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1 INTRODUCTION

The Comité Consultatif de Thermométrie (CCT) is one of eight specialized

technical subcommittees of the Comité International des Poids et Mesures (CIPM).
The CIPM is a committee of the Conférence Générale des Poids et Mesures (CGPM).
These eight subcommittees are:

1 The Comité Consultatif d'Electricité (CCE), established in 1927,

2 The Comité Consultatif de Photométrie et Radiométrie (CCPR),
assigned this name in 1971; the previous name was the Comité
Consultatif de Photométrie, established in 1933,

The Comité Consultatif de Thermométrie (CCT), established in 1937,

The Comité Consultatif pour la Définition du Métre (CCDM),
established in 1952,

The Comité Consultatif pour la Définition de la Seconde (CCDS),
established in 1956, .

The Comité Consultatif pour les Etalons de Mesure des Rayonnements
lonisants (CCEMRI), established in 1958,

The Comité Consultatif des Unités (CCU), established in 1964, and

The Comité Consultatif pour la Masse et les grandeurs apparentées
(CCM), established in 1980.
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The CCT is composed presently of members from the following laboratories:

1 Amt fur Standardisierung, Messwesen und Warenprufung [ASMW],
Berlin, DDR,

2. Bureau National de Metrologie, Paris, France: Institut National de
Metrologie [INM], du Conservatoire National des Arts et Métiers,

3. Ceskoslovensky Metrologicky Ustav [CSMU], Bratislava
Czechoslovakia,

4. National Research Council [NRC], Ottawa, Canada,

5. CSIRO, Division of Applied Physics [CSIRO], Llndfleld Australia,

6.  D.I. Mendeleyev Institute for Metrology [VNIIM), Leningrad, USSR;
Physico-Technical and Radio-Technical Measurements Institute
[PRMI], Moscow, USSR,

7. National Institute of Metrology [NIM], Beijing, PRC,

8. Istituto di Metrologia G. Colonnetti [IMGC], Turin, Ilaly

9. Kamerlingh Onnes Laboratorium [KOL], Leiden, The Netherlands,

10. Korea Standards Research Institute [KSRI], Seoul, Korea,

11.  National Institute of Standards and Technology [NIST], Gaithersburg, MD,
USA,

12.  National Physical Laboratory [NPLj, Teddington, UK,

13.  National Research Laboratory of Metrology [NRLM), Ibaraki, Japan,
14.  Physikalisch-Technische Bundesanstalt [PTB], Braunschweig, FRG,
15.  Van Swinden Laboratorium [VSL], Delft, The Netherlands,

16.  lowa State University, Ames, lowa, USA, an

17.  Bureau Intemational des Poids et Mesures [B\PM] Sevwres, France.

Shortly after the adoption of the International Practical Temperature Scale of

1968 (IPTS-68) [100], it was realized that the scale had many deficiencies and

limitations. These included its lower limit of 13.81 K, its inaccuracy relative

to thermodynamic temperatures, and its non-uniqueness and meprodumbwllty

especially in the Iemperalure region from T 9 K (630.74 °C) to
Tes 1337.58 K (1064.43 °C, the region in which the Pt- 10%Rh/PI thermocouple

was the standard interpolating instrument. Consequently, the CCT undertook the

development of a new scale, and completed it in accordance with Resolution 7 of

the 18th Conference Generale des Poid et Mesures [29], which met in October 1987

(see appendices).

The CCT met 12-14 September 1989 at the Bureau International des Poids et Mesures
(BIPM) in its 17th Session [14] and completed the final details of the new
temperature scale, the International Temperature Scale of 1990 (ITS-90) [66,83].

The CCT then recommended to the CIPM, which met [84] on 26-28 September 1989 at
the BIPM, that the ITS-90 be adopted and made the official scale (see
appendlces) Upon considering this recommendation, the CIPM adopted the new
temperature scale (see appendices), and the |TS-90 became the official
international temperature scale on 1 January 1990, the same date on which changes
affecting certain electrical reference standards were implemented [12]. The
ITS-90 supersedes the IPTS-68, the International Practical Temperature Scale of
1968, Amended Edition of 1975 [IPTS - 68 (75)][101], and the 1976 Provisional 0.5

K to 30 K Temperature Scale (EPT-76) [99].

