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Abstract

This is the final report on the Euramet RMO extension of Key Comparison 5 entitled “Comparison of
local realizations of the ITS-90 between silver point and 1700 °C using vacuum tungsten strip lamps
as transfer standards”. The local realizations in this range of the ITS-90 and the corresponding
uncertainties are given for the 8 national metrology institutes who participated in the comparison. The
deviations of the participants data from the previously established and accepted CCT-K5 key
comparison reference values (KCRV) are presented in this report. For some temperature scale, there
are observed significant unresolved deviations (SUDs) between the participants data and the KCRV.
These SUDs are briefly discussed in this report. The inter-laboratory cross-equivalence values for the
different temperature realizations are also provided in this report. Prior to the finalization of this
report, the draft A was presented to the participants for their comments and approval. Some minor
comments received from the participants were included in the draft B. The draft B was approved by all
participants for submission to the Euramet RMO for further review by the CCT WG7 working group.
The comments received from the reviewers of the draft B are incorporated in this final report. This
final report has been officially approved by the chairman of the CCT-WG7.



. Introduction

The Euramet TC-T decided in 1996 to undertake an inter-laboratory comparison of the local
realization of the ITS-90 above the silver point, using high-stability vacuum tungsten strip lamps as
transfer standards. The local scales are directly transferred to the lamps, such as to guarantee the
highest possible accuracy level. As this comparison is an extension of the CCT-K5 key comparison
(KC), the same artifacts could be used including the associated CCT-K5 KCRV values on these
lamps. The CCT-K5 KC measurements were finished in August 1999 with the third measurement run
by the KC pilot VSL. After the stability of the lamp set was confirmed by the pilot, the lamps were,
according to the protocol, sent to the first Euramet-T-K5 participant in October 1999.

The coordinating institute for this comparison was VSL (previously abbreviated by NMi-VSL in the
protocol). As the number of participants were limited to eight, including the pilot, one lamp set from
the CCT-K5 KC was used in a single sequential loop. The last measurement set of VSL (from the
CCT-K5 KC) and the individual CCT-K5 KC reference values on each lamp were employed to link
this Euramet extension to CCT-K5.

All the measurements by the participants in this comparison were completed in the early part of 2001.
This is prior to the release of drafts A and B of the CCT-K5 and eventually the final report of the
comparison, which was published in BIPM website in 2008. There is no way that the participants in
the Euramet K5 extension comparison have knowledge of the results of the CCT-K5 prior to and
during their measurements which could influence the data they submitted for this Euramet K5
extension.

This report provides an analysis of the obtained results, including differences in local realizations and
the uncertainties of those differences for the 8 national metrology institutes participating in the RMO
comparison. The instructions to the participants are given in the protocol of Appendix I. The
measurements of the lamp standard started in October 1999 and ended in February 2001.

I1. Participating metrology institutes

The following national metrology institutes (NMI) participated in this Euramet key comparison.
Initially, NMA from Norway was in the early list of participants for the comparison but, at the end, did
not continue with their participation.

Table 1 List of participating institutes (in alphabetical order).

Acronym Country Institute

CEM Spain Centro Espa ol de Metrologia

IPQ Portugal Instituto Portugu s da Qualidade

MIKES (formerly CMA) Finland Mittatekniikan keskus

MKEH (formerly OMH) Hungary Magyar Kereskedelmi Engedélyezési Hivatal
SMU Slovakia Slovensky metrologicky Ustav

SP Sweden Sverige Tekniska Forskningsinstitut
TUBITAK-UME Turkey Ulusal Metroloji Enstitiisu

VSL (formerly NMI) The Netherlands VSL




[11.  Devices used in the comparison

Two GEC high-stability vacuum tungsten-strip lamps were used
as transfer standards during the comparison (see Fig. 1). The set
was supplied by VSL. The lamps are denoted C564 and C681.
Another lamp, denoted C680, was used as a spare lamp. To verify
the proper operation of the lamp, each participant was asked to
perform initial tests to check for drift or damage of the lamps after
receipt. These two tungsten strip lamps were the same lamps used
in the previous CCT-K5 comparison. A measurement protocol
(see Appendix I) was provided to each participant to enable them
to familiarize themselves with the handling of the device and also : )
on how to conduct the experiment. None of the participants Figure 1 The GEC high-stability vacuum
reported abnormal drifts during the comparison and the spare tungsten-strip lamp (side and front view).
lamp C680 was not used.

