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ABSTRACT

This report describes the measurement procedures and participant results for the EURAMET
project 658 extension — ‘Project to examine underlying parameters in radiance temperature
scale realisation from 156 °C to 1000 °C’, with particular emphasis on the results of the
variable temperature and fixed point blackbody measurements for the justification of radiation
thermometry CMCs.
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1 INTRODUCTION

This project is an extension to the EUROMET project 658 — ‘The examination of base
parameters for ITS-90 scale realisation in radiation thermometry’ [1], which was a comparison
of measurements of parameters underpinning 1TS-90 scale realisation above 962 °C such as
spectral response, size-of-source effect, linearity and calculation of the emissivity of a number
of different blackbody sources.

The purpose of the extension project was to undertake a comparison of measurements of
parameters necessary for radiation thermometers for the medium temperature range (from
156 °C to 1000 °C). The parameters to be measured were the size-of-source effect, gain (range)
ratios, calibration using fixed-point blackbody sources, measurements using variable
temperature blackbody calibration sources, and an assessment of the effect on the results of
changes in the ambient temperature and humidity. Participants were asked to carry out as many
of the measurements as possible.

Two InGaAs-based radiation thermometers, operating at a wavelength of nominally 1.6 um,
were used for the comparison. One of the thermometers was supplied by INRiM (Istituto
Nazionale di Ricerca Metrologica); the other was an IKE (Institut fir Kernenergetik und
Energie) LP5 (Linear Pyrometer 5) supplied by IKE, Stuttgart. These were circulated around
the participants. A zinc fixed-point blackbody source, also supplied by INRiM, was also
circulated. This was used for checking the thermometers before the start (and sometimes also
at the end) of the measurements at each institute to confirm the correct performance of the
transfer thermometers and to determine any drift in the thermometer output. The technical
specifications for the two radiation thermometers are given in the protocol in Appendix 1. The
instructions for operating the zinc freezing-point blackbody source are given in Appendix 2.

This report describes the results of the measurements at each laboratory, and compares the
results obtained at different laboratories. Further details of the results, as well as the
measurement procedures and equipment used by each participant, are given in the measurement
reports (see Appendices 7 to 13). For the purpose of CMC verification it should be emphasised
that the results are only applicable for radiation thermometers operating at a wavelength near
1.6 microns and do not ensure equivalence at other wavelengths.

1.1 THE PARTICIPANTS

The participant institutes were: NPL (National Physical Laboratory, United Kingdom), PTB
(Physikalisch-Technische Bundesanstalt, Germany), TUBITAK — UME (Turkiye Bilimsel ve
Teknolojik Arastirma Kurumu, Turkey), INRiIM (Italy), CEM (Centro Espafiol de Metrologia,
Spain), METAS (Metrology and Accreditation Switzerland, Switzerland) and LNE
(Laboratoire National de Métrologie d’Essais, France).

1.2 THE TWO RADIATION THERMOMETERS

A summary of the technical specifications of the INRiM thermometer and the IKE LP5 are
given in the Table 1. More information is given in the technical protocol in Appendix 1.

Parameter Radiation thermometer
IKE LP5 serial no. 80- INRiM identification
51 TS1
Operating wavelength/ nm 1568 (36 nm bandwidth) | 1500 to 1700
Target size at working distance/ mm | 2 at 750 5at470
Temperature range/ °C ~230 to ~1085 150 to 1000

Table 1: summary of the specification of the thermometers used in the comparison
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1.3 THE SCHEDULE FOR THE CIRCULATION

The original timescale for the circulation of the thermometers was as follows:

Institute Time periods

PTB 1 August 2007 to 30 September 2007
NPL 1 October 2007 to 30 November 2007
CEM 1 December 2007 to 29 February 2008
UME 1 March 2008 to 30 April 2008
METAS 1 May 2008 to 30 June 2008

LNE 1 July 2008 to 30 September 2008
INRIM 1 October 2008 to 30 November 2008

The comparison schedule was delayed, with the final measurements being carried out, and the
final participant report being received, during the summer of 2009. Information about the
different measurements is given in the sections below and in the Appendices along with the
results.

1.4 STABILITY CHECK OF THE RADIATION THERMOMETERS AT THE ZINC
POINT

Prior to the start of the measurements at each institute (and also, sometimes, at the end of the
measurements) both transfer thermometers were checked using the INRiM-supplied zinc
freezing point blackbody source. The instructions for using source were supplied and are given
in Appendix 2. The melt was used to ensure that the thermometer was aligned correctly on the
source; the freeze was used for the check measurements. The results of all the checks made by
the participants are given in the following Tables. (Note that CEM performed measurements
twice at the start). The LP5 was not checked again after the end of the comparison since the Zn
fixed-point remained at INRiM and the LP5 was returned to IKE (the supplier of the
instrument).

Institute Background/ | Thermometer | Output Internal Ambient | Ambient
A output/ A corrected for | temp. temp. relative
background | /°C /°C humidity
/A / %rh
PTB 1.15E-14 | 4.13801 E-10 | 4.13790 E-10 29.22 22.7 65
NPL -5 E-15 4.13818 E-10 | 4.13823 E-10 29.21 22.0 45
CEM (start1) | 6.55E-14 4.1362 E-10 | 4.13555 E-10 29.1 22.7 30.4
CEM (start2) | 5.13E-14 41519 E-10 | 4.15139 E-10 29.23 23.7 20.6
CEM (end) 7.16 E-14 4.1180 E-10 | 4.11728 E-10 29.22 22.7 53
UME 155E-12 | 4.13557 E-10 | 4.12012 E-10 29.21 22.8 38.3
METAS 1.08 E-13 4.1038 E-10 | 4.1027 E-10 29.21 21.9 44.9
LNE 0.12 E-12 409.57 E-12 | 409.45 E-12 29.18 22.8 58.2
INRIM - - 409.63 E-12 29.2 - 31

Table 2: results of the zinc point checks for the LP5 thermometer

The results of the stability check measurements are plotted below (Figure 1). The differences
in signal level compared to the start of the comparison (the PTB measurements) were converted
to an equivalent temperature difference for clarity, and these values are plotted too, and are also
given in Table 3 for ease of reference. It can be seen that the signal at the Zn point drifted
downwards over the course of the comparison by the equivalent of over 0.5 °C. The results of
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these measurements were used to help correct the thermometer signal for the variable
temperature and fixed-point blackbody measurements in each of the laboratories to try and
compensate for the observed drift.
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Figure 1: results of the check measurement at the Zn freezing point for the LP5

Laboratory Difference from PTB/ °C
PTB 0.00
NPL 0.01
CEM 1 -0.03
CEM 2 0.17
CEM 3 -0.26
CEM av -0.04

UME -0.22
METAS -0.43

LNE -0.55
INRIM -0.53

Table 3 — the difference, in terms of temperature, of the LP5 Zn point check measurements,
compared to the initial (PTB) measurement
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Institute Background | Thermometer Output Internal Ambient | Ambient
IAY output/ V corrected for temp. temp. relative
background /°C /°C humidity
IV [ %rh
INRIM 1* - - 1.98285 - - -
PTB -4.89 x10* 1.98125 1.98174 24.87 22.9 65
NPL -5.08 x10* 1.98369 1.98420 23.40 21.9 455
git/tl) -5.14 x 10" 1.98058 1.98109 24.64 23.6 19.8
CEM 4
(end) -5.04 x 10 1.98013 1.98063 24.64 23.6 19.8
UME' (-)5.11 x10* 1.98275 1.98326 23.43 22.8 38.4
METAS -5.00 x 10 1.98108 1.98158 24.70 21.9 44.3
LNE -4.83 x 10* 1.98142 1.98190 24.09 23.1 47.6
INRIM 2 - - 1.98204 24.17 - -

Table 4: results of the zinc point checks for the INRiM thermometer

* Measured before the thermometer was sent to PTB.
" N.B. the background value reported by UME was positive in sign, but it was assumed that this
was a typographical error as all the other measured background values were negative.

The results of the stability check measurements are plotted below (Figure 2). The differences
in signal level compared to the start of the comparison (the initial measurements made at INRiM
before the thermometer was circulated) were converted to an equivalent temperature for clarity,
and these values are also plotted in Figure 2 and are also given in Table 5 for ease of reference.
It can be seen that there are some small fluctuations but no significant overall drift. Although it
would have been adequate to include an uncertainty component for the drift and not apply any
corrections to the thermometer signals for the laboratory measurements of the variable
temperature and fixed-point blackbody sources, it was decided to apply a correction for
completeness and improved uncertainty.

Laboratory Difference from INRIM 1/ °C Difference from PTB/ °C
(INRIM 1 0.000) --
PTB -0.030 0.000
NPL 0.036 0.066
CEM1 -0.047 -0.017
CEM 2 -0.060 -0.030
CEM av -0.053 -0.024
UME 0.011 0.041
METAS -0.034 -0.004
LNE -0.026 0.004
INRIM 2 -0.022 0.008

Table 5 — the difference, in terms of temperature, of the INRiM thermometer Zn point check
measurements, compared to the initial (INRiM 1) measurement and the PTB measurement (the
start of the comparison)
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Figure 2: Results of the check measurement at the Zn freezing point for the INRiM thermometer

MEASUREMENT METHODS, RESULTS AND DISCUSSION
2 SIZE-OF-SOURCE EFFECT MEASUREMENTS

A summary of the apparatus used at each institute for the size-of-source effect measurements,
the results, analysis and discussion are given in Appendix 3.

3  GAIN AND RANGE RATIO MEASUREMENTS

A summary of the methodology used for the gain ratio measurements, the results, analysis and
discussion are given in Appendix 3. (Note that LNE measured the range ratio of the LP5 using
the analogue output rather than the photocurrent. The results were not consistent with the rest
and have been excluded from the subsequent analysis. This only applies to the LNE
measurements of the range ratios; for the all the other measurements LNE used the
photocurrent.)

4 EFFECT OF AMBIENT TEMPERATURE AND RELATIVE HUMIDITY

The results of the measurements of the effect of changing ambient temperature and relative

humidity, the analysis of the results, the discussion and conclusions are given in Appendix 3.

5 MEASUREMENTS USING THE FIXED POINT AND VARIABLE
TEMPERATURE SOURCES

Four laboratories (NPL, UME, CEM and INRiM) carried out measurements using fixed-point
(FP) blackbody sources. All the laboratories apart from INRiIM carried out measurements using



NPL Report ENG 67

variable temperature blackbody (VTBB) sources from 156 °C to 1000 °C. For the FP
blackbodies the freezing transition of the metal was assumed to occur at the 1TS-90 defined
temperature; for the VTBB sources the temperature of the source was determined using a
calibrated sensor (platinum resistance thermometer or thermocouple) inserted in the source
which gave traceability to the ITS-90. Descriptions of the sources are given in the laboratory
measurement reports in Appendices 7 to 13, along with full details of the measurement methods
and results. Laboratory uncertainty budgets are given in Section 9.

5.1 ANALYSIS OF THE RESULTS

The data was analysed in two ways: (a) a direct comparison of results and (b) a comparison by
applying a calibration fit to the results. Both methods are described below.

5.1.1 Direct comparison of measurement results

The direct comparison of the results was carried out using the following steps:

1) For each thermometer the range, or gain, most commonly used by the participants was
identified for each temperature. Where this range, or gain, had not been used by a particular
laboratory the results were corrected to the common gain/ range setting using the results of the
gain or range ratio measured at that laboratory. In the event that the laboratory had not itself
measured that particular gain/ range ratio, the average of the values measured by the other
laboratories (see Section 2.3.1 and 2.3.2 of Appendix 3) was used.

An uncertainty in the thermometer signal resulting from any gain ratio correction was required.
This was calculated using the gain ratio uncertainty (k =1) given by the laboratory (or the
standard deviation of the average of all the laboratory values, if the gain ratio had not been
measured by that particular laboratory) to determine the maximum uncertainty in the corrected
signal value. It was assumed that this uncertainty would have a rectangular probability
distribution and so it was divided by V3. The resultant uncertainty in terms of thermometer
signal was converted to an equivalent temperature uncertainty and combined with the
laboratory measurement uncertainty.

2) The drift of each of the thermometers was calculated for each participant, in terms of
equivalent temperature from the start of the comparison (i.e. from PTB), using the results of the
zinc point check measurements (see Section 1). For temperatures other than the zinc point, the
correction was scaled using the ratio (tsource)/(tznc)>. This temperature correction could be
converted to an equivalent signal correction using Equation 1. This correction was applied to
the signal values.

C2
T 2

AS = AT S Equation 1

where AS is the correction to the thermometer signal S for a temperature correction AT, T is
the source temperature in K, and 4 is the operational wavelength, taken to be 1.57 um and
1.60 um respectively for the LP5 and the INRiIM thermometer, as given in the technical
specifications for the thermometers (Appendix 1 of the comparison protocol).

An additional uncertainty to allow for the drift of the thermometers during the comparison was
calculated and combined with the laboratory measurement uncertainty. This additional
uncertainty was estimated from the results of the check measurements using the zinc transfer
reference source. For the INRiM thermometer, which showed no significant drift, the additional
uncertainty was taken to be the maximum observed difference in thermometer output from the
start of the comparison (taken to be from INRiM 1 to CEM), treated as a type B uncertainty;
i.e. 0.06 °C/V3. For the LP5 thermometer the additional uncertainty was taken to be half the
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maximum drift observed between consecutive laboratories, again treated as a type B uncertainty
(equivalent to +0.1 °C/ \3). The uncertainty was scaled using the ratio (tsource)?/(tzinc)? to give
the uncertainty at all the measurement temperatures.

During the measurements at CEM, it appeared that the LP5 output suddenly shifted mid-way
through the measurements, as shown by the results of the zinc point checks carried out at the
beginning and end of the measurements, and also observed as an inconsistency in the
measurements using the CEM fixed-points. A further additional component was included in the
CEM measurement uncertainties to take this shift into account.

3) For the VTBB measurements the thermometer signals were additionally corrected to allow
for the difference between the actual temperature of the blackbody, tss and required comparison
temperature, thom, (500 °C, 961.78 °C etc.). This correction was calculated using Equation 1.
(This was not necessary for the FP measurements since the freezing transitions for all the cells
were assumed to occur at the 1TS-90 defined temperatures).

The results of the direct comparison of all the measurements are given in Sections 6 and 7
Tables 7 to 18 and 22 to 33 for the VTBB results and Section 8 Tables 37 to 41 and 43 to 48
for the FP results. For the purposes of an initial comparison, the results of the fixed-point
measurements were kept separate from those of the variable temperature blackbody sources.

For each temperature the average, median and weighted mean thermometer signal was
calculated using the results from all the participants. (The weighted mean was weighted with
respect to the laboratory measurement uncertainties, which included components for the
thermometer drift and gain ratios). The difference between the participant result and the
average, median and weighted mean was also calculated. This difference was converted into an
equivalent temperature difference, to give clearer information about the performance of each
participant with respect to the others. The means and differences from the mean are given in
Sections 6 and 7 in Tables 19 to 21 and 34 to 36 for the VTBB results and Section 8 Tables 42
to 43 and 49 to 52 for the FP results. Where a laboratory had used more than one source at a
particular temperature, results are given both for the combined data and for each source
separately.

The degrees of equivalence (DOE) and quantified demonstrated equivalence (QDEgs') values
were then calculated for each thermometer at each comparison temperature. The QDEgs values
for each pair of labs (i,j) were calculated from the equation:

—4.05|At|(i,j) .
QDE95(1-,]') = |At|(i,j) +41.645 + 0.3295exp u— Ui, j) Equation 2
()]

where |At|; jy is the absolute difference between the temperature values of the two laboratories
and ug,j is the combined k = 1 uncertainty.

Since there was quite a large spread of values for the measurements with the VTBBs at some
of the temperatures, the differences of each participant from the median values were used for
the DOE and QDEgs calculations. For the fixed-point blackbody results, where the results were
more consistent, the differences of the participants from the mean were used in the calculation
of the DOE and QDEgs. The DOE and QDEgs results for the LP5 are given in Appendix 4; those
for the INRiM thermometer [see 5.3] are given in Tables 113 to 134 in Section 10. It should be
emphasised that the results are only applicable for a wavelength near 1.6 microns and do not
ensure equivalence at other wavelengths. It should also be emphasised that for the purposes of
CMC justification the results of the VTBB comparison should be used to support VTBB CMCs

1 For example, Wood, B. M., Douglas, R. J., Metrologia, 1998, 35, pp 187-196
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and the results of the FP comparison should be used to support FP CMCs.

Additionally, for the measurements at the fixed-point temperatures, in order to provide
additional information, the results using the FP and the VTBB sources were combined and
compared in a similar way to that described above. This is of benefit since it highlights any
systematic issues with the results from the VTBB measurements. Again, the median, mean and
weighted mean values were calculated, along with the difference of the laboratory result from
the mean or median. Due to the spread of the results the differences from the median were again
used to calculate the DOE and QDEgs values. The tables of the results and the DOE and QDEogs
values are given in Appendix 4.

5.1.2 Comparison of results using the calibration fits

As a different comparison method the results were also compared using a calibration fit. The
coefficients of the fit were determined i) using the median of all the laboratory measurements,
and ii) using the NPL and the INRiM fixed-point measurements. These approaches are
described in more detail in Appendices 5 and 6 respectively, where the results and analysis can
also be found.

5.2 DISCUSSION OF THE RESULTS

1) The results of the INRiIM and NPL fixed-point calibration fits are in very good agreement
for the INRiM thermometer, and also for the LP5 once the results have been corrected to allow
for the drift of the thermometer during the comparison. It can be seen that calculating a
correction based on the zinc point check is sufficient to adequately compensate for the
thermometer drift even up to 1000 °C.

2) For both thermometers the results of the fixed-point measurements made in all the
laboratories agree with each other within the laboratories’ measurement uncertainties.

2) For the VTBB measurements, the results at lower temperatures agree within the
measurement uncertainties. However, as the temperature increases the dispersion of the results
increases, for both thermometers, with the results from two of the laboratories (UME and
METAS) deviating from the others. The deviation occurs with both thermometers. It should be
noted that METAS were aware of some issues with the measurements made using a
thermocouple in the blackbody source, but submitted the results anyway out of interest to see
how they compared to the results of the other laboratories. UME has suggested that their results
above 750 °C could be due to the poorer quality of the blackbody calibration source that was
used at these temperatures.

5.3 COMPARISON REFERENCE VALUE FOR THE VTBB AND FP MEASUREMENTS

The results of the VTBB and FP measurements have been analysed in several different ways to
provide maximum information. However, one comparison reference value needs to be chosen
for each comparison temperature. This value needs to include as many of the measurements as
possible from all the different laboratories.

The analysis of the results using the ‘direct comparison’ approach, looking at the differences of
each laboratory from the median value, seems to be the most straightforward method. The
laboratory differences using the INRiM thermometer and the LP5 were broadly in agreement.
However, the INRiM thermometer did not suffer from drift like the LP5 and, furthermore,
covered the full temperature range of the comparison (156.6 °C to 1000 °C). The ‘direct
comparison’ results for the INRiM thermometer have therefore been used to determine the
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comparison reference value at each of the different temperatures. These results are as given in
Tables 6 to 17 (for the VTBB) results and Tables 37 to 41 (for the FP results). The DOE and
QDEgs values are given in Tables 113 to 156.

The uncertainty of the comparison reference values at each temperature for the INRIM
thermometer VTBB measurements and the FP measurements were calculated.

For the VTBB reference values, which were the median values of the measurement results, the
uncertainty, u (ref value), was calculated using the ‘median of absolute deviations’ (or ‘MAD?)
method [2]:

1.9
u(ref value) = ——=MAD

Jn—1)
Where n is the number of results and
MAD = median{|x; — med|}

With x; being the result of laboratory i and med the median value (in this case the comparison
reference value).

For the FP reference values, which were the average of the measurement results, the uncertainty
was taken to be the semi-range of the maximum deviation between laboratory results
(difference between the two results which had maximum dispersion from the mean), and treated
as a Type B uncertainty, i.e. divided V3. Table 6 shows the calculated uncertainties in the
reference values for the VTBB and FP results respectively.

The uncertainties in the reference values were combined in quadrature with the other
uncertainty components for each laboratory. Tables 13 to 18 (for the VTBB measurements) and
Tables 37 to 40 (for the FP measurements) give the final calculated uncertainty for each
laboratory at each temperature.

VTBB results FP results
Nominal Calculated Urefvaive | Temperature/ °C | Calculated Uretvaie
Temperature/ °C | (k=2)/°C (k=2)/ °C
156.6 0.082 156.599 0.05
200 0.083 231.928 0.01
231.93 0.095 419.527 0.01
250 0.059 660.323 0.01
300 0.180 961.78 0.04
400 0.031
419.53 0.160
500 0.064
600 0.100
660.32 0.382
700 0.390
800 0.609
900 0.606
961.78 0.857
1000 3.432

Table 6 - calculated uncertainties in the reference values for the INRIM thermometer
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Finally the DOE and QDEgs values were calculated for each temperature and for each
calibration scheme (VTBB and FP) using the final uncertainties (i.e. those also including the
uncertainty in the comparison reference values). These are given in Tables 135 to 156 in Section
10.

As stated above the DOE and QDEgs values for the LP5 VTBB measurements only and FP
measurements only are given in Appendix 4 in Tables 1 to 20. Analysis of the combined VTBB
and FP measurements for the LP5 are in Appendix 4 Tables 21 to 38, with the corresponding
DOE and QDEgs values in Tables 67 to 74. Appendix 4 also gives the results and the DOE and
QDEgs values for the combined INRiM FP and VTBB results (Tables 39 to 66).

References
1. EUROMET.T-S1, Metrologia 2008, 45, Tech. Suppl. 03002

2. ‘Possible Advantages of a Robust Evaluation of Comparisons’ by J. W Muller, J. Res. Natl.
Inst. Stand. Technol. 105, 551, (2000)
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Zn
point Signal dt u (k=1) with | u (k=1) plus
Bgrd Signal at check corrected | (thom - Signal labU | labu gain ratio drift

thom Gain tes corrected | Required | required drift* / | for Zn point | tgg) corrected | (k=2) | (k=1) | uncertainty* | uncertainty’ | U (k=2)

/°C used /°C signal / V gain range/ V °C drift/ V [°C | totwom/V | [°C /°C /°C /°C /°C
156.60 | 10M10 | 156.57 | 0.776219 | 10"0 | 0.776219 0.009 0.776568 0.03 | 0.777703 | 0.45 0.22 0.22 0.22 0.45
200.00 | 10710 | 200.00 | 5.135394 | 10710 | 5.135394 | 0.011 5.137704 0.00 | 5.137704 | 0.31 0.15 0.15 0.15 0.31
231.93 | 10M9 | 231.88 | 1.838722 1079 1.838722 0.013 1.839550 0.05 | 1.842792 | 0.30 0.15 0.15 0.15 0.30
250.00 | 10"9 | 250.04 | 3.381156 1079 3.381156 0.014 3.382676 | -0.04 | 3.378231 | 0.30 0.15 0.15 0.15 0.30
300.00 | 10”8 | 300.02 | 1.370938 1078 1.370938 0.016 1.371555 | -0.02 | 1.370804 | 0.30 0.15 0.15 0.15 0.30
400.00 | 10"7 | 399.89 | 1.362019 1077 1.362019 0.023 1.362631 0.11 | 1.365607 | 0.30 0.15 0.15 0.15 0.31
419.53 | 107 | 419.49 | 1.983845 1007 1.983845 0.024 1.984738 0.04 | 1.986226 | 0.30 0.15 0.15 0.16 0.31
500.00 | 1077 | 499.89 | 7.547499 10n7 7.547499 0.030 7.550894 0.11 | 7.563392 | 0.31 0.15 0.15 0.16 0.32
600.00 | 106 | 600.03 | 2.837789 1076 2.837789 0.038 2.839066 | -0.03 | 2.838061 | 0.27 0.14 0.14 0.15 0.29
660.32 | 106 | 660.29 | 5.480883 1076 5.480883 0.044 5.483348 0.03 | 5.485046 | 0.28 0.14 0.14 0.15 0.31
700.00 | 106 | 700.03 | 8.093755 1076 8.093755 0.047 8.097395 | -0.03 | 8.095089 | 0.29 0.14 0.14 0.16 0.32
800.00 | 1075 | 799.87 | 1.899449 1075 1.899449 0.058 1.900303 0.13 | 1.902232 | 0.31 0.15 0.15 0.17 0.35
900.00 | 10”5 | 899.98 | 3.858663 1075 3.858663 0.069 3.860399 0.02 | 3.860904 | 0.33 0.17 0.17 0.19 0.39
231.93 | 10n9 | 232.02 | 1.842625 1079 1.842625 0.013 1.843454 | -0.09 | 1.837608 | 0.30 0.15 0.15 0.15 0.30
300.00 | 10”8 | 300.08 | 1.375069 1078 1.375069 0.016 1.375688 | -0.08 | 1.372676 | 0.30 0.15 0.15 0.15 0.30
500.00 | 1077 | 500.03 | 7.566450 10n7 7.566450 0.030 7.569853 | -0.03 | 7.566437 | 0.31 0.15 0.15 0.16 0.32
700.00 | 106 | 699.99 | 8.094334 1076 8.094334 | 0.047 8.097975 0.01 | 8.098744 | 0.29 0.14 0.14 0.16 0.32
900.00 | 10”5 | 899.88 | 3.856424 1075 3.856424 | 0.069 3.858159 0.12 | 3.861185 | 0.33 0.17 0.17 0.19 0.39

Table 7 - results of the CEM variable temperature blackbody measurements for analysis by direct comparison

* Compared to the PTB value at the start of the comparison (see Table 5).

* These uncertainty values include a contribution for the uncertainty of the gain ratio value, as given by the laboratory, where appropriate (i.e. where the signal values have
been corrected to a different gain setting).

" These uncertainty values include an additional component to allow for the drift of the thermometer during the comparison, as determined from the measurements using
the transfer zinc fixed-point blackbody source (see Section 5.1.1).
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Zn Signal u (k=1) with | u (k=1) plus
Bgrd Signal at point corrected | dt (thom Signal labU | labu gain ratio drift u
thom Gain tes corrected | Required | required check | for Zn point | - tgg) corrected (k=2) | (k=1) | uncertainty*/ | uncertainty/ | (k=2)
/°C used /°C Signal / V gain range/ V | drift/ °C drift/ V /°C t0 thom/ V /°C /°C °C °C /°C
156.60 | 10710 | 156.566 | 0.771526 100 | 0.771526 0.00 0.771526 0.034 | 0.772810 | 0.064 | 0.03 0.03 0.03 0.07
200 | 10M0 | 200.035 | 5.165212 1000 | 5.165212 0.00 5.165212 | -0.035 | 5.158014 | 0.064 | 0.03 0.03 0.04 0.07
231.93 | 10"9 | 231.947 | 1.837326 10M9 1.837326 0.00 1.837326 | -0.017 | 1.836253 | 0.066 | 0.03 0.03 0.04 0.08
250 10n9 | 250.039 | 3.377719 10M9 3.377719 0.00 3.377719 | -0.039 | 3.373403 | 0.069 | 0.03 0.03 0.04 0.08
300 1078 | 300.023 | 1.366982 10”8 1.366982 0.00 1.366982 | -0.023 | 1.366133 | 0.096 | 0.05 0.05 0.05 0.11
400 1077 | 400.021 | 1.366276 10nN7 1.366276 0.00 1.366276 | -0.021 | 1.365717 | 0.035 | 0.02 0.02 0.04 0.07
419.53 | 10°7 | 419.519 | 1.983355 1077 1.983355 0.00 1.983355 0.011 | 1.983756 | 0.036 | 0.02 0.02 0.04 0.08
500 10M6 | 500.020 | 0.757357 1077 7.569622 0.00 7.569622 | -0.020 | 7.567390 | 0.039 | 0.02 0.02 0.05 0.10
600 10"6 | 600.019 | 2.835811 1076 2.835811 0.00 2.835811 | -0.019 | 2.835165 | 0.044 | 0.02 0.02 0.06 0.12
660.32 | 10”6 | 660.328 | 5.483683 1076 5.483683 0.00 5.483683 | -0.008 | 5.483208 | 0.073 | 0.04 0.04 0.07 0.15
700 10M6 | 700.032 | 8.097138 1076 8.097138 0.00 8.097138 | -0.032 | 8.094686 | 0.075 | 0.04 0.04 0.08 0.16
800 10"5 | 800.017 | 1.900651 1075 1.900651 0.00 1.900651 | -0.017 | 1.900399 | 0.081 | 0.04 0.04 0.09 0.19
900 10"5 | 900.026 | 3.861526 1075 3.861526 0.00 3.861526 | -0.026 | 3.860880 | 0.088 | 0.04 0.04 0.11 0.22
961.78 | 10”5 | 961.728 | 5.647521 1075 5.647521 0.00 5.647521 0.052 | 5.649249 | 0.094 | 0.05 0.05 0.12 0.24
156.6 | 10M10 | 156.623 | 0.773692 1000 | 0.773692 0.00 0.773692 | -0.023 | 0.772833 | 0.064 | 0.03 0.03 0.03 0.07
250 10n9 | 250.087 | 3.382039 1079 3.382039 0.00 3.382039 | -0.087 | 3.372386 | 0.067 | 0.03 0.03 0.04 0.08
419.53 | 10°7 | 419.516 | 1.983341 1077 1.983341 0.00 1.983341 0.014 | 1.983862 | 0.036 | 0.02 0.02 0.04 0.08
500 10M6 | 500.042 | 0.757390 1077 7.569952 0.00 7.569952 | -0.042 | 7.565203 | 0.039 | 0.02 0.02 0.05 0.10
700 10"5 | 700.048 | 0.809186 1076 8.098807 0.00 8.098807 | -0.048 | 8.095101 | 0.075 | 0.04 0.04 0.08 0.16
961.78 | 10”5 | 961.693 | 5.646728 1075 5.646728 0.00 5.646728 0.087 | 5.649622 | 0.094 | 0.05 0.05 0.12 0.24

Table 8 - results of the PTB variable temperature blackbody measurements for analysis by direct comparison
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Signal u (k=1)
Zn corrected u (k=1) with plus
Bord Signal at point for Zn dt (thom Signal labU | labu gain ratio drift
thom | Gain tes corrected | Required | required check point drift/ | - tgg) corrected (k=2) | (k=1) | uncertainty*/ | uncertainty/ | U (k=2)
/°C | used /°C Signal/ V gain range/ V | drift/ °C \% /°C t0 thom/ V /°C /°C \% °C /°C
156.60 | 108 | 156.53 | 0.007810 10"10 0.784061 -0.002 0.784002 | 0.071 0.786711 0.21 | 0.10 0.10 0.10 0.21
200 | 1077 | 199.90 | 0.004967 10710 5.017998 -0.002 5.017622 | 0.104 | 5.038499 0.25 | 0.12 0.12 0.13 0.25
200 | 1077 | 199.89 | 0.005054 10n10 5.105802 -0.002 5.105420 | 0.107 5.127274 0.25 | 0.12 0.12 0.13 0.25
200 | 108 | 199.90 | 0.051248 10n10 5.145000 -0.002 5.144614 | 0.100 5.165303 0.25 | 0.12 0.12 0.13 0.25
231.93 | 1077 | 231.76 | 0.016235 1079 1.779335 -0.002 1.779202 | 0.174 1.790126 0.28 | 0.14 0.14 0.14 0.28
231.93 | 1008 | 231.76 | 0.167536 1079 1.824540 -0.002 1.824403 | 0.170 1.835372 0.28 | 0.14 0.14 0.14 0.28
250 | 1077 | 249.83 | 0.030599 1079 3.353591 -0.002 3.353340 | 0.171 3.372161 0.30 | 0.15 0.15 0.15 0.30
250 | 108 | 249.83 | 0.307849 1079 3.352601 -0.002 3.352350 | 0.171 3.371241 0.29 | 0.15 0.15 0.15 0.30
300 | 107 | 300.17 | 0.136254 1078 1.371208 -0.003 1.371105 | -0.175 | 1.364548 032 | 0.16 0.16 0.16 0.32
300 |10"8 | 300.08 | 1.366253 1078 1.366253 -0.003 1.366151 | -0.084 | 1.362999 033 | 0.17 0.17 0.17 0.33
400 | 10n7 | 399.91 | 1.356838 1017 1.356838 -0.004 1.356736 | 0.095 1.359292 0.37 | 0.18 0.18 0.19 0.37
400 | 10n7 | 400.12 | 1.365849 10n7 1.365849 -0.004 1.365746 | -0.124 | 1.362396 0.33 | 0.17 0.17 0.17 0.34
419.53 | 10n7 | 419.68 | 1.984168 10n7 1.984168 -0.004 1.984019 | -0.151 | 1.978393 034 | 0.17 0.17 0.18 0.35
500 | 1077 | 500.11 | 7.564966 1077 7.564966 -0.005 7.564399 | -0.108 | 7.552125 0.36 | 0.18 0.18 0.18 0.37
600 | 10"6 | 600.11 | 2.833294 1076 2.833294 -0.006 2.833082 | -0.112 | 2.829329 0.38 | 0.19 0.19 0.20 0.39
600 | 1076 | 600.02 | 2.828271 1076 2.828271 -0.006 2.828059 | -0.020 | 2.827406 0.39 | 0.19 0.19 0.20 0.40
600 | 10"6 | 600.01 | 2.824760 1076 2.824760 -0.006 2.824548 | -0.014 | 2.824068 1.09 | 0.54 0.54 0.55 1.09
660.32 | 106 | 660.02 | 5.447661 1076 5.447661 -0.007 5.447253 | 0.297 5.463960 1.08 | 0.54 0.54 0.55 1.09
700 | 10"6 | 699.85 | 8.043894 1076 8.043894 -0.008 8.043291 | 0.149 8.054704 111 | 0.55 0.55 0.56 1.12
700 |10"6 | 700.11 | 8.060855 1076 8.060855 -0.008 8.060251 | -0.112 | 8.051669 111 | 0.55 0.55 0.56 1.11
800 | 10"5 | 800.20 | 1.893828 1075 1.893828 -0.010 1.893686 | -0.203 | 1.890692 1.40 | 0.70 0.70 0.71 1.41
900 | 105 | 899.89 | 3.844127 1075 3.844127 -0.011 3.843839 | 0.112 3.846649 1.24 | 0.62 0.62 0.63 1.26
900 |10"5 | 899.92 | 3.841956 1075 3.841956 -0.011 3.841668 | 0.084 | 3.843779 1.25 | 0.63 0.63 0.63 1.27
961.78 | 10"5 | 961.62 | 5.618921 1075 5.618921 -0.013 5.618499 | 0.160 5.623788 154 | 0.77 0.77 0.78 1.55

Table 9 - results of the LNE variable temperature blackbody measurements for analysis by direct comparison
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Signal u (k=1)
Bgrd Zn corrected u (k=1) with plus
corrected Bgrd Signal at point for Zn dt (thom Signal labu gain ratio drift U
thom Gain tes signal / | corrected | Required | required check point -tgg) | corrected | (k=1) | uncertainty* | uncertainty | (k=2)
/°C) used /°C mV signal / V gain range/ V | drift/ °C | drift/ V /°C tothom/V | /°C /°C /°C /°C
156.60 | 10M10 | 156.604 | 777.185 | 0.777185 10n10 0.777185 0.00 0.777243 | -0.004 | 0.777100 | 0.22 0.22 0.22 0.43
231.93 | 10M9 | 231.915 | 1833.114 | 1.833114 1079 1.833114 0.00 1.833251 | 0.015 | 1.834219 | 0.22 0.22 0.22 0.45
419.53 | 107 | 419.485 | 1980.357 | 1.980357 10n7 1.980357 0.00 1.980506 | 0.045 | 1.982182 | 0.05 0.05 0.06 0.12
660.32 | 10"6 | 660.174 | 5508.215 | 5.508215 1076 5.508215 0.01 5.508628 | 0.146 | 5.516949 | 0.09 0.09 0.11 0.22
961.78 | 10"5 | 961.861 | 5705.270 | 5.705270 1075 5.705270 0.01 5.705697 | -0.081 | 5.702984 | 0.39 0.39 0.40 0.81
200 1070 | 199.995 | 5154.564 | 5.154564 10710 5.154564 0.00 5.154950 | 0.005 | 5.156070 | 0.22 0.22 0.22 0.44
250 10M9 | 249.986 | 3368.463 | 3.368463 1079 3.368463 0.00 3.368716 | 0.014 | 3.370250 | 0.18 0.18 0.18 0.36
300 1078 | 300.010 | 1367.415 | 1.367415 1078 1.367415 0.00 1.367518 | -0.010 | 1.367135 | 0.11 0.11 0.11 0.23
400 107 | 400.063 | 1366.687 | 1.366687 1077 1.366687 0.00 1.366790 | -0.063 | 1.365086 | 0.05 0.05 0.06 0.12
500" 107 | 499.953 | 7560.209 | 7.560209 10n7 7.560209 0.00 7.560775 | 0.047 | 7.566075 | 0.06 0.06 0.07 0.14
5002 107 | 499.976 | 7563.477 | 7.563477 1017 7.563477 0.00 7.564044 | 0.024 | 7.566813 | 0.07 0.07 0.08 0.16
600* 10"6 | 600.015 | 2835.845 | 2.835845 1076 2.835845 0.01 2.836057 | -0.015 | 2.835560 | 0.06 0.06 0.08 0.16
6002 10"6 | 599.731 | 2825.946 | 2.825946 1076 2.825946 0.01 2.826157 | 0.269 | 2.835120 | 0.08 0.08 0.10 0.19
300* 1078 | 300.040 | 1369.291 | 1.369291 1078 1.369291 0.00 1.369394 | -0.040 | 1.367893 | 0.11 0.11 0.11 0.23
400* 10n7 | 400.058 | 1366.927 | 1.366927 1077 1.366927 0.00 1.367030 | -0.058 | 1.365458 | 0.05 0.05 0.06 0.12
600* 10"6 | 599.988 | 2834.872 | 2.834872 1076 2.834872 0.01 2.835085 | 0.012 | 2.835491 | 0.06 0.06 0.08 0.16
500° 107 | 499.820 | 7563.477 | 7.563477 10n7 7.563477 0.00 7.564044 | 0.180 | 7.584536 | 0.24 0.24 0.24 0.48
600° 10"6 | 599.280 | 2825.946 | 2.825946 1076 2.825946 0.01 2.826157 | 0.720 | 2.850198 | 0.25 0.25 0.26 0.52
700° 10"6 | 699.941 | 8125.120 | 8.125120 1076 8.125120 0.01 8.125729 | 0.059 | 8.130282 | 0.27 0.27 0.28 0.55
800° 10"5 | 799.917 | 1908.946 | 1.908946 1075 1.908946 0.01 1.909089 | 0.083 | 1.910321 | 0.31 0.31 0.32 0.64
900° 10"5 | 899.924 | 3882.634 | 3.882634 1075 3.882634 0.01 3.882925 | 0.076 | 3.884845 | 0.36 0.36 0.37 0.75
1000° 10"5 | 1000.048 | 7070.470 | 7.070470 1075 7.070470 0.01 7.071000 | -0.048 | 7.069131 | 0.42 0.42 0.43 0.87
800° 10"5 | 799.950 | 1909.781 | 1.909781 1075 1.909781 0.01 1.909925 | 0.050 | 1.910665 | 0.31 0.31 0.32 0.64
1000° 105 | 1000.095 | 7071.588 | 7.071588 1075 7.071588 0.01 7.072118 | -0.095 | 7.068404 | 0.42 0.42 0.43 0.87

Table 10 - results of the METAS variable temperature blackbody measurements for analysis by direct comparison

! values obtained using a Cs heatpipe with PRT;
2 values obtained using a Na heatpipe with PRT;
3 values obtained using a Na heatpipe with thermocouple.
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Signal u (k=1)
Zn corrected u (k=1) with plus
Bgrd Require | Signal at point for Zn dt (thom Signal lab U lab u gain ratio drift
thom | Gain tes corrected d required check point - teB) corrected | (k=2) (k=1) | uncertainty* | uncertainty | U (k=2)

/°C) | used /°C Signal/ V gain range/ V | drift/ °C | drift/ V /°C t0 thom/ V /°C /°C /°C /°C /°C
200 |10M9 | 201.26 0.587914 10710 5.418297 -0.019 | 5414134 | -1.261 | 5.141382 | 0.955 | 0.478 0.478 0.480 0.960
250 | 10M9 | 250.78 3.470968 10"9 3.470968 -0.023 | 3.468301 | -0.783 | 3.379299 | 0.808 | 0.404 0.404 0.405 0.809
300 |10"8 | 299.80 1.365282 10”8 1.365282 -0.028 | 1.364233 | 0.200 1.371707 | 0.822 | 0.411 0.411 0.412 0.824
419.53 | 10n7 | 417.73 1.923257 1077 1.923257 -0.041 | 1.921779 | 1.796 1.986788 | 0.860 | 0.430 0.430 0.431 0.862
500 |10n7 | 497.10 7.285188 10nN7 7.285188 -0.051 | 7.279590 | 2.896 7.599125 | 0.810 | 0.405 0.405 0.407 0.814
600 | 10"6 | 596.25 2.739827 1076 2.739827 -0.065 | 2.737722 | 3.750 2.859868 | 0.850 | 0.425 0.425 0.429 0.857
660.32 | 106 | 655.68 5.281204 1076 5.281204 | -0.074 | 5.277146 | 4.640 5532395 | 0.822 | 0.411 0.411 0.416 0.832
700 | 10"6 | 695.58 7.833208 1076 7.833208 -0.080 | 7.827189 | 4.421 8.158800 | 0.824 | 0.412 0.412 0.418 0.835
800 | 1075 | 797.27 1.910186 1075 1.910186 -0.098 | 1.908718 | 2.730 1.949607 | 1.196 | 0.598 0.598 0.604 1.208
900 |10"5| 897.37 3.894053 1075 3.894053 -0.117 | 3.891061 | 2.628 3.958163 | 1.193 | 0.596 0.596 0.605 1.209
1000 | 1075 | 1000.09 7.221856 1075 7.221856 -0.139 | 7.216306 | -0.087 | 7.212824 | 1.084 | 0.542 0.542 0.555 1.110

Table 11 - results of the UME variable temperature blackbody measurements for analysis by direct comparison
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Signal u (k=1)
Zn corrected u (k=1) with plus
Bgrd Signal at point for Zn dt (tnom Signal labU | labu gain ratio drift
thom Gain tes corrected | Required | required check point - tgB) corrected | (k=2) | (k=1) | uncertainty* | uncertainty/ | U (k=2)
/°C used /°C Signal/ V Gain range/ V | drift/ °C | drift/ V /°C t0 thom/ V /°C /°C /°C °C /°C
156.60 | 10710 156.63 | 0.777632 10710 0.777632 | -0.025 | 0.776670 | -0.032 | 0.775467 | 0.20 0.10 0.10 0.10 0.20
200 10"10 200.02 | 5.186709 10n10 5.186709 | -0.031 | 5.180293 | -0.020 | 5.176180 | 0.20 0.10 0.10 0.10 0.20
231.93 | 1079 232.05 | 1.841034 1079 1.841034 | -0.035 | 1.838757 | -0.120 | 1.830977 | 0.20 0.10 0.10 0.10 0.20
250 1079 250.01 | 3.372291 1079 3.372291 | -0.038 | 3.368120 | -0.012 | 3.366837 | 0.20 0.10 0.10 0.10 0.20
250 10"9 250.05 | 3.376714 1079 3.376714 | -0.038 | 3.372537 | -0.054 | 3.366591 | 0.20 0.10 0.10 0.10 0.20
300 10”8 300.06 | 1.365190 1078 1.365190 | -0.045 | 1.363501 | -0.057 | 1.361375 | 0.21 0.11 0.11 0.11 0.22
300 10”8 300.02 | 1.363646 1078 1.363646 | -0.045 | 1.361959 | -0.023 | 1.361095 | 0.21 0.11 0.11 0.11 0.22
400 1077 400.22 | 1.369248 1077 1.369248 | -0.062 | 1.367555 | -0.223 | 1.361506 | 0.20 0.10 0.10 0.11 0.21
400 10nN7 400.00 | 1.363649 10n7 1.363649 | -0.062 | 1.361962 | -0.004 | 1.361856 | 0.20 0.10 0.10 0.11 0.21
419.53 | 107 419.43 | 1.976805 1017 1.976805 | -0.066 | 1.974360 | 0.100 | 1.978075 | 0.20 0.10 0.10 0.11 0.21
500* 1077 499.89 | 7.546142 10n7 7.546142 | -0.082 | 7.536808 | 0.112 | 7.549547 | 0.20 0.10 0.10 0.11 0.22
500? 1077 500.22 | 7.612328 10n7 7.612328 | -0.082 | 7.602911 | -0.215 | 7.578334 | 0.48 0.24 0.24 0.24 0.49
600 1076 600.05 | 2.842331 1076 2.842331 | -0.105 | 2.838815 | -0.051 | 2.837102 | 0.47 0.24 0.24 0.24 0.48
660.32 | 1076 660.03 | 5.477611 1076 5477611 | -0.120 | 5.470836 | 0.295 | 5.487479 | 0.48 0.24 0.24 0.25 0.50
700 1076 699.95 | 8.105329 1076 8.105329 | -0.130 | 8.095303 | 0.051 | 8.099225 | 0.48 0.24 0.24 0.25 0.50
700 1076 700.00 | 8.111707 1076 8.111707 | -0.130 | 8.101673 | 0.000 | 8.101673 | 0.48 0.24 0.24 0.25 0.50
800 1075 799.81 | 1.899315 1075 1.899315 | -0.158 | 1.896965 | 0.193 | 1.899818 | 0.49 0.25 0.25 0.26 0.52
900 1075 900.19 | 3.867533 1075 3.867533 | -0.189 | 3.862749 | -0.188 | 3.858018 | 0.49 0.25 0.25 0.26 0.53
900 1075 900.03 | 3.865023 1075 3.865023 | -0.189 | 3.860242 | -0.028 | 3.859531 | 0.49 0.25 0.25 0.26 0.53
961.78 | 1075 961.78 | 5.656693 1075 5.656693 | -0.210 | 5.649696 | 0.000 | 5.649696 | 0.49 0.25 0.25 0.27 0.54
1000 1075 1000.00 | 7.025350 1075 7.025350 | -0.223 | 7.016660 | 0.000 | 7.016660 | 0.49 0.25 0.25 0.27 0.54
1000 1075 1000.12 | 7.034740 1075 7.034740 | -0.223 | 7.026038 | -0.119 | 7.021394 | 0.49 0.25 0.25 0.27 0.54

Table 12 - results of the NPL variable temperature blackbody measurements for analysis by direct comparison

! values obtained using a Cs heatpipe with PRT;
2 values obtained using the NPL wide range cavity (WRC);
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6.1 AVERAGE LABORATORY RESULTS FOR VTBB MEASUREMENTS WITH THE INRIM THERMOMETER

foor/ °C Average | U (k=2)/ | U* (k=2)/ L JeC Average U (k=2) | U* (k=2)/ Average | U (k=2)/ | U* (k=2)/
signal/ V °C °C nom signal/ V /°C °C tnom/ °C signal/ V °C °C
156.6 | 0.777703 0.45 0.46 156.6 | 0.786711 0.21 0.22 156.6 0.777100 0.43 0.44
200 5137704 | 0.31 0.32 200 5.110359 0.25 0.26 200 5.156070 0.44 0.45
231.93 | 1.840200 0.30 0.32 231.93 | 1.812749 0.28 0.30 231.93 1.834219 0.45 0.46
250 3.378231 0.30 0.31 250 3.371701 0.30 0.30 250 3.370250 0.36 0.37
300 1.371740 0.30 0.35 300 1.363774 | 0.33 0.37 300 1.367514 0.23 0.29
400 1.365607 0.31 0.31 400 1.360844 | 0.36 0.36 400 1.365272 0.12 0.13
41953 | 1.986226 0.31 0.35 41953 | 1.978393 0.35 0.39 41953 1.982182 0.12 0.20
500 7.564915 0.32 0.33 500 7.552125 0.37 0.37 500 7.572475 0.32 0.33
600 2.838061 0.29 0.31 600 2.826935 0.75 0.75 600 2.839092 0.35 0.37
660.32 | 5.485046 0.31 0.49 660.32 | 5.463960 1.09 1.16 660.32 5.516949 0.22 0.44
700 8.096916 0.32 0.50 700 8.053186 1.12 1.18 700 8.130282 0.55 0.68
800 1.902232 0.35 0.70 800 1.890692 1.41 1.54 800 1.910493 0.64 0.88
900 3.861044 | 0.39 0.72 900 3.845214 1.27 1.40 900 3.884845 0.75 0.96
600 Cs | 2.828368 0.40 0.41 1000 7.068768 0.87 3.54
Average | U (=2 | U (k=2)/ 600 Na | 2.824068 1.09 1.10 Csat500 | 7.566075 0.14 0.44
tond °C | signall v oC oC Table 15 - LNE results Naat5001 | 7.566813 0.16 0.15
200 | 5158014 | 0.07 0.11 Average | U (k=2)/ | U* (k=2)/ Coatb00 | 2835626 | 0.16 0.49
231.93 | 1.836253 | 0.08 0.12 toon/ °C | _signal/ V| °C °C Naat6001| 2835120 | 0.19 0.19
250 | 3372894 | 0.8 0.10 200 | 5141382 | 0.6 0.96 Naatb002 | 2850198 | 0.52 0.22
300 1.366133 0.11 0.21 250 3.379299 0.81 0.81 Table 17 - METAS results
400 1.365717 0.07 0.08 300 1.371707 0.82 0.84
41953 | 1.983809 0.08 0.18 41953 | 1.986788 0.86 0.88
500 7.566297 0.10 0.11 500 7.599125 0.81 0.82
600 2.835165 0.12 0.16 600 2.859868 0.86 0.86
660.32 | 5.483208 0.15 0.41 660.32 | 5.532395 0.83 0.92
700 8.094893 0.16 0.42 700 8.158800 0.84 0.92
800 1.900399 0.19 0.64 800 1.949607 1.21 1.35
900 3.860880 0.22 0.64 900 3.958163 1.21 1.35
961.78 | 5.649436 0.24 0.89 1000 | 7.212824 111 3.61
Table 14 - PTB results Table 16 — UME results

17
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Table 18 - NPL results

Note:

U is the total combined uncertainty including the
laboratory uncertainty and components for the
thermometer drift and gain ratios.

