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SUMMARY

L. Title of the Study

Precision measurement of high temperature by contact method.

TL. Objectives and Importance of the Study
The objective and importance of this study is to develop the

precision measurement technology of high temperature by contact
method and fabricate the reference grade thermocouple as standard

reference meterial in the temperature range of 600 °C to 1554 °C.

XXX . Contents and Scope of This Study

1 . Precision heat pipe furnace which can be operated in the
temperature range of 550 °C to 1100 °C was designed and
constructed for a intercomparison between high temperature PRTs
and thermocouples. Temperature control and data acquisition
system was constructed using microcomputer. Thermal em.f.’s of
S—-type thermocouples were measured based on the I'TS-90 in the

temperature range of 575 °C to 962 °C, and em.f.’s of Au-Pt and

Au-Pd thermocouples were measured in the range of 600 °C to
962 °C.
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2.To realize the temperature scale of thermocouple 1in the
temperature range of 962 °C to 1554 °C, high temperature freezing
point cells( Cu, Ni, Pd ) have been designed and constructed in
the second year project. And high temperature furnace for the
realization of high temperature metal freezing points were
designed and constructed. By the recommendation of the CCT,
we produced the reference functions and reference tables for type
S thermocouples based on the ITS-90 through the collaboration
of eight national standard laboratories including NIST. This
reference table will be published as the [EC Publication 5&4-1
and will be used internationally.

3.The thermocouple calibration system will be designed and
constructed by using the radiation thermometer as a reference
thermometer and the characteristics of noble thermocouples will
be investigated in the high temperature in the third year project.
Based on the inter- comparison data between the radiation
thermometer, and between the high temperature PRT and
thermocouple, simple interpolating equations for thermocouples in
the temperature range of 600 °C to 1554 °C will be devised. The
calibrated thermocouples will be used as a standard reference

material for high temperature measurement by contact method in

this country.

v



TV . Results and Applications

1. Results
o DPDesign and fabrication of precision electnnic furnace for
intercomparison measurement ( 600 °C~1100 °C ).
o Design and construction of high temperature metal freezing
point cells( Pd, Ni, Cu ).
o Production of the reference functions and reference tables for

type S thermocouples based on the I'TS-90.

2. Application
o Intercomparison technique of high temperature thermometers.
o Calibration technique of thermocouples in the range of 600 °C to
962 °C.
o Accumulation of basic data of thermoelectric power of Au-Pt
and Au-Pd thermocouples.

o Realization method of high temperature metal freezing points.
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Table 2-1. Coefficients of the reference functions for type S

thermocouples for the indicated temperature ranges.

-50 °C to 1064.18 °C 1064.18 °C to 1664.5 °C
a1 5.40313308631 ag 1.32900444085 x 10°
ay 1.25934289740 x 107°° a 3.34509311344
a3  -2.32477968689 x 107° as 6.54805192818 x 107
ay 3.22028823036 x 10°® a3  -1.64856259209 x 107°
as  -3.31465196389 x 107" a4 1.29989605174 x 107M
as 255744251786 x 107
a;  -1.25068871393 x 107 1664.5 °C to 1768.1 °C
ds

271443176145 x 1074 - : _ _

a0 1.46628232636 x 10°
a; -2.58430516752 x 10°
az  1.63693574641 x 10
az  —3.30439046987 x 107
ar  —9.43223690612 x 107%




Table 2-2. Values of E and the first and second denivatives of E

with respect to tgo computed from equation (2-1) at

selected fixed points of the ITS-90.

too(°C)

-38.8344
0.000
0.01

29.7646

156.5985

231.928

419.527

630.615

660.323

961.78

1064.18
1084.62
1664.5
1768.1

E(uV)

-189.40
0.00
0.05

171.39

1082.27

1715.00

3446.89

0552.64

5360.13

9148.38

10334.20
10574.80
17535.96
18693.54

A

i

dE/dteo(uV/C)  d°E/dt’s(nV/°CP)
4.312 31.23
5.403 25.19
5.403 25.19
6.094 21.36
8.045 10.69
8.711 7.24
9.638 3.50
10.303 3.16
10.398 3.23
11.418 3.22
11.743 3.27
11.798 2.55
11.681 -2.94
10.311 -23.52




Table 2-3. Coefficients of the inverse functions for the type S

thermocouples for the indicated temperature ranges.

-50 °C to 250 °C 250 °C to 1200 °C

b 1.84949460 x 10~ bo 1.291507177 x 10’
b;  -8.00504062 x 107 b 1.466298863 x 10~
bs  1.02237430 x 10~ b:  -1534713402 x 107
bs -1.52248592 x 107" bs  3.145945973 x 107
bs 1.88821343 x 107" bs -4.163257839 x 107"
bs  -1.59085941 x 107° bs  3.187963771 x 107
b; 8230278380 x 107 bs  -1.291637500 x 107%
bs  -2.34181944 x 107% b; 2183475087 x 107%
be 279786260 x 1077 bs  -1.447379511 x 107
be 8211272125 x 107°

1064 °C to 1664.5 °C 1664.5 °C to 1768.1 °C

bo -8087801117 x 10 bo 5.333875126 x 10
by 1621573104 x 107 by ~1.235892298 x 10"
b; -8536869453 x 10° bz 1.092657613 x 10~
‘bz 4719686976 x 107 bs -4.265693686 x 107°
bs -1.441693666 x 10 b 6.247205420 x 107

bs 2081618890 x 107"




—
Lh

-

Lh

-

.-"'"'-
e

"-
e
iy,
—._

-15
-200 200 600 1000 1400

[90, OC

Fig.2-1. Differences between the new ITS-90 reference functions and
the old IPTS-68 reference functions for the type S thermo-
couples. The dashed lines indicate an emf deviation equivalent
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lurbo - molecutor pump

C3 C4 s C6 C7

Fig.4-1. The steps of preparation of sealed freezing point cells.
Cl:Bake-out of high purity graphite components inside
an auxiliary vessel. C2]Insertion of high purity metals
and alumina press rod. (C3:Melting of the metal samples
and 1mmersion of graphite well. C4:Cleanming of silica
glass sheath. Cb:Cleaning of the silica glass well with the
cap. Co6:Insertion of the filling graphite crucible from no.
(C3) into the silica glass sheath(C4) and fusing the cap
(C5) onto the it. C7:Melting the metal samples until
the graphite well 1s floated upwards.
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Table 5-1. Designation and purity of the noble metal thermocouples.

Designation of noble
Suppliers Purity of wires
thermocouples
KSTC 1 Sigmund-Cohen Pt:5N up
KSTC 2
Pt-Pd 1 Johnson-Mat they Pt:6N  Pd:4N5
Pt-Pd 2 | g "
Au-Pd " Au:ONS  Pd:4N5S
Au-Pt 1 "’ Au:5NS  Pt:6N
Au-Pt 2 g
STC-131 Signund-Cohen | Pt:5N up
JAu-Pt 1 | Kosundo Lab. Au:5N  Pt:4N
JAu-pt 2 | " " |
JAu-Pd 1 . | AuSN  Pd:dN
JAu-Pd 2 i
JPt-Pd 1 | ” | Pt:4N Pd:4N
JPt-Pd 2

_13_
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Table 5-2. Calibration data of the noble metal thermocouples

at the metal freezing points.

