 0,017 0,231 0,010 0,170
Swt Wt scatter 2,060 1,310 3,220 1,039 0,779 9,920 1,130 18,140
Combined uncertainty 2,280 1,640 3,313 4,060 4,263 9,970 1,350 18,170
Expanded uncertainty 4,450 3,290 6,626 8,120 8,525 19,930 8,770 36,340
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Uncertainty analysis

Uncertainty contribution ui in mK
Quantity Components Loop D HTSPRT 1041
Q; PTB MIKES EIM INRIM IPQ CEM VSL PTB
Xt Repeatability of readings see Wt scatter 0,973 0,211 2,266 0,123 0,070 0,277 see Wt scatter
C xu1 Uncertainty linked with purity 0,650 4,000 3,600 0,650 4,000 2,889 0,648 0,650
C xi2 Uncertainty linked Hydrostatic pressure correction 0,110 0,001 0,031 0,015 0,031 0,054 0,031 0,110
C xi3 Uncertainty linked with perturbing heat exchanges 0,500 0,800 0,289 0,290 0,022 2,889 0,300 0,500
C xua Uncertainty linked with self-heating correction 0,010 0,046 0,231 0,015 0,014 0,049 0,555 0,010
C xus Uncertainty linked with bridge linearity 0,080 0,146 0,013 0,001 0,007 0,163 0,208 0,080
C xue Uncertainty linked with AC/DC current 0,050 0,000 0,001 0,558 0,000
C xu7 Uncertainty linked with gas pressure 0,240 0,001 0,300 0,040 1,445 0,002 0,240
Xo.01°C Repeatability of readings see Wt scatter 0,095 -0,121 0,249 0,069 0,060 0,423 see Wt scatter
Repeatability of temperature realized by cell see W1t scatter 0,100 -0,602 0,013 0,050 2,414 0,009 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter 0,027 -0,521 - 2,258 0,423 see Wt scatter
C 0.01°c/1 Uncertainty linked with purity and isotopic composition 0,130 0,100 -0,602 0,014 0,100 0,199 0,150 0,130
Coorecr Uncertainty linked Hydrostatic pressure correction 0,010 -0,001 0,013 0,100 0,001 0,022 0,009 0,010
C o.01°c3 Uncertainty linked with perturbing heat exchanges 0,040 0,020 -0,021 0,100 0,022 0,036 0,051 0,040
C 0.01°cia Uncertainty linked with self-heating correction 0,050 0,009 -0,104 0,600 0,000 0,209 1,396 0,050
C o.01°cs5 Uncertainty linked with bridge linearity 0,340 0,011 0,334 0,001 0,002 0,697 0,634 0,340
C o01°cis Uncertainty linked with AC/DC current 0,040 0,000 0,001 0,880 0,000
C o.01°cr7 Uncertainty linked with internal insulation leakage 0,010 0,437 -0,043 0,100 0,000 0,000 0,010
Drs/1 Uncertainty linked with stability of RS 0,120 0,140 0,015 0,100 0,081 0,000 0,000 0,120
Dgrs/2 Uncertainty linked with temperature of RS 0,170 0,032 0,152 0,100 0,004 0,000 0,000 0,170
Swi Wt scatter 3,530 2,779 2,464 - 0,118 3,395 1,584 13,280
Combined uncertainty 3,660 5,057 4,643 2,473 4,007 7,483 2,486 13,310
Expanded uncertainty 7,330 10,115 9,609 4,947 8,014 15,414 5,420 26,630
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Uncertainty analysis