The ITS-90 was implemented at the NIST on 1 January 1990. The purpose of this
document is to describe the new scale, to give some guidelines for its
realization and use, to facilitate its implementation, to give the differences
between temperatures on it and those on the IPTS-68(75) and on the EPT-76, and
to describe how the NIST realizes the scale.

The ITS-90 extends upward from 0.65 K and temperatures on this scale are in much
better agreement with thermodynamic values than are those on the IPTS-68(75) and
the EPT-76. The new scale has subranges and alternative definitions in certain
ranges that greatly facilitate its use. Furthermore, its continuity, non-
uniqueness and reproducibility throughout its ranges are much improved over the
corresponding characteristics of the previous scales. The biggest improvement
in reproducibility results from the replacement of Ihermoccuple thermometry with
platinum resistance thermometry in the range 630 °C to the freezing-point
temperature of silver, and with radiation thermometry in the range from the
freezing-point temperature of silver to that of gold.

The change in the temperature scale affects not only technical interests involved
directly in thermometry but also those involved with other reference standards,

* Reproduced with permission of National Institute of Standards and Technology
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such as electrical standards, that are sensitive to temperature. As examples,
standard resistors and standard cells are sensitive to temperature and generally
are maintained in constant-temperature environments, at least in national
standards laboratories,. At the present time, the temperatures of those

Contd

Table 1. Differences between Tgg and Tgg (and tg and tgg), and between Tgg and T7g