T/C Freezing Points e.m.f.(uV) _

Designations | p(a,) | E(Ag) | E(Al) | E(Sb) | E(Zn) | EGSn) | E(n)
KSTC 1 | 10315.0 | 9134.1| - 5545.0 | 3442.5| 1715.8 | 1083.5
KSTC 2 | 10314.7 | 9134.8| - 5544.6 | 3442.9| 1715.3 | 1083.3
Pt-Pd 1 | - | 10807.4|5776.2 | 5372.9| 2961.8| 1427.8| -
Pt-Pd 2 - | 10807.1| 5776.8 | 5373.2| 2962.8| 1428.3] -

| Au-Pd ~ | 26874.0 15058.9 | 14078.9| 7888.6| 3651.1| -
Au-Pt 1 ~ | 16056.5| 9262.7 | 8707.6| 4906.7| 2208.9 1330.0
Au-Pt 2 ~ | 16065.6| 9282.0 | 8708.5| 4927.8| 2224.5| -
STC-131 : 9119.5 | 5852. 5 - | 3375 1704.4] 1080.1
JAu-Pt 1 - 156841.1 | 9132.2 - 4829.6{ 2176.3 | 1311.8

| JAuPtz | - | 15853.7 9136.8 | 4850.2| 2186.6| 1317.6
JAw-Pd 1 | - | 26676.614935.7 | - | 7811.0| 3613.0] 22374

| JAu-Pd 2 | - | 26684.914937.0 | 7830.8| 3618.7) 2240.3
JPt-Pd 1 - | 10837.8 ] 5805.1 | 2078.2| 1435.1| 925.3
JPt-Pd 2 - | 10833.8i 5803.9 - 2980.51 1435.81 925.7
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‘The Comité Consultutil de Thermometrie requested 1its Working Group 2 1o collaborate with national
fuboratories in the production of new reference tables and functions for thermocouples based on the
International Temperature Scale of 1990 (1'15-90). Pursuaat to this reconmumendation, eight national
laboratories have obtained new data on type S thermocouples obtined from several sources. The
thermoelectric vollages of those thermocouples have been measured as a function of fyy in the range

— 50 °C to 1070 °C, with temperatures obusined lrom stundard platinnm ressstance thepmometers that were
cabibrased in accordunce wnh the 1'15-90 10 962 *C and extrapolated 1o YO70°C. Also, tn the range from
710 °C 10 1065 °C, temperatures were incasurced with a rodiatton thermometer. 1 addition, the
thermoclectric vollages of the thermocouples have been determined sl various thermometric fixed poings.
The eaperunental proceduses, apparatuses, and mateniuls used lor the measurements ure described i tdus
parl.
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INTRODUCTION

‘The adoption of the International Temperature Sc:‘:llc of 1990
(115-90) (1), which supersedes the International Practical !cmpcramre
Scale of 1968, amended edition of 1975 (1P'1'S-68) (2), requires that ll}ﬂ
ceference functions and tables for the thermocouples incomma‘!gd in
various national and international standards (3, 4, 5) be revised to gwc_lhc
clectromotive force (emf) as a funcuon of g, Mathematical CONVEFSIONS
of the previous thermocouple functions (6) were performed at NIST using
the temperature scale differences tabulated in R.e[. 1, but they pm:mccd
unsatisfactory results due to the slope discontinuity at feg = 630.74 °C (7)
that was inherent in the 1"TS-68. Conscquently, Working Group 2 of the
Comité Consultatil de Thermométrie circulated a request (July 1990) to
aational laboratories inviting an international collaborative effort l:o
generate  new  experimental  data for P1-10%1Rh vs. Pt (type ‘5)
thermocouples.  Pursuant to this request, eight national laboratories
oblained new data for the determination of new reference functions and
tables for the type S thermocouple based on the 1'7S-90. In this part, we

describe the experimental procedures, apparatuses, and materials used in
obtaining these data. Part 11 of this paper presents the results obtained
trom this international collaboration and gives the new reference and
inverse functions.  In addition, data from seven of the participating
laboratories were used for a new determination of (1gg - 145) vatlues over the
range 630 °C to 1064 °C and the results are presented in Part 11

EXPERIMENTAL PROCEDURES, APPARATUSES, AND MATERIALS

The emf-155 relationships of type S thermocouples were measured at
the cight laboratories using different thermocouples, different experimental
procedures, and, of course, differem apparatuses.  Altogether, such
measurements were obtained for 37 thermocouples acquired from several
sources. At all the laboratories, measurements were made of the emf of the
thermocouples as a function of 154 over the range 630 °C 10 962 °C, with 1,
being determined with high temperalure standard platinum resistance
thermometers (II'TSPRTs) calibrated according to the I'TS-90. Henceforth
i this paper, this will be referred to as a comparison measurement,

Similar mcasurements with standard platinum resistance thermonmeters
(SPRTs) were conducted within the range -50 °C to 630 °C at SIPAI and
NIST. At IMGC, temperatures from 710 °Cto 1065 °C were measured also
with an infrarcd pyrometer, while at NIST temperatures up to 1070 °Cwerce
mecasured with an IFTSPRT, In addition, the theemocouples were calibrated
at various thermometric fixed points as realized cither in metal freezing-
point cclls or by the melting-wire method. ‘The methods used for the
nmecasurcements and the number of thermocouples tested at cach laboratory
are summarized in Table 1.

The experiments conducted at KRISS, NIST, NRLM, SIPAI, and
VNIIM are described in the {ollowing scctions. Those performed at IMGC,
NPL, and VSL are described in another paper at this Symposium (8). In
all of the experiments, the refcrence junctions of the thermocouples were
maintained at 0 °C in an ice bath when measurements were made,
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Table I. Type S thermocouplc measurements perforined at the participating laboratories.

Laboratory  Thermocouples Measurement Methods and Temperature Ranges
Number Numbecr of Comparison Fixcd-Point Comparison
Tested Manufacturcrs with SPRT Cell with Pyrometer
(rangc, °C) (points) (range, °C)
IMGC 4 3 600 to 962 Sb, Al, Ag, Au 710 to 1065
KRISS 2 1 575 to 962 Zn, Sb, Ag, Au’
NIST 5 3 -50 to 1070 In, Sn Cd, Zn
Al, Ag, Au
NPL 4 2 600 1o 963 In, Sn, Zn, Al
Ag, Au
NRLM 5 4 628 to 962 Sn, Zn, Al, Ag,
Au
SIPAL 13 4 () to 962
VYNIIM 2 1 595 to 962 Zn, Al, Ag, Au
VSL 2 ] 600 to 970 Sn, Zn, Al, Ag,
Au, Pd’

'By melting-wire method



KRISS Measurements

Two thermocouples (KSTC 1 AND KSTC 2) were comparced with an
ITTSPRT 1n the range 575 °C to 962 °C. The cxperimental procedurc was
first to calibrate the II'TSPRT and thermocouples at fixed points, then
comparc them in a graphite-block comparator ccll, and linally rcealibratc
them at the same {ixed points.

Both thermocouples were made from the same lots of reference
grade Pt and Pt-10% Rh thermocouple wire, 0.5 mmi diam, supplicd by a

“manufacturer in the USA. The proccdures for anncaling, insulating, and
protecting thc thermocouples were cssentially the samc as thosc uscd by
LEvans and Wood (9). Calibrations of the thermocouples were madc first
at the mclting point of Au by the melting-wirec mcthod and then at the
[reczing points of Ap, Sh, and Zn. ‘The valucs ol emf were measurcd with
a calibrated digital multimeter (DMM, IHewlett Packard model 3458A%).
During mcasurcments, the polarity of the conncctions to the DMM was
reversed to cancel out residual voltages. At cach of the freezing points emf
mcasurcments were taken at 10 s intervals for 10 min. The standard
deviations (1 o) of such measurements were less than 50 nV,  High purity
(99.99997%) Au wirc, 0.5 mm diam, was uscd for the calibrations at the Au
melting point. The mclting temperature of the Au wirc was taken as the
median of its melting curve (10). Typically, the melting range was about
0.1 °C. The reproducibility of the mclting-point mcasurcmcents was
cstimated to be 21 pV.

