25th Oct. 2019

Radiation Thermometry CMC Review Protocol

Scope: To provide a method of reviewing thermometry CMC’s in the sub-field of
radiation thermometry for acceptance in Appendix C of the KCDB. Covers service
category numbers 7.1, 1.1.2, 1.2.2, 1.4, and 2.5 of the “CLASSIFICATION OF
SERVICES IN THERMOMETRY (** 2019)” in the KCDB.

Review guidelines (cf. Table 1):
Items Used for Disseminating Thermodynamic Temperature (Service category 7.1)
IF <Criterion: OK>
THEN: Scrutiny at the level determined by Scrutiny Rule 0, 2 or 3
ELSE: RMO scrutiny and/or WG-CMC scrutiny
Items Used for Defining ITS-90 (Service categories 1.1.2, 1.2.2, 1.4)
IF <Criterion: OK>
THEN: Scrutiny at the level determined by Scrutiny Rule 0, 1 or 2
ELSE: RMO and WG-CMC scrutiny
Items Used for Disseminating ITS-90 (Service category 2.5)
IF <Criterion: OK>
THEN: Scrutiny at the level determined by Scrutiny Rule 0 or 3
ELSE: RMO scrutiny.
(Scrutiny Rule selected according to Table 1)

Scrutiny levels classified by Cut-off values (Urable x) of Table 1
Scrutiny Rule 0

Accept without scrutiny

Scrutiny Rule 1

IF  Ucmc !/ Urable x> 1 THEN: Accept without scrutiny

IF 1> Ucmc/ Urable x THEN: RMO scrutiny and WG-CMC scrutiny
Scrutiny Rule 2

IF  Ucmc / Urable x> 3/2 THEN: Accept without scrutiny

IF  3/2> Ucmc /! Urable x THEN: RMO scrutiny and WG-CMC scrutiny
Scrutiny Rule 3

IF  Ucmc !/ Urable x> 1 THEN: Accept without scrutiny

IF 1> Ucmc/ Urable x THEN: RMO scrutiny

(Urable ¥ Uvalue in “Table X°, where X=2 to 8 as indicated in Table 1 “Cut-off values”)



Table 1a Radiation thermometry CMC review guidelines (Part 1)*°

thermometer CMC OK

Service category Examples of instrument or artifact Condition Criterion Scrutiny Cut-off
rule No. values
7. Items Used for Disseminating T
Review based on protocol for
corresponding service in Service “ITS CMC OK™*' 0 -
Hg/Ga/In/Sn/Zn/Al/Ag/Au/Cu point blackbody Cat. 1 &2
cell/furnace, KC/SC of FP 7 available KC/SC result OK 0 -
711 Fixed—point blackbody cells| High—temperature fixed point (HTFP) blackbody cells of “KC/SC(Scale) result 0 _
o and apparatus Co-C/Pt-C/Re-C eutectic point, KC/SC of RT 7 measurement™ OK”
Fe—C/Pd-C/Ru-C eutectic point, WC-C peritectic point, only “KGC/SC(Scale) result 3 Table 2. 3
Ni-C/Rh-C/Ir-C eutectic point, Cr;C,—C peritectic point OK with Unmikc e avie 2,
Not a primary realization “Ref. standard™ CMC
/ FP T assigned by ref. RT OK” 8 Table 2,3
Review based on protocol for
corresponding service in Service “ITS CMC OK™™*' 0 -
Cat. 1 & 2
i ; jati KC/SC of RT T 2| . "
Radiation thermometers RT calll.arated by abso/gte pr'/mary racflat.lon thermometry, o / measuremen KC/SC result OK 0 _
712 (RT) RT calibrated by re/ative primary radiation thermometry, available
RT calibrated by a VTBB against a reference thermometer ” x4
Y & Relative primary RT Ref. Stag‘}’(%,rd CMC [ 5 | Table 4, 5
” *5
Not a primary realization Ref. stagt}:l(a},rd CMC 2 Table 4, 5
Review based on protocol for
. di . in'S . ” ¥l 0 _
Variable te?m.perature VTBB calibrated by a standard radiation thermometer, VTBB corresponding servics in service ITS CMC OK
7.1.3 |blackbody radiation sources . . . ) Cat. 1 & 2
calibrated by radiance comparison against a standard VTBB 6
(VTBB) Ref standard 3 Table 4, 5