(Too - T7¢) /MK

environments are normally determined with thermometers that were calibrated on T90 /K 0 1 2 3 4 5 6 7 8 9
the IPTS-68(75). A given thermodynamic temperature expressed on the ITS-90, 0 0.1 0.2 0.3 04 05
however, has a value that is different from Ihal expressed on the IPTS-68(75), 10 0.6 0.7 0.8 1.0 11 13 14 16 18 20
except at absolute zero (0 K), at thg triple-point temperature of water 20 22 25 27 3.0 32 35 38 41
(273.16 K), and at a few other points at which the temperatures on the two scales
are fortuitously the same . This difference is shown in figure 1 [83]. A table (TQO - TES) /K
of differences between temperatures on the ITS-90, i.e., T 90 Or T gp,and those on
the IPTS-68(75), ie. , T g Of tgg and those on the EPT-76, T 76, IS given in the TQG/K 0 1 2 3 4 5 6 7 8 9
text of the ITS-90 and is presented here in table 1. Although temperature values
expressed on the two scales are different, the change is only in the n 10 -0.006 -0.003 -0.004 -0.006 -0.008 -0.009
of the value of temperature and not in the temperature itself . That is to say, 20 -0.009 -0.008 -0.007 -0.007 -0.006 -0.005 -0.004 -0.004 -0.005 -0.006
the Kelvin thermodynamic temperature (the hotness) of a material at any given 30 -0.006 -0.007 -0.008 -0.008 -0.008 -0.007 -0.007 -0.007 -0.006 -0.006
point is independent of the use of any of the ‘practical’ temperature scales. 40 -0.006 -0.006 -0.006 -0.006 -0.006 -0.007 -0.007 -0.007 -0.006 -0.006
The better the ‘practical’ scale is, the closer the values of temperature on that 50 -0.006 -0.005 -0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002
scale are to the thermodynamic temperature values. Needless to say, the Kelvin 60 0.003 0.003 0.004 0.004 0.005 0.005 0.006 0.006 0.007 0.007
e s S o vt e o o o @ 0o 000 0%os oo 000y oo Coos G0os Oooe Coos
‘practical’ scales are different, if the temperature of the environment of a 90 0.008 0.008 0.008 0.008 0.008 0.008 0008 0.009 0.009 0.009
reference standard is adjusted so that its value when_expressed on the ITS-90 has
the same value as had been used on the IPTS-68(75), there will have been a change T90/K 0 10 20 30 40 50 60 70 80 90
of lth lhe;mudynagic temperature and the value of the hreferencﬁ slahndard l;/vi\l 100 0.009 0011 0013 0014 0014 0.014 0014 0013 0012 0.012
usually change. course, one may not want to change the thermodynamic 200 0011 0010 0009 0008 0007 0005 0003 0001
temperature of the reference standard. In that case, the thermodynamic
temperature, as expressed an the IPTS-68(75), can simply be expressed on the ITS- (Too- T, 8) /°C
90 (a numerical value different from that on the IPTS-68(75)) and the reference 90" 6
standards will be unaffected. For more details on the effects of the change of TQO/ °C 0 -10 -20 -30 -40 -50 -60 -70 -80 -90
the temperature scale on electrical standards, see National Institute of
Standards and Technology (NIST) Technical Note 1263 [12]. -100 0.013 0.013 0.014 0.014 0.014 0.013 0.012 0.010 0.008 0.008
0 0.000 0.002 0.004 0.006 0.008 0.009 0.010 0.011 0.012 0.012
In addition to the effect on reference standards for measurements, all
temperature-sensitive properties, e.g., tables of thermodynamic properties, Tgo/ °C 0 10 20 30 40 50 60 70 80 90
that are presently expressed on the IPTS-68(75) may require changes in values. o 0.000 -0.002 -0.005 -0.007 -0.010 -0.013 -0.016 -0.018 -0.021 -0.024
2. DEFINITION OF THE ITS-90 100  -0.026 -0.028 -0.030 -0.032 -0.034 -0.036 -0.037 -0.038 -0.039 -0.039
200 -0.040 -0.040 -0.040 -0.040 -0.040 -0.040 -0.040 -0.039 -0.039 -0.039
The ITS-90 was designed by the CCT in such a manner that temperature values 300 -0.039 -0.039 -0.039 -0.040 -0.040 -0.041 -0.042 -0.443 -0.045 -0.046
obtained on it do not deviate from the Kelvin thermodynamic temperature values by 400 -0.048 -0.051 -0.053 -0.056 -0.059 -0.062 -0.065 -0-068 -0.072 -0.075
i : 500 -0.079 -0.083 -0.087 -0.090 -0.094 -0.098 -0.101 -0.105 -0.106 -0.112
more than the uncertainties of the latter values at the time the ITS-90 was
ado y B . 600 -0.115 -0.118 -0.122 -0.125 -0.08 -0.03 0.02 0.06 0.11 0.16
pted. Thermodynamic temperature is indicated by the symbol T and has the unit
known as the kelvin, symbol K. The size of the kelvin is defined to be 1/273.16 700 020 024 028 031 0.33 035 036 036 0.36 0.35
 the th a N ty ture of the triple point of water. This definition of 800 034 032 029 025 022 018 014 010 0.06 0.03
of the thermodynamic temperature of the triple point of water. This definition of 900 001 -003 -006 -008 -010 -012 -014 -016 -017 -018
the Kelvin Thermodynamic Temperature Scale (KTTS) that is based on the value of a 1000 -0.19 -0.20 -0.21 -0.22 -0.23 -0.24 -0.25 -0.25 -0.26 -0.26
single finite temperature is not new; the CCT proposed it in 1954, the CIPM
recommended it, and the Tenth CGPM adopted it that same year [30]. Too/°C 0 100 200 300 400 500 600 700 800 900
Because temperatures on previous temperature scales were expressed relative to 1000 -0.26 -0.30 -0.35 -0.39 -0.44 -049 -054 -0.60 -0.66
the ice point (271.15 K), temperature, symbol t, on the Celsius Temperature Scale 2000 -0.72 -0.79 -0.85 -0.93 -1.00 -1.07 -115 -124 -132 -141
is defined by: 3000 -150 -159 -169 -1.78 -1.89 -199 -210 -221 -2.32 -243
T T TTTTI] T T TTTTT] T T T TTTTT] T T T TTTTT] T T T TTTTT] T T
-H
> ‘:DHg t eTPz o
oin e-Hyp TP o Planck's
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Figure 2. A schematic representation of the ITS-90 showing the temperatures of the defining fixed points (or phase
equilibrium states) on the scale and temperature ranges defined by interpolation instruments and equations.
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t/°C= TIK-273.15. )
The unit of temperature t is the degree Celsius, symbol °C, and it is by
definition the same size as the kelvin. A difference of temperature may be
expressed either in kelvins or in degrees Celsius.