A 0.25 11, bird-cage type HTSI'RT purchascd [rom Roscmount, Inc.
was uscd in the comparison. Before the comparison mcasurcments, the
HTSPRT was anncaled at 1000 °C for various lengths of time and then
calibrated at the {reczing points of Ag, Al, Z.n, and Sn, in that ordcr. The
{reczing-point cclls were the same ones used in the calibration of the
therniocouples. Throughout its calibration, the HTSPRT was coolcd slowly
(at about 1 °C/min) in a [urnacc down to 450 °C after being heated at high
tlcmpcerature,  Its resistance was determined at the triple point of water
(TPW) before and afltcr the micasurements in cach of the freczing-point
cells. ‘The resistance of the ITTSPRT was micasurced with a Guildline
modecl 9975 currcnt comparator resistance bridge using a measuring current
of 10 mA, both in the [ixed-point cclls and during the comparison

mcasurcments. During the calibration of the HTSPRT performed after the
comparison, it was given no further high temperature annealing. The total
changes in the HTSPRT during the comparison mcasurcments were
+33.5 m°C, +34.6 m°C, +19.9 m°C, and +7.2 m°C at the Ag, Al, Zn, and
Sn points, respectively.

The uniform, high-temperature cnvironment nceded for the
comparison was achicved in a sodium hecat-pipe furnace containing a
graphite-block comparator. This furnacc also was uscd {or realizing the Ag
and Al frcezing points. The graphite-block comparator has 4 wells, 2 for
thermocoupies and 2 for HITSPRTs. ‘The thermocouples and 1TTSPRT
were protected by closcd-cnd silica-glass tubes which were roughened on the
outstde. The thermocouples were positioned so that thecir measuring
junctions werce closc to the midpoint of the Pt resistor of the HTSPRT.

The comparator cell was brought to the desired temperaturc by using
a programimablc controller having a rcsolution of 1 °C.  Simultancous
mcasurcments of resistance and emf were made when three successive
obscrvations, covering a period of 5 min, dilfercd by not more than 10 m°C.
Coniparison mcasurcments werce madce at about 50 °C intcrvals [rom 575 °C
up to about 962 °C, and then from 900 °C down to 600 °C. Tempcraturcs
were calculated from the ITISPRT mcasurcments made during the
comparison using the average of the calibrations performed before and aflter
the comparison measurcments. In thosc calculations, corrcctions were
applicd to account for the hydrostatic head in all fixed-point cclls, but no

{corrections were made for sell-heating cl{ccts in the ITTSPRT.
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NIST Meunsurements

FFive thermocouples (S1, §2, §3, §4, and §85), made from (0.5 mm diam
wircs, were compared with an SPRT over the range -50 °C to 550 °C and
with an ITISPRYT from 500 °C 1o 1070 °C. 'Thermocouple S4 was {rom the
same wire lots uscd by Bedford er al. (11) as the basis for the 1P"15-68 based
reference funclions.  S4 was from the manufacturer denoted by A in
Ref. 11. S1, S§2, and S3 were from the wire lots obtained by
Bedford et al. (11) from the manufacturer denoted by C i Ref. 11. S5 was
from wirc purchascd in 1989,

The thermocouple wires were cleanced with cthyl alcohol and then
anncalcd electrically in air. The Pt wire of cach thermocouple and the Pt-
10% Rh wire of S3 were anncaled for 1 h at about 1450 °C, cooled rapidly
(quenched) to room temiperature and then annecaled {or 1 ' at about
450 °C. The Pt-109%Rh wires of the other 4 thermocouples were anncaled
for 1 h at about 1450 °C, followed by 1 h at about 700 °C and then scveral
minutes at 450°C, Next, the wires were mounted in twin-bore, alumina
insulating tubes (4 mm an diameter, I mm bores, and 76 cm long) and
further annealed in a 1.1 m long horizontal tube furnace. 83 was annealed
for 20 h at 450 °C and then removed from the furnace. The other 4
thermocouples were anncaled for 1 h at 1100 °C, cooled in about 3.5 h to
450 °C, held at 450 °C for 20 h and then removed from the furnace.

The comparison mcasurcments between the thermocouples and the
platinum resistance thermometers (PR'ls) were made in a cryostat below
0 °C, in stirred-liquid baths {from 10 °C up to 550 °C, and in a sodium heat-
pipe furnace with an Inconel-block comparator from 500 °C up to 1070 °C.,

‘The comparator had a cyhindrical Inconel block, 25 cm long and 4.9 cm in
diameter, with 6 wells for thermocouples equally spaced on a 3.1 cm
diameter circle and a central, axial well for the IHTTSPRT. Each of the
thermocouple wells contained an alumina protecting tube (5 mm i.d.,,
6.5 mm o.d.). The H'ISPRT was protected from contamination from metal
ions by inserting it into a platinum test tube ( 56 cm long, with a wall
thickness of 0.13 mm) that was located between two 56 c¢m long fused-silica
test tubes (12).

The autlomated measurement systeni of this experiment include an
ASL F-18 ac resistance-ratio bridge, a DMM (1P 3458A), a scanner
(11P 3495A) with low thermal switches, and a computer. Different-valued
ac/dc reference resistors are used with the [©-18 in order to increase the
resolution and to minimize measurement error from non-linearity, The
resolution of our measurements was the equivalent of 0.01 m°C for the
25.5 1 SPRT and 0.04 m°C for the 0.59 Q ITISPRT. The DMM was
calibrated by the NIST LElectricity Division twice before the experiment and
then about every three months. Internal calhibration of the DMM was
conducted every 24 hours and additionally, whenever the internal
temperature of the DMM changed by more than 1 °C. The thermocouple
and platinum resistance thermometer data were taken automatically via a
computer-controlied IELE-488 bus and logged to a data file {or later
analysis.
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The data-acquisttion system also used the PR'Ys to determine when
the comparison baths had reached thermal cquilibrium. Measurcments
were taken only when a bath was drifting at a rate of less than 2 m®C/mun.
‘The thermocouple measurements were bracketed by the PRT
measurements; at each temperature a thermocouple was measured four
times at about 5 miun intervals, reversing the order of readings each time, at
cach temperature. To correct for any drilt in the DMM zero, thermocouple
measurements were bracketed by measurements of a short on a scanner
channel. Additionally, the data-acquisition system was used to automatically
change the temperature of the sodium heat-pipe furnace containing the
inconel-block comparator. An isolated digital/analog programmable power
supply permitted a change in the reference voltage for the furnace control
thermocouple to set a new temperature after each set of measurements was
completed.

Both the SPRT (25.5 2 Chino model R800-2) and the INITSPRT
(0.59 1 VNIM, designated ITTSPRT I in Ref. 12) were calibrated (13) on
the I'TS-90. “fhe interpolation method used for determining temperatures
with the HTSPRT above the freezing point of sitver is discussed i Ref. 12,
‘The 25.5 ) SPRT was used for mcasurements over the range from -50 °C
to 550 °C. After each measurement scquence, the SPR'T was also measured
at the TPW. The equivalent temperature change at the 'TPW during the
comparison measurements was about 0.6 m°C. "The difference between the
calibrations of the SPR'T performed before and after the comparison
measurements was not more than 0.5 m°C. ‘The HISPRT was calibrated
(see 11 and 12 in Ref. 12) before (I1) and after (12) the three comparison
runs. After each run, it was measured at the TPW in order 10 track its
stability; the equivalent temperature change for the three runs was about
3.5 m°C (after 180 h above 1000 °C). The change in the HTSPRT between
calibrations 11 and 12 was not more than 12 m°C and that being at the gold
freezing point.