Table 1b Radiation thermometry CMC review guidelines (Part 2)*°

oK”

Service category Examples of instrument or artifact Condition Criterion Scrutiny Cut-off
rule No. values
1. Items Used for defining ITS-90
KC of FP available “KC(FP)* result OK” 0 -
“KC(Scale)™ result 0 _
OK”
11.2 Pr'ma'fy f'xed point cells for Ag/Au/Cu point blackbody cell KC*® of ITS-90 scale only “KC(Scale)™ result OK
radiation thermometry with 1 Table 6
Unmikerp
” *5
Not a primary realization Ref. stagt}:i(a”rd CMC 2 Table 6
KC of FP available “KC(FP)* result OK” 0 -
“KC(Scale)™ result 0 _
Complete apparatus OK”
1.2.2 realizing fixed points for Ag/Au/Cu point blackbody furnace KC™® of ITS-90 scale only ” *9
o KC(Scale)™ result OK
radiation thermometry i Y 1 Table 6
with Unmike rp
” *5
Not a primary realization Ref. sta(r;(}i(a”rd Y 2 Table 6
Same Wavelength*10 as KC “KC result OK” 0 -
Not same wavelength as KC but | “KC result OK”& “SC 0 _
o 0.65 ym / 0.9 pm standard RT with direct ITS-90 realization,|  same wavelength™® as SC result OK”
1.41 St;;:i;?oiae(i':::)n 0.65 um / 0.9 um standard RT calibrated by comparison Not same' wavelength as KGC a*?;:{ “KG result OK” 1 Table 7
above 962 °C no SC with same wavelength
” *5
Not a primary realization Ref. standard™ GMG 2 Table 7




Table 1c Radiation thermometry CMC review guidelines (Part 3)*0

Service category Examples of instrument or artifact Condition Criterion Serutiny GutSoit
rule No. values
2. Items Used for Disseminating ITS-90
Review based on protocol for
corresponding service in Service “ T CMC OK™™* 0 -
. Cat. 7.1.1
Hg/Ga/In/Sn/Zn/Al/Ag/Au/Cu point blackbody SC of FP available “SCFP) result OK” 0 _
i ) cell/furnace, " 9
Secondary fixed-point High—temperature fixed point (HTFP) blackbody cells of SC(ScaIe)” result 0 -
25.1 blackbody cells and Co-C/Pt-C/Re-C eutectic point, SC* of ITS-90 | | OK
apparatus Fe—C/Pd-C/Ru-C eutectic point, WC-C peritectic point, ° scale only “SC(Scale)™ result OK 3 Table 2. 3
Ni-C/Rh-C/Ir-C eutectic point, Cr;C,—C peritectic point with Unmisc rp” ’
Not a primary realization “Ref. standard™ CMC 3 Table 2. 3
/ FP Ty assigned by ref. RT OK” ’
Variable temperature VTBB calibrated by a standard radiation thermometer, VTBB “Ref thermometer™®
2.5.2 |blackbody radiation sources . . . \ ’ ” 3 Table 5, 7
(VTBB) calibrated by radiance comparison against a standard VTBB CMC OK
253 Strip lamps Vacuum lamps, gas filled lamps "KC result OK” 0 -
Same wavelength’“0 as SC “SC result OK” 0 -
3.9 um / 8-14 um RT including thermal imagers calibrated by| Not same wavelength*'® as SC “SC result OK” 3 Table 4, 5
VTBB against a reference thermometer,
Radiation thermometers | 0.9 um / 1.6 um RT calibrated by 3—fixed—point / 4—fixed—
(RT) point interpolation below Cu point, " Wl
254 0.65 pum / 0.9 um RT calibrated by multiple high—temperature No SC Ref stagcli(a:d oMo 3 Table 4,5
fixed point interpolation
” *12
Visual optical pyrometers Disappearing filament pyrometer Ref. standard™ CMC 3 Table 8