Temperatures on the ITS-90 are expressed in terms of the International Kelvin

Temperatures, with the symbol, or, in terms of the International Celsms
Temperatures‘ with the symbol tog- %e unit of the temperature the kelvin,
symbol K, and the unit of the temperature is the degree Celslus, symbol

The relation between Ty and fgo is:

teof'C=  TyolK -273.15. %)

The ITS-90 extends upward from 0.65 K. There are alternative definitions of Too
in certain temperature ranges and they have equal status. In measurements of the

highest precision made at the same temperature, the alternative definitions will
yield detectable temperature differences. Also, at any given temperature between

defining fixed points, different interpolating thermometers that meet

the specifications of the ITS-90 will indicate different temperature values.

These latter differences are referred to as the non-uniqueness in the definition

of the ITS-90, The magnitude of the differences that result from these two

sources is sufficiently small to be negligible for all practical purposes.

Temperatures on the ITS-90 are defined in terms of equilibrium phase states of
pure substances (defining fixed points), interpolating instruments, and equations

that relate the measured property of the instruments to Tgo. The equilibrium
phase states of the pure substances and the assigned temperatures used as
defining fixed points of the ITS-90 are listed in table 2. Figure 2 shows

schematically the defining phase states and temperature ranges defined by the
various interpolating instruments and equations. For comparison purposes, we
give in table 3 the defining fixed points, and their assigned temperatures, of

the ITS-90 and of all the previous internationally agreed-upon scales.

2.1 BETWEEN 0.65 K AND 5.0 K: ‘He and _‘He VAPOR PRESSURE THERMOMETRY

The ITS-90 is defined between 0.65 K and 3.2 K by the vapor-pressure-temperature
relation of 3He, and between 1.25 K and 2.1768 K (the A point) and between
2.1768 K and 5.0 K by the vapor-pressure-temperature relations of He. Ty is
defined by the vapor-pressure equations of the form:

9
Too/K=A o + 3 A{[ dn(p/Pa)-B]/C) 1, ®3)
i=1

The values of the coefficients A ; and of the constants A
pressure equations for 3He and “He are given in table 4.

o B and C of the vapor-

Table 2. Defining fixed points of the ITS-90

Material * Equilibrium State U Temperature W (Tgo)®
Too(K) te (Q
He VP 3t05 -270.15to
- 268.15
e-H, TP 13.8033 - 259.3467 0.00119007
e-H, (or He) VP (or CVGT) =17
e-H, (orHe) VP (or CVGT) = 203
Nec TP 24.5561 - 248.5939 0.00844974
TP 54.3584 -218.7916 0.09171804
Ard ™ 83.8058 -189.3442 0.21585975
Hge TP 234.3156 38.8344 0.84414211
HO TP 273.16 0.01 1.00000000
Gae MP 302.9146 29.7646 1.11813889
Inc FP 429.7485 156.5985 1.60980185
Snd FP 505.078 231.928 1.89279768
Zn FP 692.677 419.527 2.56891730
Alc FP 933.473 660.323 3.37600860
Ag FP 1234.93 961.78 4.28642053
Au FP 1337.33 1064.18
Cue FP 1357.77 1084.62
a e-H, indicates equilibrium hydrogen, that is, hydrogen with the

equilibrium distribution of its ortho and para states at the corresponding
temperatures. Normal hydrogen at room temperature contains 25% para and
75% ortho hydrogen.

b VP indicates vapor pressure point or equation; CVGT indicates constant
volume gas thermometer point; TP indicates triple point (equilibrium
temperature at which the solid, liquid and vapor phases coexist); FP
indicates freezing point and MP indicates melting point (the equilibrium
temperatures at which the solid and liquid phases coexist under a pressure
of 101,325 Pa, one standard atmosphere). The isotopic composition is that
naturally occurring.

¢ Previously, these were secondary fixed points.
d Previously, these were alternative fixed points.

e From reference functions, equations (14) and (22).

Table 3. Comparison of temperatures of fixed points assigned on various
scales. Temperatures are expressed in kelvins on the KTTS or eqviivalent scales

Point NHSa [TS27 b [TS48 b  IPTS48b  IPTS68 IPTS68(75) EPT-76  ITS-90
AuFPc - 133615 133615 1336.15  1337.58  1337.58 - 1337.33

AgFP - 123365 123395 123395 123508 123508 - 1234.93
AFP - - - - - 933.473
sBPd - 717.75 71775 717.75 - - - -

nFP - - (692.655) 69273  692.73 - 692.677
SnFP - - - - (505.1181) (505.1181) - 505.078
InFP - - - - - - - 429.7485
H,0BP 373 37315 373.5 373.15 373.15 373.15 - -