U* is the total combined uncertainty including also
the uncertainty in the reference value (uncertainty

in the median)

Average | U (k=2)/ | U* (k=2)/ thom/ °C Mean Median | Weighted

thom/ °C signal/ V °C °C signal/ V| signal/V | signal/ V
156.6 0.775467 0.20 0.22 156.6 0.777960 | 0.777100 | 0.774444
200 5.176180 0.20 0.22 200 5.146618 | 5.148726 | 5.155781
231.93 1.830977 0.20 0.22 231.93 1.830879 | 1.834219 | 1.834511
250 3.366714 0.20 0.21 250 3.373182 | 3.372298 | 3.372364
300 1.361235 0.22 0.28 300 1.367017 | 1.366823 | 1.365928
400 1.361681 0.21 0.21 400 1.363824 | 1.365272 | 1.365161
419.53 1.978075 0.21 0.27 419.53 1.982579 | 1.982995 | 1.982871
500 7.563941 0.36 0.36 500 7.569813 | 7.565606 | 7.566122
600 2.837102 0.48 0.49 600 2.839371 | 2.837582 | 2.836128
660.32 5.487479 0.50 0.63 660.32 | 5.494840 | 5.486262 | 5.492596
700 8.100449 0.50 0.63 700 8.105754 | 8.098683 | 8.098531
800 1.899818 0.52 0.80 800 1.908874 | 1.901316 | 1.901897
900 3.858774 0.53 0.80 900 3.878153 | 3.860962 | 3.863612
961.78 5.649696 0.54 1.01 961.78 | 5.656476 | 5.649566 | 5.652625
1000 7.019027 0.54 3.48 1000 7.100206 | 7.068768 | 7.059511
Csat 500 | 7.549547 0.22 0.23 Table 19 — mean, median and weighted mean values
WRC at 500 | 7.578334 0.49 0.49 for all the INRiIM thermometer measurements with

the variable temperature blackbody sources. The
weighted mean is calculated using only the
laboratory uncertainty, u, in the third column of the
tables, i.e. not including the uncertainty in the
reference value
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equiv dT* equiv dT* equiv dT*
from NPL- from UME- from METAS -
NPL - NPL- median/ wghted UME - UME- median/ wghted METAS - | METAS- median/ wghted
thom/ °C mean/ V | median/ V °C mean/ V mean/ V | median/ V °C mean/ V mean/ V | median/ V °C mean/ V
156.6 -0.002493 -0.001632 -0.04 0.001024 -0.000861 0.000000 0.00 0.002656
200 0.029562 0.027454 0.13 0.020399 -0.005236 -0.007344 -0.04 -0.014399 0.009452 0.007344 0.04 0.000289
231.93 0.000097 -0.003242 -0.05 -0.003535 - - - -- 0.003339 0.000000 0.00 -0.000292
250 -0.006468 -0.005584 -0.05 -0.005650 0.006118 0.007002 0.06 0.006936 -0.002932 -0.002048 -0.02 -0.002114
300 -0.005782 -0.005588 -0.15 -0.004693 0.004690 0.004883 0.13 0.005779 0.000497 0.000690 0.02 0.001586
400 -0.002143 -0.003591 -0.13 -0.003480 - - - - 0.001448 0.000000 0.00 0.000111
419.53 -0.004504 -0.004921 -0.13 -0.004796 0.004209 0.003792 0.10 0.003917 -0.000397 -0.000814 -0.02 -0.000689
500 -0.005872 -0.001665 -0.01 -0.002182 0.029312 0.033519 0.29 0.033002 0.002662 0.006869 0.06 0.006352
600 -0.002268 -0.000479 -0.01 0.000974 0.020498 0.022287 0.66 0.023740 -0.000278 0.001511 0.05 0.002964
660.32 -0.007361 0.001216 0.02 -0.005117 0.037556 0.046133 0.81 0.039799 0.022110 0.030687 0.54 0.024353
700 -0.005305 0.001766 0.02 0.001918 0.053046 0.060118 0.78 0.060270 0.024527 0.031599 0.41 0.031751
800 -0.009056 -0.001498 -0.10 -0.002079 0.040734 0.048292 3.17 0.047711 0.001620 0.009178 0.62 0.008597
900 -0.019379 -0.002188 -0.09 -0.004838 0.080010 0.097201 3.76 0.094551 0.006692 0.023883 0.94 0.021233
961.78 -0.006780 0.000130 0.00 -0.002929 - - - - 0.046508 0.053418 1.59 0.050358
1000 -0.081179 -0.049740 -1.28 -0.040484 0.112618 0.144057 3.60 0.153313 -0.031439 0.000000 0.00 0.009256
Cs at 500 -0.020266 -0.016059 -0.14 -0.016575 - - - - -0.003737 0.000470 0.00 -0.000047
Na/WRC* at - - - -
5001 0.008521 0.012728 0.11 0.012212 -0.003000 0.001207 0.01 0.000690
Na at 500 2 - - - - - - - - 0.014724 0.018931 0.17 0.018414
Cs at 600 - - - - - - - - -0.003845 -0.002056 -0.06 -0.000602
Na at 600 1 - - - - - - - - -0.004251 -0.002461 -0.07 -0.001008
Na at 600 2 - - - - - - - - 0.010828 0.012617 0.38 0.014070

Table 20 — differences of the laboratory results from the mean, median and weighted mean values — table 1 of 2

* At 500 °C NPL used a Cs heatpipe blackbody and the wide range cavity (WRC); METAS used a Cs and a Na heatpipe blackbody.

* The equivalent temperature difference, AT, from the median value was calculated using the following function, where S is the thermometer signal, AS is the difference of

the laboratory signal from the median value, T is the source temperature and 4 is the thermometer wavelength:

AT =22

AS AT?

S ¢,
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equiv dT equivdT equiv dT
from LNE- from PTB- from CEM-
LNE - LNE- median/ wghted PTB - PTB- median/ wghted CEM - CEM- median/ wghted
thom/ °C mean/V | median/ V °C mean/ V mean/V | median/ V °C mean/ V mean/V | median/ V °C mean/ V

156.6 0.008751 | 0.009611 0.25 0.012267 | -0.005139 | -0.004278 -0.11 -0.001622 | -0.000257 | 0.000603 0.02 0.003259
200 -0.036259 | -0.038367 -0.19 -0.045422 | 0.011396 | 0.009288 0.04 0.002234 | -0.008914 | -0.011022 -0.05 -0.018076
231.93 -0.018131 | -0.021470 -0.34 -0.021762 | 0.005373 | 0.002034 0.03 0.001741 | 0.009321 | 0.005982 0.09 0.005689
250 -0.001480 | -0.000596 -0.01 -0.000663 | -0.000287 | 0.000596 0.01 0.000530 | 0.005050 | 0.005934 0.05 0.005868
300 -0.003243 | -0.003050 -0.08 -0.002154 | -0.000884 | -0.000690 -0.02 0.000205 | 0.004723 | 0.004917 0.13 0.005812
400 -0.002980 | -0.004428 -0.16 -0.004317 | 0.001893 | 0.000445 0.02 0.000556 | 0.001783 | 0.000335 0.01 0.000446
419.53 -0.004185 | -0.004602 -0.12 -0.004478 | 0.001230 | 0.000814 0.02 0.000938 | 0.003647 | 0.003230 0.09 0.003355
500 -0.017687 | -0.013480 -0.12 -0.013997 | -0.003516 | 0.000691 0.01 0.000174 | -0.004898 | -0.000691 -0.01 -0.001208
600 -0.012436 | -0.010647 -0.32 -0.009193 | -0.004206 | -0.002417 -0.07 -0.000963 | -0.001310 | 0.000479 0.01 0.001933
660.32 -0.030880 | -0.022302 -0.40 -0.028636 | -0.011631 | -0.003054 -0.05 -0.009388 | -0.009793 | -0.001216 -0.02 -0.007550
700 -0.052568 | -0.045496 -0.59 -0.045344 | -0.010861 | -0.003789 -0.05 -0.003637 | -0.008838 | -0.001766 -0.02 -0.001614
800 -0.018182 | -0.010624 -0.72 -0.011205 | -0.008475 | -0.000917 -0.06 -0.001498 | -0.006641 | 0.000917 0.06 0.000336
900 -0.032939 | -0.015748 -0.63 -0.018398 | -0.017273 | -0.000082 0.00 -0.002732 | -0.017109 | 0.000082 0.00 -0.002568
961.78 -0.032688 | -0.025777 -0.78 -0.028837 | -0.007040 | -0.000130 0.00 -0.003190 - - - -

1000 - - - - - - - - - - - -

Cs at 600 -0.011003 | -0.009214 -0.28 -0.007760 - - - - - - - -

Naat6001 | -0.015302 | -0.013513 -0.41 -0.012060 - - - - - - - -

Table 21 - differences of the laboratory results from the mean, median and weighted mean values — table 2 of 2
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. . Signal . u (k=1) W.ith
fom Range tag Bgrd Required Slgngl at Drift fr_om corrected dt (thom Signal lab U labu range ratio U
/°C) used /oC cc_Jrrected range required Zn point for Zn point | tss) corrected (k=2) (k=1) & dr_lft (k=2)
Signal/ A range/ A check?/ °C dri /°C t0 thom/ A /°C /°C uncertainty* | /°C
rift/ A /oC

231.93 R1 231.91 | 3.02262E-12 R1 3.02262E-12 0.02 3.02522E-12 | 0.02 | 3.02740E-12 | 0.41 0.21 0.22 0.43
250.00 R1 250.11 | 5.72417E-12 R1 5.72417E-12 0.03 5.72909E-12 | -0.11 | 5.70800E-12 | 0.32 0.16 0.18 0.36
300.00 R1 300.09 | 2.62564E-11 R1 2.62564E-11 0.03 2.62789E-11 | -0.09 | 2.62130E-11 | 0.31 0.16 0.18 0.36
400.00 R1 399.94 | 2.81427E-10 R1 2.81427E-10 0.04 2.81669E-10 | 0.06 | 2.82010E-10 | 0.31 0.15 0.20 0.40
419.53 R1 419.55 | 4.14299E-10 R1 4.14299E-10 0.05 4.14655E-10 | -0.02 | 4.14497E-10 | 0.31 0.15 0.20 0.41
500.00 R1 499.98 | 1.63872E-09 R1 1.63872E-09 0.06 1.64013E-09 | 0.02 | 1.64063E-09 | 0.31 0.15 0.23 0.45
600.00 R2 600.09 | 6.40066E-09 R2 6.40066E-09 0.07 6.40616E-09 | -0.09 | 6.39923E-09 | 0.26 0.13 0.25 0.50
660.32 R2 660.35 | 1.25941E-08 R2 1.25941E-08 0.08 1.26049E-08 | -0.03 | 1.26010E-08 | 0.26 0.13 0.28 0.55
700.00 R2 700.10 | 1.88022E-08 R2 1.88022E-08 0.09 1.88184E-08 | -0.10 | 1.88002E-08 | 0.26 0.13 0.30 0.59
800.00 R2 799.91 | 4.51797E-08 R2 4.51797E-08 0.11 4.52185E-08 | 0.09 | 4.52509E-08 | 0.26 0.13 0.35 0.70
900.00 R2 900.01 | 9.36263E-08 R2 9.36263E-08 0.13 9.37068E-08 | -0.01 | 9.37006E-08 | 0.26 0.13 0.41 0.81
231.93 R1 232.07 | 3.05435E-12 R2 3.05435E-12 0.02 3.05698E-12 | -0.14 | 3.04161E-12 | 0.39 0.19 0.21 0.41
300.00 R1 300.14 | 2.63234E-11 R2 2.63234E-11 0.03 2.63460E-11 | -0.14 | 2.62432E-11 | 0.31 0.15 0.18 0.36
500.00 R1 500.09 | 1.64322E-09 R2 1.64322E-09 0.06 1.64463E-09 | -0.09 | 1.64236E-09 | 0.31 0.15 0.23 0.45
700.00 R2 700.04 | 1.87879E-08 R2 1.87879E-08 0.09 1.88041E-08 | -0.04 | 1.87968E-08 | 0.26 0.13 0.30 0.59
900.00 R2 899.92 | 9.36075E-08 R2 9.36075E-08 0.13 9.36880E-08 | 0.08 | 9.37379E-08 | 0.26 0.13 0.41 0.81

Table 22- results of the CEM variable temperature blackbody measurements for analysis by direct comparison

* Compared to the PTB value at the start of the comparison (see Table 5).

“These uncertainty values include components for the uncertainty due to the range ratio, as given by the laboratory as appropriate (i.e. where the signal values have been
corrected to a different range setting), and a component to allow for the drift in the radiation thermometer during the comparison, as determined from the measurements
with the transfer zinc fixed-point blackbody source.
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. . Signal . u (k=1) W.ith

foor Range o Bgrd Required Slgngl at Drift fr_om corrected dt (thom Signal lab U lab u range ratio U
/°C used /oC cgrrected range required Zn point for Zn point | tes) corrected (k=2) (k=1) & dryft (k=2)
Signal/ A range/ A check / °C dri /°C t0 thom/ A /°C /°C uncertainty* | /°C

rift/ A /oC

231.93 R1 231.946 | 3.03946E-12 R1 3.03946E-12 0.00 3.03946E-12 | -0.016 | 3.03774E-12 | 0.111 0.055 0.064 0.128
250 R1 250.089 | 5.70504E-12 R1 5.70504E-12 0.00 5.70504E-12 | -0.089 | 5.68802E-12 | 0.085 0.042 0.055 0.109
300 R1 300.020 | 2.62226E-11 R1 2.62226E-11 0.00 2.62226E-11 | -0.020 | 2.62081E-11 | 0.097 0.049 0.064 0.127
400 R1 400.021 | 2.82049E-10 R1 2.82049E-10 0.00 2.82049E-10 | -0.021 | 2.81932E-10 | 0.035 0.018 0.059 0.119
419.53 R1 419.530 | 4.14019E-10 R1 4.14019E-10 0.00 4.14019E-10 | 0.000 | 4.14019E-10 | 0.036 0.018 0.063 0.125
500 R1 500.015 | 1.64206E-09 R1 1.64206E-09 0.00 1.64206E-09 | -0.015 | 1.64169E-09 | 0.039 0.020 0.077 0.155
600 R1 600.017 | 6.38577E-09 R2 6.38515E-09 0.00 6.38515E-09 | -0.017 | 6.38381E-09 | 0.044 0.022 0.098 0.196
660.32 R2 660.312 | 1.25796E-08 R2 1.25796E-08 0.00 1.25796E-08 | 0.008 | 1.25806E-08 | 0.073 0.037 0.115 0.230
700 R2 700.031 | 1.87788E-08 R2 1.87788E-08 0.00 1.87788E-08 | -0.031 | 1.87731E-08 | 0.075 0.038 0.124 0.248
800 R2 800.012 | 4.52005E-08 R2 4.52005E-08 0.00 4.52005E-08 | -0.011 | 4.51963E-08 | 0.081 0.041 0.150 0.299
900 R2 900.011 | 9.37001E-08 R2 9.37001E-08 0.00 9.37001E-08 | -0.011 | 9.36930E-08 | 0.088 0.044 0.178 0.355
961.78 R2 961.748 | 1.38461E-07 R2 1.38461E-07 0.00 1.38461E-07 | 0.032 | 1.38488E-07 | 0.094 0.047 0.196 0.393
231.93 R1 231.947 | 3.03869E-12 R1 3.03869E-12 0.00 3.03869E-12 | -0.017 | 3.03689E-12 | 0.132 0.066 0.073 0.147
300 R1 300.027 | 2.62522E-11 R1 2.62522E-11 0.00 2.62522E-11 | -0.027 | 2.62324E-11 | 0.184 0.092 0.101 0.201
419.53 R1 419.512 | 4.13968E-10 R1 4.13968E-10 0.00 4.13968E-10 | 0.018 | 4.14109E-10 | 0.036 0.018 0.063 0.125
500 R1 500.049 | 1.64205E-09 R1 1.64205E-09 0.00 1.64205E-09 | -0.048 | 1.64083E-09 | 0.039 0.020 0.077 0.155
700 R2 700.028 | 1.87822E-08 R2 1.87822E-08 0.00 1.87822E-08 | -0.028 | 1.87770E-08 | 0.075 0.038 0.124 0.248
961.78 R2 961.696 | 1.38400E-07 R2 1.38400E-07 0.00 1.38400E-07 | 0.084 | 1.38470E-07 | 0.094 0.047 0.196 0.393

Table 23 - results of the PTB variable temperature blackbody measurements for analysis by direct comparison
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. Drift from Signal . u (k=1) W.'th

Bgrd . Signal at . dt (thom - Signal lab U lab u range ratio U

thom Range tes Required - Zn point corrected _ N . -
/°C used /oC cgrrected range required check / for Zn point teB) corrected (k=2) (k=1) & dryft (k=2)
Signal/ A range/ A N . /°C t0 thom/ A /°C /°C uncertainty* | /°C

Cc drift/ A /oC

231.93 R1 231.76 | 2.99090E-12 R1 2.99090E-12 0.293 3.02238E-12 0.17 3.04049E-12 0.60 0.30 0.30 0.60
250 R1 249.83 | 5.59107E-12 R1 5.59107E-12 0.314 5.64991E-12 0.17 5.68220E-12 0.43 0.22 0.22 0.44
250 R1 249.84 | 5.30973E-12 R1 5.30973E-12 0.314 5.36561E-12 0.16 5.39469E-12 0.47 0.24 0.24 0.48
250 R1 249.83 | 5.59853E-12 R1 5.59853E-12 0.314 5.65745E-12 0.17 5.68993E-12 0.44 0.22 0.22 0.44
300 R1 300.19 | 2.60880E-11 R1 2.60880E-11 0.378 2.63625E-11 | -0.19 2.62212E-11 0.35 0.17 0.18 0.36
400 R1 399.93 | 2.77908E-10 R1 2.77908E-10 0.520 2.80832E-10 0.07 2.81211E-10 0.31 0.16 0.17 0.33
400 R1 | 400.14 | 2.79379E-10 R1 2.79379E-10 0.521 2.82319E-10 | -0.14 2.81531E-10 0.32 0.16 0.17 0.34
419.53 R1 | 419.63 | 4.09805E-10 R1 4.09805E-10 0.551 4.14118E-10 | -0.10 4.13359E-10 0.32 0.16 0.17 0.34
500 R1 500.11 | 1.62441E-09 R1 1.62441E-09 0.687 1.64150E-09 | -0.11 1.63862E-09 0.34 0.17 0.18 0.37
600 R2 600.16 | 6.32775E-09 R2 6.32775E-09 0.876 6.39434E-09 | -0.16 6.38240E-09 0.41 0.20 0.22 0.45
600 R2 600.13 | 6.32566E-09 R2 6.32566E-09 0.876 6.39223E-09 | -0.13 6.38234E-09 0.42 0.21 0.23 0.47
660.32 R2 660.06 | 1.23955E-08 R2 1.23955E-08 1.000 1.25259E-08 0.26 1.25605E-08 1.04 0.52 0.53 1.06
700 R2 699.83 | 1.84743E-08 R2 1.84743E-08 1.087 1.86687E-08 0.17 1.86988E-08 1.03 0.52 0.53 1.06
700 R2 700.11 | 1.85300E-08 R2 1.85300E-08 1.088 1.87250E-08 | -0.11 1.87048E-08 1.05 0.52 0.54 1.08
800 R2 800.07 | 4.45481E-08 R2 4.45481E-08 1.323 4.50169E-08 | -0.07 4.49915E-08 1.14 0.57 0.59 1.17
900 R2 899.88 | 9.22973E-08 R2 9.22973E-08 1.580 9.32687E-08 0.12 9.33424E-08 1.17 0.58 0.61 1.22
900 R2 899.94 | 9.23564E-08 R2 9.23564E-08 1.580 9.33284E-08 0.06 9.33637E-08 1.19 0.60 0.62 1.24
961.78 R2 961.63 | 1.36561E-07 R2 1.36561E-07 1.751 1.37998E-07 0.15 1.38124E-07 1.24 0.62 0.65 1.30

Table 24- results of the LNE variable temperature blackbody measurements for analysis by direct comparison
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Drift Signal u (k=1) with

¢ Range ¢ Bgrd Required Signal at from Zn corr%cted dt (thom - Signal lab U lab u range ratio U
/o0 use%l /Eé corrected rgn o required point | o it | 189) corrected k=2) | (k=1) & drift (k=2)
Signal/ A g range/ A check / N p /°C t0 thom/ A /°C /°C uncertainty* | /°C

oC drift/ A /oC

231.93 R1 231.913 | 3.0206E-12 R1 3.0206E-12 0.237 | 3.04632E-12 0.02 3.04820E-12 | 0.445 0.223 0.225 0.450
419.53 R1 419.500 | 4.1029E-10 R1 4.1029E-10 0.446 | 4.13790E-10 0.03 4.14031E-10 | 0.102 0.051 0.079 0.158
660.32 R2 660.335 | 1.2502E-08 R2 1.2502E-08 0.810 | 1.26081E-08 | -0.02 1.26061E-08 | 0.174 0.087 0.139 0.278
961.78 R2 961.678 | 1.3834E-07 R2 1.3834E-07 1.417 | 1.39516E-07 0.10 1.39601E-07 | 0.776 0.388 0.432 0.865
250 R1 249.986 | 5.6051E-12 R1 5.6051E-12 0.254 | 5.65281E-12 0.01 5.65552E-12 | 0.358 0.179 0.182 0.365
300 R1 300.011 | 2.6007E-11 R1 2.6007E-11 0.305 | 2.62282E-11 | -0.01 2.62202E-11 | 0.224 0.112 0.119 0.239
400 R1 400.063 | 2.8005E-10 R1 2.8005E-10 0.421 | 2.82436E-10 | -0.06 2.82077E-10 | 0.102 0.051 0.076 0.153
500* R1 499.955 | 1.6277E-09 R1 1.6277E-09 0.556 | 1.64162E-09 0.05 1.64276E-09 | 0.110 0.055 0.093 0.186
500° R1 499.963 | 1.6276E-09 R1 1.6276E-09 0.556 | 1.64151E-09 0.04 1.64244E-09 | 0.135 0.067 0.101 0.201
600" R1 600.014 | 6.3365E-09 R2 6.3400E-09 0.709 | 6.39403E-09 | -0.01 6.39292E-09 | 0.119 0.060 0.113 0.225
6002 R1 599.728 | 6.3123E-09 R2 6.3158E-09 0.708 | 6.36961E-09 0.27 6.39046E-09 | 0.158 0.079 0.124 0.247
300 R1 300.040 | 2.6079E-11 R1 2.6079E-11 0.305 | 2.63016E-11 | -0.04 2.62724E-11 | 0.224 0.112 0.119 0.239
400 R1 400.060 | 2.8016E-10 R1 2.8016E-10 0.421 | 2.82550E-10 | -0.06 2.82208E-10 | 0.102 0.051 0.076 0.153
600* R1 599.988 | 6.3348E-09 R2 6.3383E-09 0.709 | 6.39231E-09 0.01 6.39321E-09 | 0.119 0.060 0.113 0.225
500° R1 499.803 | 1.6276E-09 R1 1.6276E-09 0.555 | 1.64151E-09 0.20 1.64646E-09 | 0.477 0.238 0.250 0.500
600° R1 599.237 | 6.3123E-09 R2 6.3158E-09 0.707 | 6.36961E-09 0.76 6.42816E-09 | 0.507 0.253 0.271 0.541
700° R2 699.935 | 1.8713E-08 R2 1.8713E-08 0.880 | 1.88726E-08 0.07 1.88845E-08 | 0.534 0.267 0.292 0.584
800° R2 799.890 | 4.5069E-08 R2 4.5069E-08 1.070 | 4.54527E-08 0.11 4.54926E-08 | 0.619 0.309 0.341 0.682
900° R2 899.923 | 9.3482E-08 R2 9.3482E-08 1.279 | 9.42779E-08 0.08 9.43265E-08 | 0.719 0.359 0.398 0.797
1000° R2 1000.039 | 1.7303E-07 R2 1.7303E-07 1.507 | 1.74506E-07 | -0.04 1.74467E-07 | 0.833 0.416 0.463 0.926
800° R2 799.949 | 4.5097E-08 R2 4.5097E-08 1.070 | 4.54812E-08 0.05 4.54995E-08 | 0.619 0.309 0.341 0.682
1000° R2 1000.080 | 1.7314E-07 R2 1.7314E-07 1.507 | 1.74615E-07 | -0.08 1.74535E-07 | 0.833 0.416 0.463 0.926

Table 25- results of the METAS variable temperature blackbody measurements for analysis by direct comparison

! values obtained using a Cs heatpipe with PRT;
2 values obtained using a Na heatpipe with PRT;

% values obtained using a Na heatpipe with thermocouple.
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. . Signal . u (k=1) W.ith

foor Range o Bgrd Required Slgngl at Drift fr_om corrected dt (thom - Signal lab U lab u range ratio U
/°C used /°C cgrrected range required Zn point for Zn point tes) corrected (k=2) (k=1) & dryft (k=2)
Signal/ A range/ A check / °C dri /°C t0 thom/ A /°C /°C uncertainty* | /°C

rift/ A /oC

250 R1 250.78 | 5.76788E-12 R1 5.76788E-12 0.129 5.79267E-12 | -0.78 5.64118E-12 | 0.953 0.477 0.478 0.96
300 R2 299.80 | 2.60561E-11 R1 2.63989E-11 0.154 2.65124E-11 0.20 2.66604E-11 | 0.894 0.447 0.634 1.27
419.53 R2 417.73 | 3.98655E-10 R1 4.03899E-10 0.224 4.05635E-10 1.80 4.19619E-10 | 0.805 0.402 0.771 1.54
500 R2 497.10 | 1.56268E-09 R1 1.58323E-09 0.278 1.59004E-09 2.90 1.66117E-09 | 0.831 0.416 0.917 1.83
600 R2 596.25 | 6.07226E-09 R2 6.07226E-09 0.354 6.09835E-09 3.75 6.37564E-09 | 0.830 0.415 0.426 0.85
660.32 R2 655.68 | 1.19562E-08 R2 1.19562E-08 0.405 1.20076E-08 4.64 1.25996E-08 | 0.969 0.485 0.497 0.99
700 R2 695.58 | 1.80514E-08 R2 1.80514E-08 0.440 1.81290E-08 4.42 1.89117E-08 | 0.921 0.460 0.475 0.95
800 R2 797.27 | 4.40370E-08 R2 4.40370E-08 0.537 4.42263E-08 2.73 4.51918E-08 | 1.106 0.553 0.572 1.14
900 R2 897.37 | 9.18374E-08 R2 9.18374E-08 0.643 9.22321E-08 2.63 9.38530E-08 | 1.214 0.607 0.631 1.26
1000 R2 1000.09 | 1.72885E-07 R2 1.72885E-07 0.760 1.73628E-07 | -0.09 1.73542E-07 | 1.179 0.590 0.623 1.25

Table 26- results of the UME variable temperature blackbody measurements for analysis by direct comparison
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. Drift from Signal . u (k=1) W.ith

foom Range tog Bgrd Required S_|gnal at Zn point corrected dt (tnhom Signal lab U labu range ratio U
/°C used /oC co_rrected range required range/ check / for Zn point | tss) corrected (k=2) (k=1) & dr_lft (k=2)
Signal/) A °C drift/ A /°C to thom/ A /°C /°C uncertainty* | /°C

/°C

231.93 R1 232.03 | 3.06186E-12 R1 3.06186E-12 -0.003 3.06156E-12 | -0.10 | 3.05057E-12 | 0.26 0.13 0.13 0.27
250 R1 249.99 | 5.67265E-12 R1 5.67265E-12 -0.003 5.67210E-12 | 0.01 | 5.67400E-12 | 0.25 0.13 0.13 0.26
250 R1 249.99 | 5.68143E-12 R1 5.68143E-12 -0.003 5.68089E-12 | 0.01 | 5.68374E-12 | 0.25 0.13 0.13 0.26
250 R1 250.06 | 5.69507E-12 R1 5.69507E-12 -0.003 5.69453E-12 | -0.06 | 5.68404E-12 | 0.25 0.13 0.13 0.26
300 R1 300.06 | 2.61833E-11 R1 2.61833E-11 -0.003 2.61808E-11 | -0.06 | 2.61406E-11 | 0.25 0.13 0.13 0.26
400 R1 400.00 | 2.81754E-10 R1 2.81754E-10 -0.005 2.81727E-10 | 0.00 | 2.81755E-10 | 0.25 0.13 0.14 0.27
400 R1 400.06 | 2.82162E-10 R1 2.82162E-10 -0.005 2.82135E-10 | -0.06 | 2.81792E-10 | 0.25 0.13 0.14 0.27
419.53 R1 419.42 | 4.12869E-10 R1 4.12869E-10 -0.005 4.12830E-10 | 0.11 | 4.13661E-10 | 0.25 0.13 0.14 0.28
500" R2 499.89 | 1.63906E-09 R1 1.63849E-09 -0.006 1.63833E-09 | 0.11 | 1.64103E-09 | 0.25 0.13 0.15 0.29
500* R1 499.89 | 1.63849E-09 R1 1.63849E-09 -0.006 1.63833E-09 | 0.11 | 1.64101E-09 | 0.25 0.13 0.15 0.29
500? R1 500.22 | 1.65219E-09 R1 1.65219E-09 -0.006 1.65203E-09 | -0.22 | 1.64647E-09 | 0.50 0.25 0.26 0.52
600 R1 600.04 | 6.39823E-09 R2 6.40048E-09 -0.008 6.39987E-09 | -0.04 | 6.39660E-09 | 0.50 0.25 0.27 0.54
660.32 R2 660.04 | 1.25680E-08 R2 1.25680E-08 -0.009 1.25668E-08 | 0.28 | 1.26042E-08 | 0.51 0.26 0.28 0.55
700 R2 700.00 | 1.88151E-08 R2 1.88151E-08 -0.010 1.88133E-08 | 0.00 | 1.88133E-08 | 0.51 0.26 0.28 0.56
700 R2 700.00 | 1.88482E-08 R2 1.88482E-08 -0.010 1.88464E-08 | 0.00 | 1.88464E-08 | 0.51 0.26 0.28 0.56
800 R2 799.80 | 4.51596E-08 R2 4.51596E-08 -0.012 4.51553E-08 | 0.20 | 4.52282E-08 | 0.51 0.26 0.29 0.58
900 R2 900.19 | 9.38009E-08 R2 9.38009E-08 -0.014 9.37920E-08 | -0.19 | 9.36745E-08 | 0.51 0.26 0.31 0.61
900 R2 900.01 | 9.38529E-08 R2 9.38529E-08 -0.014 9.38439E-08 | -0.01 | 9.38354E-08 | 0.51 0.26 0.31 0.61
961.78 R2 961.78 | 1.38637E-07 R2 1.38637E-07 -0.016 1.38624E-07 | 0.00 | 1.38624E-07 | 0.51 0.26 0.32 0.64
1000 R2 1000.00 | 1.73311E-07 R2 1.73311E-07 -0.017 1.73295E-07 | 0.00 | 1.73295E-07 | 0.52 0.26 0.33 0.66
1000 R2 1000.17 | 1.73490E-07 R2 1.73490E-07 -0.017 1.73473E-07 | -0.17 | 1.73302E-07 | 0.52 0.26 0.33 0.66

Table 27- results of the NPL variable temperature blackbody measurements for analysis by direct comparison

! values obtained using a Cs heatpipe with PRT;

2 values obtained using the NPL wide range cavity (WRC).
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7.1 AVERAGE LABORATORY RESULTS FOR VTBB MEASUREMENTS WITH THE LP5

toom/ °C | Average signal/ A | U (k=2)/ °C
231.93 3.03450E-12 0.43
250 5.70800E-12 0.36
300 2.62281E-11 0.36
400 2.82010E-10 0.40
419.53 4.14497E-10 0.41
500 1.64150E-09 0.45
600 6.39923E-09 0.50
660.32 1.26010E-08 0.55
700 1.87985E-08 0.59
800 4.52509E-08 0.70
900 9.37192E-08 0.81
Table 28 — CEM results
trom/ °C | Average signal/ V | U (k=2)/ °C
231.93 3.03731E-12 0.147
250 5.68802E-12 0.109
300 2.62203E-11 0.201
400 2.81932E-10 0.119
419.53 4.14064E-10 0.125
500 1.64126E-09 0.155
600 6.38381E-09 0.196
660.32 1.25806E-08 0.230
700 1.87751E-08 0.248
800 4.51963E-08 0.299
900 9.36930E-08 0.355
961.78 1.38479E-07 0.393

Table 29 - PTB results

thom/ °C | Average signal/ V | U (k=2)/ °C
231.93 3.040492E-12 0.60
250 5.588942E-12 0.48
300 2.622117E-11 0.36
400 2.813707E-10 0.34
419.53 4.133589E-10 0.34
500 1.638618E-09 0.37
600 6.382367E-09 0.47
660.32 | 1.256055E-08 1.06
700 1.870179E-08 1.08
800 4.499146E-08 1.17
900 9.335301E-08 1.24
961.78 1.381241E-07 1.30
Table 30 - LNE results
thom/ °C | Average signal/ V | U (k=2)/ °C
250 5.64118E-12 0.96
300 2.66604E-11 1.27
419.53 4.19619E-10 1.54
500 1.66117E-09 1.83
600 6.37564E-09 0.85
660.32 1.25996E-08 0.99
700 1.89117E-08 0.95
800 4.51918E-08 1.14
900 9.38530E-08 1.26
1000 1.73542E-07 1.25

Table 31 — UME results
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thom/ °C | Average signal/ V | U (k=2)/ °C
231.93 3.04820E-12 0.450
250 5.65552E-12 0.365
300 2.62463E-11 0.239
400 2.82142E-10 0.153
419.53 4.14031E-10 0.158
500 1.64388E-09 0.500
600 6.40119E-09 0.541
660.32 1.26061E-08 0.278
700 1.88845E-08 0.584
800 4.54960E-08 0.682
900 9.43265E-08 0.797
961.78 1.39601E-07 0.865
1000 1.74501E-07 0.926
Cs at 500 1.642757E-09 0.186
Na at 500 1 1.642436E-09 0.201
Na at 500 2 1.646458E-09 0.500
Cs at 600 6.393067E-09 0.225
Na at 600 1 6.390457E-09 0.247
Na at 600 2 6.428157E-09 0.541

Table 32 - METAS results
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thom/ °C Average signal/ A | U (k=2)/ °C
231.93 3.050570E-12 0.27
250 5.680598E-12 0.26
300 2.614062E-11 0.26
400 2.817738E-10 0.27
419.53 4.136607E-10 0.28
500 1.642834E-09 0.41
600 6.396595E-09 0.54
660.32 1.260422E-08 0.55
700 1.882986E-08 0.56
800 4.522818E-08 0.58
900 9.375495E-08 0.61
961.78 1.386242E-07 0.64
1000 1.732983E-07 0.66
Cs at 500 1.641018E-09 0.29
WRC at 500 | 1.646466E-09 0.52

Table 33 NPL results
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tnom/ Mean signal/ | Median signal/ Weighted

°C A A signal/ A
231.93 | 3.042216E-12 | 3.040492E-12 | 3.040487E-12
250 | 5.660377E-12 | 5.668058E-12 | 5.682344E-12
300 | 2.628614E-11 | 2.622463E-11 | 2.621541E-11
400 | 2.818459E-10 | 2.819321E-10 | 2.819498E-10
419.53 | 4.148718E-10 | 4.140475E-10 | 4.140060E-10
500 | 1.644876E-09 | 1.642165E-09 | 1.641531E-09
600 | 6.389806E-09 | 6.390204E-09 | 6.388230E-09
660.32 | 1.259201E-08 | 1.260027E-08 | 1.259240E-08
700 | 1.881691E-08 | 1.881418E-08 | 1.879902E-08
800 | 4.522579E-08 | 4.521226E-08 | 4.523153E-08
900 | 9.378328E-08 | 9.373710E-08 | 9.376533E-08
961.78 | 1.387072E-07 | 1.385516E-07 | 1.386306E-07
1000 | 1.737807E-07 | 1.735425E-07 | 1.736783E-07

Table 34 — mean, median and weighted mean values for all the LP5 measurements

with the variable temperature blackbody sources
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equiv equiv equiv
dT* dT* dT*

from NPL- from UME- from METAS -

NPL — NPL- median wghted UME - UME- median wghted METAS - METAS- | median wghted

thom/ °C mean/ A median/ A /°C mean/ A mean/ A median/ A /°C mean/ A mean/ A median/ A /°C mean/ A
231.93 8.3539E-15 1.0078E-14 0.09 1.0083E-14 - - - - 5.9858E-15 7.7097E-15 0.07 7.7147E-15
250 2.0221E-14 1.2540E-14 0.07 -1.7458E-15 | -1.9197E-14 | -2.6878E-14 -0.14 -4,1164E-14 | -4.8587E-15 | -1.2540E-14 -0.07 -2.6825E-14
300 -1.4551E-13 | -8.4006E-14 -0.12 -71.4784E-14 | 3.7424E-13 4.3575E-13 0.59 44497E-13 | -3.9859E-14 | 2.1650E-14 0.03 3.0872E-14
400 -7.2102E-14 | -1.5831E-13 -0.03 -1.7606E-13 - - - - 2.9656E-13 2.1036E-13 0.04 1.9260E-13
419.53 -1.2111E-12 | -3.8681E-13 -0.05 -3.4534E-13 | 4.7472E-12 5.5715E-12 0.70 5.6130E-12 | -8.4107E-13 | -1.6775E-14 0.00 2.4685E-14
500 -2.0422E-12 | 6.6892E-13 0.03 1.3033E-12 1.6289E-11 1.9000E-11 0.75 1.9634E-11 | -9.9218E-13 1.7190E-12 0.07 2.3533E-12
600 6.7896E-12 6.3915E-12 0.08 8.3655E-12 | -1.4167E-11 | -1.4566E-11 -0.19 -1.2592E-11 | 1.1381E-11 1.0983E-11 0.14 1.2957E-11
660.32 1.2213E-11 3.9529E-12 0.03 1.1822E-11 7.5569E-12 | -7.0342E-13 -0.01 7.1658E-12 1.4089E-11 5.8287E-12 0.04 1.3698E-11
700 1.2947E-11 1.5679E-11 0.09 3.0841E-11 9.4829E-11 9.7561E-11 0.53 1.1272E-10 | 6.7613E-11 7.0345E-11 0.38 8.5507E-11
800 2.3901E-12 1.5921E-11 0.04 -3.3491E-12 | -3.3973E-11 | -2.0441E-11 -0.06 -3.9712E-11 | 2.7024E-10 2.8377E-10 0.78 2.6450E-10
900 -2.8330E-11 | 1.7853E-11 0.03 -1.0381E-11 | 6.9736E-11 1.1592E-10 0.19 8.7685E-11 | 5.4318E-10 5.8937E-10 0.94 5.6113E-10
961.78 -8.3041E-11 | 7.2561E-11 0.09 -6.4856E-12 - - - - 8.9428E-10 1.0499E-09 1.25 9.7084E-10
1000 -4.8243E-10 | -2.4416E-10 -0.25 -3.8006E-10 | -2.3828E-10 | 0.0000E+00 0.00 -1.3590E-10 | 7.2071E-10 9.5898E-10 0.97 8.2309E-10
Cs at 500 -3.8582E-12 | -1.1471E-12 -0.05 -5.1272E-13 -2.1192E-12 | 5.9199E-13 0.02 1.2263E-12

Na/ WRCH

at 500 1 2.1693E-12 4,8804E-12 0.25 1.6470E-09 -2.4396E-12 | 2.7152E-13 0.01 9.0586E-13
Na at 500 2 1.5823E-12 4,2934E-12 0.17 49277E-12
Cs at 600 3.2618E-12 2.8637E-12 0.04 4.8377E-12
Na at 600 1 6.5102E-13 2.5290E-13 0.00 2.2269E-12
Na at 600 2 3.8351E-11 3.7953E-11 0.49 3.9927E-11

Table 35 - differences of the laboratory results from the mean, median and weighted mean values for the LP5 thermometer — table 1 of 2

* At 500 °C NPL used a Cs heatpipe blackbody and the wide range cavity (WRC); METAS used a Cs and a Na heatpipe blackbody.
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equiv equiv equiv
o LNE - LNE- ar LINE- PTB - PTB- ar PTB- CEM - CEM- ar CEM-
thom/ °C . from wghted . from wghted . from wghted
mean/ A median/ A . mean/ A median/ A . mean/ A median/ A .
median mean/ A median mean/ A median mean/ A
/°C /°C /°C
231.93 -1.7239E-15 | 0.0000E+00 0.00 49979E-18 | -4.9026E-15 | -3.1787E-15 -0.03 -3.1737E-15 | -7.7132E-15 | -5.9893E-15 -0.05 -5.9843E-15
250 -7.1435E-14 | -7.9116E-14 -0.42 -9.3402E-14 | 2.7646E-14 1.9965E-14 0.10 5.6800E-15 | 4.7624E-14 3.9943E-14 0.21 2.5657E-14
300 -6.4964E-14 | -3.4553E-15 0.00 5.7668E-15 | -6.5850E-14 | -4.3414E-15 -0.01 4,8806E-15 | -5.8054E-14 | 3.4553E-15 0.00 1.2677E-14
400 -4.7517E-13 | -5.6138E-13 -0.10 -5.7913E-13 | 8.6208E-14 0.0000E+00 0.00 -1.7751E-14 | 1.6450E-13 7.8296E-14 0.01 6.0545E-14
419.53 -1.5128E-12 | -6.8855E-13 -0.09 -6.4709E-13 | -8.0752E-13 1.6775E-14 0.00 5.8235E-14 | -3.7468E-13 | 4.4961E-13 0.06 49107E-13
500 -6.2578E-12 | -3.5467E-12 -0.14 -2.9123E-12 | -3.6166E-12 | -9.0549E-13 -0.04 -2.7115E-13 | -3.3801E-12 | -6.6892E-13 -0.03 -3.4582E-14
600 -7.4383E-12 | -7.8364E-12 -0.10 -5.8624E-12 | -5.9934E-12 | -6.3915E-12 -0.08 -4.4175E-12 | 9.4281E-12 9.0300E-12 0.12 1.1004E-11
660.32 -3.1463E-11 | -3.9723E-11 -0.30 -3.1854E-11 | -1.1360E-11 | -1.9620E-11 -0.15 -1.1751E-11 | 8.9637E-12 7.0342E-13 0.01 8.5727E-12
700 -1.1512E-10 | -1.1239E-10 -0.62 -9.7229E-11 | -4.1853E-11 | -3.9121E-11 -0.22 -2.3959E-11 | -1.8411E-11 | -1.5679E-11 -0.09 -5.1678E-13
800 -2.3433E-10 | -2.2080E-10 -0.62 -2.4007E-10 | -2.9452E-11 | -1.5921E-11 -0.04 -3.5192E-11 | 2.5122E-11 3.8654E-11 0.11 1.9383E-11
900 -4,3026E-10 | -3.8408E-10 -0.62 -4,1232E-10 | -9.0288E-11 | -4.4105E-11 -0.07 -7.2339E-11 | -6.4036E-11 | -1.7853E-11 -0.03 -4.6087E-11
961.78 -5.8308E-10 | -4.2748E-10 -0.52 -5.0652E-10 | -2.2816E-10 | -7.2561E-11 -0.09 -1.5161E-10
1000

Table 36 - differences of the laboratory results from the mean, median and weighted mean values for the LP5 thermometer — table 2 of 2
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Fixed | Gain Bgrd lab U Required Signal at dT from dT corrected dT from dT corrected U (k=2) with | U (k=2) also with
oint | used corrected (k=2) qain required NPL result | for Zn point | INRIM result | for Zn point gain ratio & reference value
P Signal/ V.| /°C g gain / V /°C driftt / °C /°C drift?/ °C | drift uncert / °C uncert / °C
In 10M10 | 0.775825 0.08 1079 0.084166 0.000 0.000 0.102 0.080 0.09 0.10
Sn 1079 1.836495 0.06 1079 1.8364952 0.000 0.000 0.040 0.010 0.07 0.07
Zn 10n7 1.984784 0.02 10n7 1.9847841 0.000 0.000 0.062 0.004 0.07 0.08
Al 1076 5.488178 0.03 1076 5.4881776 0.000 0.000 0.123 0.018 0.13 0.13
Ag 1075 5.653369 0.07 1075 5.6533689 0.000 0.000 0.248 0.064 0.23 0.24
Table 37 — results of the NPL fixed-point measurements with the INRiM thermometer — direct comparison of results
! relative to the NPL measurements, calculated from the drift in the thermometer at the zinc fixed-point — see Table 5
2 relative to the INRiM measurements, calculated from the drift in the thermometer at the zinc fixed-point — see Table 5
Bgrd dT U (k=2) with _
. . Bgrd corrected lab U . Signal at dT from dT corrected dT fr_o m corrected gain ratio & U (k=2) also
Fixed | Gain . _ Required ; NPL X INRIM . with reference
X corrected signal (k=2) . required for Zn point for Zn drift uncert /
point | used . . . R gain . result A result . . . value uncert /
signal/ V ignoring /°C gain/ V o drift/ °C o point drift/ C o
. /°C /°C o C
gain/ V C
Zn 1077 | 1.98204E-07 | 1.982037 0.06 10n7 1.982037 | -0.074 0.016 -0.011 0.021 0.09 0.09
Zn 106 | 1.98307E-07 | 0.198307 0.06 1017 1.982041 | -0.074 0.016 -0.011 0.021 0.09 0.09
Agl | 1075 | 5.64260E-05 | 5.642604 0.20 1075 5.642604 | -0.324 -0.037 -0.075 0.027 0.30 0.30
Ag2 | 1004 | 5.70133E-05 | 0.570133 0.20 1075 5.643423 | -0.299 -0.013 -0.050 0.051 0.30 0.31
Table 38 - results of the CEM fixed-point measurements with the INRiM thermometer — direct comparison of results
Bgrd Signal Signal | dT from dT from U (k=2) with U (k=2)
Fixed | Gain | corrected | corrected for Byrd Iati Y Required at NPL dT correc'ged INRIM dt correc’ged gain ratio & also with
. . S corrected | (k=2) . . for Zn point for Zn point .
point | used signal emissivity Sianal /v | /°C gain required | result drift/ °C result drift/ °C drift uncert/ | ref. value
/ mV / mV g gain/ V /°C /°C °C uncert/ °C
In 1079 83.71 83.75 0.08375 | 0.016 1079 0.08375 | -0.103 -0.081 0.000 0.000 0.03 0.06
Sn 10n9 | 1833.09 1833.88 1.83388 | 0.014 1079 1.83388 | -0.040 -0.010 0.000 0.000 0.04 0.04
Zn 107 | 1981.61 1982.46 1.98246 | 0.018 10n7 1.98246 | -0.063 -0.005 0.000 0.000 0.07 0.07
Al 106 | 5478.84 5481.20 5.48120 | 0.022 1076 5.48120 | -0.123 -0.018 0.000 0.000 0.13 0.13
Ag 105 | 5642.67 5645.10 5.64510 | 0.026 1075 5.64510 | -0.249 -0.064 0.000 0.000 0.22 0.23

Table 39 - results of the INRiM fixed-point measurements with the INRiM thermometer — direct comparison of results
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Fixed | Gain Bgrd lab U Required Signgl at dT from dT corr_ected_for d1_' from dT correc’ged U (_k=2) with | U (k=2) also with
point | used C(_)rrected (k=2) gain reqmred NPL result Zn point drift INRIM result | for Zn point | drift uncert reference value
Signal/ V /°C gain/V /°C /°C /°C drift/ °C /°C uncert/ °C
In 1000 | 0.772745 | 0.062 10M9 0.0838469 -0.078 -0.068 0.025 0.012 0.08 0.09
Sn 109 | 1.834863 | 0.020 109 1.834863 -0.025 -0.012 0.015 -0.002 0.04 0.04
Zn 10n7 | 1.983950 | 0.026 1077 1.983950 -0.022 0.003 0.040 0.007 0.07 0.08
Table 40 - results of the UME fixed-point measurements with the INRiM thermometer — direct comparison of results
Fixed point NPL results CEM results INRIM results UME results
temperature
/°C dT from Resultant dT from Resultant dT from Resultant dT from Resultant
reference/ °C indicated t/ °C reference/ °C indicated t/ °C reference/ °C indicated t/ °C reference/ °C indicated t/ °C
156.599 0.000 156.599 - - -0.081 156.518 -0.068 156.530
231.928 0.000 231.928 - - -0.010 231.918 -0.012 231.916
419.527 0.000 419.527 0.016 419.543 -0.005 419.522 0.003 419.530
660.323 0.000 660.323 - - -0.018 660.305 - -
961.780 0.000 961.780 -0.025 961.755 -0.064 961.716 - -

Table 41 - the thermometer indicated values, in terms of temperature, for the fixed-point measurements, relative to the NPL measurements (the reference)

Fixed point | Mean value/ °C | Median value/ °C | Weighted mean value/ °C
In 156.549 156.530 156.528
Sn 231.921 231.918 231.919
Zn 419.531 419.528 419.528
Al 660.314 660.314 660.322
Ag 961.750 961.755 961.773