The measurement sequence for the thermocouples was as follows: 1)
water bath (10 °C 10 95 °C); 2) cryostat bath (-50 °C 10 -10 °C); 3) oil bath
(95 °C 10 180 °C); 4) ice bath (0 °C); 5) freezing points of In, Sn, Cd and
Zn; 6) overnight furnace anneal at 450 °C (OFA); 7) salt bath (275 °C o
550 °C);, 8) OFA; 9) freezing point of Zn; 10) sodium heat-pipe furnace
with inconel-block comparator (500 °Cto 1070 °C); 11) 1450 °C and 450 °C
wire anneal and then 450 °C furnace anneal for 83; and for the other four
thermocouples, an 1100 °C and then a 450 °C furnace anneal (A2); 12)
freezing points of Zn and Al; 13) A2; 14) freezing point of Ag; 15) A2; 16)
freezing point of Au; 17) A2; and 18) Pt-67 comparison.

Repetitive measuremenis of 54 and S5 were made in order 1o
establish reproducibility.  Measurements of S4 and S5 were made in two
comparator runs (Run0! and Run03). They were given an overnight 450 °C
furnace anneal before the second run. Repetitive measurements of S4 and
55 were made also at the freezing points of In, Sn, Cd, and Zn. Immersion
tests in the Zn freezing-point cell were used to yield results on the
homogenetity of each thermocouple as a function of time.

The measured values of emf at 1064 °C for the platinum wires of
thermocouples S1, S§2, S§3, S4, and 85 versus the NIST platinum
thermoelectric reference standard, Pt-67 (6), were +9.9 uV, +10.5 pvV,
+9.9 uV, 465 uV, and +4.1 pV, respectively. The emf values for the Pt
wires of S1, S2, 83, and S4 agree to within 1 pV with those reported by
Bedford er al. (11) for samples from the same wire lots.
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231.928 °C, 419.527 °C, 660.323 °C, and 961.78 °C. The thermocouples were
then calibrated with decrcasing temperature at 800 °C, 660 °C, and 500 °C.
The means of the differences between values measurcd with increasing and
decrcasing temperatlire for the thirtcen thermocoupics were 0.44 pV,
031 pV, and 0.43 pV at 800 °C, 660 °C, and 500 °C, rcspectivcly.
Additionally, thermocouple No. 81103 was calibrated six times at 600 °C and
800 °C on dilfcrent days to cstimatc the reproducibility of the
mcasurcments. Four of the calibrations were performed with increasing
temperature and two were conducted with decreasing temperature, The
standard deviations (1 o) of these measurcnicnts were found to be 0.25 pV

at 600 °C and 0.36 uV at 800 °C.

VNIIM Mensurements

Two type S thermocouples (325 and 326) were cahibrated by
comparison with H'TSPRTs from 595 °C to 962 °C. Both thermocouples
wecre made from the same lot of 0.5 mm diam. wire manufacturcd in Russia.
The thermocouple wires were mounted in ceramic insulating tubes that werce
50cm long and 5 mm in diamcter.  Before the comparison, the
thermocouples were anncaled in a vertical tube furnace for 5 h at 1100 °C,
and then they were calibrated in freczing-point cells of Zn, Al, Ag, and Au.

Two 0.6 £ ITTSPRTs (12) manufactured at VNIIM and a 0.25 (1
ITTSPRT, modcl WZPB-5, acquired from the Yunnan Instrument Factory
in the PRC were uscd in the comparison. Prior 1o their use, the 0.6 {2
ITTSPRTs were subjected to a series of cyclic anncaling treatments up to
1100 °C. ‘They werc inscricd in a vertical tube furnace, heated to 1100 °C,
held for § hat LIQQ °C, and then cooled slowly in the {urnace. Before the
ncxt anncaling cycle, their resistances werce determincd at the TPW. The
change in their resistances at the TPW alter 12 such anncaling cycles (60 h)
did not cxceed 1.5 m°C per cycle. The (.25 @ II'TSPRT was anncaled in
the same manncr but at 1000 °C. Its instability after anncaling (or 40 h did
not cxceced 1.0 m°C per cycle. After these anncaling trcatments, the
ITTSPRTs were calibrated at the I'I'S-90 [ixed points.

The comparisons between the thermocouples and the ITTSPRTS were

made in an Inconel-block comparator. A cylindrical Inconel block, 15 cm
long and 5.8 cm in diametcr, was centrally located within a vertical tubular
furnace having a sodium heat-pipe lincr. The block had {our, 10.8 cm dcep,
thermonmicter wells for 2 thermocouples and 2 ITTSPRTs, which were
cqually spaced on a 3.2 cm1 diamicter circle. A closcd-cnd, silica glass tubce
was inscricd in cach well to protect the thermometers. Cylindrical graphite
heat shunts were placed at intervals in the region above the Inconel block
and the space between them was packed with insulation. The temperature
of the furnace was maintained automatically with an clectronic reguiator.
During the comparisons, the vertical non-uniformity of temperature withim
the furnace at a distance 25 cm above the bottom of the Inconel block did
not excced 0.5 °C.
‘ A scrics of 10 HTSPRT-thermocouple comparisons were performed
in which simultancous mcasurcments of thermocouple emf and HTSPRT
resistance were taken at about 30 °C mntervals {rom 595 °C 1o 962 °C, and
in scveral cases at 10 °C intervals in the subrange 5935 °C to 675 °C. At
cach tempcerature, the measurements werc carricd out stimultancously within
10 s and during this timc the temperature inside the Inconcl block did not
change by more than 2 m°C. Both thermocouples and two HTSPRTs werce
included in cach comparator run. In this manner both thermocouples werc
comparcd with the 0.25 O HTSPRT and with onc of the 0.6 £} HTSPRTs
at Icast twice. A Guildline modcl 9975 current comparator bridge was used
to mcasurc the rcsistance, and a Sovict-made voltage comparator, typc
P-3017, was uscd [or the emif measurcmcents.
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INTRODUCTION

The adoption of the International Temperature Scale of 1990 (I'T5-90)
(1), which superscdes the International Practical Temperature Scale of 1968,
amended cdition of 1975 (IP1S-68) (2), requires that the reference
functions and tables for the thermocouples incorporated in various national
and international standards (3, 4, 5) be revised to give the clectromotive
force (emf) as a function of 15, Mathcemaltical conversions of the previous
thermocouple functions (6) were performed at NIST using the temperature
scale differences tabulated in Ref. 1, but they produced unsatisfactory
results due to the slope discontinuity at 1, = 630.74 °C (7) that was
inherent in the IPTS-68. Conscquently, Working Group 2 of the Comité
Consultatif de Thermométrie circulated a request (July 1990) to national
laboratorics inviting an international collaborative effort to generate new
experimental data for Pi-10%Rh vs. Pt (type S) thermocouples. Pursuant
to this request, eight national laboratories obtained new data for the

determination of new refcrence functions and tables for the type S
thermocouple based on the I'TS-X). This part of the paper presents the
results obtained from this international collaboration and gives the new
reference and inverse [unctions. Data from seven of the participating
laboratories were used {or a new determination of (tgq - 155) values over the
rangc 630 °C 1o 1064 °C and the results are presented.