The set of two lamps was mounted in a metal case and was hand-carried to each participating institute.
Each strip lamp was supplied with a water-cooled base and a clear marking of the polarity of the
current connectors was also provided. To monitor the possible changes in the physical constitution of
the lamp element, that may be induced during transport, the room-temperature resistance Ram, was also
monitored along with the ambient temperature T, ,which is measured with a calibrated PRT inserted
in the lamp base.

In an attempt to follow the physical condition of the set of transfer standards, the ambient resistance of
the tungsten filament lamp was measured upon receipt and just before sending the lamps to the next
participants. Aside from this, the lamps were subjected to a test to ensure proper operation. After
registration of the radiance temperature at a specific current setting (1100 °C), the lamp was set to
the maximum current for a period of one hour. When operated again at the specified current, the
radiance temperature should not deviate more than 50 mK. The reported values are presented in Fig 2.
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Figure 2 The reported uncorrected resistance values (at T,m,) 0f lamps C564 and C681 by each
participant (upon receipt and after the measurement).

To analyze this dataset one has to correct for the temperature dependence of tungsten. A linear model
for each lamp was used to calculate the measured resistance R back to a temperature of 20°C (R, t =
20°C). A Taylor expansion of the tungsten resistivity as a function of temperature t shows higher order
terms being at least three orders of magnitude smaller than the linear term. The latter was confirmed
by analysis of literature data from two different sources. The dataset for each lamp was used to
determine the coefficients a, and a; from a fit to the relation R = ay + a;(t-20), where a,= R(t=20 °C)
at a temperature of 20°C. The calculated resistance of the lamp at 20°C as a function of time is shown
in Figs 3 and 4 for C564 and C681, respectively.
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Figure 3 Calculated lamp resistances at T=20 °C during the key comparison (C564).
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Figure 4 Calculated lamp resistances at T=20 °C during the key comparison (C681).

Comparing these results to the resistance analysis of the CCT-K5 KC just prior to this RMO
extension presented in Figure 5, one can conclude that the lamp resistances are reproduced over the
entire stretch of both comparisons, exhibiting a reliably good stability during both key comparisons.
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Figure 5 Calculated lamp resistances for C564 and C681 as reported in the CCT-K5 comparison
(adapted from ref (1)).

Youden plot of the lamp resistances:

Figure 6 shows the Youden plot of the lamp resistances (C564 and C681) at 20°C during the CCT-K5
and Euramet-K5 comparisons. The radius of the circle encircling the data points is the 3s from data of
CCT-K5 comparison [2]. It can be seen that all the data of the lamp resistances are within this 3s,
leading us to conclude that the lamps used in the two comparisons, indeed, have not significantly
drifted between the two comparisons.
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Figure 6 Youden plot of the lamp resistances during CCT-K5 (black diamond) and Euramet-K5(light
blue triangle) comparisons.
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IV. Brief description of the measurement conditions

Each participant was asked to study the interaction of the lamp with the calibration facility, i.e., lamp
orientation with respect to the pyrometer/comparator. The relative change in photo-thermal signal due
to spatial and angular displacement was determined.

Some participants reported inter-reflection effects between the lamp window and the calibration
facility. However, as these effects were found well outside the acceptance angle of the devices
employed, these effects were of no influence on the measurement results. Similarly, the spatial
displacement measurements as reported by all participants showed no anomalies.

By measuring in the direction of increasing current only, after having re-stabilized the lamp, as
indicated above, hysteresis effects could be avoided. Furthermore, minimum equilibration times were
specified in the protocol varying from 15 to 30 minutes, depending on the specific temperature range.

The measurements of the participating institutes had to be corrected to a reference condition (see
attached measurement protocol for details). In summary, the most important reference conditions are:
a. The orientation of the strip,

b. A base temperature of 20 °C,

C. A wavelength of 650 nm,

d. A set of eleven defined current settings (related to each lamp).

Given the properties of each specific lamp, corrections to reference conditions had to be made by each
participant. These corrections were related to the orientation of the strip, the lamp base temperature,
and the set of eleven defined current settings. Instructions were given in the measurement protocol
(see Appendix 1). Other corrections as will be outlined later, were related to the participant
instrumentation and include the target-size and size-of-source characteristics of the radiation
thermometer employed, the effective central wavelength, etc.