OK”




3

‘—” means no criterion/value applicable/needed

“ITS/TCMC OK” means:

CMC of corresponding service in service categories/y (1.1, 1.2, 1.4 or 2.5) / 7.1.1
for the same temperature approved or its approval condition in Table 1 satisfied

and

Unmicmc 2 \/UIgIMl ITS/T emck =2) + UTZ"—ITS(k =2)

“KC/SC result OK” means*13:

[Vamixe/sc = Vieyscry| < \/UIgIMI emc(k = 2) + U sc(k = 2) + Ugescry(k = 2)

and
Uit eme > Unmi kersc

and

\/UI%C/SC(k =2)+ U}%C/SCRV(k = 2)/
Unmi cmc > 3

for the temperature indicated in Table 9.

“KC/SC result OK with Unmi kc/sc FP” means:

[Vamike/sc — Viesscrv| < \/UfJMI emc(k = 2) + U sc(k = 2) + Ugesery(k = 2)

and
Unmt emce > Unmi kersc rp

and

\/UI%C/SC(k =2)+ U}%C/SCRV(k = 2)/

Unmi cmc > 3

for the temperature indicated in Table 9.
“Ref. standard / thermometer CMC OK” means:
Reference standard / thermometer CMC approved for the same temperature
and

Unwvit evc > URet cMC

Here,
Unmri eMc 1s the NMI’'s CMC uncertainty.
U kcssc 1s the uncertainty of the KC/SC
U kcsiscrv 1s the uncertainty of the KC/SC reference value

U nmikessc 1s the NMI’'s KC/SC uncertainty
Unmikescre 18 the uncertainty of the NMI's fixed point in the KC/SC
U RefcMe 1s the CMC of the reference standard



Unmiirsteme  1s the NMI's CMC  uncertainty that satisfies the approval
conditions of the review protocol for the corresponding service in service
categories/y (1.1, 1.2, 1.4 or 2.5) / 7.1 at that temperature

U 1a1s 1s the uncertainty of the difference between thermodynamic
temperature and ITS at that temperature*!

V \mikersc is the NMTI’'s KC/SC result

V Kc/sc Ry 1s the KC/SC reference value

Notes

*0: For CMCs not requiring a KC, documented evidence may include comparisons that

are not registered in the KCDB.

*1: cf. Ref [1] for conversion table and the uncertainty of the difference U tirs. For
temperature above the copper point, conversion table must be extrapolated from the
copper point based on Planck’s law, as well as the uncertainty U rrs.

*2: No KC/SC of T'is available at the time this protocol version is created.

*3: Reference standard in the same service category (e.g. of another NMI), to which the
instrument/artifact is traceable, or the reference RT used to assign the 7'/7% of the
FP.

*4: Ref. standards are fixed-point blackbody cells and apparatus used for calibration of
the RT.

*5: Reference standard in the same service category (e.g. of another NMI), to which the
instrument/artifact is traceable.

*6: Reference RT that is used for calibrating the VI'BB under calibration, or reference
thermometer that gives the temperature of the standard VI'BB.

*7: Key/supplementary comparison of fixed points such as in COOMET T-K5 and APMP
T-S11.

*8: Key/supplementary comparison of a scale realized with reference to the relevant
fixed point.

*9: Key/supplementary comparison of temperature scales such as in CCT-KS5,
EUROMET K-5, APMP T-K5, APMP T-S2, CCT-K10 and APMP T-S11/12.

*10: Wavelength range for which the effect of difference in wavelength is small enough
that it has no relevance on the Ucwmc.

*11: Reference thermometer that gives the reference temperature of the blackbody, or
secondary fixed-point blackbodies.

*12: Reference strip lamp/radiation thermometer, to which the instrument is traceable.

*13: Criteria for evaluating comparison results follow those of an earlier Radiation

Thermometry CMC Review Protocol.