Table 42 — the mean, median and weighted mean values for the fixed-point measurements with the INRiM thermometer
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Fixed NPL — NPL — NPL - CEM - CEM - CEM - INRIM — INRiI_\/I— INRiM— UME - | UME- UME —
point mean median weighted mean* median® weighted* mean / °C median weighted mean median weighted
/°C /°C mean/ °C /°C /°C mean/ °C /°C mean/ °C /°C /°C mean/ °C
In 0.05 0.07 0.07 - - - -0.03 -0.01 -0.01 -0.02 0.00 0.00
Sn 0.01 0.01 0.01 - - - 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.01 0.01 0.02 -0.01 -0.01 -0.01 0.00 0.00 0.00
Al 0.01 0.01 0.00 - - - -0.01 -0.01 -0.02 - - -
Ag 0.03 0.03 0.01 0.00 0.00 -0.02 -0.03 -0.04 -0.06 - - -

Table 43 — the differences of the laboratory measurements from the mean, median and weighted mean values for the INRiM thermometer measurements with the fixed-points

* calculated from the averages of the CEM Zn point and the CEM Ag point measurements

The results with the LP5 thermometer follow

Fixed | Range Bgrd corrected Iaki U Required Si_gnal at dT from NPL | dT correct_ed dT from INRIM | dT correc'ged zrfge_fa)ltmg
point used Signal/ A (k:2) range required range reiult for ZnT p?mt reiult for Zn poomt drift uncert
/°C A /°C drift'/ °C /°C drift/ °C /°C
Sn R1 3.04800E-12 0.09 R1 3.04800E-12 0.000 0.000 0.325 0.041 0.11
Zn R1 4.14357E-10 0.04 R1 4.14357E-10 0.000 0.000 0.514 -0.020 0.13
Al R2 1.25937E-08 0.07 R2 1.25937E-08 0.000 0.000 0.781 -0.189 0.23
Ag R2 1.38800E-07 0.13 R2 1.38800E-07 0.000 0.000 1.713 0.016 0.40

Table 44 — results of the NPL fixed-point measurements with the LP5 thermometer — direct comparison of results
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. lab U . Signal at dT from NPL dT corrected | dT from INRiIM | dT corrected U (_k—2) .W'th
Fixed | Range Bgrd corrected _ Required . . . gain ratio &
point used signal/ A (k:2) range required range reiult for Zn poomt reiult for Zn poomt drift uncert

/°C [ A /°C drift/ °C /°C drift/ °C /°C

Zn R1 4.14927E-10 0.08 R1 4.14927E-10 0.073 0.123 0.587 0.104 0.28

Zn R1 4.12569E-10 0.07 R1 4.12569E-10 -0.231 -0.181 0.285 -0.198 0.28
Agl R2 1.38577E-07 0.28 R2 1.38577E-07 -0.274 -0.115 1.443 -0.093 0.93
Ag 2 R2 1.38002E-07 0.12 R2 1.38002E-07 -0.981 -0.822 0.742 -0.793 0.89

dT from CEM dT corrected
average* for Zn point
/°C drift/ °C
Zn R2 4.15112E-10 0.08 R2 4.15112E-10 0.154 0.154 - - 0.28
Zn R2 4.12714E-10 0.07 R2 4.12714E-10 -0.155 -0.155 - - 0.28
Table 45 — results of the CEM fixed-point measurements with the LP5 thermometer — direct comparison of results
* 50 that the CEM measurements on range R2 could be directly compared to the UME measurements (Table 46) without adjustment using the range ratio.
| | ar | T | Uk=2) with
Fixed | Range Bgrd Signal Iati U Required Slgngl at dT from NPL | corrected | dT from INRiM corrected gain ratio &
X corrected corrected for (k=2) required result for Zn result for Zn .
point | - used | Gona A | emissivity/ A | /°C | @9 | ranges A /°C point drift /°C point drift | 41" U1
°C /°C

Sn R1 3.01179E-12 | 3.01309E-12 | 0.516 R1 3.01309E-12 -0.325 -0.041 0.000 0.000 0.520

Zn R1 4.10187E-10 | 4.10363E-10 | 0.022 R1 4.10363E-10 -0.519 0.014 0.000 0.000 0.122

Al R2 1.24868E-08 | 1.24922E-08 | 0.020 R2 1.24922E-08 -0.788 0.180 0.000 0.000 0.219

Ag R2 1.37339E-07 | 1.37398E-07 | 0.028 R2 1.37398E-07 -1.731 -0.037 0.000 0.000 0.383

Table 46 — results of the INRiM fixed-point measurements with the LP5 thermometer — direct comparison of results
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Fixed | Range Bgrd corrected lab U Required Si_gnal at dT from NPL dT correc'ged dT from INRiM dT correct_ed U (_k:2) with
point used Signal/ A (k=2) range required range result for Zn point result for Zn point drift uncert
/°C [ A /°C drift/ °C /°C drift/ °C /°C
Sn R1 3.03065E-12 0.47 R1 3.03065E-12 -0.162 -0.040 0.164 0.003 0.47
Zn R2 4,11979E-10 0.13 R1 4.17417E-10 0.391 0.621 0.902 0.599 1.29
Al R2 1.25181E-08 0.05 R2 1.25181E-08 -0.585 -0.168 0.201 -0.350 0.22
dT from CEM dT corrected
average for Zn point
/°C drift/ °C
Zn R2 4,11979E-10 0.05 R2 4,11979E-10 -0.250 -0.070 - - 0.17
Table 47 — results of the UME fixed-point measurements with the LP5 thermometer — direct comparison of results
Fixed point NPL results CEM results INRIM results UME results
Temperature
/°C dT from Resultant dT from Resultant dT from Resultant dT from Resultant
reference/ °C indicated t/ °C reference/ °C indicated t/ °C reference/ °C indicated t/ °C reference/ °C indicated t/ °C
231.928 0.000 231.928 -0.041 231.887 -0.040 231.888
419.527 0.000 419.527 -0.029 419.498 0.014 419.541 0.621 420.148
660.323 0.000 660.323 0.180 660.503 -0.168 660.155
961.780? 0.000 961.780 -0.468 961.312 -0.037 961.743

Table 48 — the thermometer indicated values, in terms of temperature, for the fixed-point measurements, relative to the NPL measurements (the reference)

Fixed point | Mean value/ °C | Median value/ °C | Weighted mean value/ °C
Sn 231.901 231.888 231.924
Zn 419.679 419.534 419.533
Al 660.327 660.323 660.330
Ag 961.612 961.743 961.724

Table 49 — the mean, median and weighted mean values for the fixed-point measurements with the LP5 thermometer
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. NPL — NPL — NPL — CEM - CEM - CEM - . INRIM — INRIM — UME - | UME - UME -
Fixed B . . - INRIM — . . : .

oint mean median weighted mean median weighted mean/ °C median weighted mean median weighted
P /°C /°C mean/ °C /°C /°C mean/ °C /°C mean/ °C /°C /°C mean/ °C

Sn 0.027 0.040 0.004 - - - -0.014 -0.001 -0.038 -0.013 0.000 -0.036

Zn -0.152 -0.007 -0.006 -0.180 -0.036 -0.035 -0.138 0.007 0.007 0.470 0.614 0.615

Al -0.004 0.000 -0.007 - - - 0.176 0.180 0.174 -0.172 -0.168 -0.174

Ag 0.168 0.037 0.056 -0.300 -0.432 -0.412 0.132 0.000 0.019 - - -

Table 50 — the differences of the laboratory measurements from the mean, median and weighted mean values for the LP5 measurements with the fixed-points

Table 52 — the differences of the CEM and UME measurements from the mean, median and weighted mean values for the Zn point on range R2

Fixed point

Mean value/ °C

Median value/ °C

Weighted mean value/ °C

Zn

419.492

419.492

419.476

Table 51 — the mean, median and weighted mean values for the CEM and UME Zn point measurements on range R2

CEM - UME -
. . CEM - CEM - . UME - UME - .
Fixed point mean/ °C median/ °C We'ghtfd mean/ °C median/ °C We'ghtfd
mean/ °C mean/ °C
Zn 0.035 0.035 0.051 -0.035 -0.035 -0.020
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9.1 UNCERTAINTY BUDGETS FOR THE NPL FIXED-POINT MEASUREMENTS

INRiIM thermometer — In fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.003 B \3 0.00
Standard deviation of measurements 0.015 A V300 0.00
Reproducibility of melts/ freezes 0.110 B 243 0.03
Resolution of INRiM thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.004 B \3 0.00
Gain ratio measurements 0.026 B 1 0.03
Temperature coefficient 0.000 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.04
Total NPL expanded uncertainty (k = 2) 0.08
Thermometer drift 0.013
Total NPL comparison uncertainty 0.045
Expanded NPL comparison uncertainty (k =2) 0.09

Table 53: uncertainty components for the NPL In FP measurements for the INRIM thermometer

INRiM thermometer — Sn fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.004 B \3 0.00
Standard deviation of measurements 0.003 A V150 0.00
Reproducibility of melts/ freezes 0.010 B 23 0.00
Resolution of INRiM thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.006 B \3 0.00
Gain ratio measurements 0.028 B 1 0.03
Temperature coefficient 0.000 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.03
Total NPL expanded uncertainty (k = 2) 0.06
Thermometer drift 0.019
Total NPL comparison uncertainty 0.04
Expanded NPL comparison uncertainty (k =2) 0.07

Table 54: uncertainty components for the NPL Sn FP measurements for the INRIM thermometer
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INRiM thermometer — Zn fixed point Value Type A or Divisor | u(k=1)
Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.008 B \3 0.00
Standard deviation of measurements 0.001 A \200 0.00
Reproducibility of melts/ freezes 0.010 B 243 0.00
Resolution of INRIM thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.012 B \3 0.01
Gain ratio measurements 0.006 B 1 0.01
Temperature coefficient 0.000 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.01
Total NPL expanded uncertainty (k = 2) 0.02
Thermometer drift 0.035
Total NPL comparison uncertainty 0.04
Expanded NPL comparison uncertainty (k =2) 0.07

Table 55: uncertainty components for the NPL Zn FP measurements for the INRIM thermometer

INRiM thermometer — Al fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.015 B \3 0.01
Standard deviation of measurements 0.002 A V300 0.00
Reproducibility of melts/ freezes 0.010 B 243 0.00
Resolution of INRiM thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.021 B \3 0.01
Gain ratio measurements 0.000 B 1 0.00
Temperature coefficient 0.000 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.02
Total NPL expanded uncertainty (k = 2) 0.03
Thermometer drift 0.064
Total NPL comparison uncertainty 0.07
Expanded NPL comparison uncertainty (k =2) 0.13

Table 56: uncertainty components for the NPL Al FP measurements for the INRIM thermometer
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INRiM thermometer — Ag fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.025 B \3 0.01
Standard deviation of measurements 0.011 A \200 0.00
Reproducibility of melts/ freezes 0.030 B 243 0.01
Resolution of INRIM thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.035 B \3 0.02
Gain ratio measurements 0.009 B 1 0.01
Temperature coefficient 0.040 B \3 0.02
Total NPL combined uncertainty (k = 1) 0.04
Total NPL expanded uncertainty (k = 2) 0.07
Thermometer drift 0.111
Total NPL comparison uncertainty 0.12
Expanded NPL comparison uncertainty (k =2) 0.23

Table 57: uncertainty components for the NPL Ag FP measurements for the INRIM thermometer

LP5 thermometer — Sn fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.004 B \3 0.00
Standard deviation of measurements 0.250 A V150 0.02
Reproducibility of melts/ freezes 0.140 B 243 0.04
Resolution of LP5 thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.006 B \3 0.00
Gain ratio measurements 0.000 B 1 0.00
Temperature coefficient 0.000 B 3 0.00
Total NPL combined uncertainty (k = 1) 0.05
Total NPL expanded uncertainty (k = 2) 0.09
Thermometer drift 0.032
Total NPL comparison uncertainty 0.06
Expanded NPL comparison uncertainty (k =2) 0.11

Table 58: uncertainty components for the NPL Sn FP measurements for the LP5 thermometer
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LP5 thermometer — Zn fixed point Value Type A or Divisor | u(k=1)
Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.008 B \3 0.00
Standard deviation of measurements 0.010 A 200 0.00
Reproducibility of melts/ freezes 0.050 B 243 0.01
Resolution of LP5 thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.011 B V3 0.01
Gain ratio measurements 0.000 B 1 0.00
Temperature coefficient 0.000 B 3 0.00
Total NPL combined uncertainty (k = 1) 0.02
Total NPL expanded uncertainty (k = 2) 0.03
Thermometer drift 0.060
Total NPL comparison uncertainty 0.06
Expanded NPL comparison uncertainty (k =2) 0.13

Table 59: uncertainty components for the NPL Zn FP measurements for the LP5 thermometer

LP5 thermometer — Al fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.015 B \3 0.01
Standard deviation of measurements 0.010 A V300 0.00
Reproducibility of melts/ freezes 0.090 B 243 0.03
Resolution of LP5 thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.021 B \3 0.01
Gain ratio measurements 0.012 B 1 0.01
Temperature coefficient 0.000 B 3 0.00
Total NPL combined uncertainty (k = 1) 0.03
Total NPL expanded uncertainty (k = 2) 0.07
Thermometer drift 0.109
Total NPL comparison uncertainty 0.11
Expanded NPL comparison uncertainty (k =2) 0.23

Table 60: uncertainty components for the NPL Al FP measurements for the LP5 thermometer
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LP5 thermometer — Ag fixed point Value Type A or Divisor | u(k=1)

Source of uncertainty /°C B /°C
Fixed point impurity 0.001 B \3 0.00
Fixed point emissivity 0.025 B \3 0.01
Standard deviation of measurements 0.010 A \200 0.00
Reproducibility of melts/ freezes 0.200 B 243 0.06
Resolution of LP5 thermometer 0.010 B 243 0.00
Alignment on aperture 0.010 B \3 0.01
Size of source effect/ thermal profile 0.035 B \3 0.02
Gain ratio measurements 0.020 B 1 0.02
Temperature coefficient 0.000 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.07
Total NPL expanded uncertainty (k = 2) 0.13
Thermometer drift 0.191
Total NPL comparison uncertainty 0.20
Expanded NPL comparison uncertainty (k =2) 0.40

Table 61: uncertainty components for the NPL Ag FP measurements for the LP5 thermometer

9.2 UNCERTAINTY BUDGETS FOR THE NPL VTBB MEASUREMENTS

INRIM - 156 °C with the H,O heatpipe Value | Type Aor | Divisor u(k=21)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B \3 0.00
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.026 B 1 0.03
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.013
Total NPL comparison uncertainty 0.10
Expanded NPL comparison uncertainty (k =2) 0.20

Table 62 - uncertainty components for the NPL VTBB measurements at 156 °C using the INRiM thermometer
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INRIM - 200 °C with the H,O heatpipe Value | Type Aor | Divisor uk=1
Source of uncertainty /°C B /°C)
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B \3 0.00
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.02 B 1 0.02
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.016
Total NPL comparison uncertainty 0.10
Expanded NPL comparison uncertainty (k =2) 0.20

Table 63 - uncertainty components for the NPL VTBB measurements at 200 °C using the INRiM thermometer

INRIM - 232 °C with the H;O heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B 3 0.00
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B e 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.03 B 1 0.03
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.019
Total NPL comparison uncertainty 0.10
Expanded NPL comparison uncertainty (k =2) 0.20

Table 64 - uncertainty components for the NPL VTBB measurements at 232 °C using the INRiM thermometer
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INRIM - 250 °C with the H,O heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B \3 0.01
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.03 B 1 0.03
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.020
Total NPL comparison uncertainty 0.10
Expanded NPL comparison uncertainty (k =2) 0.20

Table 65 - uncertainty components for the NPL VTBB measurements at 250 °C using the INRiM thermometer

INRIM - 300 °C with the Cs heatpipe Value/ | Type Aor | Divisor uk=21)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B 3 0.01
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.04 B e 0.02
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.004 B 1 0.00
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.04 B \3 0.02
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.21
Thermometer drift 0.024
Total NPL comparison uncertainty 0.11
Expanded NPL comparison uncertainty (k =2) 0.22

Table 66 - uncertainty components for the NPL VTBB measurements at 300 °C using the INRiM thermometer
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INRIM - 400 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B \3 0.01
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.006 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.033
Total NPL comparison uncertainty 0.11
Expanded NPL comparison uncertainty (k =2) 0.21

Table 67 - uncertainty components for the NPL VTBB measurements at 400 °C using the INRiM thermometer

INRIM - 420 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B 3 0.01
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B e 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.006 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.035
Total NPL comparison uncertainty 0.11
Expanded NPL comparison uncertainty (k =2) 0.21

Table 68 - uncertainty components for the NPL VTBB measurements at 420 °C using the INRiM thermometer

44



NPL Report ENG 67

INRIM - 500 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B \3 0.01
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.008 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.10
Total NPL expanded uncertainty (k = 2) 0.20
Thermometer drift 0.044
Total NPL comparison uncertainty 0.11
Expanded NPL comparison uncertainty (k =2) 0.22

Table 69 - uncertainty components for the NPL Cs VTBB measurements at 500 °C using the INRiM thermometer

INRIM - 500 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.03 B 3 0.02
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B e 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.008 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.48
Thermometer drift 0.044
Total NPL comparison uncertainty 0.24
Expanded NPL comparison uncertainty (k =2) 0.49

Table 70 - uncertainty components for the NPL WRC VTBB measurements at 500 °C using the INRiM thermometer
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INRiIM - 600 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.04 B \3 0.02
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.47
Thermometer drift 0.056
Total NPL comparison uncertainty 0.24
Expanded NPL comparison uncertainty (k =2) 0.48

Table 71 - uncertainty components for the NPL VTBB measurements at 600 °C using the INRiM thermometer

INRIM - 660 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.04 B 3 0.02
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B e 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.015 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.48
Thermometer drift 0.064
Total NPL comparison uncertainty 0.25
Expanded NPL comparison uncertainty (k =2) 0.50

Table 72 - uncertainty components for the NPL VTBB measurements at 660 °C using the INRiM thermometer
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INRiIM - 700 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.05 B \3 0.03
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.015 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.48
Thermometer drift 0.069
Total NPL comparison uncertainty 0.25
Expanded NPL comparison uncertainty (k =2) 0.50

Table 73 - uncertainty components for the NPL VTBB measurements at 700 °C using the INRiM thermometer

INRiIM - 800 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.06 B \3 0.03
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B \3 0.01
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.006 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.02 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.49
Thermometer drift 0.084
Total NPL comparison uncertainty 0.26
Expanded NPL comparison uncertainty (k =2) 0.52

Table 74 - uncertainty components for the NPL VTBB measurements at 800 °C using the INRiM thermometer
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INRiIM - 900 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.07 B \3 0.04
Standard deviation - source temperature 0.06 A 50 0.01
Standard deviation - INRiM thermometer 0.01 A 50 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.008 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.02 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.24
Total NPL expanded uncertainty (k = 2) 0.49
Thermometer drift 0.100
Total NPL comparison uncertainty 0.26
Expanded NPL comparison uncertainty (k =2) 0.53

Table 75 - uncertainty components for the NPL VTBB measurements at 900 °C using the INRiM thermometer

INRiIM - 960 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.07 B \3 0.04
Standard deviation - source temperature 0.05 A \40 0.01
Standard deviation - INRiM thermometer 0.01 A \40 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B \3 0.01
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.009 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.06 B \3 0.03
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.49
Thermometer drift 0.111
Total NPL comparison uncertainty 0.27
Expanded NPL comparison uncertainty (k =2) 0.54

Table 76 - uncertainty components for the NPL VTBB measurements at 962 °C using the INRiM thermometer
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INRiIM - 1000 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.08 B \3 0.05
Standard deviation - source temperature 0.04 A V30 0.01
Standard deviation - INRiM thermometer 0.01 A V30 0.00
Calibration of INRiM thermometer 0.15 A 2 0.08
Resolution of INRiM thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.009 B 1 0.01
Repeatability of calibration 0.06 A 1 0.06
Temperature gradients across source 0.06 B \3 0.03
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.49
Thermometer drift 0.118
Total NPL comparison uncertainty 0.27
Expanded NPL comparison uncertainty (k =2) 0.54

Table 77 - uncertainty components for the NPL VTBB measurements at 1000 °C using the INRiM thermometer

LP5 - 232 °C with the H,O heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B 3 0.00
Standard deviation - source temperature 0.00 A V30 0.00
Standard deviation - LP5 thermometer 0.23 A V30 0.04
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B e 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.13
Total NPL expanded uncertainty (k = 2) 0.25
Thermometer drift 0.032
Total NPL comparison uncertainty 0.13
Expanded NPL comparison uncertainty (k =2) 0.27

Table 78 - uncertainty components for the NPL VTBB measurements at 232 °C using the LP5
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LP5 - 250 °C with the H,O heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B \3 0.01
Standard deviation - source temperature 0.00 A V30 0.00
Standard deviation - LP5 thermometer 0.16 A V30 0.03
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.13
Total NPL expanded uncertainty (k = 2) 0.25
Thermometer drift 0.034
Total NPL comparison uncertainty 0.13
Expanded NPL comparison uncertainty (k =2) 0.26

Table 79 - uncertainty components for the NPL VTBB measurements at 250 °C using the LP5

LP5 - 300 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.01 B 3 0.01
Standard deviation - source temperature 0.00 A \30 0.00
Standard deviation - LP5 thermometer 0.04 A V30 0.01
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.04 B \3 0.02
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.00 B 1 0.00
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.04 B 3 0.02
Total NPL combined uncertainty (k = 1) 0.13
Total NPL expanded uncertainty (k = 2) 0.25
Thermometer drift 0.041
Total NPL comparison uncertainty 0.13
Expanded NPL comparison uncertainty (k =2) 0.26

Table 80 - uncertainty components for the NPL VTBB measurements at 300 °C using the LP5
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LP5 - 400 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B \3 0.01
Standard deviation - source temperature 0.00 A V30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.02 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.01 B 1 0.01
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.12
Total NPL expanded uncertainty (k = 2) 0.25
Thermometer drift 0.057
Total NPL comparison uncertainty 0.14
Expanded NPL comparison uncertainty (k =2) 0.27

Table 81 - uncertainty components for the NPL VTBB measurements at 400 °C using the LP5

LP5 - 420 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B 3 0.01
Standard deviation - source temperature 0.00 A V30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.01 B 1 0.01
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.12
Total NPL expanded uncertainty (k = 2) 0.24
Thermometer drift 0.060
Total NPL comparison uncertainty 0.14
Expanded NPL comparison uncertainty (k =2) 0.28

Table 82 - uncertainty components for the NPL VTBB measurements at 420 °C using the LP5
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LP5 - 500 °C with the Cs heatpipe Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.03 A 2 0.02
Emissivity of reference source 0.02 B \3 0.01
Standard deviation - source temperature 0.00 A V30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.01 B 3 0.01
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.01 B 1 0.01
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B \3 0.01
Total NPL combined uncertainty (k = 1) 0.12
Total NPL expanded uncertainty (k = 2) 0.25
Thermometer drift 0.075
Total NPL comparison uncertainty 0.15
Expanded NPL comparison uncertainty (k =2) 0.29

Table 83 - uncertainty components for the NPL Cs VTBB measurements at 500 °C using the LP5

LP5 - 500 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.03 B 3 0.02
Standard deviation - source temperature 0.01 A \30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.01 B \3 0.01
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.01 B 1 0.01
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.01 B 3 0.01
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.50
Thermometer drift 0.075
Total NPL comparison uncertainty 0.26
Expanded NPL comparison uncertainty (k =2) 0.52

Table 84 - uncertainty components for the NPL WRC VTBB measurements at 500 °C using the LP5
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LP5 - 600 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.04 B \3 0.02
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.01 B 1 0.01
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.50
Thermometer drift 0.095
Total NPL comparison uncertainty 0.27
Expanded NPL comparison uncertainty (k =2) 0.54

Table 85 - uncertainty components for the NPL VTBB measurements at 600 °C using the LP5

LP5 - 660 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.04 B \3 0.02
Standard deviation - source temperature 0.01 A \30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.024 B 1 0.02
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.51
Thermometer drift 0.109
Total NPL comparison uncertainty 0.28
Expanded NPL comparison uncertainty (k =2) 0.55

Table 86 - uncertainty components for the NPL VTBB measurements at 660 °C using the LP5
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LP5 - 700 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.05 B \3 0.03
Standard deviation - source temperature 0.01 A V30 0.00
Standard deviation - LP5 thermometer 0.01 A V30 0.00
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.024 B 1 0.02
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.51
Thermometer drift 0.118
Total NPL comparison uncertainty 0.28
Expanded NPL comparison uncertainty (k =2) 0.56

Table 87 - uncertainty components for the NPL VTBB measurements at 700 °C using the LP5

LP5 - 800 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.06 B \3 0.03
Standard deviation - source temperature 0.01 A \30 0.00
Standard deviation - LP5 thermometer 0.06 A V30 0.01
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 243 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B \3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.03 B 1 0.03
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.51
Thermometer drift 0.144
Total NPL comparison uncertainty 0.29
Expanded NPL comparison uncertainty (k =2) 0.58

Table 88 - uncertainty components for the NPL VTBB measurements at 800 °C using the LP5
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LP5 - 900 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.07 B \3 0.04
Standard deviation - source temperature 0.01 A V60 0.00
Standard deviation - LP5 thermometer 0.06 A V60 0.01
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.034 B 1 0.03
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.26
Total NPL expanded uncertainty (k = 2) 0.51
Thermometer drift 0.172
Total NPL comparison uncertainty 0.31
Expanded NPL comparison uncertainty (k =2) 0.61

Table 89 - uncertainty components for the NPL VTBB measurements at 900 °C using the LP5

LP5 - 960 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.07 B 3 0.04
Standard deviation - source temperature 0.01 A V35 0.00
Standard deviation - LP5 thermometer 0.06 A 35 0.01
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.04 B 1 0.04
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B \3 0.00
Total NPL combined uncertainty (k = 1) 0.25
Total NPL expanded uncertainty (k = 2) 0.51
Thermometer drift 0.191
Total NPL comparison uncertainty 0.32
Expanded NPL comparison uncertainty (k =2) 0.64

Table 90 - uncertainty components for the NPL VTBB measurements at 962 °C using the LP5

55



NPL Report ENG 67

LP5 - 1000 °C with the WRC Value | Type Aor | Divisor uk=1)
Source of uncertainty /°C B /°C
Reference blackbody source 0.44 A 2 0.22
Emissivity of reference source 0.08 B \3 0.05
Standard deviation - source temperature 0.01 A V40 0.00
Standard deviation - LP5 thermometer 0.06 A V40 0.01
Calibration of LP5 thermometer 0.18 A 2 0.09
Resolution of LP5 thermometer 0.01 B 243 0.00
Resolution of source temperature 0.01 B 2V3 0.00
Alignment on source 0.00 B 3 0.00
Size of source effect/ thermal profile 0.00 B 3 0.00
DVM calibration 0.00 B \3 0.00
Gain ratio measurements 0.04 B 1 0.04
Repeatability of calibration 0.08 A 1 0.08
Temperature gradients across source 0.00 B 3 0.00
Total NPL combined uncertainty (k = 1) 0.26
Total NPL expanded uncertainty (k = 2) 0.52
Thermometer drift 0.203
Total NPL comparison uncertainty 0.33
Expanded NPL comparison uncertainty (k =2) 0.66

Table 91 - uncertainty components for the NPL VTBB measurements at 1000 °C using the LP5

9.3 UNCERTAINTY BUDGETS FOR THE CEM FIXED POINT MEASUREMENTS

INRIM thermometer Zn Ag
Source of uncertainty/ °C

Standard deviation of thermometer signal 0.000 0.001
Standard deviation of background signal 0.001 0.000
Multimeter calibration (for thermometer signal) 0.003 0.003
Multimeter drift (for thermometer signal) 0.000 0.000
Multimeter (thermometer) resolution 0.000 0.000
Effective radius determination 0.000 0.000
FP temperature uniformity 0.014 0.014
FP emissivity 0.018 0.059
FP impurities 0.001 0.027
Repeatability of measurements 0.011 0.074
Effect of ambient temperature 0.012 0.012
Effect of ambient humidity 0.010 0.010
Total CEM combined uncertainty (k = 1)/ °C 0.03 0.10
Total CEM expanded uncertainty (k = 2)/ °C 0.06 0.20
Thermometer drift 0.035 0.111
Gain ratio 0.003 0.028
Total CEM comparison uncertainty (k = 1)/ °C 0.045 0.15
Expanded CEM comparison uncertainty (k =2)/ °C ] 0.09 0.30

Table 92 - uncertainty components for the CEM FP measurements with the INRiM thermometer
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LP5 thermometer Znsetl | Znset2 | Agsetl | Agset?2
Source of uncertainty/ °C
Standard deviation of thermometer signal 0.000 0.000 0.000 0.000
Standard deviation of background signal 0.000 0.000 0.000 0.000
Thermometer resolution 0.000 0.000 0.000 0.000
Effective radius 0.000 0.000 0.000 0.000
FP temperature uniformity 0.014 0.014 0.014 0.014
FP emissivity 0.018 0.018 0.059 0.059
FP impurities 0.000 0.000 0.003 0.003
Repeatability of measurements 0.015 0.002 0.125 0.008
Effect of ambient temperature 0.023 0.023 0.025 0.025
Effect of ambient humidity 0.017 0.017 0.019 0.019
Total CEM combined uncertainty (k = 1)/ °C 0.04 0.04 0.14 0.06
Total CEM expanded uncertainty (k = 2)/ °C 0.08 0.07 0.28 0.12
Thermometer drift 0.060 0.060 0.191 0.191
Additional drift — difference in CEM results 0.120 0.120 0.400 0.400
Gain ratio 0.000 0.000 0.000 0.000
Total CEM comparison uncertainty (k = 1)/ °C 0.14 0.14 0.47 0.45
Expanded CEM comparison uncertainty (k =2)/ °C | 0.28 0.28 0.93 0.89
Table 93 - uncertainty components for the CEM FP measurements with the LP5
9.4 UNCERTAINTY BUDGETS FOR THE UME FIXED POINT MEASUREMENTS
INRiM thermometer In | Sn | Zn
Source of uncertainty Standard uncertainty (u;)/ V
Fixed point emissivity 0.000154 0.000367 0.000397
Size of source effect 0.000031 0.000073 0.000079
Plateau identification (average) 0.000113 0.000080 0.000038
Repeatability of melts/ freezes (average) 0.000457 0.000472 0.000237
Gain ratio 0.001070 0.000156 0.00000
Total UME combined uncertainty (k= 1)/ V 0.001183 0.000649 0.000475
Total UME combined uncertainty (k= 1)/ °C 0.031 0.010 0.013
Total UME expanded uncertainty (k = 2)/ °C 0.062 0.020 0.026
Thermometer drift 0.013 0.019 0.035
Gain ratio 0.017 0.00 0.00
Total UME comparison uncertainty (k = 1)/ °C) | 0.038 0.021 0.038
Expanded UME comparison uncertainty (k =2) | 0.076 0.042 0.075

Table 94: uncertainty components for the UME FP measurements with the INRIM thermometer
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LP5 thermometer sn | Zn(RY) | zn(R2) Al
Source of uncertainty Standard uncertainty (u;)/ A

Fixed point emissivity 6.06E-16 | 8.24E-14 | 8.24E-14 | 2.50E-12
Size of source effect 4.55E-17 | 6.18E-15 | 6.18E-15 | 1.88E-13
Plateau identification (average) 1.54E-14 | 1.55E-13 | 1.55E-13 | 2.58E-13
Repeatability of melts/ freezes (average) 1.99E-14 | 4.53E-13 | 4.53E-13 | 1.61E-12
Gain ratio 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
Total UME combined uncertainty (k = 1)/ V 2.54E-14 | 491E-13 | 4.91E-13 | 3.23E-12
Total UME combined uncertainty (k =1)/ °C 0.23 0.06 0.06 0.03
Total UME expanded uncertainty (k = 2)/ °C 0.47 0.13 0.13 0.05
Thermometer drift 0.032 0.060 0.060 0.109
Range ratio 0.00 0.64 0.00 0.00
Total UME comparison uncertainty (k = 1)/ °C) 0.24 0.65 0.09 0.11
Expanded UME comparison uncertainty (k =2)/ °C | 0.47 1.29 0.17 0.22

Table 95: uncertainty components for the UME FP measurements with the LP5 thermometer
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°C

INRIM thermometer 156 200 232 250 300 400 420 500 600 660 700 800 900
Source of uncertainty/ °C

Standard deviation of thermometer signal 0.031 |0.001 | 0.007 ] 0.001 | 0.002 ]0.004 ] 0.003 | 0.002 ] 0.002 | 0.002 | 0.002 | 0.002 | 0.003
Standard deviation of background signal 0.205 | 0.037 | 0.010 ] 0.006 | 0.001 | 0.001 | 0.001 | 0.000 | 0.001 ] 0.000 | 0.000 | 0.002 | 0.001
Multimeter resolution (for thermometer signal) 0.000 ] 0.000 | 0.000 ] 0.000 | 0.000 ] 0.000 ] 0.000 | 0.000 ] 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Multimeter calibration (for thermometer signal) 0.003 | 0.001 | 0.002 ] 0.001 | 0.003 | 0.004 | 0.003 ] 0.001 | 0.003 ] 0.002 | 0.001 | 0.007 | 0.004
Multimeter drift (for thermometer signal) 0.000 | 0.000 | 0.000 ] 0.000 | 0.000 | 0.000 | 0.000 ] 0.000 | 0.000 ] 0.000 | 0.000 | 0.000 | 0.000
Effective radius determination 0.000 | 0.000 | 0.000 ] 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 ] 0.000 | 0.001 | 0.001 | 0.001
Effect of ambient temperature 0.012 | 0.012 | 0.012 ] 0.012 | 0.012 | 0.012 | 0.012 |} 0.012 ] 0.012 ] 0.012 | 0.012 | 0.012 | 0.012
Effect of ambient humidity 0.010 | 0.010 | 0.010 ] 0.010 | 0.010 | 0.010 | 0.010 ] 0.010 | 0.010 ] 0.010 | 0.010 | 0.010 | 0.010
Repeatability of measurements 0.014 | 0.014 | 0.014 ] 0.014 ] 0.014 | 0.014 | 0.014 ] 0.014 | 0.014 ] 0.014 ] 0.014 | 0.014 | 0.014
Resistance bridge 0.000 | - - - - - - - - - - - -
Standard deviation of resistance bridge readings 0.001 | - - - - - - - - - - - -
Calibration and drift of resistance bridge 0.001 | - - - - - - - - - - - -
Calibration of bridge internal standard resistor 0.001 | - - - - - - - - - - - -
Drift of bridge internal resistor 0.005 | - - - - - - - - - - - -
Thermocouple EMF measurement - 0.024 | 0.023 | 0.022 ] 0.020 | 0.018 | 0.017 | 0.016 | 0.015 ] 0.014 | 0.014 | 0.013 | 0.012
Thermocouple cold junction - 0.025 | 0.023 | 0.022 ] 0.021 | 0.018 | 0.018 | 0.017 ] 0.015 ] 0.014 | 0.014 | 0.013 | 0.012
Thermocouple/ PRT calibration 0.010 | 0.130 | 0.130 ] 0.130 | 0.130 | 0.130 | 0.130 ] 0.130 | 0.100 ] 0.100 | 0.100 | 0.100 | 0.100
Thermocouple/ PRT drift 0.006 ] 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058
Blackbody furnace stability 0.080 ] 0.004 | 0.003 | 0.003 | 0.003 | 0.002 | 0.002 | 0.006 | 0.002 | 0.003 | 0.002 | 0.002 | 0.006
Back wall temperature drop 0.001 | 0.001 | 0.001 ] 0.001 |0.001 |0.001 |0.001 ]O0.001 | 0.004 ]| 0.004 | 0.004 | 0.004 | 0.004
Blackbody emissivity 0.013 | 0.019 | 0.021 ] 0.023 | 0.027 | 0.038 | 0.040 ] 0.050 | 0.064 ] 0.073 | 0.079 | 0.096 | 0.115
Total CEM combined uncertainty (k= 1)/ °C 0.22 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.14 0.15 0.17
Total CEM expanded uncertainty (k = 2)/ °C 045 031 030 ]J030 030 (030 030 031 J0.27 028 029 031 |0.33
Thermometer drift 0.013 | 0.016 | 0.019 ] 0.020 | 0.024 ] 0.033 | 0.035 ] 0.044 | 0.056 ] 0.064 | 0.069 | 0.084 | 0.100
Gain ratio 0.00 |0.00 |0.00 JO.OO 000 JO.00 |000 J0.00 J0.00 ]J0O.00 J0.00 |0.00 |0.00
Total CEM comparison uncertainty (k = 1)/ °C 0.22 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.15 0.15 0.16 0.17 0.19
Expanded CEM comparison uncertainty (k =2)/ 0.45 0.31 0.30 0.30 0.30 0.31 0.31 0.32 0.29 0.31 0.32 0.35 0.39

Table 96 - uncertainty budgets for the CEM VTBB measurements using the INRiM thermometer
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LP5 thermometer 232 250 300 400 420 500 600 660 700 800 900
Source of uncertainty/ °C

Standard deviation of thermometer signal 0.132 ]10.043 ]0.015 ]0.003 |]0.002 |]0.004 |0.003 ] 0.002 0.001 | 0.002 | 0.003
Standard deviation of background signal 0.023 ]0.013 |]0.003 ]0.000 |0.000 |]0.000 |0.001 | 0.000 0.000 | 0.000 | 0.000
Thermometer resolution 0.000 ]0.000 | 0.000 ]0.000 ] 0.000 ]O0.000 |0.000 | 0.000 |0.000 |0.000 | 0.000
Effective radius determination 0.000 ]0.000 | 0.000 ]0.000 ] 0.000 ]O0.000 |0.000 | 0.000 |0.000 |0.000 | 0.000
Effect of ambient temperature 0.026 ]0.026 |0.025 ]0.024 |]0.024 ] 0.024 |0.025 | 0.025 0.025 ] 0.025 | 0.025
Effect of ambient humidity 0.020 ]0.020 |0.019 ]0.019 |0.019 |0.019 |0.019 |0.019 |0.019 |0.019 |]0.019
Repeatability of measurements 0.042 10.042 ]0.041 ]0.040 ]0.040 ]0.040 |0.040 | 0.040 |0.040 |0.040 | 0.040
Thermocouple EMF measurement 0.023 ]0.022 ]0.020 ]0.018 |0.017 ]0.016 | 0.015 | 0.014 0.014 ]0.013 | 0.012
Thermocouple cold junction 0.023 ]0.022 ]0.021 ]0.018 |0.018 |0.017 | 0.015 | 0.014 0.014 ]0.013 | 0.012
Thermocouple calibration 0.130 ]0.130 |0.130 ]0.130 ]0.130 ]0.130 |0.101 | 0.100 0.100 ] 0.100 | 0.100
Thermocouple drift 0.058 ]0.058 |0.058 ]0.058 |]0.058 |]0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058
Blackbody furnace stability 0.008 ]0.003 |0.003 ]0.013 ]0.002 ] 0.003 | 0.005 | 0.002 0.001 ] 0.005 | 0.004
Back wall temperature drop 0.001 ]0.001 |0.001 ]0.001 |O0.001 |O0.001 | 0.004 | 0.004 0.004 ] 0.004 | 0.004
Blackbody emissivity 0.007 ]0.007 ]0.008 ]0.012 ]0.012 ]0.015 |0.020 | 0.022 | 0.024 ] 0.030 | 0.035
Total CEM combined uncertainty (k= 1)/ °C 0.21 0.16 0.16 0.15 0.15 0.15 0.13 0.13 0.13 0.13 0.13
Total CEM expanded uncertainty (k = 2)/ °C 0.41 0.32 0.31 0.31 0.31 0.31 0.26 0.26 0.26 0.26 0.27
Thermometer drift 0.03 0.03 0.04 0.06 0.06 0.07 0.10 0.11 0.12 0.14 0.17
Additional uncertainty due to Zn point drift at CEM 0.06 0.07 0.08 0.11 0.12 0.15 0.19 0.22 0.24 0.29 0.34
Gain ratio 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total CEM comparison uncertainty (k = 1)/ °C 0.22 0.18 0.18 0.20 0.20 0.23 0.25 0.28 0.30 0.35 0.41
Expanded CEM comparison uncertainty (k =2)/ 0.43 0.36 0.36 0.40 0.41 0.46 0.50 0.55 0.59 0.70 0.81
°C

Table 97 — uncertainty budgets for the CEM VTBB measurements using the LP5 thermometer
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9.6 UNCERTAINTY BUDGETS FOR THE UME VTBB MEASUREMENTS

INRIM thermometer 200 250 300 420 500 600 660 700 800 900 1000
Source of uncertainty/ °C

Standard deviation - INRIM thermometer 0.011 0.027 0.035 ] 0.041 0.037 0.052 0.047 0.054 |0.270 |]0.240 |0.142
Reference radiation thermometer 0.397 0.393 0.394 0.393 0.393 0.393 0.393 0.393 | 0.394 0.395 0.394
Emissivity of reference source 0.007 0.008 0.010 0.014 0.017 0.021 0.024 0.027 | 0.192 0.229 0.270
Size of source effect/ thermal profile 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 | 0.005 0.006 0.007
Gain ratio measurements 0.002 0.002 0.002 0.000 [0.000 |]0.004 ] 0.005 0.005 | 0.046 0.055 | 0.065
Repeatability of calibration 0.266 | 0.092 0.113 ]0.170 ] 0.091 0.153 0.110 0.109 | 0.301 0.294 ] 0.203
Total UME combined uncertainty (k = 1)/ °C 0.478 10.404 |0.411 0.430 ]0.405 | 0.425 0.411 0.412 0.598 0.596 | 0.542
Total UME expanded uncertainty (k = 2)/ °C 0.955 10.808 | 0.822 0.860 ]0.810 | 0.850 | 0.822 0.824 1.196 1.193 1.084
Thermometer drift 0.016 ]0.020 ]0.024 ]0.035 |0.044 |0.056 0.064 | 0.069 0.084 ]0.100 |]0.118
Gain ratio 0.021 0.000 | 0.000 |0.000 |]0.000 |0.000 |0.000 ]0.000 |]0.000 {0.000 |0.000
Total UME comparison uncertainty (k= 1)/ °C 0.480 ]0.405 |]0.412 0.431 0.407 0.429 0.416 0.418 0.604 ] 0.605 | 0.555
Expanded UME comparison uncertainty (k =2)/ 0.960 0.809 0.824 0.862 0.814 0.857 0.832 0.835 1.208 1.209 1.110
°C

Table 98: uncertainty components for the UME VTBB measurements with the INRIM thermometer

LP5 thermometer 250 300 420 500 600 660 700 800 900 1000
Source of uncertainty/ °C

Standard deviation — LP5 thermometer 0.077 ]0.162 ]0.041 ]0.055 |0.049 | 0.057 0.072 | 0.133 ]0.243 ]0.172
Reference radiation thermometer 0.393 ]0.394 ]0.393 |]0.393 |]0.393 ] 0.393 0.393 | 0.394 | 0.395 ] 0.394
Emissivity of reference source 0.007 ]0.009 ]0.013 |]0.016 |]0.021 | 0.023 0.026 |0.188 | 0.222 ] 0.264
Size of source effect/ thermal profile 0.000 ]0.001 ]0.001 |]0.001 |]0.001 ]O0.001 0.002 | 0.002 | 0.002 ] 0.003
Gain ratio measurements 0.000 ]0.000 |]0.000 |0.000 | 0.000 | 0.000 0.000 | 0.000 ] 0.000 | 0.000
Repeatability of calibration 0.259 ]0.137 ]0.078 ]0.124 |]0.124 | 0.278 0.228 | 0.313 ]0.323 ] 0.305
Total UME combined uncertainty (k = 1)/ °C 0.477 ]10.447 10402 0416 |0.415 ]0.485 ]0.460 | 0.553 | 0.607 | 0.590
Total UME expanded uncertainty (k = 2)/ °C 0.953 ]0.894 |0.805 |0.831 ]0.830 ]0969 ]0921 |]1.106 |1214 |1.179
Thermometer drift 0.034 ]0.041 ]0.060 |0.075 |0.095 |0.109 ]0.118 |0.144 |0.172 | 0.203
Gain ratio 0.000 ]0.447 ]10.654 ]0.814 |0.000 |0.000 |]0.000 |0.000 | 0.000 | 0.000
Total UME comparison uncertainty (k = 1)/ °C 0478 ]10.634 ]0.771 0917 |0.426 ]0.497 ]0.475 |0.572 |0.631 | 0.623
Expanded UME comparison uncertainty (k =2)/ °C 0.956 1.268 1.541 1834 ]0.852 ]0.993 |]0.951 1.143 1.262 1.247

Table 99: uncertainty components for the UME VTBB measurements with the LP5 thermometer
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9.7 UNCERTAINTY BUDGETS FOR PTB VTBB MEASUREMENTS

INRIM thermometer 156 | 200 |[232 |250 |[300 |400 |[420 |500 |600 |660 |700 |800 [900 |962
Source of uncertainty/ °C

Blackbody source’ 0.032 | 0.032 | 0.033 | 0.033 | 0.048 | 0.018 | 0.018 | 0.020 | 0.022 | 0.037 | 0.038 ] 0.041 | 0.044 | 0.047
Standard deviation of blackbody temperature 0.001 | 0.001 | 0.002 | 0.004 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000
Standard deviation of thermometer signal 0.003 | 0.001 | 0.003 | 0.009 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000
Standard deviation of background signal 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Size of source effect/ thermal profile 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Gain ratio measurements 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Total PTB combined uncertainty (k = 1)/ °C 0.032 1 0.032 ] 0.033 | 0.035 | 0.048 | 0.018 | 0.018 ] 0.020 | 0.022 | 0.037 | 0.038 ] 0.041 | 0.044 | 0.047
Total PTB expanded uncertainty (k = 2)/ °C 0.064 | 0.064 | 0.066 | 0.069 | 0.096 | 0.035 | 0.036 | 0.039 | 0.044 | 0.073 | 0.075 ] 0.081 | 0.088 | 0.094
Thermometer drift 0.013 | 0.016 | 0.019 | 0.020 | 0.024 | 0.033 | 0.035 | 0.044 | 0.056 | 0.064 | 0.069 ] 0.084 | 0.100 | 0.111
Gain ratio 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.001 ] 0.000 | 0.000 | 0.000
Total PTB comparison uncertainty (k = 1)/ °C 0.03 |0.04 |0.04 |0.04 |0.05 |0.04 |]0.04 J0O05 J0.06 J0.07 J0O.08 J0.09 |0.11 ]O0.12
Expanded PTB comparison uncertainty (k =2)/°C | 0.07 | 0.07 ]0.08 ]J0.08 }|0.11 |0.07 J0.08 J0.10 |[0.12 J0.15 |0.16 ]0.19 [0.22 |0.24

Table 100: uncertainty components for the PTB VTBB measurements with the INRiM thermometer

" This component includes uncertainties in the corrections for the cavity emissivity, the radial temperature and axial non-uniformity of the cavity, the temperature drop
across the cavity back wall and the uncertainty in the calibration of the PRT.