V. Participant instrumentation, techniques and other details

In the context of traceability, each participants used a calibrated radiation thermometer to transpose the
scale directly onto the set of transfer lamps. Basically, three different operational schemes can be
devised for maintaining the ITS-90. The working group for radiation thermometry of the CCT
investigated this issue in more detail (2):

Scheme 1:

 the fixed-point calibration is transferred to a reference tungsten strip lamp; this implies the
determination of a current value on the lamp corresponding to a radiance temperature equal to the
fixed-point temperature;

* a series of temperatures Tqo are established and maintained on the lamp by measurement of radiance
ratios; if necessary, the radiance ratios are adjusted for the non-linearity of the thermometer; this leads
to the availability of a series of current and radiance temperature values; a polynomial interpolation
equation can be calculated to relate temperature to current in a continuous way.

Scheme 2:

« the fixed-point calibration is transferred to a reference tungsten strip lamp;



* temperatures Tgy Of any source are determined according to the defining equation of the ITS-90 by
measuring the signal ratios between the source at Tq, and the reference lamp at the fixed-point
temperature; if necessary, the signal ratios are adjusted for the non-linearity of the thermometer.

Scheme 3:

» the fixed-point calibration is maintained on the thermometer. The output signal is assumed to be
representative of T90(X);

* a series of temperatures T, are established as a function of the output signals of the thermometer.
Signal ratios with respect to Tqo(X) are calculated and, if necessary, adjusted for the non-linearity of
the thermometer.

The three schemes for the realization and maintenance of the ITS-90 give rise to different uncertainty
budgets but with many common uncertainty components. Table 2 associates with each scheme the
appropriate uncertainty components by filling a grey cell. The dark grey cells refer to higher
temperatures not relevant to this inter-comparison [2].

Table 2 Appropriate uncertainty components for each scheme realizing the 1TS-90. The cells in grey
indicate the relevant uncertainty components whereas the dominating contributions are indicated in
red.

Source of uncertainty Scheme 1] Scheme 2] Scheme 3
Fixed-point Impurities
calibration

Emissivity
Temperature drop

Plateau identification

Repeatability
Spectral Wavelength
responsivity

Reference detector

Scattering, Polarisation

Repeatability of calibration
Drift
Out-of-band-transmittance

Interpolation and Integration
Output signal SSE

Non-linearity

Drift

Ambient conditions

Gain ratios

Repeatability

Lamp Current

Drift, Stability

Base and ambient temperature
Positioning

Polynomial fit




The radiation thermometers employed in the comparison, either absolutely calibrated or used as a
comparator, also influence the comparison data due to differences in the target-size, the size-of-source
characteristic, and the effective central wavelength. Table 3 presents an overview of the specific
schemes and specifications of the radiation thermometers used by each participant. More detailed
information, as presented by each participant, is given in the Appendix.

Table 3 Overview of traceability schemes and the characteristic properties of the radiation
thermometers used; traceability scheme, target distance, the F-number, central wavelength, the full-
width half-maximum of the interference filter, type of imaging system, and reference pyrometer used

Participant | Scheme | Target Target | F c FWHM | Optics | Spectral | Reference | Pyrome
Distance | size # | [nm] | [nm] Method | Pyrometer | ter ID
[mm] [mm]
CEM 3 650 0.74 15 | 652 10 lens eff IKE LP2 | 80-27
IPQ 3 700 0.8 - | 650 10 lens ff IKE - LP2 | 80-19
MIKES 2 600 0.7 15 | 653 10.9 lens eff IKE LP2 | 80-25
MKEH 3 470 0.84 4 | 647 3.7 lens ff In-house | 17-06-
developed | 004
SMU 3 350 0.5 5 | 662 12 lens off In-house FIP-1
developed
SP 3 570 0.5 15 | 651 11 lens eff IKE LP2 | 80-33
TUBITAK | 3 400 0.6 - 650 20 lens Integral | Vega TSP-2
-UME
VSL 3 500 0.75 9 | 661 10 lens Integral | In-house | NSRT
developed

Table 4 Specific information on the fixed-point blackbody cavity configuration as employed by each

participant.
Participant Fixed | Purity | Emissivity | Fixed Points/n Furnace used Furnace
Point s/n
CEM Cu | 5N 0.99998 CEM1 Carbolite furnace CTF 12/65 6/90/997
IPQ Cu | 5N 0.992 001504 MIKRON M380-Cu
MIKES Ag | 5N 0.9998 Agl TUT/MIKES Ag1995 Agl
MKEH Au | 5N 0.99976 11-13-0141 In-house developed 11-13-024
SMU Au | 5N 0.99999 SMUFP-01 In-house developed N/A
SP Au | 5N 0.999995 AUBBO01 Carbolite furnace TZF 12/65/550 | 1/95/202
TUBITAK- Ag | 6N 0.99972 UME-Ag-98-01 Custom-built from NIST N/A