Scrutiny items required for RMO and WG-CMC scrutiny

- Detailed analysis of calibration method and uncertainty analysis according to WG5
uncertainty documents [1, 2], and

- Other supporting evidence, such as Peer Review report or International Comparison

results.
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Appendix 1: Cut-off values
Table 2 Service Category 7.1.1/2.5.1

Fixed point Uk=2) /K
Hg 0.265
Ga 0.078
In 0.071
Sn 0.096
Zn 0.174
Al 0.149
Ag 0.267
Au 0.293
Cu 0.299

The threshold value is the arithmetic
mean of the combined normal and
best uncertainties*A! for the fixed-
point calibration in [2] below Ag
point. Uncertainties for Au and Cu
points are derived from Table 4 for
“Absolute primary” divided by three.
Converting to 7' from ITS-90 will
only increase the uncertainty by 3

mK at most, and the same table is

Note

*Al: “Normal” is evaluated for the wavelength that gives the largest uncertainty among
the possible choices of wavelength at that temperature, and “best” for the one that gives

the smallest. For instance, for the Ag point, “normal” is evaluated with 3.9 um, while

“best” is evaluated with 0.9 pm.

Table 3 Service Category 7.1.1/2.5.1

Fixed point U(k=2) /K
Fe-C eutectic 1.0
Co-C eutectic 0.3
Ni-C eutectic 1.1
Pd-C eutectic 1.3
Rh-C eutectic 1.5
Pt-C eutectic 0.4

Cr3Cz-C peritectic 1.7
Ru-C eutectic 1.9

Ir-C eutectic 2.5

Re-C eutectic 0.7
WC-C peritectic 3.3

The threshold values for Co-C, Pt-C
and Re-C eutectics are the
arithmetic mean of the Normal and
Best uncertainty for scheme 1 in.
[3]. The rest are derived from Table
4 for “Absolute primary”.
Converting to 7" from ITS-90 will
only change the uncertainty values
by 3 % at most, and the same table
is applied for both.



Table 4 Service Categories 7.1.2/ 7.1.3

Table 5 Service Categories 7.1.2/2.5.2/2.5.4

Temperature U k=2) £]oC Uk=2) | K
/ °C /K 09pum | 1.6 um | 3.9 pm | 8-12 um
Absolute | Relative -40 0.395
primary | primary 0 0.322
1000 0.82 1.10 20 0.156 0.304
1200 0.99 0.60 30 0.151 0.299
100 0.141 0.305
1400 1.20 0.66
1600 13 0.86 150 0.095 0.151 0.312
- - 157 0.093 0.153 0.311
1800 1.69 0.99 200 0.091 0.166 0.303
2000 1.98 1.09 232 0.100 | 0.175 | 0.297
2200 2.29 1.33 300 0.129 | 0.192 | 0.286
2400 2.64 1.88 400 0.166 0.204 0.400
2600 3.02 2.76 420 0.108 0.171 0.204 0.458
2800 3.492 3.93 500 0.143 0.184 0.204 0.751
3000 3.85 5.38 600 0.196 | 0.186 | 0.209
For the “Absolute primary”, threshold 660 0.208 0.183 0.223
values are three times the arithmetic 700 0.207 0.181 0.239
mean of all schemes for both Normal 800 0.186 0.193 0.308
L. . 900 0.202 0.250 0.416
and Best uncertainties in [4] Figs. 14
962 0.272 0.311 0.500
and 15.
For the “Relati g | 1000 | 0.339
or the elative primary”, the 1085 0540

uncertainties for the scale is
propagated from the four fixed points
of Cu point and Co-C, Pt-C, and Re-C
eutectic points. The uncertainty value
for the Cu point is taken from Table 2,
and for the three eutectic points they
are taken from Table 3, all multiplied
by a factor of three. The values are to
be reviewed in 5 years or after
sufficient operation of the protocol.
Converting from 7'to ITS-90 will only
increase the uncertainty by 0.5 % at
most, and the same table is applied for
both.

The threshold value is the maximum value of

the arithmetic mean of the combined normal
and best uncertainties for the VTBB and FPBB
scheme at that temperature [2]. Converting to
7 from ITS-90 will
uncertainty by 2 mK at most, and the same

table is applied for both.

only

increase the



Table 6 Service Categories 1.1.2/1.2.2

Fixed point

U=2) /K

Ag, Au, Cu

0.05

The threshold value is the normal

uncertainty

for the Cu point

calibration in [5].