LP5 thermometer 232 250 300 400 420 500 600 660 700 800 900 962
Source of uncertainty/ °C

Blackbody source 0.033 ]0.033 ]0.048 |]0.018 |]0.018 | 0.020 | 0.022 | 0.037 0.038 | 0.041 | 0.044 | 0.047
Standard deviation of blackbody temperature 0.002 ]0.002 |]0.000 |0.000 ]0.000 |]0.000 |0.000 |0.0000 | 0.000 |0.000 |0.000 | 0.001
Standard deviation of thermometer signal 0.022 ]0.014 ]0.002 ]0.000 ]0.000 |0.000 |0.000 ]0.000 | 0.000 |0.000 |]0.000 | 0.000
Standard deviation of background signal 0.039 ]0.022 ]0.007 ]0.001 ]0.000 |]0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000
Size of source effect/ thermal profile 0.000 ]0.000 |0.000 ]0.000 |O0.000 |0.000 | 0.000 |0.000 [0.000 |0.000 |]O0.000 | 0.000
Gain ratio measurements 0.000 ] 0.000 ]0.000 |0.000 ] 0.000 |0.000 |0.000 |0.000 |0.000 | 0.000 | 0.000 | 0.000
Total PTB combined uncertainty (k = 1)/ °C 0.056 ]0.043 ]0.049 ]0.018 ]0.018 ]0.020 ] 0.022 ]0.037 |0.038 |0.041 | 0.044 | 0.047
Total PTB expanded uncertainty (k = 2)/ °C 0.111 ]0.085 |0.097 ]0.035 ]0.036 |0.039 |0.044 |0.073 |0.075 ]0.081 |]0.088 | 0.094
Thermometer drift 0.032 ]0.034 ]0.041 |]0.057 ]0.060 ]0.075 ]0.095 |0.109 |0.118 |0.144 | 0.172 | 0.191
Gain ratio 0.000 ]0.000 ]0.000 |]0.000 ]O0.000 ]0.000 |0.008 |0.000 |0.000 | 0.000 | 0.000 | 0.000
Total PTB comparison uncertainty (k = 1)/ °C 0.064 ]0.055 ]0.064 |]0.059 ]0.063 ]0.077 ]0.098 |0.115 |0.124 | 0.150 | 0.178 | 0.196
Expanded PTB comparison uncertainty (k=2)/°C 10.128 ] 0.109 |]0.127 ]0.119 ] 0.125 |0.155 ]0.196 ]| 0.230 | 0.248 |0.299 ] 0.355 | 0.393

Table 101: uncertainty components for the PTB VTBB measurements with the LP5 thermometer

62




9.8 UNCERTAINTY BUDGETS FOR LNE VTBB MEASUREMENTS

NPL Report ENG 67

Blackbody reference source for INRIM thermometer H>O heatpipe Cs heatpipe Na heatpipe
measurements 150 250 300 600 600 950
Source of uncertainty/ °C
Emissivity of the BB cavity 0.004 0.006 0.024 0.055 0.060 0.115
Spectral band 0.006 0.009 0.013 0.037 0.040 0.070
Radiance uniformity of the BB aperture 0.025 0.025 0.063 0.033 0.060 0.080
Short term stability of the BB 0.004 ]0.004 | 0.030 0.030 0.153 0.153
Calibration of the contact thermometer within the BB 0.002 0.002 0.003 0.008 0.280 0.400
Implementation of the contact thermometer 0.009 0.009 0.029 0.029 0.060 0.060
Drift of the contact thermometer 0.004 0.004 0.004 0.004 0.060 0.060
Electrical connections 0.002 0.002 0.002 0.002 0.100 0.090
Drift of the multimeter 0.0001 | 0.0002 | 0.009 0.010 0.030 0.030
Melting ice - - - - 0.050 0.050
Total LNE source uncertainty (k= 1)/ °C 0.028 0.029 0.081 0.086 0.359 0.473
Position of the contact thermometer's sensitive element / cavity 0.100 0.200 0.100 0.100 0.200 0.200
backwall
Correction and uncertainty of the multimeter calibration 0.030 0.030 0.050 0.060 0.100 0.100
LNE expanded source uncertainty (k = 2)/ °C 0.19 0.29 0.31 0.33 1.02 1.25
Table 102: uncertainty components for the LNE VTBB measurements with the INRiM thermometer
INRIM thermometer 156 | 200 232 250 | 300 400 |420 |500 |600 |600 |660 700 |800 |900 |962
Source of uncertainty/ °C Cs Na
Blackbody source* 0.095 | 0.120 | 0.135 | 0.145 | 0.155 | 0.160 | 0.160 ] 0.165 | 0.165 | 0.510 | 0.530 | 0.540 | 0.575 | 0.605 | 0.625
Standard deviation of signal 0.007 ] 0.006 | 0.005 | 0.004 | 0.010 | 0.024 | 0.012 | 0.016 ] 0.027 | 0.036 | 0.014 | 0.012 | 0.013 ] 0.018 | 0.140
Total LNE combined uncertainty (k=1)/°C | 0.105 | 0.125 | 0.140 | 0.150 ] 0.165 ] 0.185 | 0.170 | 0.180 | 0.195 ] 0.545 | 0.540 ] 0.555 ] 0.700 | 0.625 | 0.770
Total LNE expanded uncertainty (k =2)/°C | 0.210 | 0.250 | 0.280 | 0.300 | 0.330 | 0.370 | 0.340 | 0.360 ] 0.390 | 1.090 | 1.080 | 1.110 | 1.400 | 1.250 | 1.540
Thermometer drift 0.013 ] 0.016 | 0.019 | 0.020 | 0.024 | 0.033 | 0.035 | 0.044 | 0.056 | 0.056 ] 0.064 | 0.069 | 0.084 | 0.100 | 0.111
Gain ratio 0.008 ] 0.012 | 0.006 | 0.007 | 0.003 | 0.000 | 0.000 | 0.000 ] 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Total LNE uncertainty (k =1)/ °C 0.10 J0.13 |0.14 (015 |0.17 |0.19 ]0.18 |0.18 J0.20 J055 J055 056 |0.71 ]0.63 |0.78
Expanded LNE uncertainty (k =2)/ °C 021 J025 |0.28 [0.30 |0.33 |0.37 035 |0.37 J040 |1.09 |[1.09 |1.12 |141 |1.27 | 155

Table 103: uncertainty components for the LNE VTBB measurements with the INRiM thermometer — all thermometer components

* Values obtained by interpolation from Table 102
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Blackbody reference source for LP5 measurements H-0 heatpipe Cs heatpipe Na heatpipe
Source of uncertainty/ °C 150 250 300 600 600 950
Emissivity of the BB cavity 0.004 0.006 0.024 0.055 0.060 0.115
Spectral band 0.006 0.009 0.013 0.037 0.040 0.070
Radiance uniformity of the BB aperture 0.025 0.025 0.063 0.033 0.060 0.080
Short term stability of the BB 0.003 0.003 0.005 0.003 0.020 0.014
Calibration of the contact thermometer within the BB 0.002 0.002 0.003 0.008 0.280 0.400
Implementation of the contact thermometer 0.009 0.009 0.029 0.029 0.060 0.060
Drift of the contact thermometer 0.004 0.004 0.004 0.004 0.060 0.060
Electrical connections 0.002 0.002 0.002 0.002 0.100 0.090
Drift of the multimeter 0.0001 | 0.0002 | 0.009 0.010 0.030 0.030
Melting ice - - - - 0.050 0.050
Total LNE source uncertainty (k = 1)/ °C 0.028 0.029 0.075 0.081 0.325 0.448
Position of the contact thermometer's sensitive element / cavity 0.100 0.200 0.100 0.100 0.200 0.200
backwall
Correction and uncertainty of the multimeter calibration 0.030 ] 0.030 0.050 0.060 0.100 0.100
LNE expanded source uncertainty (k = 2)/ °C 0.19 0.29 0.30 0.32 0.95 1.20
Table 104: uncertainty components for the LNE VTBB measurements with the LP5
LP5 thermometer 232 250 300 400 420 500 600 660 700 800 900 962
Source of uncertainty/ °C Cs Na
Blackbody source* 0.135 ]0.145 |]0.150 ] 0.155 ] 0.155 ]0.155 |0.160 | 0.495 0.510 ] 0.545 ] 0.580 | 0.600
Standard deviation of signal 0.160 ]0.093 ]0.024 ]0.006 ]0.004 ]0.011 | 0.052 | 0.022 0.014 | 0.024 ]0.014 ] 0.018
Total LNE combined uncertainty (k = 1)/ °C 0.300 ]0.235 ]0.175 ]0.160 ]0.160 |0.170 |]0.210 ]0.520 | 0.525 |0.570 ] 0.595 | 0.620
Total LNE expanded uncertainty (k = 2)/ °C 0.600 ]0.470 ]0.035 ]0.320 ]0.320 |0.340 |0.420 |1.040 |1.050 | 1.14 1.19 1.240
Thermometer drift 0.032 ]10.034 ]0.041 ]0.057 ]0.060 ]O0.075 |0.095 |0.109 |0.118 |0.144 ]0.172 |]0.191
Gain ratio 0.000 ]0.000 |0.000 ]0.000 |O0.000 |O0.000 |0.000 |0.000 [0.000 |0.000 |]0.000 | 0.000
Total LNE comparison uncertainty (k = 1)/ °C 0.30 0.24 0.18 0.17 0.17 0.18 0.23 0.53 0.54 0.59 0.62 0.65
Expanded LNE comparison uncertainty (k =2)/ °C | 0.60 0.48 0.36 0.34 0.34 0.37 0.47 1.06 1.08 1.17 1.24 1.30

Table 105: Uncertainty components for the LNE VTBB measurements with the LP5 - all thermometer components

* Values obtained by interpolation from Table 104
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9.9 UNCERTAINTY BUDGETS FOR THE METAS VTBB MEASUREMENTS

INRIM thermometer 156.6 200 232 250 300 400
Source of uncertainty/ °C

BB calibration at PTB 0.075 0.085 0.090 0.090 0.095 0.025
SPRT accuracy on ITS-90 incl. propagation of WTP-Drift over 1 year | 0.003 0.003 0.003 0.003 0.005 0.005
Thermal coupling between BB and SPRT 0.011 0.011 0.012 0.012 0.012 0.013
Electrical measurement of the SPRT 0.003 0.003 0.003 0.003 0.003 0.003
BB radial homogeneity (over aperture of 20 mm) 0.030 0.030 0.030 0.030 0.025 0.020
BB temperature stability during the measurements 0.010 0.010 0.010 0.010 0.010 0.010
Uncertainty of emissivity (incl. correction for e < 1) 0.007 0.009 0.010 0.010 0.026 0.031
Background radiation at 20 °C 0.003 0.003 0.003 0.002 0.010 0.005
Thermal losses by radiation 0.003 0.003 0.003 0.003 0.003 0.004
Thermal losses by convection 0.006 0.009 0.010 0.011 0.012 0.009
Resolution pyrometer 0.010 0.010 0.010 0.010 0.010 0.010
Standard deviation of the pyrometer 0.200 0.200 0.200 0.150 0.040 0.010
Reproducibility of the position of the pyrometer £0.2 mm on three axes | 0.001 0.001 0.001 0.001 0.001 0.001
Total METAS combined uncertainty (k = 1)/ °C 0.217 0.221 0.223 0.179 0.112 0.051
Total METAS expanded uncertainty (k = 2)/ °C 0.433 0.441 0.445 0.358 0.224 0.102
Thermometer drift 0.013 0.016 0.019 0.020 0.024 0.035
Gain ratio 0.000 0.000 0.000 0.000 0.000 0.000
Total METAS comparison uncertainty (k = 1)/ °C 0.22 0.22 0.22 0.18 0.11 0.06
Expanded comparison uncertainty (k =2)/ °C 0.43 0.44 0.45 0.36 0.23 0.12

Table 106: uncertainty components for the METAS VTBB measurements with the INRIM thermometer (SPRT sensors)
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INRIM thermometer 420 500 500 600 600 660

Source of uncertainty/ °C (Cs) (Na) (Cs) (Na) (Na)

BB calibration at PTB 0.025 ]0.025 | 0.035 ]0.030 | 0.045 | 0.050
SPRT accuracy on ITS-90 incl. propagation of WTP-Drift over 1 year 0.005 ]0.005 |]0.005 |0.005 |0.005 |0.005
Thermal coupling between BB and SPRT 0.013 ]0.014 ]0.014 ]0.015 |0.015 |]0.016
Electrical measurement of the SPRT 0.003 |]0.004 | 0.004 |0.004 |]0.004 | 0.004
BB radial homogeneity (over aperture of 20 mm) 0.020 ]0.020 |0.025 ]0.015 |]0.030 |0.035
BB temperature stability during the measurements 0.010 |0.005 | 0.015 ]0.005 |]0.015 |0.015
Uncertainty of emissivity (incl. correction for e < 1) 0.031 ]0.038 ]0.044 ]0.042 ]0.049 |]0.053
Background radiation at 20 °C 0.005 ]0.005 ]0.005 |0.005 |]0.005 |[0.005
Thermal losses by radiation 0.004 ]0.005 |]0.005 |0.010 |0.010 |]0.013
Thermal losses by convection 0.009 |]0.007 |]0.007 ]0.008 |0.008 |0.009
Resolution pyrometer 0.010 ]0.010 ]0.010 ]0.010 |]0.010 |]0.010
Standard deviation of the pyrometer 0.010 ]0.010 |0.010 ]0.010 ]0.010 |]0.010
Reproducibility of the position of the pyrometer £0.2 mm on three axes | 0.001 ] 0.001 ] 0.001 ] 0.001 | 0.001 | 0.001
Total METAS combined uncertainty (k= 1)/ °C 0.051 ]0.055 |0.067 ]|0.060 |0.079 |0.174
Total METAS expanded uncertainty (k = 2)/ °C 0.102 ]0.120 ]0.135 ]0.119 |]0.158 |0.087
Thermometer drift 0.035 |0.044 ]0.044 ]0.056 |0.056 | 0.064
Gain ratio 0.000 |]0.000 | 0.000 ]0.000 | 0.000 | 0.000
Total METAS comparison uncertainty (k = 1)/ °C 0.06 0.07 0.08 0.08 0.10 0.11

Expanded comparison uncertainty (k =2)/ °C 0.12 0.14 0.16 0.16 0.19 0.22

Table 107: uncertainty components for the METAS VTBB measurements with the INRIM thermometer (SPRT sensors) - continued
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INRIM thermometer 500 600 700 800 900 962 1000
Source of uncertainty

BB calibration at PTB 0.035 0.045 0.06 0.070 0.080 0.090 0.100
TC type S accuracy on ITS-90 0.150 0.150 0.150 0.150 0.150 0.150 0.150
Thermal coupling between BB and TC 0.087 0.115 0.173 0.230 0.289 0.318 0.346
Electrical measurement of the TC 0.150 0.150 0.100 0.100 0.100 0.100 0.100
Radial homogeneity (over aperture of 20 mm) 0.025 0.030 0.040 0.050 0.060 0.065 0.070
Temperature stability during the measurements 0.015 0.015 0.015 0.020 0.020 0.020 0.020
Uncertainty of emissivity (incl. correction for e < 1) 0.044 0.049 0.055 0.042 0.042 0.055 0.067
Background radiation at 20 °C 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Thermal losses by radiation 0.005 0.010 0.010 0.020 0.025 0.028 0.030
Thermal losses by convection 0.007 0.008 0.009 0.010 0.011 0.012 0.013
Resolution pyrometer 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Standard deviation of the pyrometer 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Reproducibility of the position of the pyrometer +0.2 mm on three axes 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Total METAS combined uncertainty (k = 1)/ °C 0.238 0.253 0.267 0.309 0.359 0.388 0.416
Total METAS expanded uncertainty (k = 2)/ °C 0.477 0.507 0.534 0.619 0.719 0.776 0.833
Thermometer drift 0.044 0.056 0.069 0.084 0.100 0.111 0.118
Gain ratio 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total METAS comparison uncertainty (k = 1)/ °C 0.24 0.26 0.28 0.32 0.37 0.40 0.43
Expanded comparison uncertainty (k =2)/ °C 0.48 0.52 0.55 0.64 0.75 0.81 0.87

Table 108: uncertainty components for the METAS VTBB measurements with the INRIM thermometer (thermocouple sensors)
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LP5 thermometer 232 250 300 400 420 500 500 600 600 660

Source of uncertainty/ °C (Cs) (Na) (Cs) (Na) (Na)

BB calibration at PTB 0.090 ]0.090 |0.095 |]0.025 | 0.025 0.025 0.035 0.030 ] 0.045 | 0.050
SPRT accuracy on ITS-90 incl. propagation of WTP-Drift over 1 year | 0.003 0.003 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Thermal coupling between BB and SPRT 0.012 0.012 0.012 0.013 ] 0.013 0.014 ]0.014 | 0.015 0.015 ] 0.016
Electrical measurement of the SPRT 0.003 ]0.003 |0.003 ]0.003 | 0.003 0.004 ]0.004 |0.004 ]0.004 |0.004
BB radial homogeneity (over aperture of 20 mm) 0.030 0.030 0.025 0.020 0.020 0.020 0.025 0.015 0.030 ] 0.035
BB temperature stability during the measurements 0.010 0.010 0.010 0.010 0.010 0.005 0.015 0.005 0.015 0.015
Uncertainty of emissivity (incl. correction for e < 1) 0.010 0.010 0.026 0.031 0.031 0.038 0.044 0.042 0.049 0.053
Background radiation at 20 °C 0.003 ] 0.002 0.010 ] 0.005 | 0.005 0.005 0.005 0.005 0.005 ] 0.005
Thermal losses by radiation 0.003 ]0.003 |0.003 ]0.004 |0.004 |0.005 0.005 0.010 ]0.010 | 0.013
Thermal losses by convection 0.010 ]0.011 0.012 0.009 0.009 0.007 0.007 0.008 0.008 ] 0.009
Resolution pyrometer 0.010 ]0.010 |0.010 |]0.010 ]O0.010 |0.010 ]0.010 |0.010 |0.010 |]0.010
Standard deviation of the pyrometer 0.200 0.150 0.040 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Reproducibility of the position of the pyrometer £0.2 mm on three axes | 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Total METAS combined uncertainty (k = 1)/ °C 0.223 ]0.179 0.112 0.051 0.051 0.055 0.067 0.060 |0.079 |0.174
Total METAS expanded uncertainty (k = 2)/ °C 0.445 0.358 0.224 0.102 0.102 0.110 0.135 0.119 0.158 0.087
Thermometer drift 0.032 0.034 ]0.041 0.057 0.060 ] 0.075 0.075 0.095 0.095 ]0.109
Range ratio 0.000 |0.000 |0.000 ]0.000 ]0.000 |0.000 ]0.000 |O0.001 0.001 ] 0.001
Total METAS comparison uncertainty (k = 1)/ °C 0.225 ]0.182 0.119 0.076 ] 0.079 0.093 0.101 0.113 0.124 ]0.139
Expanded comparison uncertainty (k =2)/ °C 0.45 0.37 0.24 0.15 0.16 0.19 0.20 0.23 0.25 0.28

Table 109: uncertainty components for the METAS VTBB measurements with the LP5 thermometer (SPRT sensors)
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LP5 thermometer 500 600 700 800 900 962 1000
Source of uncertainty

BB calibration at PTB 0.035 0.045 0.06 0.070 0.080 0.090 0.100
TC type S accuracy on ITS-90 0.150 0.150 0.150 0.150 0.150 0.150 0.150
Thermal coupling between BB and TC 0.087 0.115 0.173 0.230 0.289 0.318 0.346
Electrical measurement of the TC 0.150 0.150 0.100 0.100 0.100 0.100 0.100
Radial homogeneity (over aperture of 20 mm) 0.025 0.030 0.040 0.050 0.060 0.065 0.070
Temperature stability during the measurements 0.015 0.015 0.015 0.020 0.020 0.020 0.020
Uncertainty of emissivity (incl. correction for e < 1) 0.044 0.049 0.055 0.042 0.042 0.055 0.067
Background radiation at 20 °C 0.005 0.005 0.005 0.005 0.005 0.005 0.005
Thermal losses by radiation 0.005 0.010 0.010 0.020 0.025 0.028 0.030
Thermal losses by convection 0.007 0.008 0.009 0.010 0.011 0.012 0.013
Resolution pyrometer 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Standard deviation of the pyrometer 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Reproducibility of the position of the pyrometer +0.2 mm on three axes 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Total METAS combined uncertainty (k= 1)/ °C 0.238 0.253 0.267 0.309 0.359 0.388 0.416
Total METAS expanded uncertainty (k = 2)/ °C 0.477 0.507 0.534 0.619 0.719 0.776 0.833
Thermometer drift 0.075 0.095 0.118 0.144 0.172 0.191 0.203
Range ratio 0.000 0.001 0.001 0.001 0.001 0.001 0.001
Total METAS comparison uncertainty (k = 1)/ °C 0.250 0.271 0.292 0.341 0.398 0.432 0.463
Expanded comparison uncertainty (k =2)/ °C 0.50 0.54 0.58 0.68 0.80 0.87 0.93

Table 110: uncertainty components for the METAS VTBB measurements with the LP5 thermometer (thermocouple sensors)
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9.10 UNCERTAINTY BUDGETS FOR THE INRIM FIXED POINT MEASUREMENTS

Uncertainty component Fixed-Points

In lsn  |[zn  |AI | Ag

Standard uncertainty (u;) (mK)
Impurities 3 3 5 5 5
Emissivity 2 3 5 6 7
Temperature drop 1 2 3 4 5
Plateau identification 4 1 1 2 2
Size of source effect 5 5 5 5 5
Repeatability 3 1 1 3 7
Total INRIM uncertainty urp (k = 1) 8 7 9 11 13
Total INRIM expanded uncertainty Ugp (k=2) 16 14 18 22 26
Gain ratio 0 0 0 0 0
Thermometer drift 13 19 35 64 111
Total INRIM comparison uncertainty u 15 20 36 65 112
Expanded INRIM comparison uncertainty U (k =2) 31 40 72 129 224

Table 111: uncertainty components for the INRiM FP measurements for the INRiM thermometer

Uncertainty component Fixed-Points

Sn lzn  |Al | Ag

Standard uncertainty (u;) (mK)
Impurities 3 5 5 5
Emissivity 3 5 6 7
Temperature drop 2 3 4 5
Plateau identification 250 5 2 3
Size of source effect 5 5 5 5
Repeatability 64 2 2 8
Total INRIM uncertainty ugp (k = 1) 258 11 10 14
Total INRIM expanded uncertainty Urp (k = 2) 516 22 20 28
Range ratio 0 0 0 0
Thermometer drift 32 60 109 191
Total INRIM comparison uncertainty u 260 61 110 192
Expanded INRIM comparison uncertainty U (k=2) |520 122 219 383

Table 112: uncertainty components for the INRiM FP measurements for the LP5 thermometer
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10 THE DOE AND QDEgs VALUES FOR THE FIXED-POINT AND VARIABLE TEMPERATURE BLACKBODY COMPARISON FOR THE INRIM
THERMOMETER. UNCERTAINTIES INCLUDE THE LABORATORY, THERMOMETER DRIFT AND GAIN RATIO COMPONENTS ONLY

10.1  THE RESULTS OF THE MEASUREMENTS USING THE FIXED-POINTS

NPL INRIM UME
NPL - 0.08+0.09 | 0.07+0.11
INRIM 0.15 - -0.01 £ 0.08
UME 0.16 0.08 -

Table 113 — direct comparison of the results for the calibration of the INRiM thermometer at the In point

EURAMET 658 extension project. INRiIM thermometer comparison at In fixed point
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NPL INRIM UME
NPL - 0.01+0.07 | 0.01+0.07
INRIM 0.07 - 0.00 + 0.06
UME 0.07 0.06 -

Table 114 — direct comparison of the results for the calibration of the INRiM thermometer at the Sn point

EURAMET 658 extension project. INRiIM thermometer comparison at Sn fixed point
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NPL CEM INRIM UME
NPL - -0.02+0.10 | 0.00+0.08 | 0.00+0.08
CEM 0.10 - 0.02+0.12 | 0.02+0.12
INRIM 0.08 0.12 - 0.00 +0.10
UME 0.08 0.12 0.10 -

Table 115 — direct comparison of the results for the calibration of the INRiM thermometer at the Zn point

TLab - Tmean (0C)
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EURAMET 658 extension project. INRiIM thermometer comparison at Zn fixed point
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NPL INRIM
NPL - 0.02 +0.13

INRIM 0.13 -
Table 116 — direct comparison of the results for the calibration of the INRiM thermometer at the Al point

EURAMET 658 extension project. INRiIM thermometer comparison at Al fixed point
0.15
0.10 F
o) 0.05 f
A=)
= 0.00 J. 4
g
F -0.05
-0.10 f
-0.15
~ =
D_ c—
x
= z
Laboratory

74



NPL CEM INRIM
NPL - 0.03+0.31 | 0.06 +£0.24
CEM 0.31 - 0.04 +£0.38
INRIM 0.26 0.37 -

Table 117 — direct comparison of the results for the calibration of the INRiM thermometer at the Ag point

Tiab - Tmean (0C)

-0.10 F

-0.20 F

-0.30

EURAMET 658 extension project. INRiIM thermometer comparison at Ag fixed point
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10.2 THE RESULTS OF THE MEASUREMENTS USING THE VARIABLE TEMPERATURE BLACKBODY SOURCES

NPL METAS LNE PTB CEM
NPL - -0.04+048 | -0.29+0.29 | 0.07+0.21 | -0.06 +0.49
METAS 0.47 - -0.25+048 | 0.11+0.44 | -0.02 +0.62
LNE 0.53 0.65 - 0.36 £ 0.22 0.23 + 0.50
PTB 0.25 0.48 0.55 - -0.13 + 0.46
CEM 0.50 0.61 0.65 0.51 -

Table 118 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 157 °C

EURAMET 658 extension project: Comparison at 156.6 °C
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NPL UME METAS LNE PTB CEM
NPL - 0.17+0.98 | 010+048 | 032+0.32 | 0.09+0.22 | 0.19+0.37
UME 1.01 - -0.07+1.06 | 0.15+0.99 | -0.08+0.96 | 0.02+1.01
METAS 0.51 1.04 - 022+051 | -0.01+045 | 0.09+0.54
LNE 0.58 1.01 0.64 - -0.23+0.26 | -0.13+0.40
PTB 0.27 0.95 0.44 0.45 - 0.10+0.32
CEM 0.49 0.99 0.55 0.47 0.36 -

Table 119 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 200 °C

EURAMET 658 extension project: Comparison at 200 °C
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NPL METAS LNE PTB CEM
NPL - -0.05+049 | 029+0.35 | -0.08+0.22 | -0.14 +0.36
METAS 0.49 - 0.34+0.53 | -0.03+0.46 | -0.09 +0.54
LNE 0.57 0.77 - -0.37+£0.29 | -043+041
PTB 0.26 0.45 0.61 - -0.06 +£0.31
CEM 0.44 0.56 0.77 0.33 -

Table 120 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 232 °C

EURAMET 658 extension project: Comparison at 232 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.11+0.84 | -0.03+0.41 | -0.05+0.36 | -0.06 +0.22 | -0.10+0.36
UME 0.85 - 0.08+0.89 | 0.07+0.86 | 0.06+0.81 | 0.01+0.86
METAS 0.41 0.88 - -0.01+0.47 | -0.02+0.37 | -0.07 +0.47
LNE 0.37 0.85 0.46 - -0.01+0.31 | -0.06 +0.42
PTB 0.24 0.80 0.36 0.30 - -0.05+0.31
CEM 0.41 0.85 0.48 0.43 0.32 -

Table 121 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 250 °C

EURAMET 658 extension project: Comparison at 250 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.28+0.85 | -0.17+0.32 | -0.07+0.39 | -0.13+0.24 | -0.28 +£0.37
UME 0.99 - 011+086 | 021+0.89 | 0.15+0.83 | 0.00+0.88
METAS 0.43 0.86 - 0.10+040 | 0.04+0.25 | -0.11+0.38
LNE 0.41 0.96 0.44 - -0.06 +0.35 | -0.21+0.45
PTB 0.33 0.86 0.26 0.36 - -0.15+0.32
CEM 0.58 0.87 0.43 0.58 0.41 -

Table 122 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 300 °C

EURAMET 658 extension project: Comparison at 300 °C
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NPL METAS LNE PTB CEM
NPL - -0.13+0.24 | 0.03+042 | -0.15+0.22 | -0.15+0.38
METAS 0.33 - 0.16+0.38 | -0.02+0.14 | -0.01 +£0.33
LNE 0.41 0.48 - -0.18+0.37 | -0.18+£0.48
PTB 0.33 0.14 0.48 - 0.00+0.32
CEM 0.46 0.33 0.57 0.31 -

Table 123 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 400 °C

EURAMET 658 extension project: Comparison at 400 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.23+0.89 | -0.11+0.24 | -0.01+0.41 | -0.15+0.23 | -0.22 +£0.38
UME 0.98 - 012+0.87 | 023+093 | 0.08+0.87 | 0.02+0.92
METAS 0.31 0.89 - 0.10+0.37 | -0.04+0.14 | -0.11+0.33
LNE 0.40 1.01 0.41 - -0.15+0.36 | -0.21 +0.47
PTB 0.34 0.86 0.16 0.44 - -0.06 £ 0.32
CEM 0.53 0.90 0.39 0.60 0.34 -

Table 124 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 420 °C

EURAMET 658 extension project: Comparison at 420 °C
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NPL METAS METAS METAS
NPL (CSBB) | ke BB) UME (Cs BB) NaBB1) | (NaBB2) LNE PTB CEM

NPL (Cs BB) - -0.25+054 | -043+0.84 | -0.15+0.26 | -0.15+0.27 | -0.31+0.53 | -0.02+0.43 | -0.15+0.24 | -0.14 +0.39
NPL (WRC BB) 0.70 - -0.18+0.95 | 0.11+051 | 0.10+052 | -0.05+0.69 | 0.23+0.61 | 0.11+050 | 0.12+0.59
UME 1.13 1.00 - 029+0.83 | 0.28+0.83 | 0.13+0.95 | 041+0.90 | 0.29+0.82 | 0.30+0.88
METAS (Cs BB) 0.36 0.54 0.98 - -0.01+0.21 | -0.16+050 | 0.12+0.40 | 0.00+0.17 | 0.01+0.35
METAS (Na BB 1) 0.38 0.54 0.97 0.21 - -0.16+051 | 0.13+040 | 0.00+0.19 | 0.02+0.36
METAS (Na BB 2) 0.74 0.68 0.96 0.58 0.58 - 028+061 | 0.16+049 | 0.17+0.58
LNE 0.42 0.74 115 0.45 0.47 0.79 - -0.12+0.38 | -0.11+0.49
PTB 0.35 0.53 0.97 0.17 0.18 0.57 0.44 - 0.01+0.33

CEM 0.46 0.62 1.03 0.34 0.35 0.65 0.53 0.33 -

Table 125 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 500 °C, with data from different sources

EURAMET 658 extension project: Comparison at 500 °C
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Average NPL UME Average METAS LNE PTB CEM
Av NPL - -0.31 £ 0.89 -0.07+£0.48 0.10+0.52 | -0.02+0.37 | -0.01+£0.48
UME 1.05 - 0.23+0.88 041+090 | 0.29+0.82 | 0.30+0.88
Av METAS 0.49 0.97 - 0.18+0.49 | 0.05+0.33 | 0.07+0.45
LNE 0.55 1.15 0.59 - -0.12+0.38 | -0.11+0.49
PTB 0.37 0.97 0.34 0.44 - 0.01+0.33
CEM 0.47 1.03 0.46 0.53 0.33 -

Table 126 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 500 °C — average data

EURAMET 658 extension project: Comparison at 500 °C
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METAS

METAS

METAS

NPL UME (Cs BB) (Na BB 1) (NaBB2) | LNE(CsBB) | LNE (NaBB) PTB CEM

NPL - -0.68+0.98 | 0.05+051 | 0.06+052 | -039+0.71 | 026+0.63 | 0.39+1.19 | 0.06+050 | -0.03+0.56
UME 1.48 - 0.72+0.87 | 0.73+0.88 | 0.29+1.00 | 094+0.95 | 1.07+1.39 | 0.73+0.87 | 0.65+0.91
METAS (Cs BB) 0.51 1.44 - 0.01+0.25 | -0.44+054 | 021+043 | 034+1.10 | 0.01+0.20 | -0.08 +0.33
METAS (Na BB 1) 0.52 1.46 0.24 - -0.45+055 | 0.20+0.44 | 033+1.11 | 0.00+0.23 | -0.09 +0.35
METAS (Na BB 2) 0.97 1.13 0.88 0.90 - 0.65+0.66 | 0.78+1.21 | 0.45+053 | 0.36+0.60
LNE (Cs BB) 0.78 1.71 0.57 0.57 1.19 - 0.13+1.16 | -0.20+0.42 | -0.29 + 0.49
LNE (Na BB) 1.39 2.21 1.26 1.26 1.78 1.16 - -0.33+1.10 | -0.42+1.13
PTB 0.50 1.45 0.20 0.22 0.89 0.55 1.25 - -0.09 + 0.31

CEM 0.55 1.39 0.36 0.38 0.85 0.70 1.36 0.35 -

Table 127 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 600 °C, with data from different sources

EURAMET 658 extension project: Comparison at 600 °C
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NPL UME Av METAS LNE PTB CEM
NPL - -0.68+0.98 | -0.06 +0.60 | 0.30+0.89 | 0.06+0.50 | -0.03 +0.56
UME 1.48 - 0.62+093 | 098+1.14 | 0.73+0.87 | 0.65+0.91
Av METAS 0.59 1.38 - 0.36+0.83 | 0.12+0.37 | 0.03+0.46
LNE 1.05 1.92 1.05 - -0.25+0.76 | -0.33+0.80
PTB 0.50 1.45 0.43 0.88 - -0.09 +0.31
CEM 0.55 1.39 0.45 1.00 0.35 -

Table 128 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 600 °C — average data

EURAMET 658 extension project: Comparison at 600 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.79+097 | -052+0.55 | 042+120 | 0.08+0.52 | 0.04+0.59
UME 1.58 - 027+086 | 1.20+1.37 | 0.86+0.85 | 0.83+0.89
METAS 0.97 0.99 - 093+111 | 059+0.26 | 0.56+0.38
LNE 141 2.33 1.85 - -0.34+1.10 | -0.37+1.13
PTB 0.53 1.56 0.81 1.26 - -0.03 +0.34
CEM 0.58 1.56 0.87 1.32 0.34 -

Table 129 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 660 °C

EURAMET 658 extension project: Comparison at 660 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.75+097 | -0.39+0.74 | 0.62+1.23 | 0.07+052 | 0.05+0.59
UME 1.55 - 037+1.00 | 1.37+140 | 0.83+0.85 | 0.80+0.89
METAS 1.00 1.20 - 1.00+1.25 | 046+0.57 | 0.43+0.64
LNE 1.63 2.52 2.03 - -055+1.13 | -0.57+1.17
PTB 0.53 1.52 0.93 1.48 - -0.03 £ 0.36
CEM 0.59 1.53 0.96 1.53 0.35 -

Table 130 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 700 °C

EURAMET 658 extension project: Comparison at 700 °C
1.8
14 F
10 |
2 4
:G 0.6 F -
§ 02} '|'
g - T i
02 I
]
N ¢
-1.0 f
‘1.4 F
-1.8 -
: Y 2 2 2 5
= L
z
5 K - a @)
=
Laboratory

88




NPL UME METAS LNE PTB CEM
NPL - -3.27+131 | -0.72+0.82 | 0.62+150 | -0.04+0.55 | -0.16 £ 0.63
UME 4.35 - 256+137 | 389+186 | 3.23+1.22 | 3.11+1.26
METAS 1.39 3.68 - 1.33+155 | 0.68+0.67 | 0.55+0.73
LNE 1.86 5.42 2.61 - -0.66+142 | -0.78+1.45
PTB 0.54 4.24 1.23 1.83 - -0.12+0.40
CEM 0.69 4.14 1.15 1.98 0.45 -

Table 131 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 800 °C

EURAMET 658 extension project: Comparison at 800 °C
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NPL UME METAS LNE PTB CEM
NPL - -3.85+132 | -1.03+0.92 | 0.54+1.38 | -0.08+0.57 | -0.09 + 0.66
UME 4.93 - 282+142 | 439+175 | 3.76+1.23 | 3.76+1.27
METAS 1.78 3.99 - 157+148 | 094+0.78 | 0.94+0.85
LNE 1.68 5.83 2.78 - -0.62+1.29 | -0.63+1.33
PTB 0.58 4.77 1.59 1.69 - -0.01+0.45
CEM 0.67 4.80 1.63 1.73 0.44 -

Table 132 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 900 °C

EURAMET 658 extension project: Comparison at 900 °C
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NPL METAS LNE PTB CEM
NPL - -1.58+097 | 0.78+164 | 0.01+059 | -0.06+0.48
METAS 2.38 - 237 +1.75 1.59+0.85 | -0.02 +0.62
LNE 2.14 3.80 - -0.77+157 | 0.23+0.50
PTB 0.58 2.29 2.07 - -0.13+0.46
CEM 0.48 0.61 0.65 0.51 -

Table 133 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 962 °C

EURAMET 658 extension project: Comparison at 962 °C
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NPL UME METAS
NPL - -4.88+1.24 | -1.28+1.03
UME 5.89 - 3.60+1.41

METAS 2.12 4.76 -

Table 134 — direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 1000 °C

EURAMET 658 extension project: Comparison at 1000 °C
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11 THE DOE AND QDEgs VALUES FOR THE FIXED-POINT AND VARIABLE TEMPERATURE BLACKBODY COMPARISON FOR THE INRIM
THERMOMETER. UNCERTAINTIES ALSO INCLUDE THE REFERENCE VALUE UNCERTAINTY

111  THE RESULTS OF THE MEASUREMENTS USING THE FIXED-POINTS

NPL INRIM UME
NPL - 0.081+£0.117 | 0.068 +0.135
INRIM 0.177 - -0.012 + 0.108
UME 0.180 0.108 -

Table 135 — direct comparison of the results of the In fixed point measurement with the INRiM thermometer

EURAMET 658 extension project. INRiM thermometer comparison at In fixed point
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NPL INRIM UME
NPL - 0.010+0.081 | 0.012 +0.082
INRIM 0.081 - 0.002 + 0.059
UME 0.084 0.058 -

Table 136 - — direct comparison of the results of the Sn fixed point measurement with the INRiM thermometer

EURAMET 658 extension project. INRiM thermometer comparison at Sn fixed point
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NPL CEM INRIM UME
NPL - -0.016 +0.120 | 0.005+0.108 | -0.003 +0.110
CEM 0.122 - 0.021+0.116 | 0.013+0.118
INRIM 0.106 0.120 - -0.008 + 0.105
UME 0.108 0.118 0.104 -

Table 137 — direct comparison of the results of the Zn fixed point measurement with the INRiM thermometer

EURAMET 658 extension project. INRiM thermometer comparison at Zn fixed point
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NPL INRIM
NPL - 0.018 +0.184
INRIM 0.183 -

Table 138 — direct comparison of the results of the Al fixed point measurement with the INRiM thermometer

EURAMET 658 extension project. INRiM thermometer comparison at Al fixed point
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NPL CEM INRIM
NPL - 0.025+0.392 | 0.064 +0.332
CEM 0.386 - 0.039 + 0.386
INRIM 0.349 0.384 -

Table 139 — direct comparison of the results of the Ag fixed point measurement with the INRiM thermometer

EURAMET 658 extension project. INRiM thermometer comparison at Ag fixed point
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11.2 THE RESULTS OF THE MEASUREMENTS USING THE VARIABLE TEMPERATURE BLACKBODY SOURCES
NPL METAS LNE PTB CEM
NPL - -0.04 +0.49 -0.29+0.31 0.07+0.25 -0.06 + 0.51
METAS 0.49 - -0.25+0.49 0.11+0.45 -0.02 + 0.64
LNE 0.55 0.66 - 0.36 + 0.25 0.23+0.51
PTB 0.28 0.50 0.57 - -0.13 £ 0.47
CEM 0.51 0.63 0.66 0.53 -

Table 140 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 157 °C

Tiab = Thedian (°C)

EURAMET 658 extension project: Comparison at 156.6 °C
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NPL UME METAS LNE PTB CEM
NPL - 0.17£0.98 0.10 + 0.50 0.32+0.34 0.09 +0.25 0.19+0.39
UME 1.02 - -0.07 £ 1.06 0.15+0.99 -0.08 + 0.97 0.02 +1.01
METAS 0.53 1.04 - 0.22 + 0.52 -0.01 £ 0.46 0.09 + 0.55
LNE 0.60 1.02 0.65 - -0.23+0.28 -0.13+0.41
PTB 0.29 0.96 0.46 0.46 - 0.10+0.34
CEM 0.51 0.99 0.57 0.48 0.38 -

Table 141 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 200 °C

Tiab = Thedian (°C)

EURAMET 658 extension project: Comparison at 200 °C
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NPL METAS LNE PTB CEM
NPL - -0.05+0.51 0.29 +0.37 -0.08 + 0.25 -0.14 £ 0.39
METAS 0.51 - 0.34 + 0.55 -0.03 +0.48 -0.09 + 0.56
LNE 0.59 0.79 - -0.37 £ 0.32 -0.43 +0.44
PTB 0.29 0.47 0.63 - -0.06 + 0.34
CEM 0.47 0.58 0.79 0.36 -

Table 142 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 232 °C
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EURAMET 658 extension project: Comparison at 232 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.11 +0.84 -0.03 +£0.43 -0.05 + 0.37 -0.06 £ 0.23 -0.10 £ 0.37
UME 0.85 - 0.08 + 0.89 0.07 + 0.86 0.06 + 0.82 0.01 +0.87
METAS 0.42 0.88 - -0.01 +0.48 -0.02 £ 0.38 -0.07 £ 0.48
LNE 0.37 0.85 0.47 - -0.01 +0.32 -0.06 + 0.43
PTB 0.25 0.80 0.38 0.31 - -0.05 +0.33
CEM 0.42 0.85 0.49 0.44 0.33 -

Table 143 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 250 °C

Tiab = Thedian (°C)

EURAMET 658 extension project: Comparison at 250 °C

08

06

04 F

02 F

0.0

[

—y—i

NPL

UME

METAS

LNE

Laboratory

PTB

CEM

101

NPL Report ENG 67



NPL Report ENG 67

NPL UME METAS LNE PTB CEM
NPL - -0.28 + 0.89 -0.17+£0.40 -0.07 + 0.46 -0.13+0.35 -0.28 £ 0.45
UME 1.02 - 0.11 +0.89 0.21 +0.92 0.15+0.87 0.00 +0.91
METAS 0.50 0.90 - 0.10+ 047 0.04 + 0.36 -0.11 £ 0.46
LNE 0.47 0.99 0.50 - -0.06 + 0.43 -0.21+0.51
PTB 0.42 0.90 0.36 0.43 - -0.15+0.41
CEM 0.65 0.90 0.50 0.63 0.49 -

Table 144 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 300 °C

Tiab = Thedian (°C)

1.0

EURAMET 658 extension project: Comparison at 300 °C
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NPL METAS LNE PTB CEM
NPL - -0.13+0.25 0.03+0.42 -0.15+0.23 -0.15+0.38
METAS 0.34 - 0.16 + 0.38 -0.02 +0.15 -0.01 +0.34
LNE 0.41 0.48 - -0.18 + 0.37 -0.18 +0.48
PTB 0.33 0.15 0.48 - 0.00+0.32
CEM 0.46 0.33 0.57 0.31 -

Table 145 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 400 °C

Tian = Thedian ("C)

04

EURAMET 658 extension project: Comparison at 400 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.23 +0.92 -0.11 +0.33 -0.01 +0.47 -0.15+0.32 -0.22 £ 0.44
UME 1.01 - 0.12 +0.90 0.23 + 0.96 0.08 £ 0.90 0.02 +0.94
METAS 0.39 0.91 - 0.10+0.44 -0.04 £ 0.27 -0.11+0.40
LNE 0.46 1.04 0.47 - -0.15+0.43 -0.21 +0.52
PTB 0.42 0.89 0.28 0.50 - -0.06 £ 0.39
CEM 0.58 0.93 0.45 0.65 0.41 -

Table 146 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 420 °C

Tiab = Thedian (°C)
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EURAMET 658 extension project: Comparison at 420 °C
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Av NPL UME Av METAS LNE PTB CEM
Av NPL - -0.31 +0.90 -0.07+£0.49 0.10 +0.52 -0.02 + 0.38 -0.01+0.49
UME 1.05 - 0.23 +0.88 0.41 +0.90 0.29 + 0.83 0.30 +0.88
Av METAS 0.50 0.98 - 0.18 + 0.50 0.05 +0.35 0.07 +0.47
LNE 0.55 1.16 0.59 - -0.12 +0.39 -0.11 +0.50
PTB 0.37 0.98 0.36 0.45 - 0.01 +0.35
CEM 0.48 1.04 0.47 0.53 0.34 -

12

EURAMET 658 extension project: Comparison at 500 °C
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Table 147 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 500 °C — average data
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NPL (Cs NPL METAS METAS METAS
BB) (WRC BB) UME (CsBB) | (NaBB1) | (NaBB?2) LNE PTB CEM

NPL (Cs BB) ; 0.25+054 | 043+085 | 015+028 | 015+029 | -031+054 | -002+044 | -015+026 | -0.14 + 0.40
NPL (WRC BB) 0.70 i 018+096 | 011+051 | 010052 | -0.05+069 | 0.23+0.61 | 011050 | 0.12*0.59
UME 114 1.00 i 029083 | 028+084 | 0.13+096 | 041090 | 0294083 | 0.30%0.88
METAS (Cs BB) 0.37 0.54 0.98 i 20.01+023 | 016051 | 0124040 | 0.00£0.19 | 0.01%0.36
METAS (Na BB 1) 0.39 0.55 0.98 0.22 i 0.16+052 | 013041 | 0.00£0.20 | 0.02%0.37
METAS (Na BB 2) 0.75 0.68 0.97 0.59 0.59 i 0.28£0.61 | 0.16£0.50 | 0.17 £0.59
LNE 0.43 0.74 116 0.46 0.47 0.79 i 0124039 | -0.11 £ 0.50
PTB 0.36 0.53 0.98 0.18 0.20 0.58 0.45 i 0.01 0.35

CEM 0.47 0.62 1.04 0.36 0.36 0.67 0.53 0.34 i

Tiab - Tuedian ("C)

EURAMET 658 extension project: Comparison at 500 °C
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Table 148 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 500 °C, with data from different sources




NPL UME Av METAS LNE PTB CEM
NPL - -0.68 £ 0.99 -0.06 + 0.61 0.30 £ 0.90 0.06 + 0.52 -0.03 + 0.58
UME 1.49 - 0.62 +0.93 098+1.14 0.73+0.87 0.65+0.91
Av METAS 0.61 1.38 - 0.36 + 0.84 0.12 + 0.40 0.03+0.48
LNE 1.05 1.92 1.06 - -0.25+0.77 -0.33+0.81
PTB 0.52 1.45 0.46 0.89 - -0.09 +0.35
CEM 0.57 1.40 0.48 1.01 0.38 -

Table 149 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 600 °C — average data

EURAMET 658 extension project: Comparison at 600 °C
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METAS (Cs | METAS (Na | METAS (Na | LNE (Cs LNE (Na
NPL UME 58) BB 1) BB 2) BE) 8B) PTB CEM

NPL - -0.68+0.99 | 0.05+053 | 0.06+0.54 | -0.39+0.72 | 0.26+064 | 039+1.20 | 0.06+052 | -0.03+0.58
UME 1.49 - 072+0.88 | 0.73+0.89 | 029+101 | 094+095 | 1.07+1.40 | 0.73+0.87 | 0.65+0.91
METAS (Cs BB) 0.52 1.44 - 001+£029 | -044+056 | 021+0.45 | 034+112 | 0.01+0.25 | -0.08 +0.36
METAS (Na BB 1) 0.54 1.46 0.29 - -0.45+057 | 020+£047 | 033+1.12 | 0.00+0.27 | -0.09+0.38
METAS (Na BB 2) 0.98 1.13 0.90 0.92 - 0.65+0.67 | 0.78+1.22 | 045+055 | 0.36+0.61
LNE (Cs BB) 0.79 1.72 0.59 0.59 1.20 - 013+1.17 | -020£0.44 | -0.29+051
LNE (Na BB) 1.40 2.21 1.28 1.27 1.79 117 - -033+1.11 | -042+114
PTB 0.52 1.45 0.24 0.27 0.90 0.57 1.26 - -0.09 +0.35

CEM 0.57 1.40 0.39 0.41 0.87 0.71 1.37 0.38 -

Tiap = Thedian (°C)

EURAMET 658 extension project: Comparison at 600 °C
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Table 150 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 600 °C, with data from different sources




NPL UME METAS LNE PTB CEM
NPL - -0.79+1.12 -0.52 £ 0.77 042+1.32 0.08 +0.75 0.04 + 0.80
UME 1.70 - 0.27 +£1.02 1.20+1.48 0.86 +1.01 0.83+1.04
METAS 1.15 1.13 - 0.93+124 0.59 + 0.60 0.56 + 0.66
LNE 1.52 242 1.96 - -0.34+1.23 -0.37 +1.26
PTB 0.75 1.69 1.09 1.37 - -0.03 + 0.64
CEM 0.78 1.69 1.10 1.43 0.63 -

Table 151 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 660 °C

EURAMET 658 extension project: Comparison at 660 °C
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NPL UME METAS LNE PTB CEM
NPL - -0.75+1.12 -0.39 +0.93 0.62+1.34 0.07 £0.76 0.05 +0.80
UME 1.67 - 037+1.14 1.37 +1.50 0.83+1.01 0.80 +1.05
METAS 1.15 1.32 - 1.00 +1.36 0.46 + 0.80 0.43+0.84
LNE 1.72 2.60 2.13 - -0.55+1.25 -0.57 +1.28
PTB 0.75 1.66 1.12 1.58 - -0.03 £ 0.65
CEM 0.79 1.66 1.13 1.63 0.64 -

Table 152 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 700 °C

EURAMET 658 extension project: Comparison at 700 °C
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NPL UME METAS LNE PTB CEM
NPL - -3.27 + 1.57 -0.72+1.19 0.62+1.74 -0.04 £1.02 -0.16 £ 1.06
UME 4.56 - 2.56 +1.61 3.89 + 2.05 3.23+1.49 3.11+1.52
METAS 1.70 3.88 - 1.33+1.77 0.68 + 1.09 0.55+1.12
LNE 2.06 5.58 2.79 - -0.66 + 1.67 -0.78 + 1.69
PTB 1.01 4.46 1.57 2.04 - -0.12+0.95
CEM 1.09 4.36 1.48 2.18 0.96 -

Table 153 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 800 °C

EURAMET 658 extension project: Comparison at 800 °C
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NPL UME METAS LNE PTB CEM
NPL - -3.85 + 1.57 -1.03+1.25 0.54+1.61 -0.08 +1.02 -0.09 +1.08
UME 5.14 - 2.82 +1.66 439+£1.95 3.76 £1.49 3.76 + 1.53
METAS 2.06 4.18 - 1.57+1.70 0.94+1.15 0.94 +1.20
LNE 1.88 5.98 2.96 - -0.62 +1.54 -0.63 + 1.57
PTB 1.01 4.99 1.89 1.90 - -0.01 +0.96
CEM 1.07 5.01 1.92 1.94 0.95 -

Table 154 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 900 °C

5.5

EURAMET 658 extension project: Comparison at 900 °C
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NPL METAS LNE PTB CEM
NPL - -1.58 + 1.56 0.78 + 2.04 0.01+1.35 -0.06 +0.48
METAS 2.86 - 2.37+213 1.59+148 -0.02 + 0.62
LNE 2.47 4.12 - -0.77 £ 1.98 0.23 £ 0.50
PTB 1.33 2.81 242 - -0.13+0.46
CEM 0.48 0.61 0.65 0.51 -

Table 155 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 962 °C

3.0

EURAMET 658 extension project: Comparison at 962 °C
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NPL UME METAS
NPL - -4.88+5.01 | -1.28£4.96
UME 9.00 - 3.60 + 5.05
METAS 5.46 7.76 -

Table 156 - direct comparison of the results for the INRiM thermometer variable temperature blackbody measurements at 1000 °C

EURAMET 658 extension project: Comparison at 1000 °C

7.0

5.0

3.0

Tiab = Thedian (°C)
o

-3.0
-5.0
— L )]
o
Z = e
=
Laboratory

114



NPLE

National Physical Laboratory

NPL REPORT ENG 67

APPENDIX 1

PROTOCOL FOR THE COMPARISON

EURAMET 658 EXTENSION PROJECT TO EXAMINE UNDERLYING
PARAMETERS IN RADIANCE TEMPERATURE SCALE REALISATION
FROM 156 °C TO 1000 °C

HELEN MCEVOY

JANUARY 2018

i

Department for
Business, Energy

& Industrial Strategy




NPL Report ENG 67



NPL Report ENG 67

Appendix 1
Protocol for the Comparison:
EURAMET 658 Extension Project to Examine Underlying Parameters in

Radiance Temperature Scale Realisation
from 156 °C to 1000 °C

Helen McEvoy
Engineering, Materials & Electrical Science



NPL Report ENG 67

© NPL Management Limited, 2018

ISSN 1754-2987

National Physical Laboratory
Hampton Road, Teddington, Middlesex, TW11 OLW

Extracts from this report may be reproduced provided the source is acknowledged
and the extract is not taken out of context.