UME

VSL

Ag

6N

0.999994

VSL-Ag-01

Custom-built

N/A




VI. Results of the comparison and data analysis

A. Measurement results as sent by the participants

Table 5 Table 8 present the measurement results as submitted by each participant to the pilot
institute. The uncertainty values (u(t), k=1) are the measurement uncertainties from the uncertainty
budgets that were provided by each participant for each lamp. The data for VSL is the data from the
CCT-K5 key comparison. Each participant, except for MKEH and SMU, has provided 2 measurement
runs for each lamp. The data presented for MKEH is the average data from the 3 runs they made for
each lamp (as written in their report). There is no reported data from SMU, at the nominal temperature
of 1085 °C, both for lamps C564 and C681. The radiance temperatures reported were measured at
defined nominal current values, which are the same as the values used in CCT-K5 comparison (see
Table 14).



Table 5 Submitted measurement data (T( , 1(j)) by participating NMls for lamp C564.

& D o) D . ) . », »,
°C A run 2 run 3 run 1 run 2 run 1 run 2 run 1 run 2 average | average run 1 run 2 run 1 run 2

962 4.480 964.16 | 964.26 | 964.06 964.06 963.69 963.55 966.58 966.78 963.59 963.22 | 963.577 | 963.649 | 962.787 | 962.840

1000 | 4.721 |1002.26 | 1002.29 | 1002.11 | 1002.14 | 1001.42 | 1001.57 | 1002.20 | 1002.31 | 1001.40 | 1001.27 | 1001.651 | 1001.678 | 1000.783 | 1000.878

1064 | 5.169 |1066.41|1066.41| 1066.27 | 1066.35 | 1065.90 | 1065.75 | 1066.29 | 1066.29 | 1065.50 | 1065.48 | 1065.744 | 1065.733 | 1064.805 | 1064.880

1085 | 5.322 |1086.80| 1086.79 | 1086.61 | 1086.70 | 1086.28 | 1086.18 | 1086.70 | 1086.70 | 1085.85 1086.120 | 1086.119 | 1085.218 | 1085.287

1100 | 5441 |1102.22|1102.22| 1102.11 | 1102.18 | 1101.70 | 1101.60 | 1102.09 | 1102.16 | 1101.21 | 1100.87 |1101.542 | 1101.542 | 1100.682 | 1100.749

1200 | 6.272 | 1202.06 | 1202.06 | 1201.95 | 1202.10 | 1201.36 | 1201.34 | 1201.93 | 1201.98 | 1200.74 | 1200.68 | 1201.339 | 1201.329 | 1200.427 | 1200.481

1300 | 7.194 |1302.14]1302.13| 1302.20 | 1302.20 | 1301.51 | 1301.38 | 1301.90 | 1301.93 | 1300.63 | 1300.70 | 1301.287 | 1301.287 | 1300.352 | 1300.403

1400 | 8.189 | 1402.48 | 1402.47 | 1402.61 | 1402.56 | 1401.75 | 1401.61 | 1402.17 | 1402.19 | 1400.54 | 1400.96 |1401.519 | 1401.519 | 1400.623 | 1400.666

1500 | 9.242 | 1502.71|1502.72| 1502.95 | 1502.86 | 1501.94 | 1501.78 | 1502.35 | 1502.36 | 1500.35 | 1501.26 | 1501.694 | 1501.684 | 1500.899 | 1500.942

1600 | 10.347 | 1602.92| 1602.98 | 1603.46 | 1602.35 | 1602.09 | 1601.88 | 1602.46 | 1602.50 | 1600.10 | 1601.57 | 1602.660 | 1602.660 | 1600.899 | 1600.915

1700 | 11.502 | 1703.36|1703.41| 1704.04 | 1703.83 | 1702.45 | 1700.24 | 1702.78 | 1702.88 | 1700.13 | 1701.97 | 1703.100 | 1703.100 | 1701.175| 1701.206




Table 6 Submitted measurement data (T( , I(j)) by various participating NMIs for lamp C681.