Table 7 Service Categories 1.4/2.5.2

T/'K t/°C Uk=2) | K
1000 726.85 0.19
1100 826.85 0.18
1200 926.85 0.18
1300 1026.85 0.20
1400 1126.85 0.23
1500 1226.85 0.29
1600 1326.85 0.35
1700 1426.85 0.44
1800 1526.85 0.53
1900 1626.85 0.97
2000 1726.85 1.11
2100 1826.85 1.26
2200 1926.85 1.41
2300 2026.85 1.58
2400 2126.85 1.75
2500 2226.85 1.95
2600 2326.85 1.64
2700 2426.85 1.82
2800 2526.85 2.01
2900 2626.85 2.21
3000 2726.85 2.42

The threshold value is the maximum

of the arithmetic mean of the

combined normal and best

uncertainties for the three schemes in

[5].

Table 8 Service Category 2.5.4

t/oC U(k=2)/ K
800 4.0
1000 3.2
1200 3.4
1400 4.0
1600 4.5
1800 5.1
2000 5.7
2200 6.3
2400 6.8
2600 7.4
2800 8.0

The threshold values are from

[6].
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Appendix 2: CMC service categories and supporting KCs and SCs

Table 92 CMC service categories and supporting KCs and SCs (Part 1)

: Approved

v : Directly supports CMC
A : Indirectly supports CMC

Realizations of the

Realizations of the

realization of the ITS—

90 using radiation

Realizations of the

ITS-90 between

Calibration of radiation

radiation thermometer
scale from indium

scale from silver point

scale realisation in
thermometry medium

: On going
INVEE Directly/indirectly supports CMC after ITS <-> T conversion
Field Radiation Thermometry
. APMP EUROMET COOMET APMP APMP APMP EUROMET EURAMET
Comparison name coT-KS coTKio T- K5 T-Ks T-K5 T- 82 T-s11 T- 812 T- st T- sS4
Comparison of .
Comparison of
Realizations of the Local realization of Local realization of Examination of base measurement
radiation thermometer |parameters for ITS-90| parameters required

for the radiation

IT[,8790 betweena IT(,8790 betweena thermometry over the ITS-90 up to o o
Range, years 961 ° C and 1700 960 ° C and 3000 range 1700° © 961 ° C and 1084 thermometer
C C 962 ° G and 2800 ° 1999 — 2000 C 2000 - 2003 point to 2000 ° C to 2800 ° C radiation thermometry
1997 - 1999 2014 - 2016 c 2008 - 2009 2013 - 2016 2013 - 2016 2003 - 2004 temperature range
1997 - 2000 2007 - 2009
Key and Supplemetary
Comparisons on KCDB
appendix B Supplementary
(as of May 2019) Key comparison in Supplementary gomparison in Supplementary Supplementary
. . . . . . . . Thermometry, comparison in Thermometry, comparison in Supplementary comparison in
Key comparison in Key comparison in Key comparison in Key comparison in Pyrometry Thermometry, Pyrometry Thermometry, comparison in Thermometry,
Comparison type, Field Thermometry, Thermometry, Thermometry, Thermometry, ! . ' Temperatures from ' '
Pyrometry Pyrometry Pyrometry Pyrometry Fréezlng points of Pyrometry ° 156 ° C to 2000 ° C, Pyrometry o Thermometry, Pyrometry °
Silver, Gold, and Temperature: 400 ° C . N . Temperature: 960 ° C Pyrometry Temperature: 156 ° C
Copper to 2000 ° C and indium, tin, zin, to 2800 ° C to 1000 ° C
aluminum, silver and
copper points
vApproved for ‘Approved for vApproved for .Approved for Approved and Approved and Approved and
Status equivalence, Results In progress equivalence, Results | equivalence, Results | equivalence, Results " In progress In progress . .
" ) " " published published published
available available available available
Service category Supporting temperature range
7. Items Used for Disseminating T
Fixed—point
711 |blackbody cells Tewe = Txossc AS ¢ AC
and apparatus
712 |Radiation Tko/somemin = 60 K< Toye e e A € AC AC AC AC
thermometers < Tkessomomax + 60 K
Variable
temperature _
7.1.3 |blackbody Tiosscmn = 80 K< Touo A A° A° A A° A° A¢ A
radiation < Thossomax + 60 K
sources
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Table9b CMC service categories and supporting KCs and SCs (Part 2)