GaTP - - - - - - - 302.9146
HOTR - - - (273.16) 27316  273.16 - 27316
H,OFP 273 27315 27315 - - - - -
HgTP - - - - - - - 234.3156
0, BF - 9018  90.18 90.18 90188  90.188 - -

ATP - - - - - (83.798) - 83.8058
o TP - . - . 54361  54.361 - 54.3584
NeBP - . . . 27.102 27102 21102 -24.5561
NeTP - . . . . . 24,5591

H, BP - . . . 20.28 2028 202734 203

H, BRI - - - - 17.042 17.042  17.0373  17.0

H TP - - - - 13.81 1381 138044 13.8033
PbSP, - - - - - - 71999 -

4He BP - - - - - - 42221 42
InsP - - - - - - 34145 -

SHe BP - - - - - - - 32
AISP - - - - - - 11796 -

nsp - - - - - - 0.851

cdsp - - - - - - 0.519 -

2 NHS = Normal hydrogen scale [25].

For a time, the ice point Was taken to be 273.16 K. Here, the value 273.15 K
was_used to convert temperature values in degrees Centigrade or Celsius to
kelvms in order to be as consistent as possible throughout the table.

point

TP = Triple point.

Changed in 1975 to the condensation point.
Reduced-pressure boiling point, at P = 33,330.6 Pa.
SP = Superconductive transition point.

Table 4. Values of the coefficients A 1 and of the constants B and C for the 3Heand 4He

vapor-pressure equations and the temperature range for which each equation is valid

Coef. or *He ‘He *He
Constant 0.65Kt03.2K 1.25K102.1768 K 21768 K10 5.0 K

Ay 1.053 447 1.392 408 3.146 631
A 0.980 106 0.527 153 1.357 655
Ay 0.676 380 0.166 756 0.413 923
Ay 0.372 692 0.050 988 0.091 159
A 0.151 656 0.026 514 0.016 349
As -0.002 263 0.001 975 0.001 826
As 0.006 596 -0.017 976 -0.004 325
A, 0.088 966 0.005 409 -0.004 973
Ag -0.004 770 0.013 259 0

Ay -0.054 943 0 0

B 73 5.6 10.3

C 4.3 29 1.9

2.2 BETWEEN 3.0 K AND 24.5561 K (THE TRIPLE POINT OF Ne):
VOLUMESAS THERMOMETRY

*He and _‘He CONSTANT

Between 3.0 K and 24.5561 K, the ITS-90 is defined in terms of the

constant volume gas thermometer(CVGT). The thermometer is calibrated at three
temperatures - at the triple point of neon (24.556,1 K), at the triple point of
equilibrium hydrogen (13.8033 K), and at a temperature between 3.0 K and 5.0 K, the
value of which is determined by using either a 3He or a
thermometer as described in section 2.1.

3He or 4He

4He vapor-pressure

For a “4He CVGT that is used between 4.2 K and the triple point of neon

(24.5561 K), Ty is defined by the equation:

Ty =a+b p +cp? (4)
where p is the CVGT pressure and a, b, and c are coefficients that are determined
from calibrations at the three speclfled sres, but with the

requirement that the calibration with the vapor-pressure thermometer be made at
atemperature between 42 K and 5.0 K

°He CVGT thatis used
Bs( Too)-

Fora “He CVGT thatis used between 3.0 K and 4.2 K, and for a

between 3.0 K and 24.5561 K, the non-ideality of the gas must be accounted
using the respective second virial coefficients, By( Ty) or
in this range by the equation:

or,
Ty is defined

a+h p + cp? ®

T1+B (T NV
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where p is the CVGT pressure; a, b, and c are coefficients that are determined
from calibrations at the three defining temperatures;
By( Too), and
The values of the second virial coefficients are given by the following
equations:

for 3He,

By( Too)/m 3mol -1 = [16.69 - 336.98 ( ToolK) 1

+91.04( TofK) 2 -13.82( TelK) 3110 6,

and for ~ 4He,

By( Too)/m *mol- = [16.708 - 374.05 ( ToolK) L - 38353 (

+1799.2 ( ToplK) 3 -40332( TeolK) 4 +3252.8(
The accuracy of realization of

design and the gas density used.