The experimental procedures, apparatuses, and matcrials used in
obtaining the data were described in Part 1 of this paper. The enif-15g
relationships of type § thermocouples were measured at the eight
laboratories using different  thermocouples, different experimental
procedures, and, of course, different apparatuses. Altogether, such
measurcments were obtained for 37 thermocouples acquired {rom several
sources. Al ali the laboratories, measurements were made of the emf of the
thermocouple: as a function of 1, over the range 630 °C to 962 °C, with 14,
being determined with high temperature standard platinum resistance
thermometers (1I'TSPRTs) calibrated according to the I'TS-90. Henceforth

in this papcr, this will be referred to as a comparison mcasurcment.
Similar mcasurcments with standard platinum resistance thermometers

(SPRTs) were conducted within the range -50 °C to 630 °C at SIPAI and
NIST. AUIMGC, temperatures from 710 °C to 1065 °C were measured also
with an infrarcd pyrometcr, while at NIST tecnmperatures up to 1070 °C werc
mcasurcd with an ITISPRT. In addition, the thermocouples were calibrated
at various thermometric fixed points as realized cither in metal [reczing-
point cclls or by the mclting-wirc method. The mcthods used for the
mcasurcments and the number of thermocouplcs tested at cach laboratory
arc summarized in Part I (sce Table 1).
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RESULTS AND DISCUSSION

Compulation of ({4, - I5) values

Since the type S thermocouple was the standard interpolating
instrument on the IPTS-68 (2) in the range from 1, = 630.74 °C 1o
lea = 1064.43 °C, valuces of the temperaturce diffcrences between the I'T'S-90
and the IP15-68 in this range were derived {rom our enif-t4, nicasurements.
On the IP15-68, the temperature, g, detcrmined [rom type S
thermocouplcs, i1s delincd by the relation

E=a+bg+as, (1)

where £ is the emf when one of the junctions of the thermocouple is at 0 °C
and the other is at 1. "the coclficients a, b, and c are calculated {rom
valucs of E at t,g = 630.74 °C * 0.2 °C, as dctermined by an SPRT, and at
lea = 901.93 °C and 1 = 1064.43 °C, the [reezing points of Ag and Au,
respectively. It should be noted that at these three temperaturces, the
adopted differences (1,7) for (f9g - fgg) are =0.125 °C, -0.15 °C,
and —0.25 °C, respectively , and that the corresponding valucs of 14, al
these points are 630.615 °C, 961.78 °C, and 1064.18 °C. We accepted the
adopted dilferences between the scales at these temperaturces in deriving the
(199 - 14s) valucs presented here. ,

The procedure for calculating (fg - 145) valucs from the emf-145 data
consisted of a three-step process. As a [irst step, the 1PTS-68 quadratic for
cach thermocouple was determined. Next, for cach of the micasurced valucs
of emf within the range 630.615 °C to 1064.43 °C, the corresponding valtuc
ol {cq was obtatned (rom the IPPTS-68 quadratic by iteration. 'The calculated
values of 154 were then subtracted from the measurced values of fy,. Such
calculations were carried out for the 24 thermocouples (sce Table 1 in
Part I), whose calibrations includcd a mcasurcnmicent at the Au point.

The emf valucs at 630.615 °C, 961.78 °C, and 1064.18 °C for
dctermining the IPTS-68 quadratic were obtained from the comparison and
[ixcd-point data in the following ways. Values of emf at 630.615 °C and
961.78 °C werc obtaincd for all 24 thermocouples from the HTSPRT-
thermocouple comparison data by intcrpolation. For the § NIST
thermocouples, emf values at 1064.18 °C were interpolated from the
comparison data. Sinularly, for the [our thermocouplces that were comparcd
with an infrared pyromcter at IMGC, emif values were interpolated al
961.78 °C and 1064.18 °C [rom thosc comparison data. For the
thermocouples that were mceasurcd at [ixed points both before and alter
comparison with the HISPRT, the mcan of the emf values obtained beforc
and after the comparison was computed at cach [ixed point, cxcept {or the
(wo VSL thermocouples. Doth of the VL. thermocouplces, as discussed 1n
Recl. 8, changed appreciably during the experimient, and the fixed-potnt data
oMaincd prior to the comparison measurcments diffcred substantially from
the comparisan data; henee, the istial fixed-point mecasurcmcents were nol
uscd.

All of the thermocouples, except VSL-A, met the emf requirements
for standard thermocouples on the IP1S-68 (sce Eqs. (13), (14), (15) n
Ref. 2) The values ol ernif [or VSL-A did not satis{y LEq. (14) in Rel. 2.
- Tnal calculations ol (fgq - f¢g) valucs were made using various
combinations of thc emf valucs obtained from the comparison and
[ixcd-point data to detcrmine the IP'TS-68 quadratic. It was clcar that the
best estimate for a particular thermocouple was realized by using data
obtaincd in the same apparatus. l‘or 15 thermocouples it was nccessary,
however, 1o usc the fixed-point nicasurcment at 1364.18 °C. In this instance
we believe that betier continuity in the results can be realized by using the
mean of the fixed-point and comparison values at 961.78 °C, togcther with
the emf value at 630.615 °C interpolated [rom the comparison data, to
determine the IPTS-68 quadratics. ence, the quadratics uscd to compute
the (foq - 74g) Valuces presented here for those thermocouples, as well as for
the four IMGC thermocouples that were compared with an ITTSPRT, were
determined n this manner. A sccond sct of quadratics was calculated for
the IMGC thermocouples using the emf values at 1064.18 °C and 961.78 °C
imterpolated from the infrared pyrometer comparison data and emf valucs
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alt 630.615 °Cobtained by computing the mcans of the ITTSPRT-comparison
and (ixed-point (Sb). valucs. For the NIST thermocouples the IPTS-68
guadratics were determined by using the ernf valucs interpolated from the
comparison data at all thrce temperaturces.

Because of chemical and  physical inhomogencities in  the
thermocouples and the dilferent temperature gradients that cxisted in the
comparison and {ixed-poinl apparatuscs, a given thermocouple was likely to
produce a diflcerent value ol emf at the same temperature in the two
apparatuscs. Analysis showcd that at 961.78 °C, the difference between the
ermif value interpolated from the comparison data and the value obtained
[rom {ixcd-point mcasuremecnts was less than the equivalent of 0.1 °C {or 19
ol the 24 thermocouples. The dilference between the comparison and
[ixcd-point valucs at 1064.18 °C was icss than 55 m°C for 8 of the 9 NIST
and IMGC thermocouples. Such surprisingly close agreement was achieved,
we believe, because the same furnace was uscd at NIST for the fixed-point
and comparison mcasurements, while the blackbody comparator used at
IMGC was designed (8) to have very ncarly the same tmmicersion conditions
as the {ixed-point apparatus.

The (tyq - 1¢g) Valucs calculated [rom the IMGC, KRISS, NIST, NPL,
NRLM, VNIIM, and VSL thcrmocouple data are shown in Figs. 1, 2, 3, 4,
5, 6, and 7, respectively. The previously published values (CIPM, sce
Rel. 1) {or the tcmperaturc differences are shown f{or comparison.
Statistical analysis of the (fyg - f45) valucs was performed using iteratively
rewcighted Icast squarcs regression to obtain a conscnsus model for the
dilference between the two temperature scales and is described in another
paper at this Symposium (17). The Sth degree polynomial which describes
this conscnsus modecl for (foq - f4g) 1S

Af (1g9) =  (7.8687209 x 10") (2)
—(4.7135991 x 10" 1)1y,
(1.0954715 x 1075,
—(1.2357884 x 101y,
(6.7736583 x 10"1%:,]
~(1.4458081 x 10"")rg7,

Figurc 8 shows the (g - 155) values computed [rom this polynomial,
the values calculated from type S thermocouple data of the scven
laboratorics, and the previousiy published (CIPM) values (1).

Thermocouple reference functions

The new reference function giving the emf as a function of 14, over
the range from =50 °C to 1064.18 °C is bascd upon the experimental data
for NIST thermocouple §5. The rationale for this choice and the analysis
of the data arc given in Rel. 17. An 8th degree polynomial was fitted to the
enif-tgq data for thermocouple §5 by the method of Icast squares. The
residual standard deviation was 0.063 pV with 436 degrees of frecdom. The
polynomial was then adjustcd quadratically, as described in Ref. 17, to
obtain the relerence function. As a conscquence of this adjustmient, the
ref{ercnce function gives the same value of erif at the [reezing point of gold
as the previous rcference function (6), alter the latter was corrected to
account for the 1 January 1990 change in the voit (18).