Radiation Thermometry

Field

] APMP EUROMET COOMET APMP APMP APMP EUROMET EURAMET
Comparison name COT K5 cotKio T-K5 T-K5 T-K5 T-s2 T- si1 T-S12 T- st T-s4

'Cofnparison of Comparison of

realization of the ITS~ Local realization of | Local realization of | Examination of base measurement

Range, years

Realizations of the
ITS-90 between
961 ° C and 1700 °
(¢}

1997 - 1999

Realizations of the
ITS-90 between
960 ° C and 3000 °
(¢}

2014 - 2016

90 using radiation
thermometry over the
range
962 ° C and 2800 °
Cc

1997 - 2000

Realizations of the
ITS-90 up to
1700 ° C
1999 - 2000

Realizations of the
ITS-90 between

961 °

C and 1084 °
C

2008 - 2009

Calibration of radiation
thermometer
2000 - 2003

radiation thermometer
scale from indium
point to 2000 ° C
2013 - 2016

radiation thermometer
scale from silver point
to 2800 ° C
2013 - 2016

parameters for ITS-90
scale realisation in
radiation thermometry
2003 - 2004

parameters required
for the radiation
thermometry medium
temperature range
2007 - 2009

Key and Supplemetary
Comparisons on KCDB
appendix B
(as of May 2019)

Comparison type, Field

Key comparison in
Thermometry,
Pyrometry

Key comparison in
Thermometry,
Pyrometry

Key comparison in
Thermometry,
Pyrometry

Key comparison in
Thermometry,
Pyrometry

Key comparison in

Th

ermometry,

Pyrometry
Freezing points of
Silver, Gold, and

Copper

Supplementary
comparison in
Thermometry,

Pyrometry
Temperature: 400 ° C
to 2000 ° C

Supplementary
comparison in
Thermometry,
Pyrometry
Temperatures from
156 ° C to 2000 ° C,
and indium, tin, zinc,
aluminum, silver and
copper points

Supplementary
comparison in
Thermometry,

Pyrometry
Temperature: 960 ° C
to 2800 ° C

Supplementary

comparison in

Thermometry,
Pyrometry

Supplementary
comparison in
Thermometry,

Pyrometry
Temperature: 156 ° C
to 1000 ° C

Approved for

Approved for

Approved for

Approved for

Approved and

Approved and

Approved and

Visual optical

|pyrometers

Tke/scmin ~ 60 K < Toue
< Tessoma, * 60 K

Status equivalence, Results In progress equivalence, Results lence, Results | equivalence, Results ublished In progress In progress ublished ublished
available available available available ° P P
Service category Supporting temperature range
1. Items Used for Realizing ITS-90
Primary fixed
point cells for _
tiz P Tomo = Tkosse A A A A V A A
thermometry
Complete
apparatus
realizing fixed _
122 |REEnET Tone = Tkorsc A A A A N R A
radiation
thermometry
Standard
Tio/scmin = 80 K < T,
141 |Radiation Kerse one \ \ v v v v v
Thermometers < Tkossemax *+ 60 K
2. Items Used for Disseminating ITS-90
Secondary
fixed-point _
281 lojackbody cells Toue = Torso A v A
and apparatus
Variable
temperature Teo) _60K< T,
252 [blackbody Ke/somn o A A A A A A A A
radiation < Thorsome * 60 K
sources
. Tko/scmin = 60 K < Toue
253 |Strip lamps \
i < Tiesserum * 60 K M v \/ N
Radiation Tko/somin = 60 K< Tomo N \/ N
254 thermometers < To/soma + 60 K
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