eMD o PO PO > >
°C A run 2 run 3 run 1 run 2 run 1 run 2 run 1 run2 | average | average run 1 run 2 run 1 run 2
962 5.508 963.50 | 963.43 | 963.49 | 963.51 | 963.12 | 962.89 | 963.45 | 963.42 | 963.00 | 963.11 | 963.036 | 963.035 | 962.15 | 962.257
1000 5.822 | 1001.76 | 1001.76 | 1001.78 | 1001.79 | 1001.36 | 1001.14 | 1001.73 | 1001.56 | 1001.11 | 1001.30 | 1001.296 | 1001.296 | 1000.387 | 1000.365
1064 6.399 | 1066.07 | 1066.08 | 1066.11 | 1066.13 | 1065.76 | 1065.55 | 1065.91 | 1065.93 | 1065.32 | 1065.67 | 1065.527 | 1065.526 | 1064.505 | 1064.617
1085 6.594 | 1086.46 | 1086.45 | 1086.50 | 1086.50 | 1086.16 | 1085.92 | 1086.3 | 1086.37 | 1085.62 1085.904 | 1085.913 | 1084.834 | 1085.056
1100 6.745 | 1101.86 | 1101.84 | 1101.93 | 1101.97 | 1101.54 | 1101.37 | 1101.68 | 1101.77 | 1100.94 | 1100.97 | 1101.289 | 1101.31 | 1100.341 | 1100.453
1200 7.795 | 1201.97 | 1201.92 | 1202.11 | 1201.97 | 1201.55 | 1200.99 | 1201.68 | 1201.80 | 1200.77 | 1200.98 | 1201.307 | 1201.316 | 1200.317 | 1200.432
1300 8.948 | 1302.28 | 1302.26 | 1302.45 | 1302.35 | 1301.83 | 1301.18 | 1301.82 | 1301.97 | 1300.77 | 1301.29 | 1301.507 | 1301.517 | 1300.528 | 1300.66
1400 | 10.183 | 1402.63 | 1402.62 | 1402.93 | 1402.73 | 1402.06 | 1402.32 | 1401.99 | 1402.18 | 1400.71 | 1401.57 | 1401.720 | 1401.720 | 1400.791 | 1400.865
1500 | 11.487 | 1502.90 | 1502.86 | 1503.24 | 1502.9 | 1502.16 | 1501.35 | 1502.04 | 1502.26 | 1500.53 | 1501.84 | 1501.806 | 1501.826 | 1501.065 | 1501.148
1600 | 12.852 | 1603.00 | 1602.92 | 1603.44 | 1603.06 | 1601.94 | 1601.05 | 1601.79 | 1602.04 | 1599.99 | 1601.90 | 1602.448 | 1602.468 | 1600.719 | 1600.834
1700 | 14.273 | 1702.90 | 1702.97 | 1703.64 | 1703.23 | 1701.67 | 1700.7 | 1701.47 | 1701.77 | 1699.42 | 1701.80 | 1702.250 | 1702.290 | 1700.393 | 1700.689




Table 7 Combined uncertainties (u(T), k=1), from the uncertainty budget, as reported by individual
NMI for lamp C564.

Temp Current  vSL CEM  MIKES IPQ MKEH  SMU SP UME
°C A °C °C °C °C °C °C °C °C
962 4.48 0.10 0.10 0.46 032 164 0.28 0.331  0.125

1000 4721 0.10 0.11 0.49 032 1.24 0.22 0.351  0.142
1064 5.169 0.11 0.11 0.53 034  0.87 0.18 0.386  0.159
1085 5.322 0.11 0.10 0.54 036 0.86 0.398  0.165
1100 5.441 0.11 0.12 0.55 036  0.88 0.18 0.407 0171
1200 6.272 0.12 0.13 0.63 042  0.89 0.17 0.472  0.203
1300 7.194 0.14 0.15 0.70 0.48  0.98 0.18 0.543  0.235
1400 8.189 0.16 0.18 0.78 055  1.06 0.20 0.623  0.271
1500 9.242 0.17 0.21 0.86 063  1.19 0.22 0.709  0.307
1600 10.347 0.19 0.24 0.95 072  1.35 0.24 0.803  0.346
1700 11.502 0.21 0.28 1.04 0.82  1.47 0.27 0.905  0.394

Table 8 Combined uncertainties (u(T),k=1) , from the uncertainty budget, provided by individual NMI
for lamp C681.