Too

B( Tyo) refers to
N/V is the gas density, in moles per cubic meter, in the CVGT bulb.

ToolK) 2

By( Too) or

Too/K) 5110 6.

6)

@

by using a CVGT is dependent upon the CVGT

2.3 BETWEEN 13.8033 K (THE TRIPLE POINT OF EQUILIBRIUM HYDROGEN) AND 1234.93 K

THE FREEZING POINT OF SILVER): PLATINUM RESISTANCE THERMOMETRY

Between 13.8033 K (-259.3467 °C) and 1234.93 K (961.78 °C),the ITS-90 is defined in
terms of specified fixed points to which temperature values have been assigned,
by resistance ratios of platinum resistance thermometers obtained by calibration
at specified sets of the fixed points, and by reference functions and deviation
functions of resistance ratios which relate to Too
(Henceforth, for convenience, the standards type platinum
thermometers will be referred to by the acronym SPRT.)

resistance

2.3.1 GENERAL RELATION BETWEEN RESISTANCE RATIOS AND Ty

Temperatures on the ITS-90 in the above-indicated range are expressed in terms of
the ratio of the resistance R( Tg) at temperature Too
(273.16 K) at the triple-point temperature of water. (Hereinafter, for
convenience, the terms triple-point temperature, freezing-point temperature and
melting-point temperature will be expressed as triple point, freezing point and
melting point, respectively.) The resistance ratio W Tyo) is:

WTy)= R Ty) R273.16 K).

The temperature Ty, is calculated from the resistance ratio relation:

WTs)-W ((Te0) = AW Too)

where W Ty) is the observed value,
reference functions, and AW Ty) is the deviation of the observed

particular SPRT from the reference function value. The official version of the
ITS-90 [83] does not indicate the difference [ 90) -

®)

W( Tg) is the value calculated from the

between the fixed points.

and the resistance R

)

W Ty) value of the

W( Too)l by

AW Typ).

Contd

Note that in the earlier international scales,
the SPRT resistance 273.15K, not 273.16 K

W T) was defined with reference to

There are two reference functions W( Tg), one for the range 13.8033 K to
273.16 K and another for the range 273.15 K to 1234.93 K. These reference
functions will be described in the discussion of the two ranges (secs. 2.3.3 and

).

The deviation AW Ty,) is obtained as a function of Tgo for various ranges and
subranges by calibration at specified fixed points. The form of the deviation
function depends upon the temperature range of calibration.

A schematic representation of the ITS-90 in the range of temperature specified
for SPRT's is given in figure 3. Shown in figure 3 are the temperatures of the
defining fixed points in this region of the scale and the various subranges
specified by the scale.
232 SPRT SPECIFICATIONS
The SPRT sensing element must be made from pure platinum and be strain-free. The
finished SPRT must meet one of the following criteria:

WB02.9146 K) > 1.11807,

or (10)

W234.3156 K) < 0.844 235. (11)

These criteria are equivalent to a requirement on the slope, namely,
2 K at273.16K.

[d W Tgo)ld Tog] = 3.986 x 10

An SPRT that is acceptable for use to the freezing point of silver must meet the
following additional criterion:

(12)

W1234.93K) > 4.2844. (13)
The temperature range over which an SPRT can be used depends upon the thermometer

but no single design of SPRT can be used over the whole temperature range

accuracy. For measurements at temperatures from 13.8033 K (-259.3467 °C) to
429.7485 K (156.5985 °C), or perhaps to as high as 505.078 K (231.928 °C) ,
capsule-type SPRT's that have a nominal resistance of 25.5 Q at 273.16 K may be
used. Long-stem type SPRT's of the same nominal resistance may be used in the
range from about 77 K to 933.473 K (660.323 °C) . For temperatures above about 660
°C and to as high as 1234.93 K (961.78 °C), long-stem type SPRT's having a

nominal resistance of 0.25 Q (or possibly 2.5 Q) at 273.16 K should be used. When
SPRT's are used at the highest temperatures, leakage currents through the

insulation supports of the platinum wire become significant and these result In

shunting of the resistor. The effect of this shunting is reduced by using low

voltages with low resistance SPRT's.

design,
with high

If the sheath of the long-stem type SPRT is borosilicate glass or stainless
steel, the SPRT should not be used above the upper calibration temperature limit
of 42°C. If the sheath is Inconel, the upper temperature limit becomes about