Approved on behalf of NPL by
Dr Stephanie Bell, Science Area Leader



NPL Report ENG 67

CONTENTS

1 RATIONALRE ...uiiiiiiiinnicsniesissssssssssssisssssssssssssssssssssosssosssosssssssssssssssssssssssssssssssssssssosssosssssssssssssssss 1
2 ORGANISATION ....ovrrieverurnnes .1
3 PARTICIPANTS uuctiiciitisineisuisnsssisacssssssisssssisstssssssssssessssstssssssssssssssssissssssssssesssssssssssssssssasssssss 2
4  PROJECT END DATE . ..cucoiniiiiseicinnisnceisnnsesssissnssssssissssssisssssssssssssssssssssssssssssssssssssssssssssssssssss 2
5 CIRCULATION SCHEME w2
6 TRANSFER INSTRUMENTS .............. 3
7  INITIAL MEASUREMENTS ....couiiiiniiiieisncsinsnisisssissicsssssissssssisssssssssissssssssssssssssssssssssssssssssssss 3
8  PROBLEMBS.....ccoiiiiiiseineinnicsnicssnessssssssssssssssssssssssssenas 3
9 REQUIRED MEASUREMENTS .....coooiivinnnninsensensissensanssessassanans 3
9.1 SIZE-OF-SOURCE EFFECT ......oiiiiieiiieiteeeietee ettt ettt sttt sttt 4
9.2 FIXED-POINT CALIBRATION.......oiiiiiiieiteit ettt ettt ettt e sttesatesnteste e e eseesseesaeesneesnneens 4
9.3 GAIN RATIO MEASUREMENTS ......ooiiieee ettt sttt e eaeas 5
9.4 MEASUREMENTS USING VARIABLE TEMPERATURE BLACKBODY SOURCES.......... 5
9.5 MEASUREMENTS OF EFFECT OF AMBIENT CONDITIONS ......ccccteitiiierieieree e 6
10 REPORTING OF THE RESULTS 7
10.1 DESCRIPTION OF THE EQUIPMENT ......cooiiiiiiiieie ettt 7
LO.2Z RESULTS ettt ettt ettt sttt e a et e e bt e st e bt e st et e sbe et e sbeeatenseeseeneenteeneenean 7
TO.3 UNCERTAINTIES ..ottt ettt ettt ettt eseeseesteseeseensesseeneansesneennas 7
11 APPENDIX1. .8
11.1 TECHNICAL INFORMATION ABOUT THE THERMOMETERS. ........c.ccovviiiiiiieieeieeiens 8
T1.1T TKE LPSceieeeeetee ettt ete e e e etes e tes b st e b e sb e s e est e s e sseensanbeessenseeseensensenseensas 8
11.1.2  INRIM thermMOmELer .......cc.eeitiiiiiiiiieie ettt ettt ettt sttt et e bt e st et e 8

11.1.3  Zinc point blackbody SOUICE.......ceevieriiriiiiieiieierie sttt et seestaesereereesseesseessaeeeas 9



NPL Report ENG 67



NPL Report ENG 67

PROTOCOL FOR PROJECT TO EXAMINE UNDERLYING PARAMETERS
IN RADIANCE TEMPERATURE SCALE REALISATION
FROM 156 °C TO 1000 °C

1 RATIONALE

The purpose of this collaboration is to undertake an examination of some underlying parameters in
temperature scale realisation using InGaAs-based radiation thermometers (size-of source effect, fixed-
point realisation and ambient effects) as well as a comparison of variable-temperature blackbody sources
over the temperature range from 156 to 1000 °C.

2  ORGANISATION
The project will be coordinated by:

National Physical Laboratory,
Hampton Road,

Teddington,

Middlesex

TWI11 OLW

United Kingdom

Contact:

Helen McEvoy Robin Underwood
Phone: +44 20 8943 6183 Phone: +44 20 8943 6950

E-mail: helen.mcevoy@npl.co.uk E-mail: robin.underwood@npl.co.uk
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3 PARTICIPANTS

The participants in the project are:

Institute Contact person

1) PTB, Berlin, Germany Berndt Gutschwager and Jorg Hollandt

Tel: +49 30 34817323 and -7369

E-mail: berndt.gutschwager@ptb.de
joerg.hollandt@ptb.de

i1)) TUBITAK-UME, Turkey Aliye Kartal Dogan and Ahmet Diril

Tel: +90 262 679 50 00 Ext: 3453

E-mail: aliye.kartal@ume.tubitak.gov.tr

ahmet.diril@ume.tubitak.gov.tr

i) INRiM, Italy Mauro Battuello

Tel: +39 0113977338

E-mail: m.battuello@imgc.cnr.it

iv) CEM, Spain Maria José Martin

Tel: +34 91 807 4771

E-mail: mjmartinh@cem.mytic.es

v) METAS, Switzerland Anton Steiner

Tel: +41 31 32 33 371

E-mail: anton.steiner@metas.ch

vi) LNE, France Jean-Rémy Filtz

Tel: +33 130 69 12 82

E-mail: jean-remy.filtz@Ine.fr

4 PROJECT END DATE

The measurements are due to be completed by the end of December 2008, with the final project report
to be completed by the end of December 2009.

5 CIRCULATION SCHEME

The thermometer will be circulated according to the following schedule:

Institute Time periods
PTB 1 August 2007 to 30 September 2007
NPL 1 October 2007 to 30 November 2007
CEM 1 December 2007 to 29 February 2008
UME 1 March 2008 to 30 April 2008
METAS 1 May 2008 to 30 June 2008
LNE 1 July 2008 to 30 September 2008
INRIM 1 October 2008 to 30 November 2008

In the last week of each period the laboratory that is completing the measurements should arrange for
the thermometers to be transferred to the next institute. Wherever possible, door-to-door transportation
should be used to minimise the risk of damage to the instruments. The laboratory completing the
measurements is responsible for paying the transport costs for the transfer to the next institute. The
institute receiving the thermometers should carry out the check described in 7.4 and confirm to the
coordinating laboratory by e-mail or fax that the thermometers have arrived safely. At the end of the
circulation the thermometers should be returned to the originating institutes who should then confirm
the performance of their instruments.
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6 TRANSFER INSTRUMENTS

The two transfer instruments are an LP5, provided by IKE Stuttgart, and a transfer thermometer provided
by INRiM, Italy. Both instruments are InGaAs photodiode devices with a peak wavelength of nominally
1.6 um. Technical information about the thermometers is given in Appendix 1.

Additionally, a zinc point blackbody source, supplied by INRiM, will be circulated along with the
transfer thermometers so that the performance and stability of the thermometers can be checked
regularly. This zinc point was used in the TRIRAT project, and details can be found in Appendix 1.
Instructions for using the zinc point are provided.

7 INITIAL MEASUREMENTS

7.1 —Stabilisation: the stabilisation time for the thermometers is given in Appendix 1. It is recommended
that the thermometers be left to stabilise for at least two hours after switch-on before starting
measurements. The thermometers should subsequently be left switched on, if possible, for the duration
of all the measurements.

7.2 — Lens cleaning: Superficial dust should be blown off the front lens of the thermometer using clean
air or other means but otherwise the lens should NOT be cleaned. The protective lens cap should be
placed on the front of the thermometer in-between measurements and great care should be taken not to
touch the front lens.

7.3 — Positioning: the thermometers should be set up and aligned at the prescribed working distance
according to the local procedure, with reference to any specific instructions supplied with the
thermometers.

7.4 — Check on arrival at each institute: to make sure that they have not been damaged during transport,
a quick check should be made of the thermometers’ output when viewing the supplied Zn fixed-point
blackbody source. For the INRiM thermometer the working distance should be 330 mm from the
stainless steel flange on the front of the furnace to the front of the objective nose of the thermometer;
for the IKE LP5 the working distance should be 610 mm from the stainless steel flange on the front of
the furnace to the front of the objective nose of the thermometer. Instructions for using the Zn point are
provided. The results of the check should be e-mailed or faxed to the coordinator.

8 PROBLEMS

Should any problems arise with the operation of the instruments, both the coordinator and the
organisation supplying the thermometer should be contacted.

9 REQUIRED MEASUREMENTS

The following gives information about the measurements to be made at each laboratory. Participants
should perform as many of the measurements as possible. Measurements should be made according to
the usual method used at each laboratory, but following any specific instructions given below. During
the measurements the internal instrument temperature (tin), the ambient temperature (tam»y and the
relative humidity (RHamb) should be recorded.

Please note:

All the measurements with the IKE thermometer should be made at a distance of 750 mm from the
target to the front of the objective nose.

All the measurements with the INRiM thermometer should be made at a distance of 470 mm from the
target to the front of the objective nose.



NPL Report ENG 67

9.1 SIZE-OF-SOURCE EFFECT

The size-of-source effect should be made using either the indirect method (i.e. by obscuring the central
portion of the field-of-view of the thermometer by means of a blackened disc or spot placed in front of
the source) or the direct method (by viewing a stable, uniform source and varying the aperture diameter)
or, if the institute wishes, both methods.

If using the indirect method, measurements should be made using spot sizes of both 3 mm and 6 mm
diameter for the IKE LP5 and 6 mm diameter only for the INRiM thermometer. Measurements should
be made using all available apertures of a suitable diameter.

Results - The results shall be presented in the form of a table giving the SSE for each aperture size. For
measurements using the indirect method, the table should include columns for the following
information: aperture size (mm), ‘on spot’ thermometer output, ‘off spot’ output, background signal,
SSE, the individual uncertainty components in determining the SSE (u, uz, us,...), the total combined
uncertainty Ussg, tamb, RHamb and tin.

For measurements using the direct method, the source should be set to a temperature of 500 °C. The
results table should include columns for the following information: aperture size (mm), thermometer
output, background signal, SSE, the individual uncertainty components in determining the SSE (u1, us,
us,...), the total combined uncertainty Ussg, tamb, RHamb and tin.

9.2 FIXED-POINT CALIBRATION

The thermometers should be calibrated following the laboratory’s usual local procedure using freezing
point blackbody sources of In (for the INRiM thermometer), Sn, Zn, Al and Ag (or as many of the fixed-
points as are available). At least 3 freeze/melt cycles should be performed with each fixed-point. If
suitable fixed-point blackbody sources are not available, variable temperature blackbody sources can be
used instead. In this case, the source should be set to within 0.2 °C of the fixed-point temperature and
its temperature, as measured by the contact thermometer within the source, should also be recorded over
the duration of each set of measurements.

With each thermometer a scan should be performed across the blackbody aperture during a melt and
freeze plateau, or across the aperture of the variable temperature blackbody source, to assess the
temperature profile. This can be used, if necessary, to perform any corrections due to the size-of-source
effect.

Additionally, the thermometer output must be corrected to allow for the size-of-source effect. The
correction should be performed according to the laboratory’s usual method using the results of the SSE
measurements carried out in Section 9.1 and the temperature profile of the fixed-point blackbody
aperture. The correction should be from the actual fixed-point blackbody aperture diameter to a
reference target of 20 mm diameter.

Results — The following information shall be provided:

a) The blackbody geometry, aperture diameter and emissivity data, and information about the contact
sensor within the source (if appropriate).

b) For each fixed-point plateau the average background measurement, the average thermometer output
and the average thermometer output corrected for background as well as the standard deviation of
the measurements. If using variable temperature blackbody sources the average source temperature
for each set of measurements should also be given as well as the standard deviation of the
measurements.
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¢) The ambient conditions tamb, RHams and tin.
d) The thermometer output corrected for SSE to a reference target of 20 mm diameter.

e) The individual uncertainty components in the fixed-point calibration (u;, uz, us,...) and the total
combined uncertainty Ucatibration.

9.3 GAIN RATIO MEASUREMENTS

Gain ratio values should be determined for the settings of amplifier gain used in the fixed-point
calibration, by measuring the signal ratios with successive pairs of amplifier gain settings. These
measurements may be carried out during a melting or freezing realisation of the appropriate fixed-points
or during measurements of the variable temperature blackbodies at appropriate temperatures.

Results — The following information shall be provided:

a) The average background signal and thermometer output signal for measurements made at amplifier
gain 1 along with the background-corrected signal;

b) The average background signal and thermometer output signal for measurements made at amplifier
gain 2 along with the background-corrected signal;

¢) The gain ratio: (background corrected output at amplifier gain 2 / background corrected output at
amplifier gain 1)

f) The ambient conditions tymb, RHamb and tin,

g) The individual uncertainty components in the measurement of the gain ratio (ui, u», us,...) and the
total combined uncertainty U gainratio-

9.4 MEASUREMENTS USING VARIABLE TEMPERATURE BLACKBODY SOURCES

Measurements should be made at the following temperatures using variable temperature blackbody
sources.

The blackbody aperture diameter should be set to 20 mm diameter. If this is not practical the aperture
size should be set to an appropriate value, preferably as close as possible to 20 mm diameter. The
temperature of the sources should be set to within 0.2 °C of the specified temperatures.

At each temperature a series of measurements should be made of both the thermometer output and the
temperature of the source as measured using the contact thermometer within the source. Measurements
of the background signal should also be carried out.

The temperatures for the measurements should be:

1. Those corresponding to the In fixed-point (for the INRiM thermometer), then (for both
thermometers) the Sn, Zn, Al and Ag fixed-points (if not already carried out under 9.2 above);

2. 200 °C (for the INRiM thermometer), then (for both thermometers) 250 °C, 300 °C and then every
100 °C up to and including 1000 °C if possible.

One complete measurement run should be performed with repeat measurements being carried out at at
least five temperatures across the range.
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At a minimum of two temperatures for each source (suggest the highest and lowest temperatures) the
thermometer should be scanned across the aperture of the blackbody to determine the temperature
profile. This will provide information about the temperature uniformity across the source and will be
used for any corrections necessary to account for the size-of-source effect.

If the diameter of the blackbody aperture is different from 20 mm, then the thermometer output should
be corrected to correspond to the reference target size of 20 mm diameter, using the size-of-source effect
results obtained in Section 9.1 and, if necessary, the temperature profile of the furnace.

Results —
The following information should be provided:

a) A description of the blackbody source including blackbody cavity geometry, aperture diameter and
emissivity data, and information about the contact sensor within the source.

b) The average thermometer output, the average background signal and the average thermometer
output corrected for background at each temperature, the average temperature of the blackbody
source and the standard deviation of all the measurements.

¢) The results of the scans across the blackbody apertures, including the thermometer output and the
blackbody temperature.

d) The thermometer output corrected for SSE to a reference target of 20 mm diameter (if necessary).
e) The ambient conditions tamb, RHamb and tin.

f) The individual uncertainty components in the measurements of the blackbody sources (ui, uz, us,...)
and the total combined uncertainty Upjackbody-

9.5 MEASUREMENTS OF EFFECT OF AMBIENT CONDITIONS

If facilities in the laboratory allow, measurements should be made of the effect of changes in ambient
temperature and humidity on the output of each of the thermometers. Measurements should be made
while viewing a stable blackbody source (either a fixed-point or variable temperature blackbody) at a
temperature of nominally 660 °C. If the laboratory wishes, additional measurements may be made at
232 °C and 962 °C.

The effect of ambient temperature should be measured by recording the output of the thermometer over
the range from 18 °C and 26 °C, or over a smaller range if this is more practical. Measurements should
be made at intervals of every 2 °C. A set of measurements should be made while viewing a source at
660 °C. If the laboratory wishes, another set of measurements should be made while viewing a source
at 232 °C, and a third while viewing a source at 962 °C.

The effect of humidity should be measured at an ambient temperature of 23 °C by recording the output
of the thermometer with ambient conditions of 30%, 50% and 70% relative humidity (or at suitable
intervals over a smaller range if this is not practical). A set of measurements should be made while
viewing a source at 660 °C. If the laboratory wishes, another set of measurements should be made while
viewing a source at 232 °C, and a third while viewing a source at 962 °C.

Results —

The following information should be provided:
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a) The average thermometer output and background signal for each measurement set at each
temperature, the average thermometer output corrected for background and the standard deviation
of the measurements. If using a variable temperature blackbody source the average temperature of
the source over the duration of the measurements should also be given along with the standard
deviation.

b) The average ambient temperature and relative humidity for each measurement set at each
temperature, along with tin.

¢) The individual uncertainty components in the measurements of the ambient temperature effect (ui,
Uz, U3,...) and the total combined uncertainty Ulerect.

d) The individual uncertainty components in the measurements of the relative humidity effect (ui, uo,
u3,...) and the total combined uncertainty Urnefect.

10 REPORTING OF THE RESULTS

The following information should be sent to the coordinator within one month of completing the
measurements. Please supply both a paper copy and an electronic version.

10.1  DESCRIPTION OF THE EQUIPMENT

All the equipment used for the measurements should be described along with details of the measurement
methods, calculations and any assumptions that have been made. The electronic version should be in the
form of a Word document.

10.2  RESULTS

The results should be supplied in the form of an Excel spreadsheet / workbook and presented as
detailed in Section 9.

10.3 UNCERTAINTIES
The individual uncertainty components for each of the measured parameters should be listed along with

the total combined uncertainty of the measurements. All uncertainties should be expressed as £=2; i.e.
providing a level of confidence of approximately 95%.
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11 APPENDIX 1

11.1  TECHNICAL INFORMATION ABOUT THE THERMOMETERS

11.1.1 IKE LP5

Wavelength: 1568 nm, 36 nm bandwidth
Temperature range: ~230 °C (Sn point) to ~1085 °C (Cu point)
Target size: 2 mm at 750 mm working distance

Working distance: this should be measured from the target to the front of the objective nose of the
radiation thermometer

Warm-up time: 1 hour from switch-on

Output: the output is in terms of both photocurrent and temperature. For this comparison only the
photocurrent values should be used

Background measurements: these should be performed by placing the lens cap on the front of the
thermometer, taking great care not to touch the front lens.

Dimensions: approximately 135 mm high x 175 mm wide x 605 mm long (including objective nose and
eyepiece)

11.1.2 INRiIM thermometer

Wavelength: 1.5 um to 1.7 pm
Temperature range: 150 °C to 1000 °C
Target size: 5 mm at 470 mm working distance

Working distance: this should be measured from the target to the front of the objective nose of the
radiation thermometer

Warm-up time: 1 hour from switch-on
Output: the output is in terms of voltage

Background measurements: these should be performed by placing the lens cap on the front of the
thermometer, taking great care not to touch the front lens.

Dimensions: 170 mm high x 126 mm wide and 400 mm long (including the objective nose)
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11.1.3 Zinc point blackbody source

Blackbody dimensions: 9 mm diameter x 61.5 mm long with a 120° end cone
Emissivity: 0.99957 (open aperture)
Dimensions: 150 mm x 260 mm x 315 mm

Weight: 5.7 kg including the ingot
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Operational guidelines for the check at the Zn point

Operational guidelines for the
check at the Zn point






Operational guidelines for the check at the Zn point

Check at the Zn point

Check at the Zn point must be done at arrival at each institute using for this purpose the
transfer blackbody furnace. The results of these checks must be transmitted to NPL
immediately (Helen.Mcevoy(@npl.co.uk). In case of dubious results NPL will contact
thermometer’s supplier, i.e., IKE or INRiM.

Note: For detailed information about the Zn-point furnace, refer to the paper:
F. Girard, T. Ricolfi, “A transportable blackbody furnace for the accurate realization of the
fixed points of indium, tin and zinc”, Meas. Sci. Technol. 9, 1215-1218 (1998)

Experimental set up

- The thermometers must be positioned at the following distances from the Zn-point furnace:
INRiM thermometer: 330 mm between the end of the objective lens holder and the
front stainless steel flange of the furnace.

IKE thermometer: 610 mm between the front of the radiation thermometer housing
and the front stainless steel flange of the furnace.

- The alignment of the thermometers can be made visually by illuminating the interior of
the furnace with a suitable illuminator (eg, fiber optic). If thermometer and furnace are
properly aligned, observing through the thermometer eyepiece one will see several
concentric circles located in different focal planes.

- The following gain must be set:

INRiM thermometer: 107 V/A.
IKE thermometer:

Running the furnace

The parameters on the temperature controller of the furnace have been set to run
automatically 2 cycles each of them being comprised of one melt and one freeze. In this way
it is possible to check both thermometers in succession utilizing the two freezing plateaus.
The operations to start the automatic cycles after switching on the furnace are as follows:

- Press button “PAR” two times in quick succession and release it immediately: the display
will indicate “prog” on the top and “idle” below.

- Press the button with vertical arrow (A) and release it immediately: the display will
indicate “prog” on the top and “run” below.

The controller now starts running the set program. No further intervention of the operator is
needed.

Notes:
- The execution of the whole program including two melts and two freezes will take
approximately 5 and half hours.
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-The temperature regulator will indicate 424 °C during the melting phase and 417.5 °C
during the freezing phase. Do not switch off the furnace before terminating the program. The
program will be terminated when the set point display indicates 0 °C after completing the

second freeze.

Warning: in case of mistake in the above operations, simply wait a few seconds for the
regulator to restore the stand-by condition then repeat the procedure. Do not change the
parameters that have been set. Should any problem arise, contact INRiM immediately
(f.girard@inrim.it).

Check of positioning

The quality of the melting plateaus is not optimum because of the fast temperature change in
the furnace. However a melting plateau may be used to check the alignment of the
thermometer. To this purpose, the furnace should be slightly rotated or displaced laterally and
vertically during the plateau to ensure that the cone of sight of the thermometer is not partially
obstructed.

Measurements during freeze

At the beginnining of the freezing plateau, the following parameters should be measured:
- Ambient temperature famb

- Relative humidity RH

- Zero signal So by masking the lens with the objective cap.

During the freezing plateau, the following quantities must be measured:
Signals output S in millivolts and resistance Rint of the internal PRT (for INRiM thermometer)
and temperature tint of IKE thermometer.

(The INRiM thermometer is provided with a 100 QQ PRT for measuring its internal
temperature. A four-wire cable is supplied for this purpose. The internal temperature fint can
be obtained from the PRT resistance Rint according to the relationship

tint (°C) = -274.8501 + 2.857835 Rint -1.1518670107 Rini (1)
The range of applicability of Eq. (1) is from fint = 20 °C to tint = 30 °C).

As representative of the Zn-point signal Szn, the average of at least 25 readings taken
during a time interval of 10 minutes around the maximum of the plateau should be
considered.

After completing the freezing plateau, the temperature of the furnace will be increased
automatically to repeat a melt-freeze cycle. Replace the first thermometer with the other one
and repeat the operations above including the check of positioning during the melting plateau.

Note: the Zn point is to be intended for performance and stability checks of the
thermometers and not for calibration, because of its low quality. Any possible
comparison with other Zn points would provide not significant results
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1 THE SSE MEASUREMENTS
1.1 SSE APPARATUS USED AT EACH INSTITUTE

The size-of-source effect (SSE) measurements were made using either the ‘indirect’ method (with the central
portion of the field-of-view of the thermometer obscured by means of a blackened spot or disc) or the ‘direct’
method (using a blackbody source and a series of apertures) or both methods. For the ‘indirect’
measurements, the spot size for the INRiM thermometer measurements was to be 6 mm in diameter; the
spot sizes for the LP5 thermometer measurements were to be 3 mm and 6 mm in diameter. A summary of
the apparatus used at each institute is given in Table 1. Full details can be found in Appendices 7 to 13.

Institute | Method used Brief description of apparatus

PTB Direct Caesium heatpipe blackbody source at nominally 500 °C
NPL Direct Sodium heatpipe blackbody source at nominally 500 °C
NPL Indirect Integrating sphere with 3 mm and 6 mm blackbodies
CEM Indirect Integrating sphere with 3 mm and 6 mm spots

UME Indirect Integrating sphere with 3 mm and 6 mm spots

METAS | Direct Caesium heatpipe blackbody source at nominally 500 °C
LNE Indirect Integrating sphere with 4 mm and 6.82 mm spots
INRiM | Indirect Integrating sphere with 3 mm and 6 mm flattened discs

Table 1: details of the SSE methods used in each of the institutes

1.2 THE RESULTS OF THE SSE MEASUREMENTS

The results of the SSE measurements made at each institute are given in Tables 2 to 22. For the direct
measurements, the SSE at each aperture diameter, x, is given by:

SSE(x) = {Szgnal with aperture (x) — background signal }

{Signal with maximum diameter aperture — background signal }
For the indirect measurements, the SSE is given by:

{Signal viewing spot — background signal }

SSE =
{Signal viewing sphere — background signal }

Plots of the results of the measurements are given in Figures 1 to 13, along with the £ = 2 uncertainty bars.
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1.2.1 Results of the SSE measurements for the INRiM thermometer

PTB results: INRiM thermometer, direct method
Aperture size @ SSE .(Q 40 mm) Cs—bb. SSE (Q std. dev. | Usse
mm w1th0u‘F e- e-correction |40 mm) Wlth e =2
correction (0¥ 40 mm) correction

40.0 1.000000 1.000000 1.00000 2.7E-05 | 6E-05
30.0 1.000094 1.000429 0.99967 2.8E-05 | 6E-05
20.0 1.00006 1.000736 0.99933 3.0E-05 | 6E-05
17.5 1.00014 1.000794 0.99934 3.0E-05 | 7E-05
15.0 1.00004 1.000844 0.99920 3.0E-05 | 7E-05
12.5 1.00004 1.000886 0.99915 3.2E-05 | 7E-05
10.0 0.99994 1.000921 0.99902 3.4E-05 | 7E-05
7.5 0.99997 1.000948 0.99902 4.6E-05 | 1E-04
5.0 0.9982 1.000967 0.9973 5.2E-04 | 2E-03

Table 2: the PTB SSE results with the INRiM thermometer (direct method)

NPL measurements: INRiM thermometer, direct method*

Aperture Average | Uncertainty
diameter /mm | SSErunl | SSErun2 | SSErun3 | SSE run4 SSE (k=2)
3 0.47239 0.47224 0.47247 - 0.47237 0.00023
4 0.82178 0.82382 0.82315 0.82310 0.82296 0.00171
5 0.99856 0.99861 0.99852 0.99867 0.99859 0.00013
7 0.99968 0.99980 0.99989 0.99981 0.99979 0.00018
9 0.99976 0.99987 0.99993 0.99991 0.99987 0.00016
12 0.99984 0.99996 1.00004 1.00001 0.99996 0.00017
15 0.99991 1.00002 1.00003 1.00007 1.00001 0.00014
20 0.99996 1.00005 1.00006 1.00012 1.00005 0.00013
25 1.00003 1.00012 1.00014 1.00015 1.00011 0.00011
30 1.00002 1.00006 1.00003 1.00011 1.00005 0.00008
40 1.00000 1.00000 1.00000 1.00000 1.00000 0.00000

Table 3: the NPL SSE results with the INRiM thermometer (direct method)

F

in the calculation of the SSE, the thermometer signals were corrected to compensate for the change in
emissivity of the source as the aperture size was increased.
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NPL measurements: INRiM thermometer, indirect method, 6 mm blackbody
Aperture Average Uncertainty
diameter / | SSE run 1 SSE run 2 SSE run 3 SSE run 4 SSE (k=2)
mm
7 9.173E-05 | 9.042E-05 | 8.838E-05 | 8.963E-05 | 9.004E-05 | 2.811E-06
9 2.070E-04 | 2.093E-04 | 2.069E-04 | 2.094E-04 | 2.081E-04 | 2.755E-06
12 3.207E-04 | 3.203E-04 | 3.202E-04 | 3.201E-04 | 3.203E-04 | 4.865E-07
15 4.015E-04 | 3.991E-04 | 3.975E-04 | 4.002E-04 | 3.996E-04 | 3.334E-06
18 4.681E-04 | 4.656E-04 | 4.668E-04 | 4.670E-04 | 4.669E-04 | 2.025E-06
20 5.053E-04 | 5.031E-04 | 5.048E-04 | 5.042E-04 | 5.044E-04 | 1.884E-06
25 5.933E-04 | 5.922E-04 | 5.942E-04 | 5.930E-04 | 5.932E-04 | 1.622E-06
30 6.716E-04 | 6.695E-04 | 6.715E-04 | 6.703E-04 | 6.707E-04 | 2.043E-06
40 8.116E-04 | 8.075E-04 | 8.102E-04 | 8.091E-04 | 8.096E-04 | 3.393E-06
50 9.120E-04 | 9.114E-04 | 9.110E-04 | 9.111E-04 | 9.114E-04 | 9.018E-07

Table 4: the NPL SSE results with the INRiM thermometer (indirect method)

CEM results: INRiIM thermometer, indirect, 6 mm spot

Aperture diameter/

SSE U (k=2)
mm
6.3 0.000000 ]
10.4 0.000265 0.000050
14.1 0.000406 0.000044
19.5 0.000501 0.000034
24.1 0.000591 0.000030
28.9 0.000681 0.000029
33.8 0.000751 0.000028
39.1 0.000827 0.000030
49.1 0.000946 0.000035
59.0 0.001062 0.000046
63.3 0.001220 0.000061
100.0 0.001810 0.000110

Table 5: the CEM SSE results with the INRiM thermometer (indirect mthod)

UME results: INRiM thermometer, indirect, 6 mm spot

Aperture size / mm SSE Usse (k=1.0) U/ %
50 0.001264 3.1E-05 2.49
40 0.001097 2.8E-05 2.52
30 0.000876 2.3E-05 2.63
20 0.000620 1.4E-05 2.32
15 0.000472 8.7E-06 1.85
10 0.000276 4.3E-06 1.55
8 0.000161 2.5E-06 1.57

Table 6: the UME SSE results with the INRiM thermometer (indirect method)
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METAS results: INRiM thermometer, direct method
Aperture diameter/ SSE U (k=2)
mm /°C
50 1.000000 0.00043
40 1.000025 0.00043
35 1.000252 0.00043
30 1.000174 0.00043
27 0.999849 0.00043
23 0.999965 0.00043
20 1.000110 0.00043
17 1.000060 0.00043
13 0.999851 0.00043
10 0.999667 0.00043
7 0.999632 0.00043
5 0.988740 0.00043

Table 7: the METAS SSE results with the INRiM thermometer (direct method)

LNE results: INRiM, indirect method, 6.82 mm spot
Aperture diameter/ SSE U (k=2)
mm
6 0.000001 1.311E-4
8 0.000110 6.227E-5
10 0.000260 1.052E-4
12 0.000369 1.880E-4
15 0.000513 1.319E-4
20 0.000736 1.961E-4
30 0.001264 2.331E-4
40 0.001756 1.757E-4
50 0.002303 1.585E-4
60 0.002883 2.920E-4
70 0.003440 3.703E-4
6 -0.000001 1.311E-4

Table 8: the LNE SSE results with the INRiM thermometer (indirect method)
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INRiIM results: INRiM thermometer, indirect, 6 mm spot

Aperture diameter/ SSE (%) U (%) (k=2)
mm
8 0.0194 0.0007
10 0.0315 0.0011
12 0.0405 0.0014
15 0.0508 0.0017
15 mpt 0.0507 0.0017
20 0.0650 0.0022
25 0.0788 0.0027
30 0.0892 0.0030
35 0.0990 0.0034
40 0.1079 0.0037
50 0.1226 0.0042
60 0.1369 0.0047
70 0.1534 0.0052
80 0.1723 0.0059
90 0.1907 0.0065
100 0.2078 0.0071

Table 9: the INRiM SSE results with the INRiM thermometer (indirect method)

1.2.2  Results of the SSE measurements for the LP5 thermometer

PTB results: LP5 thermometer, direct method
aperture size @ SSE.(®4O mm) Cs—bb. SSE (Q4O mm) Std. dev.| Usse

Jmm Wlthou‘F e- e-correction with e- =1 =2

correction (9 40 mm) correction
40.0 1.000000 1.000000 1.00000 9.9E-06 | 2E-05
30.0 1.000211 1.000429 0.999782 1.2E-05 | 3E-05
20.0 1.000405 1.000736 0.999669 1.3E-05 | 3E-05
15.0 1.000476 1.000844 0.999632 1.4E-05 | 3E-05
10.0 1.000550 1.000921 0.999629 1.4E-05 | 3E-05
7.5 1.000680 1.000948 0.999732 1.4E-05 | 3E-05
5.0 1.000541 1.000967 0.999574 1.5E-05 | 4E-05
4.0 1.000628 1.000973 0.999656 1.5E-05 | 4E-05
3.0 1.000591 1.000977 0.999614 1.6E-05 | 4E-05
2.0 0.99860 1.000980 0.99763 1.3E-04 | 3E-04

Table 10: the PTB SSE results with the LP5 thermometer (direct method)
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NPL measurements: LP5 thermometer, direct method"

Aperture Average | Uncertainty
diameter / SSE run 1 SSErun2 | SSErun3 | SSE run4 SSE (k=2)
mm
1.5 - 0.85652 0.84410 0.85969 0.8534 0.0165
2 0.99706 0.99653 0.99741 0.99429 0.9963 0.0028
2.5 0.99943 0.99937 0.99954 0.99962 0.9995 0.0002
3 0.99950 0.99942 0.99959 0.99969 0.9996 0.0002
4 0.99956 0.99944 0.99963 0.99967 0.9996 0.0002
5 0.99953 0.99957 0.99961 0.99966 0.9996 0.0001
7 0.99954 0.99956 0.99969 0.99958 0.9996 0.0001
9 0.99954 0.99958 0.99968 0.99963 0.9996 0.0001
12 0.99954 0.99968 0.99967 0.99965 0.9996 0.0001
15 0.99950 0.99970 0.99966 0.99970 0.9996 0.0002
20 0.99949 0.99973 0.99969 0.99974 0.9997 0.0002
25 0.99966 0.99984 0.99981 0.99989 0.9998 0.0002
30 0.99963 0.99984 0.99981 0.99990 0.9998 0.0002
40 1.00000 1.00000 1.00000 1.00000 1.0000 0.0000

Table 11: the NPL SSE results with the LPS thermometer (direct method)

" in the calculation of the SSE, the thermometer signals were corrected to compensate for the change in

emissivity of the source as the aperture size was increased.

NPL measurements: LP5 thermometer, indirect method, 3 mm diameter blackbody
Aperture Average Uncertainty
diameter/ | SSErunl | SSErun2 | SSErun3 | SSErun4 SSE (k=2)

mm
4 0.0000513 | 0.0000547 | 0.0000571 | 0.0000605 | 0.0000559 | 0.0000078
5 0.0000558 | 0.0000598 | 0.0000613 | 0.0000605 | 0.0000594 | 0.0000049
6 0.0000661 | 0.0000688 | 0.0000706 | 0.0000725 | 0.0000695 | 0.0000055
7 0.0000683 | 0.0000743 | 0.0000778 | 0.0000824 | 0.0000757 | 0.0000118
9 0.0000848 | 0.0000840 | 0.0000826 | 0.0000915 | 0.0000857 | 0.0000079
12 0.0000913 | 0.0000899 | 0.0000942 | 0.0000988 | 0.0000936 | 0.0000078
15 0.0000984 | 0.0001037 | 0.0001035 | 0.0001065 | 0.0001030 | 0.0000068
18 0.0001052 | 0.0001095 | 0.0001071 | 0.0001084 | 0.0001075 | 0.0000037
20 0.0001100 | 0.0001126 | 0.0001137 | 0.0001159 | 0.0001131 0.0000049
25 0.0001146 | 0.0001182 | 0.0001234 | 0.0001198 | 0.0001190 | 0.0000073
30 0.0001300 | 0.0001324 | 0.0001292 | 0.0001260 | 0.0001294 | 0.0000053
40 0.0001437 | 0.0001466 | 0.0001443 | 0.0001427 | 0.0001443 0.0000033
50 0.0001605 | 0.0001612 | 0.0001597 | 0.0001590 | 0.0001601 0.0000020

Table 12: the NPL SSE results with the LP5 thermometer (indirect method, 3 mm blackbody)
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NPL measurements: LP5 thermometer, indirect method, 6 mm diameter blackbody
Aperture Average Uncertainty
diameter / | SSE run 1 SSErun2 | SSErun3 SSE run 4 SSE (k=2)

mm
7 0.0000221 | 0.0000152 | 0.0000167 | 0.0000105 | 0.0000161 0.0000095
9 0.0000281 | 0.0000209 | 0.0000228 | 0.0000221 | 0.0000235 | 0.0000064
12 0.0000356 | 0.0000306 | 0.0000328 | 0.0000324 | 0.0000329 | 0.0000042
15 0.0000432 | 0.0000407 | 0.0000411 | 0.0000444 | 0.0000423 0.0000035
18 0.0000523 | 0.0000477 | 0.0000509 | 0.0000536 | 0.0000511 0.0000051
20 0.0000500" | 0.0000556 | 0.0000567 | 0.0000591 | 0.0000571 0.0000036
25 0.0000663 | 0.0000674 | 0.0000670 | 0.0000712 | 0.0000680 | 0.0000044
30 0.0000802 | 0.0000821 | 0.0000812 | 0.0000848 | 0.0000821 0.0000039
40 0.0001085 | 0.0001108 | 0.0001105 | 0.0001134 | 0.0001108 | 0.0000041
50 0.0001353 | 0.0001394 | 0.0001369 | 0.0001394 | 0.0001378 | 0.0000040

Table 13: the NPL SSE results with the LP5 thermometer (indirect method, 6 mm blackbody)

T this value is not consistent with the others and has therefore not been included in the average.

CEM results: LP5 thermometer, indirect, 3 mm spot

Aperture diameter/

SSE U (k=2)
mm
6.3 0.000000 -
10.4 0.000059 0.000008
14.1 0.000076 0.000007
19.5 0.000101 0.000005
24.1 0.000117 0.000005
28.9 0.000122 0.000004
33.8 0.000127 0.000004
39.1 0.000131 0.000004
49.1 0.000140 0.000005
59.0 0.000181 0.000008
63.3 0.000207 0.000023
100.0 0.000342 0.000043

Table 14: the CEM SSE results with the LP5 thermometer (indirect method, 3 mm spot)
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CEM results: LP5 thermometer, indirect, 6 mm spot
Aperture diameter/ SSE U (k=2)

mm
6.3 0.000000 -
10.4 0.000018 0.000004
14.1 0.000018 0.000004
19.5 0.000039 0.000004
24.1 0.000054 0.000004
28.9 0.000070 0.000004
33.8 0.000079 0.000004
39.1 0.000086 0.000004
49.1 0.000110 0.000004
59.0 0.000138 0.000005
63.3 0.000169 0.000007
100.0 0.000280 0.000020

Table 15: the CEM SSE results with the LP5 thermometer (indirect method, 6 mm spot)

UME results: LP5 thermometer, indirect, 3 mm spot
Aperture size/ mm SSE Usse (k=1.0) U/ %
50 0.000767 1.3E-05 1.69
40 0.000634 1.2E-05 1.91
30 0.000472 1.0E-05 2.13
20 0.000296 1.2E-05 4.05
15 0.000226 1.3E-05 5.64
10 0.000152 1.4E-05 9.02
8 0.000140 1.0E-05 7.26
5 0.000088 1.1E-05 12.22

Table 16: the UME SSE results with the LPS thermometer (indirect method, 3 mm spot)

UME results: LP5 thermometer, indirect, 6 mm spot
Aperture size/ mm SSE USSE (k=1.0) U/ %
50 0.000677 9.1E-06 1.35
40 0.000544 9.1E-06 1.66
30 0.000365 8.9E-06 2.44
20 0.000204 8.7E-06 4.29
15 0.000141 8.7E-06 6.15
10 0.000061 8.6E-06 14.14
8 0.000043 8.6E-06 20.20

Table 17: the UME SSE results with the LP5 thermometer (indirect method, 6 mm spot)
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METAS results: LP5 thermometer, direct method

Aperture diameter/ SSE U (k=2)
mm /°C

50 1.000000 0.00043
40 1.000008 0.00043
35 1.000058 0.00043
30 1.000008 0.00043
27 1.000023 0.00043
23 1.000104 0.00043
20 1.000150 0.00043
17 1.000116 0.00043
13 1.000092 0.00043
10 1.000286 0.00043
7 1.000311 0.00043
5 1.000236 0.00043

Table 18: the METAS SSE results with the LP5 thermometer (direct method)

LNE results: LP5 thermometer, indirect method, 4 mm spot
Aperture diameter SSE U (k=2)
/ mm
4 0.000004 1.135E-4
6 0.000058 7.929E-4
8 0.000104 9.487E-5
10 0.000146 1.076E-4
12 0.000192 1.810E-4
15 0.000272 6.603E-5
20 0.000408 1.272E-4
30 0.000735 3.393E-4
40 0.001119 1.469E-4
50 0.001553 3.673E-4
60 0.001983 6.053E-4
70 0.002574 8.958E-4
4 -0.000004 1.135E-4

Table 19: the LNE SSE results with the LPS thermometer (indirect method, 4 mm spot)
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LNE results: LP5, indirect method, 6.82 mm spot

Aperture diameter/ SSE U (k=2)

mm
6 -0.00000198 5.178E-06
8 0.00001688 6.346E-05
10 0.00005975 4.280E-05
12 0.00010119 5.094E-05
15 0.00015316 6.190E-05
20 0.00026058 7.539E-05
30 0.00051823 4.275E-04
40 0.00078841 8.068E-04
50 0.00107212 1.485E-03
60 0.00140196 1.723E-03
70 0.00173278 3.130E-03
6 0.00000198 5.178E-06

Table 20: the LNE SSE results with the LP5 thermometer (indirect method, 6.82 mm spot)

INRIM results: LP5 thermometer, indirect method, 3 mm spot

Aperture diameter/ SSE/ U (k=2)/
mm % %

4 0.0041 0.0001
5 0.0073 0.0002
6 0.0091 0.0003
8 0.0118 0.0004
10 0.0150 0.0005
10 rpt 0.0158 0.0005
12 0.0186 0.0006
15 0.0229 0.0007
20 0.0294 0.0009
25 0.0370 0.0012
30 0.0436 0.0014
35 0.0494 0.0016
40 0.0550 0.0018
50 0.0659 0.0021
60 0.0762 0.0024
70 0.0851 0.0027
80 0.0945 0.0030
90 0.1027 0.0033
100 0.1106 0.0035

10

Table 21: the INRiM SSE results with the LPS thermometer (indirect method, 3mm spot)
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INRiIM results: LP5 thermometer, indirect method, 6 mm spot
Aperture diameter/ SSE/ U (k=2)/

mm % %

8 0.0035 0.0001

10 0.0065 0.0002

12 0.0093 0.0003

12 pt 0.0091 0.0003

15 0.0133 0.0004

20 0.0198 0.0006

25 0.0275 0.0009

30 0.0335 0.0011

35 0.0398 0.0013

40 0.0452 0.0014

50 0.0559 0.0018

60 0.0665 0.0021

70 0.0754 0.0024

80 0.0842 0.0027

90 0.0918 0.0029

100 0.0997 0.0032

Table 22: the INRiM SSE results with the LPS thermometer (indirect method, 6 mm spot)

1.3 THE PLOTS OF THE RESULTS OF THE MEASUREMENTS

INRIM thermometer "direct” measurements- all results
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Figure 1: the results of the 'direct' SSE measurements with the INRiM thermometer
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INRIM thermometer "direct” measurements - detail
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Figure 2: the detailed results of the ‘direct’ SSE measurements for the INRiM thermometer
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Figure 3: the results of the 'direct' SSE measurements for the LP5
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LP5 Thermometer "direct” measurements - detail
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Figure 4: the detailed results of the 'direct' SSE measurements for the LP5

LP5 Thermometer "indirect” 3 mm spot - all results
(Note: LNEused 4 mm spot)
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Figure 5: the results of the 'indirect' SSE measurements for the LP5 (3 mm spot)
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LP5 Thermometer "indirect” 3 mm spot - detail
(Note: LNEused 4 mm spot)
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Figure 6: the detailed results of the 'indirect' SSE measurements for the LP5 (3 mm spot)

LP5 Thermometer "indirect” 3 mm spot - detail up to 40 mm diameter
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Figure 7: detailed results of the 'indirect' SSE measurements for the LP5 up to 40 mm diameter (3 mm spot)
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SSE
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Figure 8: results of the 'indirect' SSE measurements for the LP5 (6 mm spot)

SSE

LP5 Thermometer "indirect” measurements 6 mm spot - detail
(Note: LNEused 6.82 mm spot)

0.0020 \

0.0018 +--F-F4--4-1-
0.0016 -
0.0014 -
0.0012 -
0.0010 -
0.0008 + - -} -F---
0.0006 -
0.0004 -

0.0002 - I £
0.0000 - —

L]

T

40

50

70 90 100 110

Aperture diameter/ mm

& NPL
o CEM
X UME
H LNE
A NRIM

Figure 9: detailed results of the 'indirect' SSE measurements for the LP5 (6 mm spot)
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LP5 Thermometer "indirect” measurements 6 mm spot - detail up to 40 mm
diameter aperture (Note: LNEused 6.82 mm spot)
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Figure 10: detailed results of the 'indirect' SSE measurements for the LP5 up to 40 mm diameter (6 mm spot)
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Figure 11: results of the 'indirect' SSE measurements for the INRiM thermometer (6 mm spot)
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INRIM Thermometer "indirect” measurements 6 mm spot - detail
(Note: LNEuses 6.82 mm spot)
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Figure 12: detailed results of the 'indirect' SSE measurements for the INRiM thermometer (6 mm spot)
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Figure 13: detailed results of the 'indirect' SSE measurements for the INRiM thermometer up to 40 mm
diameter (6 mm spot)
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1.4 ANALYSIS OF THE SSE RESULTS, DISCUSSIONS AND CONCLUSIONS

1.4.1  Analysis of the results

The SSE measurements were made using the aperture sizes available at each institute. This resulted in the
measurements being made at a range of different aperture sizes, with only some overlap between institutes.
In order to be able to directly compare all the results, and so that a comparison reference value could be
calculated, the data sets from each participant were initially fitted using a Chebyshev polynomial expression'
[1]. This polynomial expression was then used to provide, for each participant, an interpolated SSE over the
range of apertures used by that participant. The average SSE value could then be calculated for specific
aperture diameters in order to provide a comparison reference value at these diameters. The specific aperture
diameters chosen for the indirect method were 5 mm (for the measurements with the 3 mm diameter spot)
then (for both spots) 7 mm, 10 mm, every 5 mm to 30 mm, and then 40 mm, 50 mm, 60 mm, 70 mm, 80
mm and 100 mm. The specific aperture diameters chosen for the direct method were 3 mm (for the LP5), 5
mm (for both thermometers), 10 mm, and then every 5 mm to 40 mm.

The order of the polynomial fit for each participant was generally chosen to be < n/2, with n being the
number of supplied data pairs (aperture diameter, SSE) from that participant, and ensuring that the fit was a
good approximation to the data considering the estimated uncertainties of the measurements. The root mean
square (rms) residual for each fit was used as an additional uncertainty component and was combined in
quadrature with the participant’s measurement uncertainty. The total uncertainty values were interpolated,
where necessary, to give the values at each of the chosen aperture diameters. Information about the fitting,
including Chebyshev coefficients and residuals and total combined uncertainties, is given in Tables 23 to
64.

In order to compare the results more rigorously a comparison reference value was needed. For each chosen
aperture diameter the mean, weighted mean (weighted with respect to the laboratory measurement
uncertainty) and median SSE values were calculated from the fitted data. The differences (laboratory — mean
or median) were then calculated and the results are shown in Tables 65 to 105 and in the accompanying
Figures. Discontinuities occur when the number of data sets (participants) changes. Since the LNE indirect
measurements were carried out using spots that were different sizes from the other laboratories (although
the measured SSE values were consistently higher than those of the other laboratories), the mean/ median/
weighted mean values and the laboratory differences were calculated both with and without the LNE data.

The arithmetic mean was chosen as the reference value for both thermometers and for both SSE methods.
Since it was simply being used as a tool to facilitate the comparison of the results it was not assigned an
uncertainty.

The calculated degrees of equivalence (DOE) and quantified demonstrated equivalence (QDEys?) values for
pairs of participants are given in Tables 106 to 196 (DOE and QDEys values are, respectively, top right and
bottom left sections of the Tables). The QDEoys values for each pair of labs (i,j) were calculated from the
equation:

1 The Chebyshev coefficients are obtained using values of x transformed to lie in the range (-1/+1) by the equation: xx
= ((x — xmin) — (xmax — x))/(xmax — xmin), xmin and xmax being the minimum and maximum aperture diameters
respectively.

The coefficients a(0), a(l), ..., a(n) are given for the Chebyshev series:
y=05*a(0)+ " (a()*T())

where 77(j) is defined as cos(j*z) and where cos(z) = xx
2 For example, Wood, B. M., Douglas, R. J., Metrologia, 1998, 35, pp 187-196
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~4.05 |ASSE| , |
ODE,; , , =|ASSE]| iy +11.645+0.3295exp - D Equation 1
((9))
|ASSE| , , . .
where (/) is the absolute difference in the SSE values between the two laboratories and u(;, is the

combined k = 1 uncertainty.

The difference between each laboratory and the mean value at each aperture diameter, along with the
estimated £ = 2 measurement uncertainties, are given in the Figures accompanying the Tables.

1.4.2  Discussion of the results

It should be noted that some of the observed differences are due to the fitting function (as evidenced by the
residuals of the fits — see Sections 1.5 and 1.6) and are not a real effect. It should also be noted that there is
a considerable spread in the uncertainty values of the different participants (for example there is about a
factor of ten spread in the uncertainties for the INRiM thermometer using the direct method), as well as
inconsistencies in the results of the participants. It would be interesting to understand the reason(s) behind
some of these inconsistencies, and whether some laboratories have maybe over- or under-estimated any
uncertainty components.