Temp Current VSL CEM IPQ

°C A °C °C °C °C °C °C °C °C

962 5.508 0.10 0.10 0.39 0.31 1.70 0.27 0.331 0.131
1000 5.822 0.10 0.11 0.40 0.32 1.24 0.22 0.351 0.135
1064 6.399 0.11 0.11 0.45 0.35 0.94 0.18 0.386 0.165
1085 6.594 0.11 0.10 0.46 0.36 0.91 0.398 0.197
1100 6.745 0.11 0.12 0.48 0.37 0.91 0.18 0.407 0.177
1200 7.795 0.12 0.13 0.54 0.42 0.97 0.17 0.472 0.210
1300 8.948 0.14 0.15 0.63 0.49 1.08 0.18 0.543 0.244
1400 10.183 0.16 0.18 0.68 0.56 1.20 0.21 0.623 0.274
1500 11.487 0.17 0.21 0.77 0.64 1.34 0.24 0.709 0.311
1600 12.852 0.19 0.24 0.95 0.74 1.52 0.25 0.803 0.352
1700 14.273 0.21 0.28 1.04 0.84 1.65 0.29 0.905 0.422

B. Descriptive Statistics



Tables 9 and 10 show the average measured temperatures, with the exception of MKEH and SMU data
which were already provided as average values, from the two experimental runs performed by each
institute for lamps C564 and C681, respectively. Tables 11 and 12 are the resulting combined standard
uncertainties for each lamp. To have an overview of the data for this comparison, a table showing the
overall mean, median and standard deviation of the average measured temperatures for lamps C564
and C681 from all participants, is presented in Table 13.

Table 9 Average measured temperature by each NMI for lamp C564

Temp Current VSL CEM MIKES IPQ

°C A °C °C °C °C °C °C °C °C
962 4.48 964.21 964.06 963.62 966.68 963.59 963.22 963.61 962.81
1000 4.721 1002.28 1002.13 1001.50 1002.26 1001.40 1001.27 1001.66 1000.83
1064 5.169 106641 1066.31 1065.83 1066.29 1065.50 106548 1065.74 1064.84
1085 5.322 1086.80 1086.66 1086.23 1086.70 1085.85 1086.12  1085.25
1100 5.441 1102.22  1102.15 1101.65 1102.13 110121 1100.87 1101.54 1100.72
1200 6.272 1202.06 1202.03 1201.35 1201.96 1200.74 1200.68 1201.33 1200.45
1300 7.194 1302.14 1302.20 130145 130192 1300.63 1300.70 1301.29 1300.38
1400 8.189 140248 140259 1401.68 1402.18 1400.54 1400.96 1401.52 1400.64
1500 9.242 1502.72 150291 1501.86 1502.36 1500.35 1501.26 1501.69 1500.92
1600 10.347 1602.95 160291 1601.99 160248 1600.10 160157 1602.66 1600.91
1700 11502 170339 170394 170135 170283 1700.13 170197 1703.10 1701.19

Table 10 Average measured temperature by each NMI for lamp C681

Temp  Current VSL CEM MIKES IPQ

°C A °C °C °C °C °C °C °C °C

962 5.508 963.47 963.50 963.01 963.44 963.00 963.11 963.04 962.20
1000 5.822 1001.76  1001.79  1001.25 1001.65 1001.11 1001.30  1001.30 1000.38
1064 6.399 1066.08 1066.12 1065.66  1065.92 1065.32 1065.67 1065.53 1064.56
1085 6.594 1086.46  1086.50  1086.04 1086.34 1085.62 1085.91 1084.95
1100 6.745 1101.85 1101.95 110146  1101.73 1100.94 1100.97 1101.30 1100.40
1200 7.795 120195  1202.04 1201.27 1201.74 1200.77 1200.98  1201.31 1200.37
1300 8.948 1302.27 1302.40 1301.51 1301.90 1300.77 1301.29 1301.51 1300.59
1400 10.183 1402.63 1402.83 1402.19  1402.09 1400.71 1401.57 1401.72 1400.83
1500 11.487 1502.88 1503.07 1501.76  1502.15 1500.53 1501.84 1501.82 1501.11
1600 12.852 1602.96 1603.25 1601.50 1601.92 1599.99 1601.90 1602.46 1600.78
1700 14.273 1702.94 1703.44 1701.19 1701.62 1699.42 1701.80 1702.27 1700.54




Table 11 Combined standard uncertainties of the measured temperatures by each NMI (lamp C564)