Uncertainty contribution ui in mK
Quantity Components Loop D HTSPRT 1043
Q; PTB MIKES EIM INRIM IPQ CEM VSL PTB
Xt Repeatability of readings see Wt scatter 0,320 0,226 1,237 0,118 0,084 0,352 see Wt scatter
C xu1 Uncertainty linked with purity 0,650 4,000 3,600 0,650 4,000 2,889 0,648 0,650
C xi2 Uncertainty linked Hydrostatic pressure correction 0,110 0,001 0,031 0,015 0,031 0,054 0,031 0,110
C xi3 Uncertainty linked with perturbing heat exchanges 0,500 0,800 0,173 0,290 0,149 2,889 0,300 0,500
C xua Uncertainty linked with self-heating correction 0,010 0,000 0,061 0,015 0,011 0,049 0,493 0,010
C xus Uncertainty linked with bridge linearity 0,080 0,146 0,011 0,001 0,007 0,163 0,208 0,080
C xue Uncertainty linked with AC/DC current 0,050 0,000 0,001 0,410 0,000
C xu7 Uncertainty linked with gas pressure 0,240 0,001 0,300 0,040 1,445 0,002 0,240
Xo.01°C Repeatability of readings see Wt scatter 0,090 -0,136 0,289 0,106 0,139 0,387 see Wt scatter
Repeatability of temperature realized by cell see W1t scatter 0,100 -0,602 0,013 0,711 2,414 0,009 see Wt scatter
Short repeatability of calibrated SPRT see Wt scatter 0,242 -0,608 - 3,474 0,387 see Wt scatter
C 0.01°c/1 Uncertainty linked with purity and isotopic composition 0,130 0,100 -0,602 0,014 0,100 0,199 0,150 0,130
Coorecr Uncertainty linked Hydrostatic pressure correction 0,010 -0,001 0,013 0,100 0,001 0,022 0,009 0,010
C o.01°c3 Uncertainty linked with perturbing heat exchanges 0,040 0,020 -0,021 0,100 0,022 0,036 0,051 0,040
C 0.01°cia Uncertainty linked with self-heating correction 0,050 0,011 -0,261 0,600 0,000 0,209 0,223 0,050
C o.01°cs5 Uncertainty linked with bridge linearity 0,340 0,011 0,341 0,001 0,002 0,697 0,644 0,340
C o01°cis Uncertainty linked with AC/DC current 0,040 0,000 0,001 1,237 0,000
C o.01°cr7 Uncertainty linked with internal insulation leakage 0,010 0,437 -0,043 0,100 0,000 0,000 0,010
Drs/1 Uncertainty linked with stability of RS 0,120 0,140 0,015 0,100 0,081 0,000 0,000 0,120
Dgrs/2 Uncertainty linked with temperature of RS 0,170 0,032 0,152 0,100 0,004 0,000 0,000 0,170
Swi Wt scatter 2,710 2,605 0,704 - 3,026 2,449 0,950 5,400
Combined uncertainty 2,880 4,884 4,006 1,591 5,072 7,620 1,617 5,490
Expanded uncertainty 5,760 9,768 8,021 3,182 10,144 15,697 3,411 10,970
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Appendix E: Drift compensation applying Matthiessen’s rule

Instability of HTSPRTs is caused mainly by two reasons: mechanical stress of the sensor
and poisoning of the sensor by impurities. Metallic and other impurities can diffuse at high
temperatures (for instance the freezing temperature of Ag) through the thermometer sheath
and into the sensor material.

It is known for a long time that the change in the resistance of metals due to impurities or
stress follows a simple rule and is described in many text books: The resistance change AR
is constant and does not depend on temperature (Matthiessen’s rule or Mattiessen-Nernst-
rule). The reason is that scattering of the electron at lattice defects is not temperature de-
pendent, while scattering at phonons is temperature dependent. This rule allows a compen-
sation of the drift: the change in resistance can easily be derived from the resistance meas-
ured at the TPW. It is known from the measurements with SPRTs at the Al freezing point that
all participants of EUROMET 820 agree in the measurement at the TPW by better than 1

mK. It therefore may be assumed that the resistance measured at the TPW can be used for
a compensation also for HTSPRTSs.

Although the drift compensation method for SPRTs is known [6], it is only seldom applied.
The reasons may be as follows:
e Whenever you have a drift of a thermometer, something is going wrong and you
should not use the thermometer anymore.
e The resistance at the TPW is due to oxidation / reduction effects dependent on the
history of the thermometer and therefore not a good reference.

These arguments are true, but in the case of high drifts during an interlaboratory comparison
it may be worthwhile to consider a compensation of the drift of the thermometer applying
Matthiessens’s rule.

The compensation is simple:

_R() * _ R(1)+AR
W= RTPW) W= R(TPW)+AR

or

NV=Ws =2 (1)

The uncertainty of the compensation can be estimated [7] to be
__ UM 1—
M(AVV) - R(HO) ( W)

The uncertainty u(AR) due to the scatter of the measurements is already included in the un-
certainties of W. So the additional uncertainty of the correction is mainly the uncertainty of
the resistance measurement. The information about this component is not fully available from
all participants, but it is clear that the relative uncertainty of the resistance measurement is of
the order of 10 corresponding to a temperature uncertainty of 0,3 mK. Without going into
detail the uncertainty u(AW) of the compensation is therefore estimated to be 1 mK (k = 1).
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Appendix F: Comments on the stability of Pt-25 thermometers

It has been noticed that all SPRTs (Pt-25) used in EUROMET 820 showed a shift in the
same direction: The W-value for the final PTB measurement was higher by an equivalent of
appr. 4 mK for all thermometers. It is very strange that for the thermometers with SN 1445,
1446 and 1450 the increase is nearly identical (4,3 mK). It is therefore worthwhile to check if
the reason may be a shift in the PTB standards. A possible explanation may be the replace-
ment of the Al fixed point cell due to a damage of the first cell.

The replacement of the cell was controlled by a check thermometer and by comparison with
a third cell. There is a difference in the fixed point temperature of the cell, but this difference
was corrected. The check thermometer does not give any indication for a drift of the refer-
ence cell. Therefore there is a high probability that there really was a parallel drift of all 4
thermometers. This may be possible, as all thermometers are new and from the same pro-
duction batch. The history of the thermometers may be better understood from the changes
in R(TPW), W and W*, where W*is the W-value corrected for a possible drift as described in
Appendix E.