Measurements using the ‘direct’ method:

1) For the INRiM thermometer, the NPL and METAS results are in reasonably good agreement, although
not within the measurement uncertainties, whereas the PTB results are consistently lower and not within the
measurement uncertainties. For the LP5 thermometer, the PTB and NPL results are in good agreement
within the measurement uncertainties whereas the METAS results are consistently higher and not within the
measurement uncertainties.

Measurements using the ‘indirect’ method:

1) As has been stated earlier, LNE used spots that were of a larger diameter than those of the other
laboratories. However, the LNE SSE values are consistently higher, for both thermometers, compared to the
results of the other laboratories, which is counterintuitive. LNE has suggested that this is possibly due to the
arrangement of the LNE SSE apparatus, which has a diaphragm aperture some distance in front of the
integrating sphere and could have resulted in light leakage. Alternatively, it might be that the metal spots
have a not-insignificant transmission.

2) For both the INRiM thermometer and the LP5, the NPL and CEM results are in good agreement with
each other, whereas the UME and INRiM results are consistently higher but in close agreement with each
other. The results, apart from those of LNE, are in better agreement for the INRiM thermometer than for the
LPS.

Comparison between the two methods:

The ‘direct’ and ‘indirect’ methods each provide an assessment of the SSE of a radiation thermometer but
the methodology is different. The ‘direct’ method shows the relative change in signal of the radiation
thermometer as the aperture size is varied, with the results normalised to the signal at the maximum diameter
aperture. The ‘indirect’ method shows the change in ‘residual’ signal (most of the field-of-view of the
radiation thermometer is obscured) relative to the radiance of the integrating sphere and the results are not
normalised to a particular aperture size. Thus the two methods give different values: for a radiation
thermometer with good SSE characteristics the values will be near 1 for the ‘direct” method and small for
the ‘indirect method’. Although initially an attempt was made to directly compare the results between the
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two methods it was found to be overly complex and this was not done. Instead the comparison was limited

to those laboratories using the same method.

1.5 THE FITTING DATA FOR THE INRIM THERMOMETER SSE MEASUREMENTS

1.5.1 Direct SSE measurements

Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
5 0.997250 0.997258 0.000008
7.5 0.999022 0.998980 -0.000042
10 0.999025 0.999111 0.000086
12.5 0.999150 0.999073 -0.000077
15 0.999201 0.999211 0.000010
17.5 0.999342 0.999371 0.000029
20 0.999329 0.999314 -0.000015
30 0.999665 0.999665 0.000000
40 1.000000 1.000000 0.000000
Root mean square residual = 0.000090
Table 23 — the PTB direct SSE measurements with the INRiM thermometer
Table 24 — the Chebyshev polynomial coefficients (PTB, Index Chebyshev coefficient
direct measurements with INRiM thermometer) 0 2.00049019E+00
1 2.50729091E-03
2 6.17030851E-04
3 -3.46389633E-05
4 -1.43854827E-03
5 -1.10147284E-03
6 -7.94785071E-04
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
5 0.998590 0.998619 0.000029
7 0.999790 0.999682 -0.000108
9 0.999870 0.999982 0.000112
12 0.999960 0.999960 0.000000
15 1.000010 0.999942 -0.000068
20 1.000050 1.000107 0.000057
25 1.000110 1.000082 -0.000028
30 1.000050 1.000057 0.000007
40 1.000000 1.000000 0.000000
Root mean square residual = 0.000130

Table 25 — the NPL direct SSE measurements with the INRiM thermometer
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Index Chebyshev coefficient
0 2.00004441E+00
1 5.74066672E-04
Table 26 — the Chebyshev polynomial coefficients (NPL, 2 -1.85389736E-04
direct measurements with INRiM thermometer) 3 1.59177763E-04
4 -3.01357881E-04
5 -4.29280819E-05
6 -2.26001315E-04
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
5 0.988715 0.988741 0.000025
7 0.999607 0.999505 -0.000102
10 0.999643 0.999883 0.000240
13 0.999826 0.999517 -0.000309
17 1.000035 1.000269 0.000234
20 1.000086 1.000080 -0.000005
23 0.999940 0.999749 -0.000191
27 0.999824 1.000014 0.000190
30 1.000149 1.000056 -0.000093
35 1.000227 1.000240 0.000012
40 1.000000 0.999999 -0.000001
Root mean square residual = 0.000388

Table 27 — the METAS direct SSE measurements with the INRiM thermometer

(Note that the METAS data has been adjusted to give the SSE values relative to a 40 mm diameter
aperture to be consistent with the maximum diameter apertures of NPL and PTB.)

Table 28 — the Chebyshev polynomial coefficients
(METAS, direct measurements with INRiM

thermometer)

21

Index Chebyshev coefficient
0 1.99861248E+00
1 2.53117720E-03
2 -1.37947063E-03
3 1.79094451E-03
4 -1.46746192E-03
5 9.00800389E-04
6 -1.32309191E-03
7 4.06293619E-04
8 -7.66480785E-04
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1.5.2 Indirect measurements — 6 mm diameter spot

Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
7 0.000090 0.000093 0.000003
9 0.000208 0.000203 -0.000005
12 0.000320 0.000321 0.000001
15 0.000400 0.000404 0.000004
18 0.000467 0.000467 0.000000
20 0.000504 0.000504 -0.000001
25 0.000593 0.000590 -0.000003
30 0.000671 0.000674 0.000003
40 0.000810 0.000809 -0.000001
50 0.000911 0.000911 0.000000
Root mean square residual = 0.000004
Table 29 — the NPL indirect SSE measurements with the INRiM thermometer
Table 30 - the Chebyshev polynomial coefficients (NPL, Index Chebyshev coefficient
indirect measurements with INRiM thermometer) 0 1.17690672E-03
1 3.75400915E-04
2 -7.33357043E-05
3 2.33295642E-05
4 -1.29803075E-05
5 1.06044545E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
6.3 0.000000 -0.000001 -0.000001
10.4 0.000265 0.000269 0.000004
14.1 0.000406 0.000399 -0.000007
19.5 0.000501 0.000510 0.000009
24.1 0.000591 0.000588 -0.000003
28.9 0.000681 0.000671 -0.000010
33.8 0.000751 0.000756 0.000005
39.1 0.000827 0.000836 0.000009
49.1 0.000946 0.000934 -0.000012
59.0 0.001062 0.001072 0.000010
63.3 0.001220 0.001215 -0.000005
100.0 0.001810 0.001810 0.000000
Root mean square residual = 0.000011

Table 31 — the CEM indirect SSE measurements with the INRiM thermometer
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Index Chebyshev coefficient
0 2.84505341E-03
Table 32 - the Chebyshev polynomial coefficients (CEM, 1 1.43377163E-03
indirect measurements with INRiM thermometer) 2 1.11161150E-04
3 -2.17265280E-04
4 -4.84241062E-04
5 -3.11065800E-04
6 -1.44878010E-04
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
8 0.000161 0.000166 0.000005
10 0.000276 0.000268 -0.000008
15 0.000472 0.000472 0.000000
20 0.000620 0.000625 0.000005
30 0.000876 0.000872 -0.000004
40 0.001097 0.001099 0.000002
50 0.001264 0.001264 0.000000
Root mean square residual = 0.000008
Table 33 - the UME indirect SSE measurements with the INRiM thermometer
Table 34 - the Chebyshev polynomial coefficients (UME, Index Chebyshev coefficient
indirect measurements with INRiM thermometer) 0 1.59065746E-03
1 5.34242855E-04
2 -6.67330627E-05
3 1.44838459E-05
4 -1.36965957E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
6 0.000000 0.000003 0.000003
8 0.000110 0.000125 0.000016
10 0.000260 0.000242 -0.000018
12 0.000369 0.000353 -0.000016
15 0.000513 0.000512 -0.000001
20 0.000736 0.000764 0.000028
30 0.001264 0.001250 -0.000014
40 0.001756 0.001757 0.000001
50 0.002303 0.002305 0.000002
60 0.002883 0.002883 0.000000
70 0.003440 0.003440 0.000000
Root mean square residual = 0.000017

Table 35 - the LNE indirect SSE measurements with the INRiM thermometer (6.82 mm spot)
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Index Chebyshev coefficient
Table 36 - the Chebyshev polynomial coefficients (LNE, 0 3.41197415E-03
indirect measurements with INRiM thermometer) 1 1.70325069E-03
2 3.47455017E-05
3 1.49968337E-05
4 -1.91977895E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
8 0.000194 0.000214 0.000020
10 0.000315 0.000305 -0.000010
12 0.000405 0.000388 -0.000017
15 0.000508 0.000501 -0.000007
20 0.000650 0.000661 0.000011
25 0.000788 0.000791 0.000003
30 0.000892 0.000899 0.000007
35 0.000990 0.000991 0.000001
40 0.001079 0.001073 -0.000006
50 0.001226 0.001221 -0.000005
60 0.001369 0.001371 0.000002
70 0.001534 0.001537 0.000003
80 0.001723 0.001720 -0.000003
90 0.001907 0.001909 0.000002
100 0.002078 0.002077 -0.000001
Root mean square residual = 0.000010
Table 37 - INRiM indirect SSE measurements with the INRiM thermometer
Index Chebyshev coefficient
0 2.48548674E-03
1 8.69673574E-04
Table 38 - the Chebyshev polynomial coefficients 2 -6.70436839E-05
(INRiM, indirect measurements with INRiM 3 6.21703860E-05
thermometer) 4 -3.00531075E-05
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1.6.1 Direct SSE measurements
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
3 0.999614 0.999627 0.000013
4 0.999656 0.999632 -0.000024
5 0.999574 0.999635 0.000061
7.5 0.999732 0.999642 -0.000090
10 0.999629 0.999647 0.000018
15 0.999632 0.999658 0.000026
20 0.999669 0.999675 0.000006
30 0.999782 0.999768 -0.000014
40 1.000000 1.000004 0.000004
Root mean square residual = 0.000053
Table 39 — the PTB direct SSE measurements with the LP5
Table 40 — the Chebyshev polynomial coefficients (PTB, Index Chebyshev coefficient
direct measurements with LP5 thermometer) 0 1.99949828E+00
1 1.68306680E-04
2 6.65231462E-05
3 1.99795384E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
2.5 0.999490 0.999499 0.000009
3 0.999551 0.999537 -0.000014
4 0.999575 0.999579 0.000004
5 0.999593 0.999593 0.000000
7 0.999593 0.999597 0.000004
9 0.999609 0.999606 -0.000003
12 0.999637 0.999633 -0.000004
15 0.999639 0.999645 0.000006
20 0.999662 0.999659 -0.000003
25 0.999800 0.999801 0.000001
30 0.999794 0.999794 0.000000
40 1.000000 1.000000 0.000000
Root mean square residual = 0.000010

Table 41 — the NPL direct SSE measurements with the LP5
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Index Chebyshev coefficient

0 1.99910719E+00
1 -9.20282317E-05
Table 42 — the Chebyshev polynomial coefficients (NPL, 2 -1.21613373E-04
direct measurements with LP5 thermometer) 3 4.53050143E-05
4 1.61771234E-04
5 2.27249438E-04
6 1.55604450E-04
7 7.01209419E-05

Aperture diameter/ SSE (raw data) SSE (fitted data) Residual

mm

5 1.000228 1.000270 0.000041

7 1.000303 1.000251 -0.000052

10 1.000278 1.000218 -0.000060

13 1.000084 1.000180 0.000096

17 1.000109 1.000130 0.000022

20 1.000143 1.000096 -0.000046

23 1.000096 1.000067 -0.000029

27 1.000016 1.000039 0.000023

30 1.000000 1.000025 0.000025

35 1.000050 1.000016 -0.000034

40 1.000000 1.000016 0.000016

Root mean square residual = 0.000058

Table 43 — the METAS direct SSE measurements with the LP5

(Note that the METAS data has been adjusted to give the SSE values relative to a 40 mm diameter
aperture to be consistent with the maximum diameter apertures of NPL and PTB.)

Table 44 — the Chebyshev polynomial coefficients
(METAS, direct measurements with LP5 thermometer)
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Index Chebyshev coefficient
0 2.00018998E+000
1 -1.34251133E-004
2 4.70046345E-005
3 -5.30560445E-006
4 -1.20254445E-005




1.6.2  Indirect measurements — 3 mm diameter spot
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Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
4 0.000056 0.000056 0.000000
5 0.000059 0.000062 0.000003
6 0.000069 0.000069 -0.000001
7 0.000076 0.000074 -0.000002
9 0.000086 0.000084 -0.000002
12 0.000094 0.000095 0.000001
15 0.000103 0.000103 0.000000
18 0.000107 0.000109 0.000002
20 0.000113 0.000113 -0.000001
25 0.000119 0.000120 0.000001
30 0.000129 0.000127 -0.000002
40 0.000144 0.000145 0.000001
50 0.000160 0.000160 0.000000
Root mean square residual = 0.000002
Table 45 — the NPL indirect SSE measurements with the LP5
Table 46 — the Chebyshev polynomial coefficients (NPL, Index Chebyshev coefficient
indirect measurements with LP5 thermometer) 0 2.36172801E-04
1 4.75469723E-05
2 -7.51575789E-06
3 4.64102214E-06
4 -2.85082027E-06
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
3.2 0.000000 0.000001 0.000001
10.4 0.000059 0.000056 -0.000003
14.1 0.000076 0.000078 0.000002
19.5 0.000101 0.000102 0.000001
24.1 0.000117 0.000115 -0.000002
28.9 0.000122 0.000123 0.000001
33.8 0.000127 0.000127 0.000000
39.1 0.000131 0.000129 -0.000002
49.1 0.000140 0.000142 0.000002
59.0 0.000181 0.000180 -0.000001
63.3 0.000207 0.000207 0.000000
100.0 0.000342 0.000342 0.000000
Root mean square residual = 0.000002

Table 47 — the CEM indirect SSE measurements with the LP5
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Table 48— the Chebyshev polynomial coefficients (CEM,
indirect measurements with LP5 thermometer)

Index

Chebyshev coefficient

4.05069880E-04

1.92217845E-04

1.14309484E-05

-7.75393161E-06

-4.26797850E-05

Nk |WIN|—

-1.37467689E-05

Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
5 0.000088 0.000095 0.000007
8 0.000140 0.000129 -0.000011
10 0.000152 0.000154 0.000002
15 0.000226 0.000224 -0.000002
20 0.000296 0.000302 0.000006
30 0.000472 0.000470 -0.000002
40 0.000634 0.000633 -0.000001
50 0.000767 0.000768 0.000001
Root mean square residual = 0.000007
Table 49 — the UME indirect SSE measurements with the LPS
Index Chebyshev coefficient
Table 50 — the Chebyshev polynomial coefficients (UME 0 8.58752344E-04
indirect measurements with LP5 thermometer) , 1 3.47817375E-04
2 1.74197800E-06
3 -1.14132592E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
4 0.000000 0.000001 0.000001
6 0.000058 0.000054 -0.000004
8 0.000104 0.000103 -0.000001
10 0.000146 0.000150 0.000004
12 0.000192 0.000197 0.000005
15 0.000272 0.000270 -0.000002
20 0.000408 0.000404 -0.000004
30 0.000735 0.000733 -0.000002
40 0.001119 0.001127 0.000008
50 0.001553 0.001544 -0.000009
60 0.001983 0.001987 0.000004
70 0.002574 0.002573 -0.000001
Root mean square residual = 0.000006

Table 51 — the LNE indirect SSE measurements with the LPS (4 mm spot)
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Index Chebyshev coefficient
0 2.26626131E-03
Table 52 - the Chebyshev polynomial coefficients (LNE, 1 1.26735708E-03
indirect measurements with LP5 thermometer) 2 1.41212001E-04
3 3.57999058E-06
4 1.30203021E-05
5 1.49742250E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
4 0.000041 0.000051 0.000010
5 0.000073 0.000068 -0.000005
6 0.000091 0.000085 -0.000006
8 0.000118 0.000119 0.000001
10 0.000154 0.000152 -0.000002
12 0.000186 0.000183 -0.000003
15 0.000229 0.000229 0.000000
20 0.000294 0.000302 0.000008
25 0.000370 0.000369 -0.000001
30 0.000436 0.000433 -0.000003
35 0.000494 0.000494 0.000000
40 0.000550 0.000551 0.000001
50 0.000659 0.000659 0.000000
60 0.000762 0.000759 -0.000003
70 0.000851 0.000854 0.000003
80 0.000945 0.000943 -0.000002
90 0.001027 0.001028 0.000001
100 0.001106 0.001106 0.000000
Root mean square residual = 0.000004
Table 53 — the INRIM indirect SSE measurements with the LP5
Table 54 — the Chebyshev polynomial coefficients Index Chebyshev coefficient
(INRiM, indirect measurements with LP5 thermometer) 0 1.26307904E-03
1 5.18372779E-04
2 -5.07067929E-05
3 9.12601710E-06
4 -2.57555545E-06
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1.6.3 Indirect measurements — 6 mm diameter spot

Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
7 0.000016 0.000016 0.000000
9 0.000023 0.000023 0.000000
12 0.000033 0.000034 0.000001
15 0.000042 0.000043 0.000000
18 0.000051 0.000051 0.000000
20 0.000057 0.000056 -0.000001
25 0.000068 0.000069 0.000001
30 0.000082 0.000082 0.000000
40 0.000111 0.000111 0.000000
50 0.000138 0.000138 0.000000
Root mean square residual = 0.000001
Table 55— the NPL indirect SSE measurements with the LP5
Table 56— the Chebyshev polynomial coefficients (NPL, Index Chebyshev coefficient
indirect measurements with LP5 thermometer) 0 1.56924523E-04
1 6.01122606E-05
2 -6.17954252E-07
3 8.72674441E-07
4 -9.94456357E-07
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
6.3 0.000000 0.000003 0.000003
10.4 0.000018 0.000011 -0.000007
14.1 0.000018 0.000022 0.000004
19.5 0.000039 0.000040 0.000001
24.1 0.000054 0.000055 0.000001
28.9 0.000070 0.000068 -0.000002
33.8 0.000079 0.000078 -0.000001
39.1 0.000086 0.000088 0.000002
49.1 0.000110 0.000107 -0.000003
59.0 0.000138 0.000143 0.000005
63.3 0.000169 0.000166 -0.000003
100.0 0.000280 0.000280 0.000000
Root mean square residual = 0.000005

Table 57— the CEM indirect SSE measurements with the LP5
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Index Chebyshev coefficient
0 3.17645999E-04
Table 58— the Chebyshev polynomial coefficients (CEM, 1 1.72114524E-04
indirect measurements with LP5 thermometer) 2 1.11943495E-05
3 -1.89165499E-05
4 -2.86640582E-05
5 -1.45344305E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
8 0.000043 0.000039 -0.000004
10 0.000061 0.000068 0.000007
15 0.000141 0.000136 -0.000005
20 0.000204 0.000206 0.000002
30 0.000365 0.000365 0.000000
40 0.000544 0.000544 0.000000
50 0.000677 0.000677 0.000000
Root mean square residual = 0.000007
Table 59 — the UME indirect SSE measurements with the LPS
Table 60 — the Chebyshev polynomial coefficients (UME, Index Chebyshev coefficient
indirect measurements with LP5 thermometer) 0 7.18282595E-04
1 3.29562367E-04
2 5.04331611E-06
3 -1.06244237E-05
4 -6.04600305E-06
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
6 0.000000 -0.000006 -0.000006
8 0.000017 0.000025 0.000008
10 0.000060 0.000059 -0.000001
12 0.000100 0.000095 -0.000005
15 0.000150 0.000154 0.000004
20 0.000260 0.000263 0.000003
30 0.000520 0.000513 -0.000007
40 0.000790 0.000795 0.000005
50 0.001100 0.001097 -0.000003
60 0.001400 0.001403 0.000003
70 0.001700 0.001699 -0.000001
Root mean square residual = 0.000006

Table 61 — the LNE indirect SSE measurements with the LPS (6.82 mm spot)
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Table 62 — the Chebyshev polynomial coefficients (LNE, Index Chebyshev coefficient
indirect measurements with LP5 thermometer) 0 1.58341705E-03
1 8.71683019E-04
2 5.48251774E-05
3 -1.91595489E-05
Aperture diameter/ SSE (raw data) SSE (fitted data) Residual
mm
8 0.000035 0.000033 -0.000002
10 0.000065 0.000063 -0.000002
12 0.000092 0.000092 0.000000
15 0.000133 0.000135 0.000002
20 0.000198 0.000205 0.000007
25 0.000275 0.000271 -0.000004
30 0.000335 0.000334 -0.000001
35 0.000398 0.000395 -0.000003
40 0.000452 0.000453 0.000001
50 0.000559 0.000562 0.000003
60 0.000665 0.000662 -0.000003
70 0.000754 0.000755 0.000001
80 0.000842 0.000841 -0.000001
90 0.000918 0.000921 0.000003
100 0.000997 0.000996 -0.000001
Root mean square residual = 0.000003
Table 63 — the INRiM indirect SSE measurements with the LP5
Table 64 — the Chebyshev polynomial coefficients Index Chebyshev coefficient
(INRiM, indirect measurements with LP5 thermometer) 0 1.11776914E-03
1 4.77153218E-04
2 -4.43026562E-05
3 4.04405319E-06
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1.7.1 Results for the INRiM thermometer — direct measurements
Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value
mm value value
5 0.998191 0.994872 0.997258
7 0.999361 0.999378 0.999505
10 0.999571 0.999585 0.999643
15 0.999611 0.999703 0.999942
20 0.999740 0.999834 1.000080
25 0.999417 0.999501 0.999809
30 0.999886 0.999926 1.000056
40 1.000000 1.000000 1.000000

Table 65 — the calculated arithmetic and weighted mean and the median SSE values for the direct
measurements with the INRiM thermometer

Aperture Difference (PTB - | Difference (PTB - | Difference (PTB - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
5 -0.000934 0.002385 0.000000 0.002007
7 -0.000525 -0.000543 -0.000670 0.000190
10 -0.000459 -0.000473 -0.000531 0.000176
15 -0.000399 -0.000492 -0.000731 0.000176
20 -0.000426 -0.000520 -0.000766 0.000173
25 -0.000805 -0.000889 -0.001196 0.000173
30 -0.000220 -0.000261 -0.000391 0.000173
40 0.000000 0.000000 0.000000 0.000173

Table 66 — differences between PTB results and averages, direct measurements with the INRiM thermometer

Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
5 0.000428 0.003747 0.001362 0.000164
7 0.000434 0.000416 0.000290 0.000174
10 0.000430 0.000416 0.000358 0.000171
15 0.000332 0.000239 0.000000 0.000165
20 0.000367 0.000273 0.000026 0.000165
25 0.000665 0.000581 0.000273 0.000159
30 0.000171 0.000131 0.000001 0.000155
40 0.000000 0.000000 0.000000 0.000155

Table 67 — differences between NPL results and averages, direct measurements with the INRiM thermometer
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Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (METAS - (METAS - mean | (METAS - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)
5 -0.009451 -0.006132 -0.008517 0.000776
7 0.000144 0.000127 0.000000 0.000776
10 0.000072 0.000058 0.000000 0.000776
15 0.000346 0.000253 0.000014 0.000776
20 0.000340 0.000247 0.000000 0.000776
25 0.000392 0.000308 0.000000 0.000776
30 0.000170 0.000130 0.000000 0.000776
40 -0.000001 -0.000001 -0.000001 0.000776
Table 68 — differences between METAS results and averages, direct measurements with the INRiM
thermometer
Plot of differences (laboratory - median) for INRiM thermometer SSE direct measurements
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Plot of differences (laboratory - mean) for INRiM thermometer SSE direct measurements
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1.7.2  Results for the LP5 thermometer — direct measurements
Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value

mm value value
3 0.999585 0.999582 0.999582
5 0.999723 0.999836 0.999635
7 0.999749 0.999827 0.999641
10 0.999740 0.999817 0.999647
15 0.999789 0.999807 0.999657
20 0.999807 0.999800 0.999675
25 0.999843 0.999846 0.999801
30 0.999859 0.999856 0.999794
40 1.000000 1.000000 1.000000

Table 69 — the calculated arithmetic and weighted mean and the median SSE values for the direct

measurements with the

LP5 thermometer

Aperture Difference (PTB - | Difference (PTB - | Difference (PTB - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
3 0.000043 0.000045 0.000045 0.000113
5 -0.000088 -0.000201 0.000000 0.000113
7 -0.000108 -0.000186 0.000000 0.000112
10 -0.000093 -0.000170 0.000000 0.000110
15 -0.000132 -0.000149 0.000000 0.000110
20 -0.000132 -0.000125 0.000000 0.000110
25 -0.000135 -0.000138 -0.000093 0.000110
30 -0.000090 -0.000088 -0.000026 0.000109
40 0.000004 0.000004 0.000004 0.000108

Table 70 — differences between PTB results and averages, direct measurements with the LP5 thermometer

Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
3 -0.000047 -0.000045 -0.000045 0.000119
5 -0.000130 -0.000243 -0.000042 0.000058
7 -0.000152 -0.000229 -0.000044 0.000069
10 -0.000126 -0.000203 -0.000033 0.000065
15 -0.000144 -0.000162 -0.000013 0.000094
20 -0.000148 -0.000141 -0.000015 0.000119
25 -0.000042 -0.000045 0.000000 0.000101
30 -0.000065 -0.000062 0.000000 0.000119
40 0.000000 0.000000 0.000000 0.000119

Table 71 — differences between NPL results and averages, direct measurements with the LP5 thermometer
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Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (METAS - (METAS - mean | (METAS - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)
5 0.000558 0.000444 0.000646 0.000110
7 0.000492 0.000415 0.000601 0.000110
10 0.000449 0.000372 0.000542 0.000110
15 0.000329 0.000311 0.000461 0.000110
20 0.000259 0.000266 0.000391 0.000110
25 0.000186 0.000183 0.000228 0.000110
30 0.000148 0.000150 0.000213 0.000110
40 -0.000004 -0.000004 -0.000004 0.000110

Table 72 — differences between METAS results and averages, direct measurements with the LP5 thermometer
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Plot of differences (laboratory - mean) for LP5 direct SSE measurements
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1.7.3  Results for the INRiM thermometer — indirect measurements
Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value

mm value value

7 9.1342E-05 7.2240E-05 6.5150E-05

10 2.5562E-04 2.6237E-04 2.4972E-04

15 4.1904E-04 4.6210E-04 4.7174E-04

20 5.2228E-04 6.1449E-04 6.2538E-04

25 6.0650E-04 7.4881E-04 7.5347E-04

30 6.8918E-04 8.7694E-04 8.7169E-04

40 8.2507E-04 1.1170E-03 1.0726E-03

50 9.2620E-04 1.3286E-03 1.2210E-03

60 1.2455E-03 1.7843E-03 1.3711E-03

70 1.5663E-03 2.1976E-03 1.6158E-03

80 2.0299E-03 2.1764E-03 2.1764E-03

100 1.9973E-03 1.9437E-03 1.9437E-03

Table 73 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the INRiM thermometer — 6 mm diameter spot, including all data

Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 1.4606E-06 2.0563E-05 2.7652E-05 0.000008
10 -8.2384E-06 -1.4982E-05 -2.3313E-06 0.000008
15 -1.5483E-05 -5.8542E-05 -6.8182E-05 0.000008
20 -1.8706E-05 -1.1092E-04 -1.2181E-04 0.000008
25 -1.6752E-05 -1.5907E-04 -1.6373E-04 0.000008
30 -1.5618E-05 -2.0337E-04 -1.9812E-04 0.000008
40 -1.6040E-05 -3.0792E-04 -2.6356E-04 0.000008
50 -1.4731E-05 -4.1712E-04 -3.0948E-04 0.000008

Table 74 — differences between NPL results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot, including all data

Aperture Difference (CEM | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

7 -3.2575E-05 -1.3473E-05 -6.3834E-06 0.000055
10 -5.9070E-06 -1.2651E-05 0.0000E+00 0.000055
15 2.8278E-06 -4.0232E-05 -4.9872E-05 0.000047
20 -3.2998E-06 -9.5510E-05 -1.0640E-04 0.000040
25 -3.6572E-06 -1.4597E-04 -1.5063E-04 0.000037
30 1.2568E-06 -1.8650E-04 -1.8125E-04 0.000036
40 2.2536E-05 -2.6935E-04 -2.2499E-04 0.000038
50 1.5319E-05 -3.8707E-04 -2.7943E-04 0.000042
60 -1.4639E-04 -6.8521E-04 -2.7203E-04 0.000054
70 4.9528E-05 -5.8178E-04 0.0000E+00 0.000074
80 6.0266E-04 4.5618E-04 4.5618E-04 0.000086
100 -1.8727E-04 -1.3374E-04 -1.3374E-04 0.000112

Table 75 — differences between CEM results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot, including all data
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Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
10 1.2800E-05 6.0558E-06 1.8707E-05 0.000018
15 5.2700E-05 9.6398E-06 0.0000E+00 0.000024
20 1.0310E-04 1.0892E-05 0.0000E+00 0.000032
25 1.4697E-04 4.6581E-06 0.0000E+00 0.000040
30 1.8251E-04 -5.2501E-06 0.0000E+00 0.000049
40 2.7390E-04 -1.7984E-05 2.6377E-05 0.000058
50 3.3742E-04 -6.4967E-05 4.2670E-05 0.000064

Table 76 — differences between UME results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot, including all data

Aperture Difference (LNE - | Difference (LNE - | Difference (LNE - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 -2.6192E-05 -7.0897E-06 0.0000E+00 0.000048
10 -1.3981E-05 -2.0725E-05 -8.0743E-06 0.000055
15 9.3106E-05 5.0046E-05 4.0406E-05 0.000071
20 2.4152E-04 1.4931E-04 1.3842E-04 0.000083
25 4.0049E-04 2.5817E-04 2.5352E-04 0.000254
30 5.6070E-04 3.7295E-04 3.7820E-04 0.000429
40 9.3150E-04 6.3962E-04 6.8398E-04 0.000808
50 1.3792E-03 9.7679E-04 1.0844E-03 0.001485
60 1.6372E-03 1.0984E-03 1.5116E-03 0.001724
70 1.8735E-03 1.2422E-03 1.8240E-03 0.003131

Table 77 — differences between LNE results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot, including all data

Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRiM- weighted | (INRiM - mean (INRiM - median | uncertainty (fitted
mean SSE) SSE) SSE) data)
10 4.9047E-05 4.2303E-05 5.4954E-05 0.000023
15 8.2148E-05 3.9088E-05 2.9449E-05 0.000026
20 1.3843E-04 4.6220E-05 3.5327E-05 0.000030
25 1.8452E-04 4.2207E-05 3.7549E-05 0.000033
30 2.0993E-04 2.2176E-05 2.7426E-05 0.000036
40 2.4752E-04 -4.4361E-05 0.0000E+00 0.000042
50 2.9475E-04 -1.0764E-04 0.0000E+00 0.000046
60 1.2563E-04 -4.1319E-04 0.0000E+00 0.000051
70 -2.9108E-05 -6.6042E-04 -7.8636E-05 0.000056
80 -3.0969E-04 -4.5618E-04 -4.5618E-04 0.000062
100 8.0214E-05 1.3374E-04 1.3374E-04 0.000073

Table 78 — differences between INRiM results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot, including all data
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Plot of differences (laboratory - median) for INRiM SSE measurements with 6 mm spot
(N.B. LNE uses 6.82 mm)
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Plot of differences (laboratory - weighted mean) for INRiM SSE measurements with 6 mm spot
(N.B. LNE uses 6.82 mm)
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Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value
mm value value
7 9.2066E-05 7.5785E-05 7.5785E-05
10 2.5585E-04 2.6755E-04 2.5907E-04
15 4.1804E-04 4.4959E-04 4.4681E-04
20 5.2033E-04 5.7716E-04 5.7218E-04
25 6.0615E-04 6.8427E-04 6.7815E-04
30 6.8901E-04 7.8370E-04 7.8106E-04
40 8.2498E-04 9.5705E-04 9.6010E-04
50 9.2617E-04 1.0844E-03 1.0812E-03
60 1.2447E-03 1.2351E-03 1.2351E-03
70 1.5659E-03 1.5765E-03 1.5765E-03
80 2.0299E-03 2.1764E-03 2.1764E-03
100 1.9973E-03 1.9437E-03 1.9437E-03

Table 79 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the INRiM thermometer — 6 mm diameter spot **excluding LNE data**

Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 7.3624E-07 1.7018E-05 1.7018E-05 0.000008
10 -8.4637E-06 -2.0164E-05 -1.1685E-05 0.000008
15 -1.4481E-05 -4.6031E-05 -4.3246E-05 0.000008
20 -1.6758E-05 -7.3588E-05 -6.8608E-05 0.000008
25 -1.6401E-05 -9.4524E-05 -8.8410E-05 0.000008
30 -1.5442E-05 -1.1014E-04 -1.0750E-04 0.000008
40 -1.5954E-05 -1.4802E-04 -1.5107E-04 0.000008
50 -1.4694E-05 -1.7292E-04 -1.6977E-04 0.000008

Table 80 — differences between NPL results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot **excluding LNE data**
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Aperture Difference (CEM | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

7 -3.3299E-05 -1.7018E-05 -1.7018E-05 0.000055
10 -6.1323E-06 -1.7832E-05 -9.3534E-06 0.000055
15 3.8293E-06 -2.7720E-05 -2.4936E-05 0.000047
20 -1.3519E-06 -5.8181E-05 -5.3201E-05 0.000040
25 -3.3058E-06 -8.1429E-05 -7.5315E-05 0.000037
30 1.4329E-06 -9.3262E-05 -9.0624E-05 0.000036
40 2.2622E-05 -1.0944E-04 -1.1249E-04 0.000038
50 1.5356E-05 -1.4287E-04 -1.3972E-04 0.000042
60 -1.4564E-04 -1.3601E-04 -1.3601E-04 0.000054
70 4.9907E-05 3.9318E-05 3.9318E-05 0.000074
80 6.0266E-04 4.5618E-04 4.5618E-04 0.000086
100 -1.8727E-04 -1.3374E-04 -1.3374E-04 0.000112

Table 81 — differences between CEM results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot **excluding LNE data**

Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
10 1.2574E-05 8.7449E-07 9.3534E-06 0.000018
15 5.3701E-05 2.2151E-05 2.4936E-05 0.000024
20 1.0505E-04 4.8221E-05 5.3201E-05 0.000032
25 1.4732E-04 6.9202E-05 7.5315E-05 0.000040
30 1.8268E-04 8.7986E-05 9.0624E-05 0.000049
40 2.7399E-04 1.4192E-04 1.3887E-04 0.000058
50 3.3746E-04 1.7923E-04 1.8239E-04 0.000064

Table 82 — differences between UME results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot **excluding LNE data**

Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRiM- weighted (INRiM - mean (INRiM - median | uncertainty (fitted
mean SSE) SSE) SSE) data)
10 4.8821E-05 3.7121E-05 4.5600E-05 0.000023
15 8.3150E-05 5.1600E-05 5.4385E-05 0.000026
20 1.4038E-04 8.3548E-05 8.8528E-05 0.000030
25 1.8487E-04 1.0675E-04 1.1286E-04 0.000033
30 2.1011E-04 1.1541E-04 1.1805E-04 0.000036
40 2.4761E-04 1.1554E-04 1.1249E-04 0.000042
50 2.9479E-04 1.3656E-04 1.3972E-04 0.000046
60 1.2639E-04 1.3601E-04 1.3601E-04 0.000051
70 -2.8729E-05 -3.9318E-05 -3.9318E-05 0.000056
80 -3.0969E-04 -4.5618E-04 -4.5618E-04 0.000062
100 8.0214E-05 1.3374E-04 1.3374E-04 0.000073

Table 83 — differences between INRiM results and averages, indirect measurements with the INRiM
thermometer, 6 mm diameter spot **excluding LNE data**
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Plot of differences (laboratory - mean) for INRiM SSE with 6 mm spot

(excluding LNE data)
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Plot of differences (laboratory - weighted mean) for INRiM SSE with 6 mm spot
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1.7.4  LP5 Results — indirect measurements with 3 mm diameter spot

Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value
mm value value
5 5.6519E-05 5.3824E-05 6.2365E-05
7 7.2728E-05 8.0705E-05 7.8446E-05
10 9.4810E-05 1.1937E-04 1.4989E-04
15 1.1827E-04 1.8191E-04 2.2428E-04
20 1.2921E-04 2.4489E-04 3.0154E-04
25 1.4384E-04 3.1001E-04 3.6936E-04
30 1.4803E-04 3.7762E-04 4.3323E-04
40 1.5973E-04 5.1735E-04 5.5122E-04
50 1.7555E-04 6.5499E-04 6.5907E-04
60 2.9518E-04 9.7739E-04 7.5941E-04
70 5.4476E-04 1.2295E-03 8.5395E-04
80 6.5926E-04 6.4846E-04 6.4846E-04
100 7.8960E-04 7.2388E-04 7.2388E-04

Table 84 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the LP5 thermometer, 3 mm diameter spot, including all data
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Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
5 5.8466E-06 8.5407E-06 0.0000E+00 0.000005
7 1.4181E-06 -6.5591E-06 -4.3001E-06 0.000007
10 -6.9667E-06 -3.1522E-05 -6.2049E-05 0.000006
15 -1.5273E-05 -7.8908E-05 -1.2129E-04 0.000005
20 -1.6694E-05 -1.3237E-04 -1.8902E-04 0.000005
25 -2.3965E-05 -1.9014E-04 -2.4949E-04 0.000005
30 -2.0726E-05 -2.5032E-04 -3.0593E-04 0.000005
40 -1.4470E-05 -3.7208E-04 -4.0596E-04 0.000004
50 -1.5641E-05 -4.9508E-04 -4.9916E-04 0.000004

Table 85 — differences between NPL results and averages, indirect measurements with the LPS thermometer,
3 mm diameter spot, including all data

Aperture Difference (CEM- | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

5 -4.0810E-05 -3.8116E-05 -4.6657E-05 0.000009
7 -4.1097E-05 -4.9074E-05 -4.6815E-05 0.000009
10 -4.1435E-05 -6.5990E-05 -9.6517E-05 0.000009
15 -3.5234E-05 -9.8869E-05 -1.4125E-04 0.000008
20 -2.5141E-05 -1.4082E-04 -1.9747E-04 0.000006
25 -2.6641E-05 -1.9281E-04 -2.5216E-04 0.000006
30 -2.3870E-05 -2.5346E-04 -3.0907E-04 0.000006
40 -2.9866E-05 -3.8748E-04 -4.2135E-04 0.000006
50 -3.1587E-05 -5.1103E-04 -5.1511E-04 0.000007
60 -1.0938E-04 -7.9160E-04 -5.7362E-04 0.000012
70 -2.8337E-04 -9.6815E-04 -5.9256E-04 0.000027
80 -3.0579E-04 -2.9499E-04 -2.9499E-04 0.000032
100 -4.4759E-04 -3.8188E-04 -3.8188E-04 0.000043

Table 86 — differences between CEM results and averages, indirect measurements with the LP5 thermometer,
3 mm diameter spot, including all data

Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
5 3.8196E-05 4.0890E-05 3.2349E-05 0.000026
7 4.4231E-05 3.6253E-05 3.8512E-05 0.000025
10 5.9256E-05 3.4701E-05 4.1741E-06 0.000031
15 1.0601E-04 4.2377E-05 0.0000E+00 0.000030
20 1.7315E-04 5.7470E-05 8.2004E-07 0.000028
25 2.4145E-04 7.5277E-05 1.5931E-05 0.000026
30 3.2204E-04 9.2443E-05 3.6833E-05 0.00024
40 4.7340E-04 1.1579E-04 8.1915E-05 0.000028
50 5.9197E-04 1.1253E-04 1.0845E-04 0.000030

Table 87 — differences between UME results and averages, indirect measurements with the LP5 thermometer,
3 mm diameter spot, including all data
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Aperture Difference (LNE - | Difference (LNE - | Difference (LNE - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
5 -2.8402E-05 -2.5708E-05 -3.4248E-05 0.000097
7 5.7182E-06 -2.2591E-06 0.0000E+00 0.000088
10 5.5082E-05 3.0527E-05 0.0000E+00 0.000108
15 1.5175E-04 8.8119E-05 4.5742E-05 0.000067
20 2.7474E-04 1.5907E-04 1.0242E-04 0.000128
25 4.1450E-04 2.4833E-04 1.8899E-04 0.000234
30 5.8532E-04 3.5573E-04 3.0012E-04 0.000340
40 9.6752E-04 6.0990E-04 5.7603E-04 0.000147
50 1.3689E-03 8.8949E-04 8.8541E-04 0.000367
60 1.6918E-03 1.0096E-03 1.2276E-03 0.000605
70 2.0285E-03 1.3437E-03 1.7193E-03 0.000896

Table 88 — differences between LNE results and averages, indirect measurements with the LPS thermometer,
3 mm diameter spot, including all data

Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRIM - (INRiM - mean (INRiM - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)

5 1.1699E-05 1.4393E-05 5.8527E-06 0.000008
7 2.9616E-05 2.1639E-05 2.3898E-05 0.000009
10 5.6838E-05 3.2283E-05 1.7559E-06 0.000009
15 1.1092E-04 4.7280E-05 4.9026E-06 0.000011
20 1.7233E-04 5.6650E-05 0.0000E+00 0.000012
25 2.2552E-04 5.9346E-05 0.0000E+00 0.000014
30 2.8520E-04 5.5609E-05 0.0000E+00 0.000016
40 3.9149E-04 3.3873E-05 0.0000E+00 0.000019
50 4.8352E-04 4.0819E-06 0.0000E+00 0.000023
60 4.6424E-04 -2.1798E-04 0.0000E+00 0.000026
70 3.0919E-04 -3.7559E-04 0.0000E+00 0.000028
80 2.8419E-04 2.9499E-04 2.9499E-04 0.000031
100 3.1616E-04 3.8188E-04 3.8188E-04 0.000036

Table 89 — differences between INRiM results and averages, indirect measurements with the LP5
thermometer, 3 mm diameter spot, including all data

47



NPL Report ENG 67

Plot of differences (laboratory - mean) for LP5 SSE measurements with 3 mm spot
(N.B. LNE uses 4 mm)
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Plot of differences (laboratory - weighted mean) for LP5 SSE measurements with 3 mm spot

(N.B. LNE uses 4 mm)
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Aperture diameter/ mm
Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value
mm value value
5 5.6559E-05 6.0251E-05 6.5291E-05
10 7.2712E-05 8.1270E-05 8.8245E-05
15 9.4727E-05 1.1173E-04 1.1975E-04
20 1.1772E-04 1.5988E-04 1.6364E-04
25 1.2900E-04 2.0512E-04 2.0703E-04
30 1.4372E-04 2.4793E-04 2.4462E-04
40 1.4797E-04 2.8869E-04 2.8027E-04
50 1.5923E-04 3.6487E-04 3.4824E-04
60 1.7543E-04 4.3262E-04 4.0949E-04
70 2.9460E-04 4.7260E-04 4.7260E-04
80 5.4379E-04 5.5767E-04 5.5767E-04
90 6.5926E-04 6.4846E-04 6.4846E-04
100 7.8960E-04 7.2388E-04 7.2388E-04

Table 90 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the LP5 thermometer — 3 mm diameter spot **excluding LNE data**
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Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
5 5.8056E-06 2.1137E-06 -2.9264E-06 0.000005
7 1.4340E-06 -7.1239E-06 -1.4099E-05 0.000007
10 -6.8833E-06 -2.3890E-05 -3.1902E-05 0.000006
15 -1.4724E-05 -5.6878E-05 -6.0643E-05 0.000005
20 -1.6478E-05 -9.2604E-05 -9.4510E-05 0.000005
25 -2.3848E-05 -1.2806E-04 -1.2474E-04 0.000005
30 -2.0663E-05 -1.6139E-04 -1.5296E-04 0.000005
40 -1.3968E-05 -2.1961E-04 -2.0298E-04 0.000004
50 -1.5522E-05 -2.7271E-04 -2.4958E-04 0.000004

Table 91 — differences between NPL results and averages, indirect measurements with the LP5 thermometer,

3 mm diameter spot **excluding LNE data**

Aperture Difference (CEM- | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

5 -4.0851E-05 -4.4543E-05 -4.9583E-05 0.000009
7 -4.1081E-05 -4.9639E-05 -5.6614E-05 0.000009
10 -4.1351E-05 -5.8358E-05 -6.6370E-05 0.000009
15 -3.4685E-05 -7.6839E-05 -8.0603E-05 0.000008
20 -2.4925E-05 -1.0105E-04 -1.0296E-04 0.000006
25 -2.6524E-05 -1.3073E-04 -1.2742E-04 0.000006
30 -2.3807E-05 -1.6453E-04 -1.5611E-04 0.000006
40 -2.9363E-05 -2.3500E-04 -2.1837E-04 0.000006
50 -3.1467E-05 -2.8865E-04 -2.6553E-04 0.000007
60 -1.0880E-04 -2.8681E-04 -2.8681E-04 0.000012
70 -2.8240E-04 -2.9628E-04 -2.9628E-04 0.000027
80 -3.0579E-04 -2.9499E-04 -2.9499E-04 0.000032
100 -4.4759E-04 -3.8188E-04 -3.8188E-04 0.000043

Table 92 — differences between CEM results and averages, indirect measurements with the LP5 thermometer,

3 mm diameter spot**excluding LNE data**

Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
5 3.8155E-05 3.4463E-05 2.9423E-05 0.000026
7 4.4247E-05 3.5689E-05 2.8713E-05 0.000025
10 5.9339E-05 4.2333E-05 3.4321E-05 0.000031
15 1.0656E-04 6.4407E-05 6.0643E-05 0.000030
20 1.7336E-04 9.7237E-05 9.5330E-05 0.000028
25 2.4157E-04 1.3736E-04 1.4067E-04 0.000026
30 3.2210E-04 1.8138E-04 1.8980E-04 0.00024
40 4.7390E-04 2.6826E-04 2.8489E-04 0.000028
50 5.9209E-04 3.3491E-04 3.5803E-04 0.000030

Table 93 — differences between UME results and averages, indirect measurements with the LP5 thermometer,
3 mm diameter spot **excluding LNE data**
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Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRIM - (INRiM - mean (INRIM - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)

5 1.1658E-05 7.9665E-06 2.9264E-06 0.000008
7 2.9632E-05 2.1074E-05 1.4099E-05 0.000009
10 5.6921E-05 3.9915E-05 3.1902E-05 0.000009
15 1.1146E-04 6.9310E-05 6.5545E-05 0.000011
20 1.7254E-04 9.6417E-05 9.4510E-05 0.000012
25 2.2564E-04 1.2143E-04 1.2474E-04 0.000014
30 2.8527E-04 1.4454E-04 1.5296E-04 0.000016
40 3.9199E-04 1.8635E-04 2.0298E-04 0.000019
50 4.8364E-04 2.2645E-04 2.4958E-04 0.000023
60 4.6481E-04 2.8681E-04 2.8681E-04 0.000026
70 3.1016E-04 2.9628E-04 2.9628E-04 0.000028
80 2.8419E-04 2.9499E-04 2.9499E-04 0.000031
100 3.1616E-04 3.8188E-04 3.8188E-04 0.000036

Table 94 — differences between INRiM results and averages, indirect measurements with the LP5
thermometer, 3 mm diameter spot **excluding LNE data**

Difference (laboratory - mean)

Plot of differences (laboratory - mean) for LP5 SSE with 3 mm spot
(excluding LNE data)
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Plot of differences (laboratory - median) for LP5 SSE with 3 mm spot

(excluding LNE data)
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1.7.5 LPS5 Results — indirect measurements with 6 mm diameter spot
Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value

mm value value
7 1.3529E-05 9.5983E-06 9.3378E-06
10 3.3536E-05 4.5404E-05 5.9160E-05
15 5.2770E-05 9.8638E-05 1.3538E-04
20 6.9223E-05 1.5415E-04 2.0454E-04
25 8.4726E-05 2.1230E-04 2.7075E-04
30 9.6804E-05 2.7296E-04 3.3415E-04
40 1.2543E-04 3.9837E-04 4.5300E-04
50 1.5254E-04 5.1664E-04 5.6207E-04
60 2.5738E-04 7.3757E-04 6.6237E-04
70 3.4126E-04 8.8881E-04 7.5489E-04
80 4.3531E-04 5.6657E-04 5.6657E-04
100 5.1038E-04 6.3790E-04 6.3790E-04

Table 95 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the LP5 thermometer — 6 mm diameter spot, including all data

Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 0.000002 0.000006 0.000007 0.000005
10 -0.000007 -0.000018 -0.000032 0.000003
15 -0.000010 -0.000056 -0.000093 0.000003
20 -0.000013 -0.000098 -0.000149 0.000003
25 -0.000016 -0.000143 -0.000202 0.000003
30 -0.000015 -0.000191 -0.000252 0.000003
40 -0.000015 -0.000288 -0.000342 0.000003
50 -0.000015 -0.000379 -0.000424 0.000003

Table 96 — differences between NPL results and averages, indirect measurements with the LP5 thermometer,

6 mm diameter spot, including all data

Aperture Difference (CEM | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

7 -0.000010 -0.000006 -0.000006 0.000011
10 -0.000024 -0.000036 -0.000049 0.000011
15 -0.000028 -0.000074 -0.000110 0.000011
20 -0.000027 -0.000112 -0.000162 0.000011
25 -0.000027 -0.000155 -0.000213 0.000011
30 -0.000026 -0.000202 -0.000264 0.000011
40 -0.000036 -0.000309 -0.000364 0.000011
50 -0.000043 -0.000407 -0.000453 0.000011
60 -0.000110 -0.000590 -0.000515 0.000011
70 -0.000129 -0.000676 -0.000542 0.000014
80 -0.000143 -0.000274 -0.000274 0.000016
100 -0.000230 -0.000358 -0.000358 0.000022

Table 97 — differences between CEM results and averages, indirect measurements with the LP5 thermometer,