Calibration Points

Interpolation Range

¥
9

13.8033, e-H, TP
17,e-Hy VP
20.3,e-Hy VP
24,5561, Ne TP
54.3584, 0 TP
83.8058, Ar TP

234.3156, Hg TP z :

I 302.9146, GaMP —

429.7485, In FP
505.078, Sn FP
692.677,Zn FP —
933.473,AlFP —
1234.93, Ag FP —

10

=
o
o

10000

Temperature, K (ITS-90)

Figure 3. A schematic representation of the ITS-90 in the range specified for the platinum
resistance thermometer, showing the various defined subranges and the temperatures of the defining
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660 ° C. If the sheath is fused silica, temperature measurements can be made up to
962° C.

For measurements up to about 630 °C, micais just barely adequate as an electrical
insulator for the temperature sensing element and leads of SPRT's. Starting at

about 500°C, muscovite mica begins to decompose, evolving water that
electrically shunts the thermometer resistor, Phlogopite mica is adequately

stable to 630°C. For measurements up to 962°C, refractory materials such as fused

silica and sapphire are used for electrical insulation.

233 RANGE 13.8033 K TO 273.16 K

In the range 13.8033 K to 273.16 K, the reference function W

(T go) is given by:

12
AW (T )] =A o + 3 A([, N(T 6o/273.16 K) + 1.5)/1.5) i (14)
i=l
A specified,, approximate inverse [83] of this equation, equivalent to within
+ 0.000 1K, is:
12
Teo/27316 K=B o + ¥ B{(W ,(Tg)] Y6 -0.65)/0.35) | (15)
i=l
The values of the constants A o and B, and of the coefficients A ; and B; of
equations (14) and (15) are listed in table 5.
If an SPRT is to be used throughout the range from 13.8033 K to 273.16 K, it must
be calibrated at the triple points of equilibrium hydrogen (13.8033 K), neon
(24.5561 K), oxygen (54.3584 K) argon (83.8058 K), mercury (234.3156 k), and
water (273.16 K), and at two additional temperatures close to 17.0 K and 20.3 K.
The temperatures of calibration near 17.0 K and 20.3 K maybe determined by using
either a CVGT as defined in section 2.2 or the specified vapor - pressure -
temperature relation of equilibrium hydrogen.
When the CVGT s used, the two temperatures must be within the ranges 16.9 K to
17.1 K and 20.2 K to 20.4 K, respectively. When the equilibrium hydrogen vapor-
pressure thermometer is used, the two temperatures must be within the ranges
17.025 K to 17.045 K and 20.26 K to 20.28 K, respectively. The temperatures of
the equilibrium hydrogen vapor-pressure thermometer are determined from the
values of the hydrogen vapor pressure, p, and the equations:
Too/K - 17.035 = (p/kPa - 33.3213)/13.32 (16)
To/K - 20.27 = (p/kPa - 101.292)/30. 17
where 13.32 and 30 are, values of -(dp/dT o0)/(kPa/K) at 17.035 K and 20.27 K,
respectively.
Depending upon the’ temperature range of use, the SPRT may be calibrated from
273.16 K down to 13.8033 K (the triple point of equilibrium hydrogen), down to
Table 5. Values of the coefficients, A i»B i, C; and D, and of the constants A 0
By, C o, and D  in the reference functions, eqs (14) and (22), and in the
functions approximating them, given by eqgs (15) and (23)
Constant or Value Constant or Value
Coefficient Coefficient
A -2.135 347 29 B 0.183 324 722
Ay 3.183 247 20 B 0.240 975 303
Ay -1.801 435 97 B 0.209 108 771
Ay 0.717 272 04 B 3 0.190 439 972
A 0.503 440 27 B , 0.142 648 498
As -0.618 993 95 B 5 0.077 993 465
As -0.053 323 22 B & 0.012 475 611
A 0.280 213 62 B - -0.032 267 127
As 0.107 152 24 B 0075 291 522
Ay -0.293 028 65 B o -0.056 470 670
A 0.044 598 72 B 1 0.076 201 285
A 0.118 686 32 B . 0.123 893 204
A -0.052 481 34 B o, 0029 201 193
Bs -0.091 173 542
By 0.001 317 696
Bis 0.026 025 526
G 278157254 D 439.932 854
C 1.646 509 16 D 472.418 020
[} -0.137 143 90 D 37.684, 494
G -0.006 497 67 D 3 7.472 018
C, -0.002 344 44 D 2920 828
G 0.005 118 68 D s 0.005, 184
GCs 0.001 879 82 D & -0.963 864
(o -0.002 044 72 D - -0.188 732
(o} -0.000 461 22 D 0.191 203
Gy 0.000 457 24 D o 0.049 025
245561 K (the triple point of neon), down. to 54.3584 K (the triple point of
oxygen), or down to 83.8058 K (the triple point of argon).
The deviation function for ~calibration over the range 13,8033 K to 273.16 K is
given by the relation:
5
AW1(Tgg) =a 4[W(T ) - 1] + b iW(Tg)- 1] 2 + 3 clf, "W(Tg)] ™, (18)
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with  n = 2. The coefficients a 1, b 4, and the five ¢ 1
calibration at all eight of the above temperatures, including that at the triple
point of water, The values of W.( Ty) are obtained from the reference function
[eq (14)].