UME \

VSL CEM | MIKES IPQ MKEH SMU sp
T Current | u(T), k=1 | u(T), k=1 | u(T), k=1 | u(T), k=1 [ u(T), k=1 | u(T), k=1 | u(T), k=1 | u(T), k=1
°C A °C °C °C °C °C °C °C °C
962 4.48 0.10 0.10 0.47 0.35 1.64 0.28 0.33 0.13
1000 4.721 0.10 0.11 0.50 0.33 1.24 0.22 0.35 0.16
1064 5.169 0.11 0.12 0.54 0.35 0.87 0.18 0.39 0.17
1085 5.322 0.11 0.12 0.54 0.36 0.86 0.40 0.17
1100 5.441 011 0.13 0.55 0.36 0.88 0.18 0.41 0.18
1200 6.272 0.12 0.17 0.63 0.42 0.89 0.17 0.47 0.21
1300 7.194 0.14 0.15 0.71 0.48 0.98 0.18 0.54 0.24
1400 8.189 0.16 0.18 0.79 0.55 1.06 0.20 0.62 0.27
1500 9.242 0.17 0.22 0.87 0.63 1.19 0.22 0.71 0.31
1600 10.347 0.19 0.82 0.96 0.72 1.35 0.24 0.80 0.35
1700 11.502 0.21 0.32 1.88 0.82 1.47 0.27 0.91 0.39

Table 12 Combined standard uncertainties of the measured temperatures by each NMI (lamp C681)

UME \

VSL CEM  MIKES IPQ OMH SMU SP

Temp Current u(T), k=1 |u(T), k=1 Ju(T), k=1 |u(T),k=1 Ju(T), k=1 |u(T), k=1 Ju(T), k=1 [u(T), k=1
°C A °C °C °C °C °C °C °C °C
962 5.508 0.10 0.10 0.42 031 1.70 0.27 0.33 0.15
1000 5.822 0.10 0.11 0.43 0.34 1.24 0.22 0.35 0.14
1064 6.399 011 0.11 0.47 0.35 0.94 0.18 0.39 0.18
1085 6.594 011 0.10 0.49 0.36 0.91 0.40 0.25
1100 6.745 0.11 0.12 0.49 0.38 0.91 0.18 0.41 0.19
1200 7.795 0.12 0.16 0.67 0.43 0.97 0.17 0.47 0.23
1300 8.948 0.14 0.17 0.78 0.50 1.08 0.18 0.54 0.26
1400 10.183 0.16 0.23 0.70 0.58 1.20 0.21 0.62 0.28
1500 11.487 0.17 0.32 0.96 0.66 1.34 0.24 0.71 0.32
1600 12.852 0.19 0.36 1.14 0.76 1.52 0.25 0.80 0.36
1700 14.273 0.21 0.40 1.25 0.87 1.65 0.29 0.91 0.47




Table 13 Overall mean, median and standard deviation of the average measured temperatures for
lamps C564 and C681, from all participants.

O d d d edla edla de Qe
perature 64 68 64 68 64 68
C C Cc Cc Cc Cc C
962 963.98 963.09 963.62 963.07 1.18 0.42
1000 1001.66 1001.32 1001.58 1001.30 0.52 0.46
1064 1065.80 1065.61 1065.78 1065.66 0.53 0.50
1085 1086.23 1085.97 1086.23 1086.04 0.55 0.55
1100 1101.56 1101.32 1101.60 1101.38 0.59 0.53
1200 1201.32 1201.30 1201.34 1201.29 0.65 0.59
1300 1301.34 1301.53 1301.37 1301.51 0.71 0.65
1400 1401.57 1401.82 1401.60 1401.90 0.80 0.77
1500 1501.76 1501.89 1501.77 1501.83 0.89 0.84
1600 1601.94 1601.84 1602.23 1601.91 1.02 1.09
1700 1702.24 1701.65 1702.40 1701.71 1.29 1.29

VII. Proposal for establishing Euramet-K5 KCRV and linking with
CCT-K5 comparison:

For this key comparison, it is proposed that no Euramet K5 reference values should be established but
rather the KCRV from CCT-K5 comparison should be used. The measurement data in this Euramet-
K5 should be directly link to the CCT-K5 KCRYV for the following reasons:

a. There is no difference in the conduct of the experiments for CCT-K5 and Euramet K5 since the
protocols used in both key comparisons have the same technical content (e.g., experimental procedures
for conducting the temperature measurement, guidelines for lamp calibration, guide to uncertainty
determination, etc), thereby enabling a direct linking of the temperature values reported in this report
to the CCT-K5 KCRV.

b. The lamps (C564 and C681) used in both comparisons (CCT-K5 loop 1 and Euramet K5) are the
same and from the previous section it has been established that both lamp performances (in terms of
lamp resistance stabilities) are similar during these two key comparisons and no apparent lamp
degradation has been observed or reported in these two key comparisons. The uncertainty due to lamp
stability, therefore, is not a cause for concern.

A. Establishing KCRYV data from CCT-K5:

The key comparison reference values for the CCT-K5 comparison have been already established and
definitively accepted by the participating institutes. The calculation and establishment of the KCRV




are fully described in the report (1). Table 14 shows the CCT-K5 key comparison reference values for
lamp C564 and C681, respectively, and the associated uncertainties.