6 mm diameter spot, including all data
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Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
10 0.000034 0.000023 0.000009 0.000022
15 0.000083 0.000037 0.000001 0.000022
20 0.000136 0.000051 0.000001 0.000022
25 0.000197 0.000069 0.000011 0.000022
30 0.000269 0.000092 0.000031 0.000023
40 0.000418 0.000145 0.000091 0.000023
50 0.000525 0.000160 0.000115 0.000023

Table 98 — differences between UME results and averages, indirect measurements with the LP5 thermometer,
6 mm diameter spot, including all data

Aperture Difference (LNE - | Difference (LNE - | Difference (LNE - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 -0.000004 0.000000 0.000000 0.000097
10 0.000026 0.000014 0.000000 0.000106
15 0.000101 0.000056 0.000019 0.000132
20 0.000193 0.000108 0.000058 0.000196
25 0.000298 0.000170 0.000112 0.000215
30 0.000416 0.000240 0.000178 0.000233
40 0.000670 0.000397 0.000342 0.000176
50 0.000944 0.000580 0.000535 0.000159
60 0.001145 0.000665 0.000740 0.000292
70 0.001358 0.000810 0.000944 0.000370

Table 99 — differences between LNE results and averages, indirect measurements with the LPS thermometer,
6 mm diameter spot, including all data

Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRiIM - (INRiM - mean (INRiM - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)
10 0.000030 0.000018 0.000004 0.000006
15 0.000083 0.000037 0.000000 0.000007
20 0.000135 0.000050 0.000000 0.000009
25 0.000186 0.000058 0.000000 0.000011
30 0.000237 0.000061 0.000000 0.000012
40 0.000328 0.000055 0.000000 0.000016
50 0.000410 0.000045 0.000000 0.000019
60 0.000405 -0.000075 0.000000 0.000022
70 0.000414 -0.000134 0.000000 0.000025
80 0.000405 0.000274 0.000274 0.000028
100 0.000485 0.000358 0.000358 0.000032

Table 100 — differences between INRiM results and averages, indirect measurements with the LP5
thermometer, 6 mm diameter spot, including all data
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Plot of differences (laboratory - mean) for LP5 SSE measurements with 6 mm spot
(N.B. LNE uses 6.82 mm)
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Plot of differences (laboratory - weighted mean) for LP5 SSE measurements with 6 mm spot
(N.B. LNE uses 6.82 mm)

0.0014
|}
|}
l..
|}
]
0.0012 "
|}
]
|}
]
.I
_. 0.001 4 ..'
c
3 ....l
_E [] + NPL - weighted mean
ﬁ 0.0008 2" = LNE - weighted mean
% u A INRiM - weighted mean
3 _— x UME - weighted mean
> = O CEM - weight
2 0.0006 ot C weighted mean
g l.. XX
X
E .l. XXXXX><
8 0.0004 - u xX NS RYYYYVVYOTY
% .'. X% akrt anaaanard
] l. X AAAA
= ] ><XX A
a n XXaA
0.0002 " x*ﬂu
" xx*
X
g
"l

0 gl

55 60 65 70
OOOOOOOOOOOOOOOOOOOO

-0.0002

Aperture diameter/ mm

Aperture diameter/ Weighted mean SSE Arithmetic mean SSE Median SSE value
mm value value
7 1.3539E-05 9.7286E-06 9.7286E-06
10 3.3518E-05 4.1965E-05 4.5082E-05
15 5.2737E-05 8.4760E-05 8.8958E-05
20 6.9192E-05 1.2705E-04 1.3027E-04
25 8.4677E-05 1.6972E-04 1.6982E-04
30 9.6752E-05 2.1304E-04 2.0814E-04
40 1.2528E-04 2.9912E-04 2.8182E-04
50 1.5227E-04 3.7163E-04 3.4995E-04
60 2.5600E-04 4.0505E-04 4.0505E-04
70 3.3982E-04 4.8368E-04 4.8368E-04
80 4.3531E-04 5.6657E-04 5.6657E-04
100 5.1038E-04 6.3790E-04 6.3790E-04

Table 101 — the calculated arithmetic and weighted mean and the median SSE values for the indirect
measurements with the LP5 thermometer — 6 mm diameter spot **excluding LNE data
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Aperture Difference (NPL - | Difference (NPL - | Difference (NPL - Total (k= 2)
diameter/ mm weighted mean mean SSE) median SSE) uncertainty (fitted
SSE) data)
7 0.000002 0.000006 0.000006 0.000005
10 -0.000007 -0.000015 -0.000018 0.000003
15 -0.000010 -0.000042 -0.000046 0.000003
20 -0.000013 -0.000071 -0.000074 0.000003
25 -0.000016 -0.000101 -0.000101 0.000003
30 -0.000015 -0.000131 -0.000126 0.000003
40 -0.000015 -0.000188 -0.000171 0.000003
50 -0.000014 -0.000234 -0.000212 0.000003

Table 102 — differences between NPL results and averages, indirect measurements with the LPS thermometer,
6 mm diameter spot **excluding LNE data **

Aperture Difference (CEM | Difference (CEM | Difference (CEM Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)

7 -0.000010 -0.000006 -0.000006 0.000011
10 -0.000024 -0.000032 -0.000035 0.000011
15 -0.000028 -0.000060 -0.000064 0.000011
20 -0.000027 -0.000085 -0.000088 0.000011
25 -0.000027 -0.000112 -0.000112 0.000011
30 -0.000026 -0.000143 -0.000138 0.000011
40 -0.000036 -0.000210 -0.000193 0.000011
50 -0.000043 -0.000262 -0.000240 0.000011
60 -0.000108 -0.000257 -0.000257 0.000011
70 -0.000127 -0.000271 -0.000271 0.000014
80 -0.000143 -0.000274 -0.000274 0.000016
100 -0.000230 -0.000358 -0.000358 0.000022

Table 103 — differences between CEM results and averages, indirect measurements with the LPS
thermometer, 6 mm diameter spot **excluding LNE data **

Aperture Difference (UME | Difference (UME | Difference (UME Total (k= 2)
diameter/ mm - weighted mean - mean SSE) - median SSE) uncertainty (fitted
SSE) data)
10 0.000034 0.000026 0.000023 0.000022
15 0.000083 0.000051 0.000047 0.000022
20 0.000136 0.000079 0.000075 0.000022
25 0.000197 0.000112 0.000112 0.000022
30 0.000269 0.000152 0.000157 0.000023
40 0.000418 0.000245 0.000262 0.000023
50 0.000525 0.000305 0.000327 0.000023

Table 104 — differences between UME results and averages, indirect measurements with the LPS
thermometer, 6 mm diameter spot **excluding LNE data **
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Aperture Difference Difference Difference Total (k= 2)
diameter/ mm (INRiM - (INRiM - mean (INRIM - median | uncertainty (fitted
weighted mean SSE) SSE) data)
SSE)
10 0.000030 0.000021 0.000018 0.000006
15 0.000083 0.000051 0.000046 0.000007
20 0.000135 0.000077 0.000074 0.000009
25 0.000186 0.000101 0.000101 0.000011
30 0.000237 0.000121 0.000126 0.000012
40 0.000328 0.000154 0.000171 0.000016
50 0.000410 0.000190 0.000212 0.000019
60 0.000406 0.000257 0.000257 0.000022
70 0.000415 0.000271 0.000271 0.000025
80 0.000405 0.000274 0.000274 0.000028
100 0.000485 0.000358 0.000358 0.000032

Table 105 — differences between INRiM results and averages, indirect measurements with the LP5
thermometer, 6 mm diameter spot **excluding LNE data **
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2  THE GAIN RATIO MEASUREMENTS

2.1 APPARATUS USED FOR GAIN RATIO MEASUREMENTS

The results of the measurements of the gain and range ratios of the two thermometers are given in Tables
197 to 203. The majority of the laboratories measured the gain ratios using a stable reference blackbody
source set at appropriate temperatures. The INRiM measurements were made using a high stability
tungsten ribbon lamp and/or an integrating sphere with suitable neutral filters mounted on the front of

the objective of the thermometers.

2.2 RESULTS OF THE MEASUREMENTS

2.2.1 The results for the LP5 thermometer

Laboratory Nominal source Range ratio R2/ R1 Uncertainty (k=2)
temperature/ °C

PTB 420 0.999822° 1E"A
PTB 600 1.000063 SE™A
NPL 500 1.000352 0.000204
CEM 400 to 600 1.000452 0.00106
UME 232 0.982026 0.083850
UME 250 0.997150 0.031816
LNE 600 0.009907* 0.018392

METAS 420 1.000552 0.00105 °C

INRiM N/A 1.001268 0.000094

Table 197: the results of the range ratio measurements with the LP5 thermometer

¥ This is the average of two values

*The LNE value was measured using the LP5 analogue output (voltage) rather than the photocurrent,
and is not consistent with the other values. It has therefore not been included in the subsequent analysis.
(This only affects the range ratio measurements; the other measurements were carried out using the
photocurrent.)

2.2.2  The results for the INRiM thermometer

CEM calculated the gain ratios by converting the thermometer signals from voltage to current using the
value of the amplifier gain setting, leading to gain ratios of ~1.0. In order to compare the CEM results
with those of the other laboratories, the values have been re-calculated by converting the signals back
to the ‘raw’ voltage values. The CEM values in square brackets are the original values.

Laboratory INRiM gain ratio x10'%/ x10° Uncertainty (k=2)
PTB 9.21948 0.00080
NPL 9.21781 0.00303
CEM [0.92143]9.21425 [0.024017 0.24014
UME 9.21615 0.02642
LNE - -

METAS 9.22504 0.00105 °C
INRiM - -

Table 198: the results of the gain ratio measurements for the INRiM thermometer (x10'’/ x10° gains)
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Laboratory INRiM gain ratio x10°/ x10° Uncertainty (k=2)
PTB 10.89522 0.00090
NPL 10.88970 0.00615
CEM [1.08874] 10.88744 [0.00128]0.1278
UME 10.88964 0.00071
LNE - -

METAS 10.89079 0.00105 °C
INRiM 10.88963 0.00102

Table 199: the results of the gain ratio measurements for the INRiM thermometer (x10° x10® gains)

Laboratory INRiM gain ratio x10%/ x10’ Uncertainty (k=2)
PTB 10.05744 0.00001
NPL 10.05739 0.00137
CEM [1.00575] 10.05747 [0.00014] 0.00137
UME - -

LNE 10.06362 0.00302
METAS - -
INRiM 10.05765 0.00095

Table 200: the results of the gain ratio measurements for the INRiM thermometer (x10% x107 gains)

Laboratory INRiM gain ratio x107/ x10° Uncertainty (k=2)
PTB 9.99478 0.00002
NPL 9.99382 0.00097
CEM [0.999481 9.99482 [0.00020] 0.00203
UME 9.99496 0.00095
LNE 9.99980 0.00127

METAS 9.99241 0.00105 °C
INRIiM 9.99524 0.00094

Table 201: the results of the gain ratio measurements for the INRiM thermometer (x107/ x10° gains)

Laboratory INRiM gain ratio x10% x10° Uncertainty (k=2)
PTB 10.00859 0.00002
NPL 10.00861 0.00053
CEM [1.00034] 10.00335 [0.00010] 0.00097
UME 9.97569 0.00721
LNE 10.00582 0.00080

METAS 10.00498 0.00105 °C
INRIM 10.00430 0.00094

Table 202: the results of the gain ratio measurements for the INRiM thermometer (x10% x10° gains)
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Laboratory INRiM gain ratio x10%/ x10* Uncertainty (k=2)
PTB 9.89589 0.00003
NPL 9.89421 0.00049
CEM [0.98984] 9.89844 [0.00020] 0.00199
UME 9.87689 0.20126
LNE - -

METAS 9.89060 0.00105 °C
INRiM - -

Table 203: the results of the gain ratio measurements for the INRiM thermometer (x10% x10* gains)

The results are plotted graphically in the seven Figures below, along with the £ = 2 uncertainty bars.
Where the gain/ range ratio uncertainty was given in terms of a different unit (for example, the METAS
uncertainties were given in terms of an equivalent temperature uncertainty) the values were converted

to be in terms of the gain/ range ratio value, so that all the results could be plotted and compared
consistently.
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2.3 ANALYSIS OF THE GAIN RATIO RESULTS

For the LP5 thermometer, when a laboratory had provided two or more values for the range ratio,
measured at different source temperatures, the average value for that laboratory was calculated.

The mean and median values of the participant results were then calculated for each of the measured
gain or range ratios. As was noted previously, the LNE result for the LP5 was not consistent with those
of the other laboratories, due to it having been measured using the analogue (voltage) signal rather than
the photocurrent, and so it has not been included in any of the analysis.

Summaries of the mean and median values are given in Tables 204 to 210 below, along with the
difference (laboratory — mean or median). The differences are also plotted in the Figures following Table
210. Two uncertainty values (k = 2) are given: the first is the laboratory uncertainty; the other is the
laboratory uncertainty combined with the standard deviation (stdev) of the mean (i.e. the standard
deviation divided by V(number of measurements)).

It was felt to be inappropriate to analyse the results further by calculating the DOE and QDEys values.

2.3.1  Average results for the LP5
Diff from Diff from Laboratory U (k=2) with
Laboratory] R2/R1 mean median u (k=1) U (k=2) |stdev of mean
of all results
PTB 0.999902* 0.001645 -0.000500 0.000169 |0.000337*| 0.004523
NPL 1.000352 0.002095 -0.000050 0.000102 | 0.000204 | 0.004515
CEM 1.000452 0.002195 0.000050 0.000530 | 0.001060 | 0.004634
UME 0.987016* -0.011241 -0.013386 0.021888 10.043776* | 0.044008
LNE 0.009907 -0.988350 -0.990495 0.018392
METAS | 1.000552 0.002295 0.000150 0.000011 | 0.000022 | 0.004511
INRiM 1.001268 0.003011 0.000866 0.000047 | 0.000094 | 0.004512
Average  0.998257
Stdev 0.005525
/N(n) 0.002255
Median  1.000402

Table 204: the differences from the mean and median for the LPS range ratio results

* average values calculated. The total laboratory uncertainty includes the stated laboratory uncertainty
plus additional uncertainty for the standard deviation of the mean laboratory value.
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2.3.2  Average results for the INRiM thermometer

Diff from Diff from U (k=2) with
Laboratory|10°10/10"9 mean median u(k=1) | U (k=2) |stdev of mean
of all results
PTB 9.21948 0.00094 0.00167 0.00040 | 0.00080 0.00377
NPL 9.21781 -0.00073 0.00000 0.00152 | 0.00303 0.00477
CEM 9.21425 -0.00430 -0.00356 0.12007 | 0.24014 0.24017
UME 9.21615 -0.00240 -0.00167 0.01321 | 0.02642 0.02668
LNE
METAS | 9.22504 0.00650 0.00723 0.00024 | 0.00047 0.00371
INRIM

Average 9.21855
Stdev  0.00412
Am)  0.00184

Median  9.21781

Table 205: the differences from the mean and median for the INRiM x10'%/ x10° gain ratio results

Diff from Diff from U (k=2) with

Laboratory| 109/10"8 mean median u(k=1) | U (k=2) |stdev of mean

of all results
PTB 10.89522 0.00482 0.00555 0.00045 | 0.00090 0.00231
NPL 10.88970 -0.00070 0.00003 0.00308 | 0.00615 0.00651
CEM 10.88744 -0.00296 -0.00223 0.00639 | 0.01278 0.01295
UME 10.88964 -0.00076 -0.00003 0.00035 | 0.00071 0.00224

LNE

METAS | 10.89079 0.00039 0.00112 0.00020 | 0.00040 0.00216
INRIM | 10.88963 -0.00077 -0.00004 0.00051 | 0.00102 0.00236

Average 10.89040
Stdev  0.00260
Am)  0.00106

Median 10.88967

Table 206: the differences from the mean and median for the INRiM x10°/ x10® gain ratio results
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Diff from Diff from U (k=2) with
Laboratory| 10°8/10"7 mean median u(k=1) | U (k=2) |stdev of mean
of all results
PTB 10.05744 -0.00127 -0.00003 0.00000 | 0.00001 0.00246
NPL 10.05739 -0.00133 -0.00008 0.00069 | 0.00137 0.00281
CEM 10.05747 -0.00125 0.00000 0.00068 | 0.00137 0.00281
UME
LNE 10.06362 0.00491 0.00615 0.00151 | 0.00302 0.00389
METAS
INRiM | 10.05765 -0.00107 0.00018 0.00047 | 0.00095 0.00263

Average 10.05872
Stdev  0.00275
Am)  0.00123

Median 10.05747
Table 207: the differences from the mean and median for the INRiM x10% x107 gain ratio results

Diff from Diff from U (k=2) with

Laboratory| 107/10"6 mean median u(k=1) | U (k=2) |stdev of mean

of all results
PTB 9.99478 -0.00033 -0.00003 0.00001 | 0.00002 0.00172
NPL 9.99382 -0.00130 -0.00100 0.00049 | 0.00097 0.00198
CEM 9.99482 -0.00030 0.00000 0.00102 | 0.00203 0.00266
UME 9.99496 -0.00016 0.00014 0.00048 | 0.00095 0.00197
LNE 9.99980 0.00468 0.00498 0.00063 | 0.00127 0.00214
METAS | 9.99241 -0.00271 -0.00241 0.00010 | 0.00020 0.00174
INRIM | 9.99524 0.00012 0.00042 0.00047 | 0.00094 0.00196

Average 9.99512
Stdev  0.00228
Am)  0.00086

Median  9.99482
Table 208: the differences from the mean and median for the INRiM x107/ x10° gain ratio results
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Diff from Diff from U (k=2) with
Laboratory| 10°6/10"5 mean median u(k=1) | U(k=2) |stdev of mean
of all results

PTB 10.00859 0.00697 0.00361 0.00001 | 0.00002 0.00878
NPL 10.00861 0.00699 0.00363 0.00027 | 0.00053 0.00879
CEM | 10.00335 0.00173 -0.00163 0.00048 | 0.00097 0.00883
UME 9.97569 -0.02593 -0.02929 0.00360 | 0.00721 0.01136
LNE 10.00582 0.00420 0.00084 0.00040 | 0.00080 0.00881
METAS | 10.00498 0.00336 0.00000 0.00006 | 0.00011 0.00878
INRIM | 10.00430 0.00268 -0.00068 0.00047 | 0.00094 0.00883

Average 10.00162
Stdev  0.01161
Am)  0.00439

Median 10.00498
Table 209: the differences from the mean and median for the INRiM x10% x10° gain ratio results

Diff from Diff from U (k=2) with
Laboratory| 10"5/10"4 mean median u(k=1) | U (k=2) |stdev of mean
of all results

PTB 9.89589 0.00469 0.00168 0.00002 | 0.00003 0.00760
NPL 9.89421 0.00301 0.00000 0.00025 | 0.00049 0.00761
CEM 9.89844 0.00723 0.00423 0.00100 | 0.00199 0.00786
UME 9.87689 -0.01432 -0.01732 0.10063 | 0.20126 0.20141
LNE
METAS | 9.89060 -0.00061 -0.00361 0.00003 | 0.00006 0.00760
INRIM

Average 9.89120
Stdev  0.00850
Am)  0.00380

Median  9.89421

Table 210: the differences from the mean and median for the INRiM x10% x10* gain ratio results
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2.4 DISCUSSION OF THE RESULTS

2.4.1 The INRIM thermometer results

The majority of the measurement results are in reasonably good agreement, taking into account the quoted
measurement uncertainties, with the occasional outlying data point.

2.4.2  The LP5 results

The range ratio value from LNE was measured using the LP5 analogue output, rather than the photocurrent,
and was completely inconsistent with the values from the other laboratories. The results from the other
laboratories were in good agreement with the exception of the UME value, which was significantly lower.
UME measured the range ratio very close to the bottom of the LP5 temperature range, where the background
on range R2 was a significant component of the overall signal level. This could have impacted on the results.
However, the UME value does agree with those of the other laboratories within the quoted measurement
uncertainties.

3 EFFECT OF AMBIENT TEMPERATURE AND RELATIVE HUMIDITY

Only CEM, INRiM and NPL carried out the measurements of the effect of changing ambient temperature and
relative humidity. CEM and INRiM carried out the full range of measurements. The NPL laboratory only has
a small amount of temperature adjustment and no humidity control, so the measurements at NPL were
somewhat limited. The results of all the measurements are given in the following tables.

3.1 THE RESULTS OF THE MEASUREMENTS

The results of the measurements made at CEM, INRiM and NPL are given in Tables 211 to 218 and Figures
14 to 17 below.
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Temperature effect
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Figure 14: the CEM results for the effect of ambient temperature on the INRiM thermometer

RH% effect
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Figure 15: the CEM results for the effect of relative humidity on the INRiM thermometer
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Ambient | Internal | #3z/°C | tppstd | Signal/ Bgrd Bgrd Signal std
temp./ | temp/°C dev/ v signal /V | corrected | deviation/ V
°C & RH signal/ V
/ %rh
21.1/29 22.00 659.87 0.00 5.471272 | -0.000525 | 5.471797 | 8.210E-05
21.1/29 22.02 659.87 0.00 5.471048 | -0.000525 | 5.471573 | 6.867E-05
23.8/37 24.92 659.86 0.00 5.468346 | -0.000553 | 5.468899 | 1.105E-04
23.8/37 24.93 659.86 0.00 5468231 | -0.000553 | 5.468784 | 1.518E-04
23.9/37 24.88 660.86 0.01 5.524544 | -0.000553 | 5.525097 | 4.796E-04
23.9/37 24.89 660.84 0.01 5.524014 | -0.000553 | 5.524567 | 1.189E-04
22.1/43 23.19 660.82 0.00 5.525029 | -0.000536 | 5.525565 | 1.850E-04
22.1/43 23.19 660.82 0.00 5.525250 | -0.000536 | 5.525786 | 5.450E-05
22.2/43 23.12 659.88 0.00 5.471235 | -0.000535 | 5471770 | 3.233E-04
22.2/43 23.13 659.88 0.01 5.471019 | -0.000535 | 5.471554 | 2.657E-04
Table 217: Results of the NPL measurements for the INRiM thermometer
Ambient
temp./ | Internal tpp std Bgrd Signal std
°C&RH | temp/ tep/ dev/ Signal / A Bgrd signal / corrected deviation/
/ %rh °C °C °C A signal/ A A
21.1/28 28.66 | 659.88 | 0.00 | 1.255691E-08 | 1.03821E-12 | 1.255587E-08 | 4.9964E-13
21.1/28 28.67 | 659.87 | 0.00 | 1.255584E-08 | 1.03821E-12 | 1.255481E-08 | 3.7411E-13
23.8/38 29.22 1 659.87 | 0.00 | 1.256291E-08 | 2.04829E-12 | 1.256086E-08 | 8.9812E-13
23.8/38 29.22 ] 659.87 | 0.01 1.256297E-08 | 2.04829E-12 | 1.256092E-08 | 9.4297E-13
23.7/38 29.22 ] 660.86 | 0.01 1.269432E-08 | 2.04813E-12 | 1.269227E-08 | 5.8258E-13
23.7/38 29.22 1 660.85 | 0.00 | 1.269283E-08 | 2.04813E-12 | 1.269078E-08 | 5.8479E-13
22.1/43 29.21 ]660.83 | 0.01 1.268954E-08 | 1.95133E-12 | 1.268759E-08 | 6.4780E-13
22.1/43 29.21 ]660.84 | 0.00 | 1.269078E-08 | 1.95133E-12 | 1.268883E-08 | 8.2813E-13

Table 218: Results of the NPL measurements for the LP5 thermometer

Note: the yellow shading again indicates where the thermometer cell temperature was below the
specified limits.

The INRiM measurements with the LP5 were adjusted to correct for the small changes in the reference
blackbody temperature during the measurements. The thermometer signal sensitivities in terms of V/ °C
or A/ °C, or V/ %rh or A/ %rh were then calculated. The sensitivities in terms of an equivalent
temperature were also calculated for more clarity.

The LP5 measurements made with the cell temperature out of specification are given for indication only.

The results of the calculations are given in Tables 219 to 226. Again, the yellow shading indicates where
the LP5 cell temperature was below the specified limits.
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3.3 DISCUSSION OF THE RESULTS AND CONCLUSIONS

The NPL results have been ignored in the following discussion, because the number of measurement
data points was very limited. It should also be noted that the uncertainties of the CEM and INRiM
measurements are large compared to the magnitude of the observed effect, making it difficult to see any
clear dependence of the thermometers’ signals on changes in room temperature and relative humidity.

3.3.1 Results for the INRiM thermometer:

The INRiM thermometer results show a small negative coefficient for both ambient temperature and
relative humidity changes.

Temperature coefficient: The INRiM measurements showed a temperature coefficient, over nominally
the 18 °C to 29 °C internal temperature range, equivalent to between approximately -0.00 °C per °Ciy
and -0.02 °C per °Cin, depending on the reference source temperature. The CEM measurements showed
a temperature coefficient, over nominally the 19.5 °C to 27.5 °C internal temperature range, equivalent
to approximately -0.02 °C per °Ciy at a reference source temperature of 660 °C. The INRiM results at
660 °C were equivalent to the average CEM results at 660 °C.

Looking at the participant measurements of the fixed-point and variable temperature blackbody sources
(Sections 6, 7 and 8 of the main comparison report), the typical internal temperature range for the INRiM
thermometer was 23 °C to 28 °C (the overall range was from 22.8°C to 28.1°C). The
uncertainty/required correction due to these variations in the internal temperature would equate to a
maximum value equivalent to approximately = 0.05 °C, which is negligible compared to the overall
laboratory uncertainties and the repeatability of the measurements.

Humidity coefficient: The INRiM results showed a humidity coefficient, over the ~30 %rh to 70 %rh
humidity range, equivalent to approximately 0.000 °C per %rh to -0.002 °C per %rh depending on the
reference source temperature. The CEM measurement results showed a humidity coefficient, over the
~40 %rh to 72 %rh humidity range, equivalent to approximately 0.000 °C per %rh to +0.003 °C per %rh
at a reference source temperature of 660 °C.

The typical laboratory relative humidity range for the variable temperature and fixed-point
measurements was 25 %rh to 50 %rh, with the overall range from 18 %rh to 76 %rh. The
uncertainty/required correction due to these variations in the relative humidity would equate, typically,
to a maximum value equivalent to approximately + 0.04 °C. No correction was applied to any of the
results, due to the discrepancy in the measured values (negative for the INRiM results and positive for
the CEM results), and the fact that the relative humidity tended to fluctuate during the variable
temperature blackbody (VTBB) and fixed point (FP) measurements in each laboratory: this means that
any effect has already been taken into account within the repeatability of the measurements.

3.3.2 Results for the LP5 thermometer:

No laboratory submitted results for measurements with the fixed-point and variable temperature
blackbody sources where the LP5 cell temperature was outside its specification. Therefore, in the
following analysis, only those values where the cell temperature was within its specification have been
considered.

Temperature coefficient: The INRiM measurements showed a temperature coefficient, over the ~23 °C
to 26 °C ambient temperature range, equivalent to -0.04 °C per °C,amb,. The CEM measurements showed
a temperature coefficient, over the ~21 °C to 26 °C ambient temperature range, of approximately -
0.03 °C per °Camp to -0.12 °C per °Camb at a source temperature of 660 °C.
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The typical laboratory temperature range for the variable temperature and fixed-point measurements
with the LP5 was 22°C to 24°C, with the overall range from 21.6°C to 24.9 °C. The
uncertainty/required correction due to these variations would equate generally from approximately
+0.03 °C to £ 0.10 °C depending on the sensitivity value chosen. No correction has been applied to the
results to take this into account: it is assumed that this will be covered by the laboratory uncertainty and
the repeatability of the measurements.

Humidity coefficient: The INRiM measurement results showed a humidity coefficient, over the ~25
%rh to 70 %rh humidity range, of approximately -0.007 °C per %rh to -0.011 °C per %rh depending on
the reference source temperature. The CEM measurement results showed a humidity coefficient, over
the ~40 %rh to 72%rh humidity range, of approximately £0.002 °C per %rh at a reference source
temperature of 660 °C.

The typical laboratory relative humidity range for the variable temperature and fixed-point
measurements was 25 %rh to 50 %rh, with the overall range from 18 %rh to 76 %rh. The
uncertainty/required correction due to these variations in the relative humidity would generally equate
to approximately from £ 0.03 °C to + 0.13 °C depending on the sensitivity value chosen. No correction
was applied to any of the results, due to the discrepancy in the measured values, and the fact that the
relative humidity tended to fluctuate during the measurement process in each laboratory; therefore any
effect has already been taken into account within the repeatability of the measurements.
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6 PLOTS OF RESULTS OF THE DIRECT COMPARISON OF THE MEASUREMENTS
WITH THE FIXED-POINTS FOR THE LP5S THERMOMETER AND INRIM
THERMOMETERS

Direct comparison of measurements at the Sn point for the LP5 thermometer
(LP5 on range R1)
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Difference (laboratory result - reference laboratory resuilt)/ °C

Difference (laboratory result - reference laboratory result)/ °C

Direct comparison of measurements at the Zn point for the LP5 thermometer
(LP5 onrange R1) (all data points displayed)
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Difference (laboratory result - reference laboratory resuilt)/ °C
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Direct comparison of measurements at the Zn point for the LP5 thermometer
(LP5 onrange R2) (CEM versus UME comparison)
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Difference (laboratory result - reference laboratory resuilt)/ °C

Difference (laboratory result - reference laboratory resulit)/ °C

Direct comparison of measurements at the Al point for the LP5 thermometer
(LP5 onrange R2)
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Difference (laboratory result - reference lab result)/ °C
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Direct comparison of measurements at the In point for the INRiM thermometer
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Direct comparison of measurements at the Zn point for the INRiM thermometer
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Difference (laboratory result - reference lab result)/ °C

Difference (laboratory result - reference lab result)/ °C
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Direct comparison of measurements at the Al point for the INRiM thermometer
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1 ANALYSIS USING A FIT OF THE MEDIAN OF ALL THE RESULTS

A calibration fit was also determined using the median of all the laboratory values. For each
laboratory’s measurements, the thermometer signals were firstly corrected to a common gain
or range (x10"6 for the INRiM thermometer and ranges R1 and R2 for the LP5) using the
laboratory’s gain or range ratio values (where available) as described previously (Section 5 of
the main report). Using the zinc point measurements (Section 1 of the report) the results were
corrected to compensate for any drift from the start of the comparison (i.e. relative to PTB). For
temperatures other than the zinc point, the correction was scaled using the ratio (Zsource)*/(tzinc)*
This temperature correction could be converted to an equivalent signal correction using
Equation 1. This correction was applied to the signal values.

C,
T2

AS = AT

S Equation 1

where AS is the correction to the thermometer signal S for a temperature correction AT, T is the
source temperature in K, and A is the operational wavelength, taken to be 1.57 um and 1.60 um
respectively for the LP5 and the INRiM thermometer, as given in the technical specifications
for the thermometers.

An additional uncertainty was also added to the laboratory measurement uncertainty to allow
for the drift of the thermometer during the comparison. The results were then corrected to
account for any difference between the actual blackbody temperature, ¢33 and the required
comparison temperature, f,,» also using Equation 1. The average thermometer signal for each
laboratory at each temperature #,,» was then calculated. Finally, the median of all the results
from all the laboratories was calculated for each #,om.

A least squares fit of the median results was performed using a version of the Planck form of
the Sakuma-Hattori interpolation equation, Equation 2. This was done in three ways: i) using
the FPBB results only; ii) using the VTBB results only; iii) using all the VTBB and FP results
to provide a calibration fit for the entire data set of results.

a,

S(T) =
exp(c, /(a,T +a;))—1

Equation 2

where S(7) is the output voltage of the thermometer, 7 is the temperature in kelvin, c; is the
second radiation constant and a;, a; and a; are constants.

The results of the comparison of all the fitted measurements are given in Tables 1 to 113 below
and in the accompanying plots. It was found that, for both thermometers, discrepancies in the
results at 1000 °C resulted in a poor calibration fit, as is evidenced by the (relatively) large
RMS residuals of the fit. The fitting was therefore also done with the 1000 °C data excluded,
and this led to a much better result (lower, more acceptable residuals).

The DOE or QDEpgys for the results using the calibration fit of the medians of the entire datasets
(i.e. including all the FP and VTBB data), with the 1000 °C points excluded from the fits, were
calculated for both thermometers (for the LP5 using range R1 only), and are given in this
Appendix for reference. Again it should be emphasised that the results are only applicable for
a wavelength near 1.6 microns and do not ensure equivalence at other wavelengths.
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NPL Report ENG 67

6 RESULTS OF THE FITTING PROCESS USING THE SAKUMA HATTORI FIT - FP
MEASUREMENTS ONLY WITH THE INRIM THERMOMETER

Median thermometer Temperature/ Fitted Residual/
signal/ V K temperature/ K K
7.65363E-05 429.748 429.761 0.012
1.67495E-03 505.078 505.065 -0.013
1.98349E-01 692.677 692.671 -0.006
5.48088E+00 933.473 933.484 0.011
5.64744E+01 1234.930 1234.927 -0.003

Table 21 — results of the fit using all the data points

Coefficients of the fit: a; = 7.7844496301E+04
a,=1.6102028635E-06
a3 =1.7227117692E-06

In fixed point results for the INRiM thermometer using fit from median fixed-point data

0.20

0.15

0.10

-0.05

Difference (fit temperature - fixed point temperature)/ °C

NPL CEM UME INRIM
Laboratory
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Difference (median fit - blackbody) temperature/ °C

Difference (median fit - blackbody) temperature/ °C

NPL Report ENG 67

Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the INRIM thermometer VTBB data
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Difference (median fit - blackbody) temperature/ °C

Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the INRIM thermometer VTBB data (zoomed in further)

Blackbody temperature/ °C
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Difference (median fit - blackbody) temperature/ °C

Difference (median fit - blackbody) temperature/ °C

NPL Report ENG 67

Plot of differences - (Median calibration fit temperature using VTBB and FP (excluding 1000 °C data)
and blackbody temperature) for the INRIM thermometer - zoomed in
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and blackbody temperature) for the INRIM thermometer - zoomed in further
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Difference (median fit - blackbody) temperature/ °C

Difference (median fit - blackbody) temperature/ °C

Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the LP5 on range R1 - all data (VTBB data)
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Difference (median fit - blackbody) temperature/ °C

Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody

NPL Report ENG 67

temperature) for the LP5 on range R1 - all data (VTBB data zoomed in further)
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Difference (median fit - blackbody) temperature/ °C

Difference (median fit - blackbody) temperature/ °C
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Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the LP5 on range R1 - all data (VTBB & FP data)
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Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the LP5 on range R1 - all data zoomed in further (VTBB & FP data)
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Difference (median fit - blackbody) temperature/°C
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Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody

temperature) for the LP5 on range R2 - all data zoomed in (VTBB & FP data)

*NPL data
mUME data
AMETAS data
OLNE data
APTB data

* CEM data
©INRIM data

¢ NPL data
mUME data
AMETAS data
OLNE data
APTB data

* CEM data
©INRIM data

1.00 'y
0.80
? 3
0.60 P
‘ t
0.40 4 . :
: . ‘ i
0.20 : :: '3 | L3
1 % ’
0.00 jﬁ—i i E ¥ .
A ;E ] il " L
-0.20 E -
h
[ p
-0.40
. H
-0.60 = Bﬁ m
i
-0.80
-1.00
200 300 400 500 600 700 800 900 1000
Blackbody temperature/ °C
Plot of differences - (Median calibration fit temperature excluding 1000 °C data - blackbody
temperature) for the LP5 on range R2 - all data zoomed in further (VTBB & FP data)
0.40
)
[ |
0.30
N 2
0.20
L ‘ L 4
0.10 1~ ! I
1598 \ E |
A * \ 3
0.00 - i 3 +
< % A
4
-0.10 4
1 [l 9 E R * A
X A
L i} i
-0.20
11l
-0.30 &
-0.40
200 300 400 500 600 700 800 900 1000

Blackbody temperature/ °C

83




¥8

Afiojesoge]
> m
z (@) c
2 m v C d = z
=< < clu_ m W m H
10
- mOI
1¢0 ¢
2 3 4
1 {110 2
. 1 I
* 1 1 1 o 3
- 4 1¢€0
S0

0, 9°961 Je uostiedwog :308foid UOISUSIXS 859 1 INVHNT

PISEIIAE BIED [[€ — D, 9°9S ] JE I)IWOULIIY) ATYN] dY) 10§ S)NSAI ) — H[ [ Qe

- 950 800 S50 6/0 600 220 WISNI
09V 0 F L1 0- - S50 290 290 S50 050 W3o
1100F 10°0- ¥Or0F 940 - #S0 8r0 040 120 aLd
ZIZ0F 80 G0G0F 020 12207980 - 790 #S0 6/0 aN
LSV 0FEL0- 6290 F 500 9EV 0 F L1 O 6.7 0F v2 0 - 8v0 Sr0 e
¥80°0 ¥ 10°0- SOr0F 940 ¥01°0 ¥ 000 ¥220F 920 LEVOF 11O - 220 Inn
610 60°0- Z870% 800 29107800 95207820 YSY0F €00 | S9L0F800 - 14N

IHNI W30 a1d ant SV.LIN ETY 1dN
V1vd AdogIdvId

HANLVIAdNAL HTdVIIVA ANV INIOd-ddXId HHL TTV 40 114 HHL ONIS1 JHLINOWIAHL INITINI HHL 404 SL1NSHY HHL

1'0¢

VLVd dHL T1V 40 LId HHL

ONISA ‘NOSRIVANOD AdODIDVTE TANLVIAdNAL ATAVIIVA ANV INIOd-dAXId HHL 404 SANTVA H0d ANV *d4d0O IHL 07

/9 ON3 Hoday TdN



8

<
@] B [ m z
m — e -
i m = H W m M W Aojeioge
5 3 S 3 S m r 3
P w w w P o o w
< oy w @ w0 o o @
L0
- mO|
- mO|
°*
2 3 d 0
I
. |
110
- 4 1¢€0

0. 9'9G] 1e uoskedwoy :3oefoid uoisusIxe 8G9 1 JNVHNI

(D) W uepew) - qey

pajesedos e1ep gGLA PUE dd — Do 9°9S T JE JOJIUWOULIdY) IARINI Y3 10§ SHNSIL 9y} — ST Qe

/9 ON3 Woday TdN

- 950 800 S50 670 600 940 120 WISNI
090 % ZL 0 - S50 290 290 S50 670 150 ag1A N3o
11007 100 v9r'0 7 910 - ¥S0 8r0 040 210 920 ag1nA ga1d
ZIz0 7 LE0 G0S0 7020 12207 9€0- - ¥9°0 ¥S0 170 150 g1/ aN1
LV OFELO 6290 %S00 9EY0F L1 O 6LV0F ¥2 0 - 8r'0 ¥r0 150 g1/ SY.LIN
¥80°0 7 10O S9V'0 7910 ¥01°0 ¥ 000 ¥2207F 950 LEVOF 110 - 240 120 44 3mn
§60°0 ¥ 800 8970 ¥ 600 VL0 T 200 82207620 6EV0F v00 6L10F 200 - 220 dd 1dN
¥0Z0 7 0L 0 L1050 200 v1Z07 600 16207 220 SIF0F €00 9120%600- | 12207F200 - ag1A 1dN

IMNI gag1A W30 gd1A 91d gd1A 3N gag1A SYL3AN d4 3NN dd4 1dN gg1A 1dN




98

Aiojelogen

N3O
ald
3aN1
SVY13n
JAN
1dN

0'L-

4 90

2 g

._. 00

(D,) W uepaw) - qe1

0l

D, 00Z }e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

PaSeIdAe BIEp [[& — D, (0T J€ 1)OWONLIdY) NRIN] Y} 10§ SHNSIL Y} — 9T [ Qe

- €70 /50 09°0 20k 050 W3o

ZLW 0 F 200" - 970 ¥0 760 €20 ald

9.y 07810 09207520 . 99°0 207} 250 a1

86507900~ | 9vv 0¥ 100 9050 F v2 0- - vk 670 T

6E0°L FG00- | 6S60F200 68670 ¥ €2 0- €501 7 100 - 160 ann

€SY0F2h0- | SIZ0FG00- ZZE0 7 050" v8V'0F90°0- | 8610F 00 - 7dN
Wao g1d ant SV13N awn 1dN

/9 ON3 Hoday TdN




L8

Aiojeloge
= m
z @) c
Py m 3 C d s pd
< < alu_ _.N_._ w m e
9'0-
- T - .V.OI
- N.OI
=
® &
I L Il o
3 1 3 =
1l {z0 =
(s}
® 1 v0
1 90
80
D, 2€Z 1e uosuedwo) :30afoid uoisuaixa 69 1 JNVHENT
PageadAe BIep [[8 — D77 JE 19)owourdy) JARIN] Y} 10§ S)NSAL Y} — L] d[qeL,
- 9€°0 0L0 090 1440] 900 vL0 INTNNI
€0€0F LLO- - €0 180 960 90 0v°0 'ETe)
9800 ¥ €0°0- 60€°0*80°0 - €90 [%40) 0L0 210 ald
€82°0F9€°0 0LV’ 0 F 0 062°0 ¥ 6£°0 - 180 650 L9°0 aN1
Z¢S’'0%10°0- L¥G0F0L0 96¥°'0 ¥ 200 0€S°0 ¥ LE°0- - 440 90 ISTAEL
6G0°0 ¥ 000 €0€0*1LL0 /80°0% €00 €8C°0 ¥ 9€°0- Zsv’'0¥100 - L0 E)
erL'0F 100 0€e0*2l0o 9GL'0F¥0°0 ZLE0FSE0- 0/¥'0%20°0 €rL'0F 100 - 1dN
INTANI N3D a1d ELR SV13N 3NN 1dN

/9 ON3 Woday TdN




=
_ o T C m z
“Na m o g z m > T Aojesoge]
s s s 5 s & 2 s
m w w o) o ll a o
o W W w = T T W
9°0-
- T 1 vo-
- N.OI
¢
1 |
vy 00
3 1 T t m
4 120
L 3 1 70
41 90
80

9, Z€Z ¥e uosuedwo) :1o9foid uoisualxa 8G9 | JNVHNT

(D) W uepew) - qey

pajeaedos e1ep ggLA PUE dd — Do TET JE 1OIIWOULIIY) TN U3 10§ SHNSAL Y} — 8T | Qe

- 9€0 040 090 ¥r0 900 800 120 44 KNI
€0€0F L1 O - ¥€0 180 950 980 Ge0 Sr0 ag1A N30
9800 €00 60€0 ¥ 800 - £9°0 S¥0 040 040 ¥2°0 agiA a1d
€820 7960 007 Z¥ 0 0620 F 6€0 - 1870 650 190 190 ag1A aN
2507 100 IS 0F0L0 95v°0F 200 0650 F ZE0- - ¥r0 Sr0 6v0 ag1A SYLan
650°0 ¥ 000 €0€07 110 1800 ¥ €00 €820 7 9€0- 25707 100 - 600 X4 44 3mn
180°0 ¥ 10'0- 80€0 7010 €010 7 100 6820 ¥ 8 0- SS¥'0 ¥ 000 2800 %200 - €20 dd 1dN
¥02'0 ¥ €00 19€0FGL0 ¥1207 900 PYE0 T EE0- Z6v°0 7 S0°0 S0Z0F€00 | 2h20FS00 - agiA 1dN
dd WIINI gag1A W32 gd1A g1d gd1A 3N gg1A SY.LIN d4 3NN dd 1dN gg1A 1dN

/9 ON3 Hoday TdN




/9 ON3 Hoday TdN

68

N3O

ald

Alojeloge]

3aN1

SVY13n

JAN

1dN

L

D, 0GZ 1e uosuedwo) :309foid uoisuaxa gG9 1 JINVENI

0'L-
8'0-
90~
vo-
(A
00
Al
¥0
90
80
0l

(D,) W uepaw) - qe1

PaSeIdAE BIED ([ — D, (ST J€ 1)WONLIdY) NRIN] 24} 10§ SHNSIL Y} — 6T [ QEL

- €60 90 8r°0 $8°0 170 W3o

0107200 - €0 90 180 €20 ald

¥Zr0F 0L 0 0l€0F €00 . 970 88°0 90 ana

697°0 ¥ 800 69€07 100 690 ¥ 20 0- - 680 170 SV1an

¥980%200- | VI80F600- ¥98°0 ¥ 2L 0- 18807 01 0- - 580 Inn

€9€07F LL O 61207400 €9€07 000 VIVOF€00 | 9680%2L0 - 14N
W3o gld ER SV13aw amn 1dN




06

N3O

ald

Aiojelogen

3aN1

SVY13n

JAN

1dN

—

0'L-

4 90

-

—

e

00

(D,) W uepaw) - qe1

D, 00€ e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

0l

PaSeIdAE BIED [[€ — D, (0 J€ 1)IWOULIdY) NRIN] Y} 10§ SHNSIL Y} — OT[ IQEL

(340

290

- €r'0 98°0 850 W3o

6LE0FGL0 - 6£0 92°0 98°0 €60 ald

9vr0F 520 LvE€0F 010 - 8r°0 660 650 an

8LE07 110 ¥52°0 ¥ ¥00- ZOY0FGL 0 - 98°0 €r0 Sv.1am

11807100 €80 F VL 0- 888°0 ¥ G2 0- 9580 ¥ 01 0- - 860 Inn

69€0 7 820 IvZ0FEL0 ¥6€0F £0°0 GLE0F L0 | 25807220 - 12dN
W30 g1d an SV.1aW amn 1dN

/9 ON3 Hoday TdN




/9 ON3 Hoday TdN

16

N30

al1d

Alojeloge]

3aN1

SV13INN

1dN

1

—

D, 00¥ }e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

vo-
€0
(A
L0~
00
10
A
€0
¥0
G0
90

(D,) W uepaw) - el

PaSeIdAL BIEp [[& — D, 00 1€ 19)9WOULIdY) NRIN] 2Y) 10§ S)NSIT 9Yy) — [Z] Qe

- L0 090 €0 T4 W30

6LE07 000 - 150 710 €e0 a1d

SIV0F 020 89E0F 120 - 250 €70 aN1

ZEE0F 000 w0000 61£0 % 020" - v€0 SvV1an

GIE0F VL0 VZZ0F L0 LIV0F900- | vz 0F w0 - 1dN
W39 gld an1 SV13N 1dN




6

NTANI

W3d

ald

Alojeloge]

3aN1

SY13n

JAN

1dN

A

—e—

9, 02 1e uosuedwo) :10sloid uoisualxse 69 1 JNVENI

90~

vo-

00

co

¥0

90

80

(D,) W uepsw) - qeT)

PaSeIdAE BIED [[€ — D, (T J€ J)OWONLIIY) NRIN] Y} 10§ SHNSIL 3Y) — TT[ AQEL

- 620 ¥L0 Zro ¥L0 8r 0 8L0 WISNI
6v20 ¥ 80°0- - 920 950 620 250 9€0 W3o
1010 ¥ S00- 1520 F 00 - 170 S0 170 €20 ald
1GE0F€L0 €2r0¥ 120 65€0F 210 - Sr0 89°0 0r 0 an
0vL'0 ¥ 200" 9920 7 200 ¥v1'0F €00 0/£0F VL0 - 670 220 Sv.Lam
vy 0F 200 92507 100 Sy 0F200 G850 ¥ 02 0- ¥87°0 ¥ 90°0- - €50 INN
65107 SO0 1IT0F€L0 19107600 11€07 800 G8L'07900 | 68¥072L0 - 1dN
TN W30 a1d an1 SY.L13aN ET 1dN

/9 ON3 Hoday TdN




€

@)

pajesedas eyep gLA PUE dd — Do 0T 1€ 1I)PWOULIAY) TN Y} 10J S)NSAI 3Y) — €71 Qe

dd AN
d4 N30

gd.1A W30
9491/ 91d

gd.1A 3INT

991N SVY13IN

dd 3NN

a4g.1/A FNN

dd 1dN

g4.1A TdN

Aiojesoge

-

n

0'L-

—oH

00

(D,) W uepaw) - qeq)

D, 0¢v e Cow_‘_mn_EOO ;ow.—o._n_ uoisualxe 8G9 1 JINVvdN3

0L

- Zko 8€0 710 Zr0 710 040 680 040 620 dd WISNI
91107200 - 960 €0 Sr°0 GL0 zko 88°0 Lb0 Z€0 d4 Wao
8IE0F L0~ | €2£07600- - ¥€0 £9°0 8€0 260 060 260 €60 ag.1A W3o
J0L'0FG00- | 0ZL0F200- 02€07 200 - 170 G0 €0 98°0 Zhko ¥€0 g9.1A g1d
1GE0FEL0 1907610 8OV0F¥20 | 6GE0F/ZLO - Sr0 £r0 v0') £r0 0v0 g9.LA anNd
0vL0%20°0- 05107 100 ZEE0F0L0 | PPl 0F€00 | OLE0F w0 - ¥L0 88°0 ¥L0 Z€0 ag.1A SYLAN
¥0L0F L0°0- ZLL07 100 6L€0F L0 | 60L0F¥00 | 8S€0FEL0- | Zrl0F100 - 88°0 040 0£°0 FFET D)
G980F VL 0- | Z980FLLO- | 9160%200- | 99807600- | L€60%920- | 1/80F2h0- | 99807 €L 0 - 88°0 660 ag.1A 3Inn
101 0F 100 ¥L107 100 8LE0F0,0 | GOLOFE00 | ZSEOFvL0- | 6ELOFO000 | €0L0F000 | G980FZh0 - 0£0 dd 1dN
22z0% 010 82207 €10 v/€0%220 | vec0FGL0 | 80V0%200- | 2hc0Fch0 | €220F 1L 0 | 8880F ¥20 | 1220%2h0 - ag.1A 1dN

dd IANI d4 W3o gg.1A N30 gd1A d1d 991A3INT | 99IASVIAN | d43NN | 991A 3NN dd 1dN gg1A 1dN

/9 ON3 Woday TdN




v6

N3O

al1d

Alojelogen

3aN1

SVL13IN AV

JAN

1dN AY

_—

.