Above 1064.18 °C, the ncw reference functions are bascd upon
mathcmatical conversions of the IPTS-68 based relerence [unctions (6).
The previous functions consist of two cubics which join at £, =1665 °C. The
usc of two [unctions was ncccssary to accommodate the rapid decrease of
the Scebeck coclficient above 1700 °C. Direct substitution of 14 = 19, - Ar
in the cubics, where Ar is given by Eq. (42) in Rel. 19, produced two 6th
degree polynomials that give the emf as a [unction of 15, The cocllicients
of both polynomials were multiplicd by 0.999990736 to account [or the
change in the volt. These polynomials were then modilicd to obtain the
relcrence [unctions as follows.
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The 6th degree polynomial for the range 1064.18 °Cto 1664.5 °C was
truncated to a 4th degree polynomial. ‘The cocfficients of the 4th degree
polynomial were then adjusted to obtain a polynomial that produces the
same valucs of emif (IY) and dE/dig, at 1064.18 °C as the reference function
of the preceding range and the same values of E and dE/drgg at 1664.5 °C
as the 6th degree polynomial before it was truncated. The resulting bias in
the adjusted 4th degree polynomial relative 1o the 6th degree polynomial is
<0.047 uV, in absolute terms. The adjusted 4th degree polynomial is used
as the reference function i this range.

It should be noted that the previous relerence function in the range
above 1664.5 °C was based on tgg = 1767.6 °C (11) for the [reezing point
of Pt. More recent determinations of the Pt freczing-point temperature
have resulted in a recommended value (20)of 1, = 1768.7 °C [or this point.

The corresponding value of 15, according to Eq. (42) in Ref. 19, is
1768.117 °C. FHence, in order for the new and old reference {unctions to
give the same values of £ at the [reezing point of I't, a corrective function
was added in this range. First, the 61h degree polynomial for this range was
truncated to a 4th degree polynomial, thereby incurring a bias of
<0.022 uV. Then a cubic correction was made so that the resulting 4th
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The new reference [unctions for the type S thermocouples are of the
fornu:

n :
)
E = 23l . ()
i=0
where fgq 15 in degrees Celstus and E 15 in microvolts. The coclficicnts of
Eq. (3) for the various tempceraturc ranges arc given in Table 1.

Tabic 1. Cocflicients of the reference Tunctions {or type S thermocouples
[or the indicated tempcerature rangces.

-50°C to 1064.18°C 1064.18 °C to 1664.5 °C
a;  5.40313308631 ag  1.32900444085 x 10°
a,  1.25934289740 x 1072 A, 3.34509311344
a; ~2.32477968689 x 103 a,  6.54805192818 x 10~
a,  3.22028823036 x 1075 a, —1.64856259209 x 10~°¢
ag —3.31465196389 x 10~ a,  1.29989605174 x 10~ '}
ag  2.55744251786 x 101
a, ~—1.25068871393 x 1017 ~ 1664.5 °C 10 1768.1 °C
ag  2.71443176145 x 104! —

a,  1.46628232636 x 10°
a, —2.58430516752 x 10
a,  1.63693574641 x 107"
a; —3.30439046987 x 107
a, —9.43223690612 x 107**

wrrarPale

- — T

Values of £ and the {irst and sccond derivatives of E with respect 10

l9g computed from the relerence functions (sec Eq. (3) and Table 1) 2t
sclected values of 144 arc given in Tablce M.
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Tablc I1. Values of 5 and the first and second derivatives of E with respect
10 154 computed {rom cquation (3) at sclected valuces of 1.

T —— — e ———

Log, °C E, uV dE/digs, pVIPC FEME, nVAR
-38.8344 -189.40 4312 31.23
0.000 0.00 5.403 25.19
0.01 0.05 5.403 25.19
29.7646 171.39 6.094 21.36
156.5985 1082.27 8.045 10.69
231.928 1715.00 8.711 7.24
419.527 3446.89 9.638 3.50
630.615 5552.64 10.303 3.16
660.323 5860.13 10.398 3.23
961.78 9148.38 11.418 3.22
1064.18 10334.20 11.743 3.27
1084.62 10574.80 11.798 2.55
1664.5 17535.96 11.681 . -2.94
1768.1 18693.54 10.311 -23.52

kel S SN A -3 e O
A

Figure 9 shows the emf difference between the new ITS-90 based
reference [unctions and the IPTS-68 bascd relercnce functions. The
IPTS-68 based refercnce functions were converted to the ITS-90 and
corrected for the change in the volt. The conversion of the IPTS-68 based
rcference function in the range 630.615 °C to 1064.18 °C is based on
IEq. (2). The dashed linc in the figure labelled +1°C s the Scebeck
cocfficient as a function of 14,.
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Figure 9. Diffcrences between the new 115-90 reference functions and the
old 1PTS-638 reference functions for type S thermocouples. The valuces of
Ihe old type S reference functions arc adjusted to the ITS-90 and corrected
for the change in the volt. The dashed lines indicate an emf deviation
cequivalent o = 1 °C.
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The deviations of the IMGC, KRISS, NIST, NPL, NRILM, SIPAIL
VNIIM, and VSL thermocouplc data from the new relerence function are
shown in Figs. 10, 11, 12, 13, 14, 15, 16, and 17, respectively. The dashed
lincs in the {igurcs, which indicatc au emf deviation cquivalent to 21 °C,
represent the Class I manufacturing tolcrance for type S thermocouples as
given m IEC standard 584-2 (21). Twenty cight of the 37 thermocouples
uscd in this cllort satisfy the Class 1 tolerance.

Since the reference functions given above are not well suited for
calculating values of temperature {rom valucs ol emf, a sct of inverse
functions, bascd on the I'T5-%), is included here for that purpose. Thesc
inverse functions give values of temperature that agree with values obtained
from the respective reference function to at least 20.02 °C. The inverse
functions arc of the forny

i :

WIICTC 15, 1S 11 degrees Celstus and [ 1s given in microvolts. The coefficients
of Liq. (4) for various temperature and emf ranges are given in Table 111

Table 11 Cocflicients of inverse functions for the type S thermocouples for
the indicated temperature and emf ranges.

b ey S, e ey Pl — L

—~50 °C to 250 °C | 250 °C to 1200 °C

~236 uV 10 1874 v 1874 uV to 11951 uV
b,  1.84949460 x 10~} b,  1.291507177 x 10!
b, —8.00504062 x 10:2 b, 1466298863 x 10|
by 102237430 x 107 b, —1.534713402x 1077
by —1.52248592 x 10”17 by 3.145945973 x 107°
by  1.88821343 x 10 b, —4.163257839 x 10
bg —159085941 x107'° be  3.187963771 x 107
b,  8.23027880 x 10:;‘; by —1.291637500 x m:;;
bg —2.34181944 x 10 b 2.183475087 x 10
by 279786260 x 10727 by —1.447379511 x 1031

b, 8211272125 x 107°¢

1064 °C 10 1664.5 °C 1664.5 °C to 1768.1 °C
10332 uV 10 17536 pV 17536 pV 10 18694 pV
b, —8.087801117 x 10 1 by 5.333875126 x w‘;‘
b 1.621573104 x 10~ b, —1.235892298 x 10
b; ~8.536869453 x 10™° 1;; 1.092657613 x 1073
by  4.719686976 x 10~ :‘: by —4.205693686 x 10~ *:3
b, —1.441693666 x 10 by  6.247205420 x 10

by  2.0816188%0 x 1017
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Data collected by scientists from cight national laboratories were used 10 estimate the differences between
temperatures on the International Femperature Scale of 1990 and the International 'eachicad Temperature
Scale of 1968, Amended Edition of 1975 between 630.615 °C and 1064.18 *C. A new relerence function for
type S thermocouples was determined for the temperihare range — 50 °C 10 106418 °C. The new relerence
function was combined with two other reference funchions for temperatures between 106418 "C and

1768.1 °C to provide a complete set of reference functions on 1'15-90 for type S thermocouples. This paper
deseribes the modehing procedures used to determine the seference Munctions and statistseal analyses used to
estimate dilferences between the two temperature scales. Issuces addressed include: variabihity within
Laboratories, form of the new reference functions, and the uncertinnty associated wath the relerence
[unctions.
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INTRODUCTION

This paper describes how type S thermocouple measurement data
were used to estimate the difference between temperatures on the
International Temperature Scale of 1990 (ITS-90) (1) and the In-
ternational Practical Temperature Scale of 1968, Amended Edition
of 1975 (IPTS-68) (2) for temperatures in the range 630.615 °C to
1064.18 °C. The development of a new reference function for type S
thermocouples for the temperature range —50 °C to 1064.18 °C is

also described. The data were collected by eight national laborato-
ries as part of an international experiment to develop I'TS-90 based
thermocouple reference functions (3).