Table 14 CCT-K5 key comparison reference values and corresponding uncertainties (k=1) for lamps
C564 and C681.

Lamp C564 Lamp C564 Lamp C681 Lamp C681
Nom. Temp Nom. Current Temp, KCRV [ Nom. Current Temp, KCRV | Lamp C564 | Lamp C681

u(T), k=1 | u(T), k=1
962 4.48 964.115 5.508 963.505 0.096 0.057
1000 4721 1002.130 5.802 1001.760 0.117 0.038
1064 5.169 1066.290 6.399 1066.110 0.114 0.038
1085 5.322 1086.670 6.504 1086.480 0.111 0.039
1100 5.441 1102.110 6.745 1101.890 0.103 0.041
1200 6.272 1202.020 7.795 1202.050 0.087 0.046
1300 7.194 1302.090 8.948 1302.370 0.087 0.053
1400 8.189 1402.410 10.183 1402.710 0.086 0.042
1500 9.242 1502.720 11.487 1503.040 0.073 0.061
1600 10.347 1603.020 12,852 1603.110 0.049 0.078
1700 11.502 1703.560 14.273 1703.230 0.041 0.065

B. Unilateral Degree of Equivalence:

Figure 7 Figure 17 show an overview of the temperature differences (Tiai - Tkecry), for lamps C564
and C681, between participants and the CCT-K5 key comparison values, at different nominal
temperatures. The error bars presented are the expanded uncertainty , U(D;), k=2. It can be observed
that some data from three participants have significant deviations from the CCT-K5 KCRV.
Significant deviations from the KRCV are observed from the reported data by TUBITAK-UME,
SMU, and MKEH. From the review of their submitted data and confirming the large deviation of these
data from the KRCV, TUBITAK-UME remarked that prior to the comparison they noticed that their
pyrometer (Vega made TSP-2) was likely to have a large side-band responsivity which could affect
their measurements tremendously (in the order of degrees especially at high temperatures). For this
reason, they did some corrections for this side-band responsivity using cut-off filters. However such
corrections might have resulted to this significant unresolved deviation (SUD). For MKEH, it seems
that the SSE was not exactly estimated, and the working wavelength of the pyrometer was different
from the wavelength which had been measured for the filter with spectrophotometer. SMU also
suspected that the cause for this SUD of their data is due to the spectral responsivity of their
pyrometer.
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Figure 7 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 962 °C. The uncertainties presented are at k=2.
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Figure 8 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T = 1000 °C. The uncertainties presented are at k=2.
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Figure 9 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1064 °C. The uncertainties presented are at k=2.
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Figure 10 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1085 °C. The uncertainties presented are at k=2.
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Figure 11 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1100 °C. The uncertainties presented are at k=2.

Figure 12 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1200 °C. The uncertainties presented are at k=2.
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Figure 13 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1300 °C. The uncertainties presented are at k=2.

§112

S (4,

Figure 14 Overview of the temperature differences (for lamps C564 and C681) between participants
and the CCT-K5 KCRYV data, at nominal T= 1400 °C. The uncertainties presented are at k=2..
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Figure 15 Overview of the temperature differences between participants and the CCT-K5 KCRYV data,
at nominal T= 1500 °C. The uncertainties presented are at k=2.
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Figure 16 Overview of the temperature differences between participants and the CCT-K5 KCRYV data,
at nominal T= 1600 °C. The uncertainties presented are at k=2.
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Figure 17 Overview of the temperature differences between participants and the CCT-K5 KCRYV data,
at nominal T= 1700 °C. The uncertainties presented are at k=2.

C. Inter-laboratory cross-equivalence:

Tables 15-36 show the inter-laboratory cross-equivalence values, Tapiaj , fOr the temperature
differences and the corresponding expanded uncertainties, (U(T),k=2) between institutes including the
CCT-K5 KCRYV values, for each nominal temperature, for lamp C564 and C681 respectively. The data
used to compute the cross-equivalence are from Tables 9-10 and Table 14. In the same manner as the
cross-equivalence values were computed in the CCT-K5 comparison, the following equations are used

to derive the temperature cross-equivalent values and the associated expanded uncertainties for this
Euramet-K5 extension.

Tiabi,labj = Tiabi = Tlabj = (Tiabi = TKCRV) = (Tlabj - Tkcrv ): (Tlabi - Tlabj) (1),

Ulabi labj = 2*\/Ui(T)2 +uj(Tf 2).