Fig. F1a: R(TPW) for SPRT SN 1444
Loop A, SPRT SN 1444, R(TPW)
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Fig. F1B: Wand W* for SPRT SN 1444
Loop A, SPRT SN 1444
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SPRT SN 1444: The largest drift of the thermometer occurred between the last 2 NMIs (FSB
and PTB).
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Fig. F2a: R(TPW) for SPRT SN 1445

Loop B, SPRT SN 1445, R (TPW)
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Fig. F2b: W and W* for SPRT SN 1445
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SPRT SN 1445: There is a continuous drift of the thermometer as can be seen from R(TPW)
and to a smaller amount also from W(AI). The drift can be partly (over)compen-sated accord-
ing to Matthiesen’s rule. For W*(Al) there is no increase, but a decrease between the initial
and final measurements of PTB.

Fig. F3a: R(TPW) for SPRT SN 1445
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Fig. F3B: W and W* for SPRT SN 1446
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SPRT SN 1446: There is a jump between the measurements at UJ-PFI and VNIIM. The
thermometers was transported from UJ-PFI to VNIIM via PTB, but unfortunately no meas-
urements were made at PTB.

Loop D, SPRT 1450
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Fig. F4a: R(TPW) for SPRT SN 1445

Loop D, SPRT SN 1450
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Fig. F4B: Wand W*for SPRT SN 1450

SPRT SN 1450: The deviation in the measurement of EIM seems to be due to problems with
measurements at the Al fixed points. There is a continuous shift of the thermometers after
the measurements at EIM, which can be fully compensated using Matthiesens’s rule. The
decrease of R(TPW) seems to indicate an annealing of lattice defects, but there is not
enough information for a full explanation of what is happening.

It can be concluded that the drift of the thermometers is different for the 4 thermometers. The
more or less identical drift of the thermometers between the initial and the final measurement
at PTB is therefore probably accidental.

It should be noted that the deviation for the measurement of the TPW between PTB and the
sub-pilots is in all cases smaller than 1 mK. Therefore within this uncertainty the NMls are
equivalent.

92



Appendix G: Comments on the stability of the HTSPRTs

The HTSPRTs used for EUROMET showed in most cases an insufficient stability. The rea-
son for this instability is not clear in all cases: it may be diffusion of impurities, mechanical
stress or other reasons. Looking for the behaviour in detail may give some information about
the reason for the instability.

This analysis will be done exemplary for the HTSPRT SN 944RS13. The thermometer was
produced by Chino and provided by MIKES.

Detailed results are given in the following figures, this time not for the average values, but for
the individual results.

Fig. G1: W(Ag) for HTSPRT SN 944RS13. Data points are no averages.
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There is already a small drift noticed for the initial measurements at PTB. The next 2 figures
gives results for R(TPW) and R(Ag) for the initial measurements at PTB.

Fig. G2: R(TPW) for the initial measurements at PTB

HTSPRT 944RS13, Stability during initial measuremnt

0,2614660

*
0,2614655 -
13
S 0,2614650 -
s l 0,5 mK
£ 02614645
x
0,2614640 |
0,2614635 :
IS B B B < S
Q Q Q Q Q Q Q Q Q Q

93



Fig. G3: R(Ag) for the initial measurements at PTB
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The drift of R(TPW) was only about 1 mK, while for R(Ag) it was about 7 mK. The measure-
ments were performed at 2 different Ag freezing point cells, and the thermometer was not
cooled down between the measurements. The steps in R(Ag) occurred when the thermome-
ter was operated at the Al freezing point or was annealed in a furnace.

During the measurements at PTB a steady increase of W(Ag) was noticed. This is not un-
usual for quite new thermometers, while the effect of poisoning by impurities is just in the
opposite direction.

Between the measurements at PTB and SMU a large jump occurred.
Fig. G4: Jump in R(TPW) between the measurements at PTB and SMU
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Fig. G4: Jump in R(Ag) between the measurements at PTB and SMU
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The jump between PTB and SMU occurred in R(TPW) and R(Ag), but the effects do not can-
cel. They cancel better (not perfectly) when a drift compensation is applied (Fig. G5). So
there is a high probability that that mechanical stress was the reason for the jump. It is not
clear how this happened: the thermometer was handcarried from PTB to SMU, and did not
fall to the floor, and no similar affairs are known.

Loop C, HTSPRT 944RS13
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Fig. G5

After the measurements at SMU an increasing drift for the thermometer was noticed, for
R(TPW) as well as for R(Ag) (see Fig. G6 and G7). Nevertheless, there is a different behav-
iour for R(TPW) and R(Ag). The effect may be caused by impurities.

Fig. G6: R(TPW) for the measurements after the jumps
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Fig. G6: R(Ag) for the measurements after the jumps
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For HTSPRT also W(AI) was measured during the initial and final measurements at PTB.
Also for W(AI) an enormous drift to smaller values was found, similar as for W(Ag). This may
support the assumption of an increasing poisoning of the thermometer by impurities.
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