Throughout the paper, tgg and g3 denote temperatures measured

in degrees Celsius on the ITS-90 and IPTS.68, respectively. The
difference between the two scales is denoted by At = tgy — lss.

"ESTIMATION OF At = tgg — tgs

The data used for estimating th.: temperature differences between
the I'TS5-90 and the [PTS-68 are sl.own in Figure 1. Data from each
lab are denoted by a unique sym.,ol. The temperature differences
were obtained by taking the differev.ces of the temperatures measured
directly on the ITS5-90 and the cor. esponding IPTS-68 temperatures
calculated using the associated en.l measurement and the IPTS-68
defining quadratic function for cach thermocouple. The details of
the temperature difference computations are discussed in (3).

Figure 1 makes it clear that th re are systematic errors between
scts of temperature differences der. ved frorn measurements made by
different laboratories using differer.t thermocouples. In addition to
the systematic errors in each set of .emperature differences there are,
of course, random measurement er ors as well.
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Because the data have a complicated error structure, and because
there is no way to determine which set of temperature differences is
closest to the actual difference between the two lemperature scales,
the difference between the scales is estimated by the consensus of data
from different sources. In this paper, we assume that the systematic
errors associated with each lab/thermocouple combination are ran-
domly distributed across laboratories and thermocouples, and that
the distribution of the systematic errors is centered at zero. Under
these assumptions, the consensus value gives an unbiased estimate of
the difTerence between temperatures on the ITS-90 and the IPTS5-68.

To develop a consensus model for the difference between temper-
atures on the two scales, we fitted a 5" degree polynomial in tgg to

the temperature difference data using least squares regression. The
polynomial model was chosen because no theorctical model relating

At to 1gp is known. The 5t degree polynomial provided a reasonable
summary of the data. Polynomials of lower degree did not adequately
describe the difference in temperatures on the two scales as a function

of tgo. Polynomials of higher degree did not significantly improve the
fit to the data, so use of additional terms in the mode! was unwar-
ranted. The regression function is shown in Figure 2 and is labeled
‘Initial Model’ in the legend.

To reduce the influence of isolated data points on the estimation
procedure, we standardized the residuals and then weighted each
point in the data set using weights inversely related to the magni-
tude of the standardized residual. Then, we refitted the model using
weighted least squares regression to obtain estimates of the regres-
sion parametlers that were less prone to effects of outlying data. This
process of weighting the residuals after fitting the model and then re-
fitting the model was repeated until the regression function converged
to a final model, which better reflects the consensus of the data than
the initial model does. This repeated fitting/weighting/fitting pro-
cedure is known as iteratively reweighted least squares regression
(IRLS regression) in statistical literature (4).

Equation 1 shows how the i standardized residual is computed
for the 7'M iterative fit.

U; j = -——uch (1)

The standardized residuals are denoted by u; ;, the measured tem-
perature difference by d;, and the predicted temperature difference
by Ji.j- The denominator of u; ; is the product of a tuning constant,
¢, and S;; a robust measure of the variability of the residuals. The
median of the absolute residuals was used as the mcasure of resid-
ual variability, S;, for this analysis. The tuning constant chosen was
c = 6. For this experiment 1 = 1,2,...,466 and ) = 1,2,...,5.

We used Tukey’s biweight function {(4) to compute the weights
for each data point.

v ) (U =ud)? i) €1 :
-w(ul_,) B { 0 otherwise (2)
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The biweight function produces weights between 0 and 1. Observa.
tions near the regression function receive a weight close to 1 and the
weights progressively decrease as the observations get further away
{from the regrtssion function. Points that are more than ¢ units away
from the regression function (measured in scale units of size S,) re-
ceive a weight of 0 and are omitted from the next model fit. However,
these points could receive positive weight again in a later step.

Figures 3 and 4 show some of the details of the IRLS regression
analysis. Figure 3 shows the weights that were used for the final fit.
In the final fit, 414 out of 466 data points had weights greater than
Z€r0.

Figure 4 shows the convergence of the model, as measured by the
sample residual standard deviation, to its final form. The sample
residual standard deviation from each fit is plotted versus iteration
number in this figure. The sample residual standard deviation from

the initial fit is inflated by outlying points in the data set. As the
data are reweighted in successive steps, the residual standard de-

viation shrinks towards a value which more accurately reflects the
random measurement error in the data. When all of the data have
been appropriately weighted, the sample residual standard deviation
remains unaltered by further reweighting and refitting. In this ex-
periment, the initial model had a residual standard deviation of 62.6
m°C. After five iterations, the residual standard deviation converged

to 17.5 m°C.
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As mentioned above, the final regression [unction should de.
scribe the consensus of data and should not be aflected by outlying
data points in the data set. The final model from the iteratively
reweighted least squares analysis is also shown in Figure 2. Compar-
ing the initial and final models with the data from the the different
laboratories makes it clear that the iterative weighting and fitting
reduced the influence of the data isolated from the bulk of the mea-
sured temperature differences.

In addition to using regression analysis techniques that reduce the
effect of outliers in the data, the function At{fge) was constrained
to match the adopted temperature difflerences (5) of —-0.125 °C,
—0.15 °C, and —0.25 °C at 150 = 630.615 °C, {50 = 961.78 °C,
and fgo = 1064.18 °C, respectively. At(tgo) matches the adopted
temperature diffcrences to at least 0.1 m®C at these three points.

At(tso) was not constrained to have the same first derivative
(or slope) that the published scale difference (1,5) has at either
{go = 630.615 °C or at tgo == 1064.18 °C. The discontinuity in the
first derivative at tgg = 630.615 °C is approximately 0.14%. This dis-
continuity is smaller than the 0.51% reported in (6), but this estimate
of the discontinuity has a magnitude that is similar to estimates from
earlier experiments (7,8,9). The discontinuity at tgo = 1064.18 °C is
about 0.008%, which is negligible relative to the errors in the deter-

mination of At(tgy).
The final regression modcl which describes the temperature dif-

ferences between the I'T'S-90 snd the IPTS-68 is

At(lge) =  (7.8687209 x 10%)
—(4.7135991 x 107 )tgo
+(1.0954715 x 1072 )t2,
~(1.2357884 x 10~°)iy, (3)
4(6.7736583 x 10~ %)¢g,
~(1.4458081 x 10~ "3)¢5,.