c'l-

4 80

[E—

00

D, 006G e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

80

(D,) W uepaw) - qe1

PaSeIdAE BIED [[€ — D, (0S J€ 1)OWOULIdY) NRIN] 24} 10§ SHNSIL Y} — pT[ AQEL

- €e0 S50 ¥p0 S0} ¥r0 W3o
v€€0 7200 - 8r0 €0 660 ¥€0 ald
6870 F ¥1 0 28607910 - 090 k4 150 an
VI¥0F600- | 6.20F 200" €Y 0T €20 - 960 150 SVLIN AV
G/80FEC0- | 0280FIE0- G680 F LV 0- 9580 F ¥2 0- - 60} Inn
vvv0 ¥ ¥0°0 €2€0790°0 18707 0L 0- vOY0F€L0 | 1/80%ZEO - 12dN AY

W30 g1d an SVLIN AV ET 1dN AV

/9 ON3 Hoday TdN




3d£) 33ano0s 03 Surpa0dde pajeaedas vyep — D, (0S I€ 19J2WOULIAY) JATYNT Y) 10J SI[NSAI Y} — ST] d[qe],

$6

N3O

ald
aNT

(z g9g eN) sv.Lan

(1 g9 eN) SYLaIW
(g9 s0) sv1an

JAN

(99 29M) 1dN

(g9 s2) 1dN

Aojesoge]

n

a'-
401-

- @.Ol
4 ¥0-

—e—
—4

00

o~
S
(D,) W uepow) - qeq|

D, 00G e uosuedwo) :3o0sfoid uoisusxs gG9 1 JNVHNIT

80

/9 ON3 Woday TdN

- €€0 G50 290 9€°0 GE0 G0’} €9°0 Sr0 W3o
¥€€°0 ¥ 20°0- - v0 860 6.0 /L0 660 ¥S0 ¥€0 ald
187V 0F vl 0 607910 - €8°0 1G°0 050 12} 8/°0 zr0 aN1
1/S0F6L°0- | 6870F8L°0- | ¥09°0F€€0- - 850 850 960 89°0 9/°0 (z 99 eN) SYLIN
8GE'0F#00- | 98L°'0F200- | 00V 0F8L°0- 90S0F 910 - 120 860 ¥S0 6€°0 (1L @9 eN) SYLaW
6VE'0F€00- | 69L0F LOO- | €6E0F L0 00S0F9L0 €1207F 100 - 660 ¥S0 €0 (ag so) SY.Lan
G/80FEE0- | 0Z80F LEO0- | €68°07F L0 S¥6°0 F 10 0€8°0 ¥ 62°0- 1280 F 0£°0- - 10} GL) 3NN
G8S0FELO0- | 66V0F2L0O- | 2907 220" 989°0 F90°0 GLG0F0L0- 0LS0F0L0- 1S60F 020 - 020 (ag 24M) TdN
88€0F€L0 0¥Z0FSL'0 | 82F0F LOO- 825°0F2€0 2IZ0F 110 1920F91°0 ¥¥8°0F 9%°0 1€S0F 920 - (gag so) 1dN

Ef) da1d aN1 (zggeN) sviaw | (1 ggeN) svLamw |(g99 sO) SVYLIN ann (gg 2uMm) 1dN | (a9 s9) 1dN




96

Alojelogen >
<
o
(@] R v) — = Cc =
m <
= @ & A m e
00°¢-
T 1 09'}-
1 0T'}-
=
+ 4 0s0- °
H - 1 0y0- 8
3 H =
O
._. Y T T 000 O
*
1 0¥°0
1 1 080
9, 009 e uosuedwo) :308foid uoisualxa 8G9 1 JNVHENI

PaSeIdAE BIED ([ — D, (09 J€ 1)IWONLIIY) NRIN] Y} 10J SHNSIT Y} — 97 [ J[QEL

- S€0 1670 8c0 B S50 W3o

v1€07 600 - 8.0 ) 8yl 050 ald

€690 F ¥€0 I¥907S20 - €60 68°L 1670 an

68€0F€00- | 9820FZh0- 189°0 ¥ 9€ 0- - 654 S50 SVLIN AV

G060%890- | 99807 ZL0- ¥90'L ¥ 20'L- 9680 G9°0- - ] Inn

€950 €00 8670 ¥ 90°0- V6.0 7 LEO- 8YS07900 | ¥860FLLO - 1dN
W3o d1d a1 SVLIN AV ET) 1dN

/9 ON3 Hoday TdN




L6

= = =
— — m
c - P b N Aiojeloqe
I m 2 2 2
g % = = %
Q o sy w & ® W m <
= @ = = S =2 = m 2
0¢c
- m.FI
- o—\l
I—
- 2 3 m
4160 wl_
H I 1 I 1 0o
T2 — 1 = 2
¢ o
160
101
— Gl
9. 009 1e uostiedwo) :3oefoid UoISUBIXe 859 1 INVENT

3d£) 32anos 03 Surpa0dde pajeaedas vyep — D), (09 I€ 19JIWOULIAY) JATYNT Y) 10J SI[NSI Y} — L7] d[qel,

- GE0 9¢°} 020 680 860 9€°0 ev'l G50 W3o
¥1€0F 600 - 9Z'} G50 68°0 220 0Z°0 8r’L 050 ald
€ELLFCFO0 | LOVLFPED - 1L} 8/} 9z} 12} GZC 6€°L (gg eN) aN1
Z6¥0F620 | SLY0¥F0Z0 G9L'L F€L0- - 6L°) 160 2670 GlL 8/°0 (gg so) aN1
GB6G0F9E0- | ¥€S0FSP0- | ZLZ L ¥820- | #5907 G90- - 160 88°0 9L’k 160 (z ag eN) SY.LaW
L¥€0F600 | SZZ0F000 LLLLFEE0- | ObP0F020- ¥G5°0 F G0 - ¥Z'0 6v°L 250 (1L g eN) SY.LIW
LE€0F800 | 0020F100- | 90L L FGE0- | 82¥0F2Z0- Y50 F ¥7°0 8¥Z0 ¥ 10°0- - 8r'l 1S0 (gg so) sv.Lam
G06'0F890- | 998°0F 2.0~ | 06ELFOL'L- | G¥6'0F L60- €00} ¥ 2€0- 8/80F /L 0- Z/80F9.0- - 25} ann
€96°0F€00 | 867 0F900- | Z6LLF¥6E0- | S290F9Z0 0LL0F6E0 6150 F 90°0- 6050 ¥ GO0 ¥860F 120 - 1dN

N3 d1d (gg eN) an1 (ggso)an1 |(zageN) sviam | (1 ageN) svLam | (99 so) SYLIN JNN 1dN

/9 ON3 Woday TdN




86

Aojelsogen]
> T
pd o c
] Q T = - S prd
= < @ _m_ w m 2
T
- 4 -
- N rn
* =
T M 1.0 ¢
— - T
1 { .— {e0 =
o
1 80
1¢l
8L
2, 099 e uosuedwo) :}oafoid uoisualxa 859 | JNVHNT
PadesdAe ejep [[& — Do (99 € I9)IWOULIIY) ATYN] Y3 10§ SHNSII 3y} —§TT I[qeL
- €0 220 74l 98°0 G9') FZa0) NINNI
9¢€’0 ¥60°0- = v€0 €e’l 880 L9°L 8r°0 N3o
G61°0 ¥ GO'0- EYE'0F¥0°0 - 9’} 280 L9°L 0v0 al1d
860°L ¥62°0 €EL'L F8€0 00L'L ¥ G€°0 - 98°} 6€¢C el 3N
GGC'0+ 990 08€°0 ¥ 9G°0- ¥9¢°0 ¥ 09°0- CLL'LF¥6°0- - €0’'t 260 ISAE
¢80 ¥96°0- 888°0 ¥ 88°0- G¥8°0 ¥ 16°0- VLS L F9C L 0980 ¥ L€0- - 29’) JNN
96€°0 ¥ 60°0- 98%'0 ¥ 000 20’0 ¥ ¥0°0- ZSL°L ¥8€°0- YEY'0F95°0 ZL6'0¥F /80 - 1dN
INTANI 'Eo} gal1d 3N1 SV13N JNN 1dN

/9 ON3 Hoday TdN




66

<
@) m c
z m 3 5 N s z
3 < w m 7 m pd — Aojeioge
e < < < < < 2 <
= — — 3 — —
M w w w @ w o os)
T W w w o @ T w
0'¢c
- m—\l
- O—\I
® =
T 8
* 141 60 wl_
N G I .
00 =
I B 1 :
¢ \S)
160
101
= gl
0, 099 e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

pajeaedoas ejep ggLA PUE dd — Do (99 J€ JIJIUIOULIIY) INIIYNT Y} 10§ NS Y} — 6T Qe

- €0 220 iz 980 §9°L 810 950 44 WIENI
9€€ 07600 - #€0 ee'l 880 19} Ge0 850 ag1A N30
G6L0FS00 EVE0F ¥00 - 9z} 280 19k 020 €50 a91A 91d
860} 620 €ELL F8E0 001} FGE0 - 98°} 652 €z} vl ag1A aN1
GGZ0FS90 08€0 F 95 0- v9Z0F090- | ChL L FV60- - €0} ¥80 1670 ag1A SY.LIN
Zv8'0 7 960 888°0 7 88°0- S8 0T 160 VIELFOTL- 0980 F LEO- - ¥9'L ¥9'L agiA INN
€81 07200 9€€0 ¥ 200 9610 ¥ €00 8601 F L€ O 95207 €90 Zv80F 60 - G50 44 1dN
916 0% 2L 0 8850 ¥ ¥0'0- 12507 200- | 66} F2ro- 9YG0 F €50 1L60F¥80 | ZIGOFLLO- - Qg1 1dN

d4 INIHNI adlA 3D adlA g1d adlA aN1 a9.1A SY.LIW ad1A INN dd4 1dN g91A 1dN

/9 ON3 Woday TdN




001

Aojelogen
m
Q T - = c z
m <
z @ i & m e
— 8'L-
- .v.—\l
- O—\I
L 4
T {90 ¢
d 70 4
H T 1 ¢0 W
H A {z0 2
+ {90 &
101
1 vl
— 8l
9, 00/ e uosuedwo) :108foid uoisusixe 859 1 JANVENT

PISEIdAE BIED ([ — Do (0L J€ J)IWONLIIY) NRYN] Y} 10J SHNSIL Y} — OE [ IQEL

- ge0 vSY 960 JI5 850 W3o
1GE0F €00 - 8yl €60 9} €50 ald
GoLL 7250 IS FS50 - ¥0C 95T £9° an
9€90F ¥v'0- | 2/S0F 9OV 0- 8YC L F LOL- - €zl L0} Sv.Lam
v68°0 % ¥80- | 0S80 7 980~ 6L F LV L 000} ¥ 0V O - 09'} InN
€660F#00- | %25 07F900- 9221 7 190 EV.0F0v0 | €/60%080 - 1dN

W3o d1d an1 SV.L1aN ET) 1dN

/9 ON3 Hoday TdN




101

Alojelogen]
=
Q T = 4 c z
m
= @ i & = s
0'¢
- o..vl
- Oﬂl
=
10z 3
5!
{1012
1 5 | I o 2
1 = H /n.\w
101
10¢
0€
D, 008 }e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

PaSeIdAe B)ep [[€ — D, (08 I€ 1)OWOULIdY) NRIN] 24} 10§ SHNSIL Y} — [€] IQEL

- 0r'0 ¥6') 614 98°¢ ¥9°0 W3o
16€07F 500 - /8°) 614 68°€ #S0 ald
€SYLFGL0 Z2r L F0L0 - 19T 0L'G 06} an
62.0%6G0- | 19907F¥90- 8YS L Fee |- - /€€ 9} Sv.Lam
lIZVF28¢C | 9eCLFI8¢ 998'L ¥ 95 € 081 FeC ¢ - 00°% INN
62907600 1SS0 F v00 Z0G' 1 FG9°0- €280%890 | ZZSLFI6C - 12dN

W30 a1d ana SV.LIn ET 1dN

/9 ON3 Hoday TdN




01

N3O

ald

Aiojelogen

3aN1

SVY13n

JAN

1dN

g

0'G-

(D,) W uepaw) - qe1

00

—e—

D, 006 }e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

0¢

PasSeIdAe BIEp [[& — D, (06 I€ 1)oWOULIdY) NRIN] 24} 10§ SHNSIL Y} — TE[ IQEL

VA4

89}

29°}

- 44 S9°'0 [VE Fo)
Ly¥'0 ¥ 80°0- - (A3 vG'l Gev 65°0 ald
22¢L ¥65°0 282’1 ¥.190 - 8/°¢c vy'G cl'h 3IN1
G¥8°0 ¥ 86°0- 184°0 ¥ 060~ 697l F LG7L- - 19°€ v/l SV1aN
06c’L ¥ Ov'e- 6Vl ¥ cee- €9/°) ¥ 66°¢- Wyl F2ve - 1SY =T )
8G9'0 ¥ LO'0 €/5°0¥60°0 0/€°L ¥8G°0- 816°0 ¥ 66°0 6ECLF LY'E - 1dN

N3d gld 3aN1 SV.L3IN JAN 1dN

/9 ON3 Hoday TdN




/9 ON3 Hoday TdN

€01

NTENI

N30

Aiojeloge

al1d

N1

1dN

F——————| Sv.13n

o

—o-

—y—

D, 296 e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

G'¢c
0'¢c
G'l-
0'L-
G0
00
S0
0l
gl
0¢
4

(D,) W uepaw) - qe1

PaSeIdAE BIED [[€ — D, 796 JE 1)OWOULIdY) NRIN] Y} 10§ SHNSIT Y} — €€ IQEL

- 2£°0 050 06°} VA &4 960 INTNNI
G/€0F200- - 250 €6} ve 2860 'ETe)
0€€'0 ¥ €20 98€°'0F 120 - cLe gze Sv0 ald
99G°'L ¥ 65°0 6.G9°L ¥29°0 69S°L ¥28°0 - 28°¢ oLe 3aN1
0¥8°0 ¥ 8.}~ ¥98°0 ¥ 92}~ S¥8°0 ¥ 9G'I- 6v.’L ¥8€¢C- - eee SVY.1aN
Sv¥'0F6L°0- 88%°0 ¥ 91°0- ¥S¥'0 ¥ ¥0°0 16G°L ¥82°0- 968°0 ¥ 09'L - 1dN

INRANI 3D a1d 3aN1 SV.L3IN 1dN




m
_ ) [ — =z
z
Z Q @ T & z 2 fojelogeT
2 = < S < 2 <
3 = S 3
n m w w = n @
T Y w w W Y w
g'¢c
- O.NI
4 G-
{01
4 g0 7
T 1 3
W H H 00 m
{0 7
L 4 (nw
101
1691
1 0¢
G¢
2., 296 18 uosuiedwo) :19afoid uoisuslxa 859 | JNYHENT

pajeaedos e1ep g4LA PUE dA — Do 796 1€ JIOUOULIIY) TN Y} 10§ SHNSAI Y} — €] Qe

- /€0 050 06} 5T 0r 0 2.0 44 WISNI
G/E07 200 - 250 €6'1 e £r0 €20 44 W3o
0S€0F €20 98€0 7 120 - zhe A 2€0 850 ag1n ga1d
6951 F 650 2851 F29°0 1IG1 F280 - z8°¢ €02 6L agiA aNd
0v8'0F8L}- ¥980F 91~ | SG¥8O0FGG |- IS 1F8eC - veT gee 91/ SY.LAN
1ZE0F V10 6€07 LLO- ¥€€0 7600 0/G1FEL0 Zv80F G} - 190 dd 1dN
G850 F 12 0- 8190%220- | 26507 100" Yr9L T €80 €/60F¥S} | 28607 0L0- - ag1A 1dN

dd WINI d4 Wao gd1A 91d gg1A 3N g91A SYLIN dd4 1dN gg1A 1dN

/9 ON3 Hoday TdN




SOI

Alojelsogen]

SV13N
JNN
1dN

0’9

(D,) W uepsw) - qeT)

00

0l

0. 0001 ¥e uosuedwo :308foid uoisuIXe 859 1 INVHNI

PasSeadAe elep [[& — D, 0001 IE 12)IWOULISY) ATYN] dY) 10§ SHNSAI ) — SET AqLL

- 4504 90°¢ SVY.LIN
vev'L ¥ Gle- - or's E)
9¢0’L ¥¢c'l Y9C'L ¥ 9V - 1dN

SV.L3IN AN TIdN

/9 ON3 Hoday TdN




901

Aojeloge]
= =
Z (@] — c [ T z
Y m
g z & = & @ e
8'0-
- - _ - @Ol
- 1o
=
420 =
® !
® * & . ml_
T 00 MP_
{z0 =
Qo
1 4 - 1 0
1 90
80
9, 2€Z 1e uosuedwo) :199foid uoisuaixa 8G9 | JNVHNI
PageaaAe Bep [[€ — Do TET 38 SA'T Y} 10 SHNSAL Y} — 9€T dqe ],
- 290 89°0 69°0 80 Y30 gso INTNNI
0/9'0%80°0 - G690 ¥9°0 €20 vy0 250 [1VE Fo)
8890 ¥ ¥0'0- 8L9°0F€L0- - ¥9°0 v.°0 050 8r0 ISTAEL
10’0 ¥ 000 €€9°0 ¥80°0- 1S90+ ¥0°0 - G20 6v°0 050 ETM)
76.°0+ €00 7€L°0+90°0- 0G.0+ .00 29.°0+¢€0°0 - 09°0 £€9°0 IN1
8€G'0F90°0 Sy'0 F €0°0- L0 FO0L0 067’0 F90°0 919'0 F€0°0 - 0€0 ald
€650 ¥ S0°0- 79’0 F €1°0- 8870 F L0°0- 2050 ¥S0°0- 6290 ¥ 80°0- YECOF LLO- - 1dN
INTENI N30 SV13N JNN 3N al1d IdN
VIvd AdogIdVvId

HANLVIAdNAL HTdVIIVA ANV LNIOd-ddXId HHL T1V 40 LI4 HHL DNISO T HONVYE NO §d'THHL ¥O04 S1INSdd HHL

¢0¢

/9 ON3 Hoday TdN



LOT

m
Q C T pd
= m N z = )
M = > . m w z - fiojeloqe]
< M < m M M_ — M
n w = n w @ m w
o W = T W W T W
8°0-
- - _ - @.OI
- { o
=
120 s
T 1 1T * 5
T 00 &
{z0 =
O
1 <4 - 1 ¥0
1 90
80
0, 262 1e uosuedwo) :19sfoid UoisuaIXe 859 1 JAVENT
pajeaedos e1ep GILA PUE dA — Do TET 1€ Sd'T YD 10§ SHNSIA 9} — LT AqEL
- 290 89°0 69°0 820 50 250 850 a4 WIENI
0907800 - 90 90 €20 50 650 250 aglA Wao
889°0F ¥00- 81907 €10 - 90 20 050 90 150 aa1A SYLIN
1020 ¥00°0 €€9'0 ¥80°0- LG9'0 ¥ ¥0°0 - G0 610 80 Y30 d4 3NN
6270 7 €00 V€107 900 0S.0F200 | 29L0F€00 - 090 19°0 290 ga1A 3N
€S0 7900 SPY0 7 £00- 1Zy0F0L0 | 0607900 91907 €00 - %20 260 agiA 8ld
2507 400" BEVO0F 2L O YOV 0F000 | €87°0F 00 01907200~ | ZLLOF 0L O - 620 a4 14N
G850 ¥+ 90°0- L0G'0FGL0- ¢S50 ¥ ¢0'0- L¥G°0 ¥ 90°0- /1590 ¥ 60°0- L0E'0F L0 06C¢°0 ¥ €0°0- - gag1A 1dN
dd INRANI g9491A N3O g9.1A SVLIN dd4 JNN g49.1A 3N g491A 91d dd 1dN g9.1A 1dN

/9 ON3 Woday TdN




801

Alojeloge
m
o = c = T z
m <
< W m m clu_ H
0'L-
- mO|
| | 3
8
._. W 00 5
¢ H 3
{50 2
Y
101
gl
D, 0GZ 1e uosuedwo) :309foid uoisuaxa gG9 1 JINVENI

PaSeIaAe vlep [[8 — D, 0ST 1€ ST Y3 10J S)NSAI AY) — €T AqeL

- 020 614 LE Zro 150 W3o
LIG0F820 - 10°k ¥8°0 6/0 150 SVLan
020L F¥€0 €201 200 . 8Ly S0} S0} Inn
11G07F ¥90 28607 950 850} ¥ 620 - 160 260 an
¥/€0F 040 180 F L1 O 29607 v2 0- 99Y°0 ¥ €50~ - 620 a1d
ZYr0Fvi 0 80T €L 0 0660 ¥ 02 0- Z2G0%6V0- | 18C0F V00 - 12dN

W30 SVL3N ETY an1 a1d 1dN

/9 ON3 Hoday TdN




/9 ON3 Hoday TdN

601

N3O

SV13INN

Aiojelogen

JAN

N1

al1d

1dN

——

—y—

=i

D, 00€ e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

0¢

G'l-

0'L-

G0

00

S0

0l

(D,) W uepaw) - qe1

PaSeIaAE BIep [ — D, 00 1€ Sd'T Y} 10§ SINSAI 3Y) —GE] AqBL

€v0

89}

00

6€°0

- 050 W3ao
€EY'0 ¥ €00 - €9} €r°0 62°0 vr0 SVY.LaW
8LE'L F650- 062} ¥ 950- - 894 G594 177} ann
0LG0¥100 ZEY0F €00 81€L 090 - 6€°0 640 aNa
960 ¥ 100 0620 F #0°0 8171 ¥09°0 960 ¥ 000 - 260 dald
MY 0F 20 GSE0F ¥1L°0 G6ZLFLLO 9y 0FLL0 | OLEOFLLO - 1dN

W3o SV.Law amn an1 a1d 1dN




0TI

N30

SV13IN

Alojeloge]

3aN1

al1d

1dN

L

D, 00¥ }e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

L0~

00

L0

o

€0

¥0

S0

(D,) W uepaw) - el

PaSeIaA. BIED [[8 — D, 00F 1€ ST Y3 10J SINSI 3Y) — Op] d[qE.L

- zro 950 170 8r°0 W3o

12V 07 200" - SP0 020 €80 Sv.1am

¥2507 L1 0 €07 V10 - 0r°0 SP0 anT

9LY'07 100 ¥61°0 7 ¥00 09€07 0L 0- - 0£0 a1d

¥8v°0 ¥ ¥00 vI€07 200 IEV07 J00- | 66207€00 - 12aN
W3o SV.1aW an g1d 1dN

/9 ON3 Hoday TdN




IT1

Alojeloge
S m
Z Q 4 c = ) z
Py m < pd
z = & m fi @ e
4
T 1 0¢
- m rn
=
1 0L~ wl_
¢ 5
160 =
o
P H I I 00 =
1 H hd
160
0l
. 02 1e uosuedwo) :308foud uoisusixa 859 1 JINVYHENT
padeadAe vIep [[& — Do 0T 38 Sd'T Y} 10§ SHNSAL Y)Y — [{] d[qeL
- 960 €20 08’} vr0 0Z°0 920 NI
G9€0F€00 - 8€0 98°L £6°0 9€°0 60 Efe)
002'0+90°0 6.0+ €00 - 984 (0] 40} 0c0 Gz o ISAEN
ccy L F€90- 8GY°L ¥ 99°0- Gev'L ¥ 69°0- - 167t 98} 18t JNN
190 F ¥L°0 870+ CL°0 G/€°0+800 LSV LF 1.0 - 6€°0 Lro IN1
G/L'0F900 99€'0 ¥ €0°0 202’0+ 000 ey’ L ¥89°0 Z9¢'0 ¥ 60°0- - €20 ald
¢e€C’0+ .00 /6€°0*¥0°0 ¢SC0+100 0EY’L ¥69°0 €6€°0 ¥ 80°0- €€C0+100 - T1dN
INTENI N30 SV13IN JAN 3N1 al1d T1dN

/9 ON3 Woday TdN




41!

<
Q m c = T z
— m —
z Q z > = = 7 @ z M Aojeloge]
= = 5 < & 5 5 5 2 3
o il w P m w W w m w
T T w @ o w W w o w
¢
- 1 0°¢
- m.FI
=
{01- 38
4 ® 3
{50 &
by 1 H T I T " o
e T f 1 |"
160
101
Sl
9, 02 ¥e uosuedwo) :198foid uoisuaixa 8G9 1 JNVHNT
pajeaedas ejep gaLA PUC dd — Do 0TH 3& ST AU 10§ SHNSAI 3Y) — TH] dqeL
- [450) 4 40) €20 99°} v6°L 1240) 0co 8L0 Ggeo d4 WIANI
90€'0 ¥ S0°0 - 6v°0 (450 vl [10x4 lv0 0€0 0€0 6€°0 d4 3o
9¢¥'0¥ 000 G6¥°0 ¥ S0'0- - 440 L2 66°4 650 €ro cro cso ag.1A N3D
002°0¥90°0 22€07F100 LEV'0F90°0 - €'} 00°¢ 0r0 0co 120 ce0 ag1A SY.LIN
86¢°) ¥ 650" cee’ L ¥ ¥9°0- GGE'L ¥ 650" L0€'L ¥ G9°0- - 16°} 8L cl'h 69°L 6/2°} d4 3ann
ISl ¥ 190" 996°L ¥¢L°0- 65’1 ¥ /90" 6¥S'L ¥€L°0- L10°C ¥ L0°0- - (x4 00°¢c 16°} 90°¢ ag1A 3NN
6G€0F V10 6EY'0¥60°0 0€S'0F 10 €.€0%800 GECLF VL0 8/G°'L ¥18°0 - 6€°0 cro €vo ga9g1A 3aN1
G/Z1'0¥90°0 20€°0%000 12¥'0%S00 ¢0C’0¥000 86¢°'L ¥ 990 9SL ¥¢2L°0 19€°0 ¥ 60°0- - 8L0 LE0 gag1A 91d
G/1'0¥F200 L0€°0F€0°0- 12¥'0F200 1020 ¥ ¥0'0- 8621 ¥29°0 96’1 ¥69°0 09€0*F2¢l0- 8/1°0F€0°0- - €0 dd4 1dN
G6C0F LL°O 88€°0¥S0°0 88V 0F LL°0 L1E'0*G00 6L€1LF0L°0 Y961 ¥ 1270 cey’'0 ¥ ¥0°0- 9620 *¥S00 | 96¢0+800 - gag1A 1dN
dd INIANI d4 N30 gg91A N3O g991A SVL13IN CEEL g4g.1A 3NN g4g.1A 3N gd1A 9d1d dd4 1dN g99.1A 1dN

/9 ON3 Hoday TdN




el

Alojelogen]
m
Q 4 c = T z
m <
< W m m clu_ H
0¢-
T {se
- ONI
19+ ¢
101 4
2 3 3
._. 160 2
) T . 5
00 ©
1 H b4 H
160
1 101
gl
D, 006G e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT
PISEIIAE BIED [[8 — Do 00S € Sd'T AU} 10§ SINSIA 3Y) — €p[ JqEL
- 950 6€°¢C 290 VA0 850 'ETe)
ZrS'0F0L°0- - 2 090 8¢0 v°0 ISTAEL
068’ ¥ €8°0- 8G8'L F€4°0- - 8y'c 9ec zee ET )
98G°0F LL'O Y.¥'0F 120 L/8L ¥¥6°0 - 440 09°0 aN1
0870 ¥ LO'0 Y€€'0F0L°0 L¥8'L ¥ ¥8°0 LO¥'0 ¥0L°0- - L0 ald
¥8G°0 ¥ S0°0- Z.y’0F ¥0°0 LI8'LF1L0 22G°0F/LL°0- | 66£0F900- - 1dN
N3d SV.L3IN JAN 3aN1 g1d 1dN

/9 ON3 Hoday TdN




144!

N3O

¢ BN SVL13N
L BN SV13N

SO SV13N
JAN

Aojeloge]

aNT
a1d

OdM 1dN

SO 1dN

—
=

e

—e1
o

[—

—or

(D,) W uepsw) - qeny

D, 005 1e uosuedwo) :10afoid uoisuaxe gG9 | JNVENI

Sl

3d£) 95.ano0s 03 urp.a0dde pajeaedas Blep — D, 00S I8 Sd'T Y} 10J SINSAI Y} — pH] dqeL

- 920 60 670 62 290 170 820 €50 W3o
§1907 02 0- - 190 09°0 12z 280 #9°0 120 0.0 ZeN SYLIN
96V 0F ¥00- | 6ESOF9L0 - 120 ez 050 120 €90 9€°0 | eN SVL13N
I6Y0FG00- | €660%GL0 | ¥.Z07 LOO- - 0£2 150 920 190 160 SO sv1an
0681 7€80- | 106+ 7€90- | SV8LF6L0- | v¥8LF.L0 - 8r¢C 962 2z 8cC ann
98607 LL'0 | ¢290FI€0 | 12r0%GL0 | vIW0F9L0 | V8 LF¥60 - v70 780 050 an
08V0F 100 | €250F+20 | ¥S¢0FG00 | 2¢hc0¥900 | I8 LF¥80 | LOVOFOLO- - 990 Z€0 ald
Z690F020- | €220F000 | 6G50F9L0- | ¥SG0FGLO- | Z06LF€90 | OV90F LEO0- | PPGOF 120" - 120 M 1dN
66507200 | 6.5072¢0 | ¥S€0F900 | 9¥€0F.100 | /S8 L +¥80 | LLy0F600- | OE€0¥ 100 86507220 - $2 1dN

W3D ZeNSVLIIN | LENSVIIW sO SV1aN amn a1 a1d O¥M 1dN $O 1dN

/9 ON3 Hoday TdN




Sl

Aojeloge]

N3O
SV13INN
JAN
N1
al1d
1dN

G'e-

- m.NI

.
+
L
o
-
)
(D,) W uepsw) - qeT)

H m 00

0l

gl

D, 009 e uosuedwo) :309foid uoisuaxa gG9 1 JINVENT

paSeIaae vlep [[8 — D, 009 1% ST Y3 10J SHNSAI AY) — Sp] AqeL

- 850 6.2 S0 190 2.0 W3o

8850 20°0- - v.CT 99°0 8r0 190 SVLan

662CF880- | 992C 980" - S6¢C 062 282 JnN

11907810 25507020 062CF90'L - 670 S0 an

JEG0F 910 19S07F 210 €52 FE0'L 8670 ¥ £0°0- - 190 ald

ZEL0FE00 8190 F v00 L0STF 160 ¥0L0%Gh0- | 0/G0FELO - 12dN
W30 SVL3N ETY an1 a1d 1dN

/9 ON3 Hoday TdN




911

N3O

¢ BN SVL13N
l BN SV1dN

sO SVL3IN

Aiojeloge

JAN

aNT

ald

1dN

G'e-

- m.OI

——

H
= o

o

00

0l

9, 009 e uosuedwo) :109foid uoisualxa 8G9 | JNVHNT

Gl

(D) W uepew) - qey

3d£) adanos 0) Suipaodde pajeredas eyep — D, 009 I8 ST Y} 10J SHMNSAI Y} — 9] Qe

= 860 090 950 6.¢ G20 190 2.0 Epe)
9€.°0 ¥ LE€°0- - 860 v6°0 VA &4 €Ll 00'} co’} Z BN SY.L13an
1SS0F2L0 G650 ¥ 6¥7°0 - €€0 8¢ 2so 490 L9°0 L BN SV.LIN
8¥S'0 ¥60°0 9850 ¥ 9¥'0 y€€°0 ¥ €0°0- - €8¢ €9°0 ce0 860 s) SV.LIN
662°C ¥ 88°0- 60€C ¥ 150" 8G2°CF00'}- 9G2°C ¥ /60" - G6¢C 06¢C z8¢c 3NN
L/90%8L0 80L'0¥95°0 025'0+900 0lS'0¥60°0 06CC+90°L - 6v°0 G20 aN1
LES0F9L0 9/5'0 €50 91€'0F€00 66¢°0F 200 €GCCFE0'L 86%°0 ¥ €0°0- - L9°0 d1d
2¢eL0F€00 192°0F 0¥'0 685°0 ¥ 60°0- 1850 ¥ 90°0- L0€CF 160 ¥0L'0¥GL'0- | 0L50F€L0- - 1dN

N3D CEeN SV1dN I EN SV.1IN SO SVLIN JNN 3aN1 gld 1dN

/9 ON3 Hoday TdN




LTI

Aojeloge
> m
Z Q 4 c = ) z
Y m < zZ
z < & m i @ 2
0t
- O.ml
10z ¢
® X
1 0'L- m
1 H 1 I ] 00 O
+ H 1 1 ) o
1 101
0'¢c
D, 099 Je uosuedwo) :30efoid uoisualxe 8G9 1 JNVYHNI
PISEIIAE BIED [[8 — D, (99 € SJ'] AU} 10§ SINSIA Y} — Lp[ JqEL
- 650 S€0 8Le 2zl zro 970 WINNI
¥6G°0 ¥ G0°0 - 190 l2°€ 8¢’} 290 290 WN3D
¥G€°0 + 200 819°0 ¥ €0°0- - 0ce (XA (5 40) VA A0) ISAE]
Wwy'cF9L°L- 6V CF L2 ) Lyy'ZF8LL- - 99°¢ £ee 9c€ JNN
¢80°L ¥ 1LE0 G6L°L ¥92°0 960°'L ¥ 620 cS9CF L)L - LLL Leh IN1
LLE€0*SGL°0 8650 F0L0 L9E'0F€EL0 e F LEL G80'L ¥91°0- - 8r°0 ald
8¥¥'0+90°0 990+ 100 0870 * ¥0°0 e+ ecth 0€L’L ¥+G2°0- €G¥°0 ¥ 60°0- - 1dN
INTANI N30 SV13N JNN 3N gald T1dN

/9 ON3 Woday TdN




=
(@] m c - - -
= m 3 = z 5
z = & m m i w z - Kiojesoge]
e < < i < < < 2 <
— 5 = — 5 =
n W o | W o) @ m @
o w o L w ) w T @
T ot
- O.ml
{0z ¢
* =
1 {ow- &
S B L. J N
9}
? H 1 3 ¥ .— 00 O
1 1 101
0¢
0, 099 Je uosuiedwo) :399foid uoisuslxe 859 1 JINVENT
pajeaedoas eyep gELA PUe dd — Do 099 I€ Sd'T 9} 10§ S)NSIL dY) — 8] dqE ],
- 6G°0 geo c6c Evr'e (44 cro 280 6G°0 d4 NN
16507500 - 190 20°¢ z5¢€ 8zt 290 09°0 220 ag1A N30
¥GE0¥200 | 12907F €00 - G6¢C e [ €r0 650 190 ag.1A SY.LaIN
L0ECF20 k- | LGEZFL0L- | SOEZFvO)- - a3 Lre 20 €0°€ 66C 44 amn
18G°C * 0€'}- L€EQC * GE')- 98G°¢ ¥ ¢E')- Yvy'€ *8¢°0- - L6°€ 8G°¢ 4K 6v°€ dadlA 3NN
2¢80°L ¥ 1€°0 1611 ¥92°0 960°} ¥62°0 ves ¢ F €E°L 18LC* 19} - L |43 LEL gg.1A 3N
LLE0*GL0 L09°0+0L°0 L9E0F€L0 coecCcF L) c8GC+9r'l G80°'L ¥ 91°0- - €e0 G9°0 ga9gI1A 91d
9LE0FLLO 009°0 ¥ S0°0 65€°0 %800 coecFeEl) 18SCF LYl ¥80°L ¥ 12°0- | €2€°0FG0°0- - 190 dd 1dN
96507200 | G8L0F €00 0290 ¥ 000 ISETFVOL 0€9CF 2L 961 L ¥620- | 0090F ¥L°0- | 6650 F600- - ag.1A 1dN
dd INRINI gd1A N3D g4dlA SVLIN dd 3NN gadlA 3NN g4g.1A 3N gdl1A 91d dd 1dN g49.1A 1dN

/9 ON3 Hoday TdN




611

Aiojelogen
m
Q 4 c = T z
m
= & = m @ 2
— 0'G-
1 0+
- Oml
=
s
® d o
0¢ wl_
{01 2
I I . WS
1 i : !
1 0L
0¢c
D, 00/ }e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

paSeIaae vlep 18 — D, 00L 1% ST Y3 10J SHNSAI AY) — Gp] AqeL

- SLY 65F 05} ¥9°0 /80 W3o
0€80F 9V 0- - €6 564 90} 960 SVLan
ZI8TF80C | 018CF29 - - 66% vy k%2 JnN
6121 F8Y0 9121 F560 6v6C F 95¢C - 73 99°; aN1
0v9'0F 200 GE90FE50 09/2FGhe 960'L ¥ L7 0- - 9.0 ald
GI80F8L 0 1180F820 908 ¥ 061 902 L ¥ /90~ | SI90FGZ 0 - 12dN

W30 SVL3N ETY an1 a1d 1dN

/9 ON3 Hoday TdN




0¢I

Alojelogen
m
Q 4 c = T z
m
=z 7 = e @ e
= 0'G-
1 0¥
- Oml
=
1 0%¢ 5
* g
3
101 =
] T I g
H m H 00
101
— 0z
D, 008 }e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

paSeIaae vlep 18 — D, 008 1% ST Y3 10J SHNSAI Y)Y — ST dqeL

- g 8% 6% 9.0 680 Wao
V1607 290 - 9/°€ Sre 9} 9l Sv.Liam
OlVEFSSI- | LOVEF680- - €L or'y or'y JnN
19€L ¥99°0 VGl FEeC | 8eG€F 2z e - 85} 69/ an
/G107 800 SYZ0%G.0 ZGEEF VoL 807’ L ¥ 850 - §9°0 ald
6060 ¥ SO0 6680 ¥ 2L 0 68€€F 09} 80€L ¥ 190- | 85907 €00 - 1dN
W30 SY.LaW ann an1 a1d 1dN

/9 ON3 Hoday TdN




4!

Aiojelogen
m
Q 4 c = T z
m
< 7 = e @ e
02~
T 109
- Oml
1o+ ¢
10¢
23 d oz m
o1 O
I T ¢ 1
1 -]
101
- 0z
D, 006 }e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

paSeIaae vlep 18 — D, 006 1% ST Y3 10J SHNSAI Y)Y — [S] dqeL

- 68} 65°G vl /80 L0 W3o

6ELL F 960 - 9% 897 £9° LLh Sv.Liam

8E0V F92C- | GEOV FOE b- - 8L9 6/'G 6v'G JnN

€LV 1L 250 SOV F LV L Wi v F LT - 19° €L} aN1

888°0 F ¥0°0- €/807260 1/6€F22¢ 8/Z 1 ¥ 950 - 0,0 ald

020} ¥ 200 100} ¥88°0 €00V F6lC €/€1F650- | 0LL0FE00 - 1dN
W30 SVL3N ETY an1 a1d 1dN

/9 ON3 Hoday TdN




[44!

Aojelsoge

NTANI
N30
SV13INN
N1
al1d
1dN

G'¢c

(D,) W uepaw) - qe1

0¢

D, 296 e uosuedwo) :309foid uoisuaxa 59 1 JINVENT

paSeIaAe vlep [[8 — D, 796 1% ST Y3 10J SHNSAI AY) — 7S] dqeL

- gLl 18t (/A 090 890 INTNNI
¥66°0 ¥ 2€'0 - Sr'e v9'L v0'} Vel 'ETe)
6 0F0L'L- LOZ' L F LY |- - 96°C zoc v6°L SVI1aN
GGE'L ¥85°0 16S'L ¥92°0 199°L ¥89°1 - 16} 17} 3aN1
6VS0* VL0 866°0 ¥ 81°0- 0S6°0 ¥ ¥’ 8G€’L ¥ ¥¥'0- - G20 ald
¥69°0 ¥ LO'0- G80°L ¥ €€°0- 0¥0'L ¥60°L €Cy’'L ¥6G°0- | 00L0FGL0- - 1dN

INRANI 3D SV13N 3aN1 a1d 1dN

/9 ON3 Hoday TdN




= fiojeloqe] Z
% e = z >
= = 0 [ T - M
M M > Z — m o8]
o Y (@] m w T w
S'¢C
- O.NI
- m- FI
104 ¢
._. 1 60 wl_
oo 3
¢ H 1 ~
¢ {s0 &
101
161
0¢
0, 296 1e uosuedwo) :19efoid uoisue)xe 859 1 JINVHNT
poyesedos €)ep LA PUE dA — Do 796 ¢ Sd'T AU 10J SHNSAI 3y — €T AQEL
- oLt 287 0Lk 09°0 290 €0 a4 WIaNI
7660 7 2€ 0 - sre 9°L $0°L € 7 a4 Was
960 F0L'L- L9C' L F LY L- - 96°¢ 404 (A coc ISAE]
GGE'lL ¥85°0 1661 ¥920 1961 ¥89°) - 19°L 98} gl 3N
6¥S0F¥L°0 866°0 ¥ 81°0- 0S6°0 F ¥C'l 8GE’L F ¥¥'0- - 9.0 9.0 a1d
95507510 €00 FLV0- | ¥S60F V60 l9SL FEL0- | V9507620 - €80 94 1N
€¥.°0+¥0°0 LLL'L ¥820- V0L F€LL 8v¥'L ¥ ¥5°0- 8¥.°0+0L°0- G20+ 6L°0 - gag1A 1dN
dd INTAENI d4 N3O SV13N 3N1 al1d dd 1dN g91A 1dN

/9 ON3 Woday TdN




1£4!

Alojelsogen]
m
d = pd
<
7] m 2
08
- O .@l
- O ..VI

o
N
(D,) W uepsw) - qeT)

1 00

0y

0. 0001 ¥e uosuedwo :308foid uoisuIXe 859 1 INVHNI

PaSeIaAe BIep 18 — D, 0001 3¢ SJ'T Y3 10§ SIS Y} — pST QL

- gesq 1424 SVY.LIN
089 v + vv'l- - §v'9 E)
ceL’LF6LL YEQV ¥ €9°C - 1dN

SV.L3IN AN TIdN

/9 ON3 Hoday TdN




NPLE

National Physical Laboratory

NPL REPORT ENG 67

APPENDIX 6

RESULTS OF THE ANALYSIS OF THE FIXED-POINT AND VARIABLE
TEMPERATURE BLACKBODY MEASUREMENTS USING THE NPL
AND INRIM CALIBRATION FITS

EURAMET 658 EXTENSION PROJECT TO EXAMINE UNDERLYING
PARAMETERS IN RADIANCE TEMPERATURE SCALE REALISATION

FROM 156 °C TO 1000 °C

HELEN MCEVOY

JANUARY 2018

&

Department for
Business, Energy

& Industrial Strategy

FUNDED BY BEIS




NPL Report EM ENG 67



NPL Report ENG 67

Appendix 6

Results of the Analysis of the Fixed-Point and Variable Temperature
Blackbody Measurements using the NPL and INRiM Calibration Fits

EURAMET 658 Extension Project to Examine Underlying Parameters in
Radiance Temperature Scale Realisation
From 156 °C to 1000 °C

Helen McEvoy
Engineering, Materials & Electrical Science



NPL Report EM ENG 67

© NPL Management Limited, 2018

ISSN 1754-2987

National Physical Laboratory
Hampton Road, Teddington, Middlesex, TW11 OLW

Extracts from this report may be reproduced provided the source is acknowledged
and the extract is not taken out of context.

Approved on behalf of NPL by
Dr Stephanie Bell, Science Area Leader



1

2

NPL Report ENG 67

CONTENTS

RESULTS ANALYSIS USING THE NPL AND INRIM FIXED-POINT CALIBRATIONS 1

1.1 THE VTBB RESULTS WITH THE INRIM THERMOMETER..........cccocceiiiiiiniiniiniiniiniens 2

1.2 THE VTBB RESULTS WITH THE LP5 THERMOMETER.........ccccccociniiiniiniiiiniinicnecneene 9

1.3 THE FIXED-POINT RESULTS......cooiiiiiieeeet ettt sttt 20
PLOTS OF RESULTS OF THE FIXED-POINT MEASUREMENTS USING THE
CALIBRATION FITS FOR THE LP5 AND THE INRIM THERMOMETERS.................. 25
DIFFERENCES BETWEEN THE CALIBRATION FITS AND THE BLACKBODY
TEMPERATURE FOR THE LP5S THERMOMETER .. 31

INDIVIDUAL LABORATORY RESULTS: DIFFERENCES BETWEEN THE
CALIBRATION FITS AND THE BLACKBODY TEMPERATURE FOR THE LP5
THERMOMETER ...uuciiiiiiiiiitiiniininnninnecssicsinsisssississsisssiessessssssssssssesssssssssssssssssssssssasssassse 37

INDIVIDUAL LABORATORY RESULTS: DIFFERENCES BETWEEN THE
CALIBRATION FITS AND THE BLACKBODY TEMPERATURE FOR THE INRIM
THERMOMETER ...ucciiiiiiniintinniininnninnecssiensensissiissississstessessssssssssssesssssssssssssssssssssssassssssse 40




NPL Report EM ENG 67



NPL Report ENG 67

1 RESULTS ANALYSIS USING THE NPL AND INRIM FIXED-POINT CALIBRATIONS

NPL and INRiM carried out measurements using all of the appropriate fixed-points: indium, tin, zinc,
aluminium and silver. Conveniently, these measurements had been carried out close to the beginning and
at the end of the comparison. The results from these two laboratories were therefore used to provide two
calibration fits for each thermometer.

Firstly, for each thermometer, the NPL and INRiM fixed-point results were corrected to a common range
or gain (x10° for the INRiM thermometer; range R1 and also range R2 for the LP5 thermometer) using the
NPL or INRiM measured gain or range ratios. A least squares fit of the results was then performed using a
version of the Planck form of the Sakuma-Hattori interpolation equation:

a
S(T) = ! Equation 1
) exp(c, /(a,T +a,))—1 quation

where S(7) is the output voltage of the thermometer, 7 is the temperature in kelvin, ¢, is the second radiation
constant and a;, a; and a3 are constants.

For all laboratories, the fixed-point and variable temperature blackbody results were firstly corrected to the
same range or gain setting that was used in the fitting process using the range or gain ratio measurements
made at that particular laboratory. The additional uncertainty component arising from correcting the signals
for gain was calculated, for each temperature, and included as an additional component in the laboratory
measurement uncertainty, as described in Section 5.1.1 of the main report. Where a particular laboratory
had not measured sufficient gain ratios for the INRiM thermometer for this to be possible, the average value
from the results of all the other laboratories was used instead (see Appendix 3). In this case the standard
deviation of the results was taken to be the uncertainty of the gain ratio value.

Using the coefficients calculated from the NPL and INRiM calibration fits, all thermometer signals were
converted to temperature. For temperatures other than the zinc point, the correction was scaled using the
1atio (fsource)/(Linc). An additional uncertainty was also added to the laboratory measurement uncertainty to
allow for the drift of the thermometer during the comparison, as described in Section 5.1.1 of the main
comparison report.

The results of the comparison of all the fitted measurements are given in Tables 1 to 31. The differences
(calibration temperature — blackbody temperature) are plotted in the Figures following the Tables. The
results of the fixed-point measurements were kept separate from those of the variable temperature
blackbody sources. No DOE or QDEys values were calculated for this method of comparison.
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PLOTS OF RESULTS OF THE FIXED-POINT MEASUREMENTS USING THE
CALIBRATION FITS FOR THE LP5 AND THE INRIM THERMOMETERS
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Calibration of LP5 at the aluminium fixed-point
(Fitting done with data converted to R2)
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Difference (temperature from fit - fixed-point temperature)/ °C

Difference (temperature from fit - fixed-point temperature / oC
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Calibration of the INRiM thermometer at the tin fixed-point
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Calibration of the INRiM thermometer at the aluminium fixed-point
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DIFFERENCES BETWEEN THE CALIBRATION FITS AND THE BLACKBODY
TEMPERATURE FOR THE LPS THERMOMETER

Plot of differences (NPL calibration fit temperature - blackbody temperature) for LP5 on range R1
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Plot of differences (NPL calibration fit temperature - blackbody temperature) for LP5 on range R1

(zoomed in further)
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Plot of differences (NPL calibration fit temperature - blackbody temperature) for LP5 on range R2

(zoomed in)
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Plot of differences (INRiM calibration fit temperature - blackbody temperature) for LP5 on range R1
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Plot of differences (INRiM calibration fit temperature - blackbody temperature) for LP5 on range R1

(zoomed in further)
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Plot of differences (INRiM calibration fit - blackbody temperature) for LP5 on range R2

(zoomed in)
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4 INDIVIDUAL LABORATORY RESULTS: DIFFERENCES BETWEEN THE
CALIBRATION FITS AND THE BLACKBODY TEMPERATURE FOR THE LPS
THERMOMETER

CEM results - plot of differences (calibration fit temperature - blackbody temperature) for the LP5
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PTB results - plot of differences (calibration fit temperature - blackbody temperature) for the LP5
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METAS results - plot of difference (calibration fit temperature - blackbody temperature) for the LP5
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NPL results - plot of differences (calibration fit temperature - blackbody temperature) for the LP5
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METAS results - Plot of differences (calibration fit temperature - blackbody temperature) for INRIiM

thermometer
25
A using NPL fit
Ausing INRIM fit
2.0
A
g A
= 15
a
£ A
& 10 i 7
Y
g &
S ;
£ 05 e i
a8 [ ]
oo & 4 e ot . i
-0.5

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
Blackbody temperature/ °C

UME results - Plot of differences (calibration fit temperature - blackbody temperature) for INRiM
thermometer

6.0

musing NPL fit
Cusing INRIM fit

50

4.0

30 i

20

Difference (t from fit - tBB)/ °C

1.0

00 ]

-1.0

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

Blackbody temperature/ °C

42



Difference (t from fit - tBB)/ °C

Difference (t from NPL fit - tBB)/ °C

NPL Report ENG 67

NPL results - Plot of differences (calibration fit temperature - blackbody temperature) for INRiM

thermometer
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Plot of differences (NPL calibration fit temperature - blackbody temperature) for INRiM thermometer -
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