Figure & compares the diflerences between temperatures on the
ITS-90 and the IPTS-68 as published in (1) and as estimated from

this experiment. In the table of differences in (1), the maximum
difference belween the two temperature scales in the range {9 =

630.615 °C to g5 = 1064.18 °C is 0.36 °C. The maximum is at-
tained at {99 = 760 °C, tgo = 770 °C, tgp = 780 °C (this is a non-
unique maximum). The estimate of the difference between the two
scales obtained from this experiment has a maximum of 0.051 °C at

too = 790.916 °C. The maximum disagreement between these two
estimates of At 15 0.318 °C at g9 = 760 °C.
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Clearly there is significant disagreement between the table of dif-
ferences in (1) and the data and estimate of At presented here. This
disagreement should be taken into consideration in any use of the
temperature differences between the I'TS-90 and the IPTS-68. The
estimale of At presented here is based on results from a large exper-
iment with the participation of many laboratoriecs. The polynomial
describing the temperature diflcrences between the two scales was de-
rived using robust regression techniques which protect against biases
causcd by isolated, outlying data points. Assuming that the system-
atic crrors present in Lhe data are randomly distributed with zero
mean across different lab/thermocouple combinations, the estimate
of At presented here should be an accurate reflection of the actual
difference between temperatures on the I75-90 and the IPTS-68.

REFERENCE FUNCTION ON ITS-90 FOR
TYPE S THHERMOCOQUPLES

The reference function for type S thermocouples based on the
IPTS-68 consisted of four functions, ¢;(ts3),(t = 1,...,4), with breaks
at {gs = 630.74 °C, {gg = 1064.43 °C and (gs = 1665 °C (7). The
reference function bascd on the ITS5-90 consists of a single function,
fi{tgg), in the range —50 °C Lo 1064.18 °C and twofunctions, f,(l90)
and f3(1g0), in the range above 1064.18 °C (3). The latter are the
result of substitution of igg — Al for tﬁﬁ in the IPTS-68 relerence
functions with modifications as described in Burns, Slrouse, el al.
(3).

The purpose of this section is to describe the derivation of f,{{g0)
from the data of the current experiment. The experiment was un-
dertaken because satisfactory reference funclions on ITS-90 in the
range —50 °C to 1064.18 °C could not be produced by substitution
in g1(tsg) and ¢3(lsg). Furthermore, an assessment of uncertainty was
not possible without a ncw experiment because the carlier data on

,ype S thermocouples were not archived. Analysis of the present data
produced a single function based on the ITS-90 to replace g1{tes) and
g2(lss).

The only candidates for determining fi(too) were NIST thermo-
couples, S1, 52, S3, S4, and S5 because they were the only thermo-
couples mcasured over the full range between —50 °C and 1070 °C.
Thermocouple S3 was nol considered because it was annealed in a
different manner {rom the other thermocouples, and 1t was not as
stable. There were no repeated runs with thermocouples S1 and
$2: consequently, there were fewer data {for them than for S4 and

$5. Thermocouple S5 was preferred over S4, although S4 was made
from the same material that was the basis for the IPTS-68 reference
function, because the S5 emf-temperature relationship agreed more
closely with the IPTS-68 refcrence function. Also, 55 was more ther-
moelectrically homogencous; its fixed point data agreed more closely
with its comparison data than was the case for S4. The data for all
five NIST thermocouples and thermocouples from other lJaboratories

are compared in {3).
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The data on S5 consisted of a relatively few fixed point determi-
nations and a large number of comparisons with standard platinum
resistance thermometers calibrated in accordance with the ITS-90.
Comparison measurements were made in five apparatuses as shown
in the table below. Below 0 °C, comparisons were made at 10 °C
intervals; above 0 °C, comparisons were made at roughly 20 °C in-
tervals except in the neighborhoods of 630 °C and 1064 °C where
temperatures were closely spaced. Mcasurements were made with
both increasing and decreasing temperatures with multiple readings
at cach temperature; however, only data with increasing tempera-
ture contributed to the reference function. Data were reduced to
four points at cach nominal temperature, and the entire sequence
was repeated on one or two occasions. The experimental plan for S5
i1s shown in Table .

Table I: Experimental Plan for Thermocouple S5.

Apparatus Range Occasions
“Cryostat -50 °C to -10 °C 2
Water bath D °C to G5 °C 2
Oil bath 95 °C to 180 °C 1
Salt bath 275 °C to 550 °C 1
2

Comparator { 500 °C to 1070 °C

The reference function in the range —50 °C to 1064.18 °C is an
8th degree polynomial, fi(lg0), of the form

8
fi{too) = ), Bitso (4)

1=1
where the coefficients, 8, (1 = 1,...,8), were initially determined
from a least squares fit, p(lgq), to 444 measurements of emf as a
function of temperature on the ITS-90. The residual standard devia-
tion was 0.0629 1V with 436 degrecs of freedom. The residuals from

the fit are shown in Figure 6.

An 8th degree polynomial was chosen as the reference {unction
for the following reasons. Lower degree polynomials did not prove
adequate in that the residuals from the fit, which should be ran.

domly distributed about zero, showed cyclic structure. A test statis-
tic for each O coeflicient was formed as the ratio of § to its standard
error. All coeflicients for the 8th degree polynomial tested signifi-
canlly different from zero at the 0.0001 significance level, indicating
the nced for at least an 8th degree fit, Furthermore, the 8th degree fit
proved successful in removing cyclic structure across different pieces
of equipment, although retaining some structure within an appara-
tus. Polynomials of higher degree were successful to some extent in
removing within apparatus structure from the residuals; however, the
reduction in the mean squared error, achieved by going from an 8th
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Figure 6: Residuals from an 8th degree polynomial model vs. t,, for NIST thermocouple S5.
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Difference Between the Ref. Function and the S5 Data, 4V
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Figure 7: Deviation of S5 data and the polynomial {it to the data from the reference function
as published in (3). The solid line indicates the 8th degree polynomial {it. The
dashed lines indicate deviations equivalent to 10.15 °C.
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degree polynomiail to a higher degree polynomial, did nol prove sub.
stantial cnoupgh to warrant increasing the order of the reference func.
tion. Also, the structure in the residuals suggests that small changes
occurred in the Lthermocouple with increasing temperature. These
changes should not be reflected in the refegence function. Therefore,
the model does not account for this type of structure.

The random component of uncertainly for p(lgeg) is calculated
using Working-Hotelling confidence bands (10). The upper and lower
95% confidence bands at temperature ¢y are p(tp) £ v(tn) where

v(th) = +/8Fp.95(8, 436)sn. (5)

The critical value Fgg5(8,435) = 1.96 is the upper 95 percent point
of the F distribulion with 8 and 436 degrees of freedom, and s, is
the standard deviation of p(t)) at temperature {,. The Working-
Hotelling confidence bands are appropriate for unlimited usc of the
reference function. Representative values are shown in Table I1.

Table II: Random uncertaintics (uV) for p(lg) from 95%
Working-Hotelling confidence bands

t °C p(fm) U(igg)
T .50.00 [ -235.56
000! . 0.00} 0.00
100.00 645.90 { 0.04
200.00 | 1440.73 | 0.04
300.00 | 2322921 0.05
400.00 | 3259.14 | 0.04
500.00 | 4232.96 | 0.03
600.00 | 5238.21 ] 0.02
700.00 | 627459 ] 0.03
800.00 | 7344.12 1 0.03
000.00 | 8448.15} 0.03
1000.00 | 9585.75 | 0.04
1064.18 | 10332.68 | 0.05

The final reference function, f;{ts0), is derived from an adjust-
ment of the quadratic coeflicient, G}, of p(tge) to make fi(log) =

Ja(tog) at tgg = 1064.18 °C. The adjusted coefhicient is

~ [2(1064.18) — (p(1064.18) - §51064.182)

% (1064.18)? (6)

The magnitude of the adjustment at 1064.18 °C is 1.52 pV. Figure
7 shows the deviation of the S5 data from the reference function
fi(lgo). The adjustment guaranices that the reference functlion is

continuous al 1064.18 °C. The coeflicients for fi{lgp) arc reported
by Burns, Strouse et al. (3).
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