‘s are obtained by

The official version of the ITS-90 [83] does not indicate the difference

[WTy) - W(Te) by AW Ty), does not use the subscript m, where in eq (18),
m = 1, nor does it label the coefficients a and b with subscript m. However, we

adopt this subscript notation to identify the subranges. Additionally, this

notation is useful when reporting calibration results.

If an SPRT is not to be used over the entire 13.8033 K to 273.16 K range, but its
use restricted to one of the subranges, the deviation functions and the
calibration points are as follows.

2331 SUBRANGE 24.5561 K TO 273.16 K

The deviation function for calibration in the subrange 24.5561 K to 273.16 K is
given by the relation:

3
AW (Tgo) @ o[W(Tgo)-1]+b  H[W(Tgo)-1] 2 + EI Ci [, nIW(T go)] ",
i=

with n = 0. The coefficients a 2, b 5, and the three, ¢ 1's are obtained by
calibrating,the SPRT at the triple points of equilibrium hydrogen (13.8033 K),
neon (24.5561 K), oxygen (54.35 84 K), argon (81.8058 K), mercury (234.3156 K)
and water (273.16 K). The, values of W( Ty), are obtained from the reference

function [eq (14)]. Note that for this subrange, temperatures are measured only

down to the triple point of neon, although the-thermometer must be calibrated

at the triple point of equilibrium hydrogen.

2332 SUBRANGE 54.3584 K TO 273.16 K

The deviation function for calibration in the subrange 54.3584 K to 273 16 K is
given by the relation:

AW (Too)a ol WToo)-1+b o[ WTe)-1] % +c [ nWTeg)] ", (20)
with n - 1. The coefficients a 3 b 5 and ¢, are obtained by calibrating the SPRT
at the triple points of oxygen (54.3584 K), argon (83.8058 K), mercury
(234.3156 K), and water (273.16 K). The values of W ( Tgo) are obtained from the
reference function [eq (14)].

2333 SUBRANGE 83.8058 K TO 273.16 K

The deviation function for calibration in the subrange 83.8058 K to 273.16 K is
given-by the relation:

AW (Too) @ ol WTeo) -1 +b [ WTeo)- 11 W Te). (1)
The coefficients a 4 and b , are obtained by calibrating the SPRT at the triple
points of argon (83.8058 K), mercury (234.3156 K), and water (273.16 K). The
values of W | ( Ty) are obtained from the reference function [eq (14)].

2.34 RANGE 273.15 K (O°C) TO 1234.93 K (961.78 °C)

In the range 273.15. K. to 12341.93 K, the equation for the reference function
W( Tgo) is given by:

9
W(Ta)=C o + 3 CIT oolK - 754.15)/481] i (22)
i=l

A specified, approximate inverse [83] of this equation, equivalent to within
+ 0.000 13 K, is:

9
Too/K-27316=D o + ¥ D (W (T g) - 2.64]/1.64] i (23)
i=l

The values of the constants C
(22) and (23) are, listed in table 5.

o and D, and of the coefficients C i and D; of eqs

If the SPRT is to be used over the entire range 273.15 K to 1234.93 K, it must be
calibrated at the triple point of water (273.16 K) and at the freezing points of
tin (505.078 K), zinc (692.677 K), aluminum (933.473 K), and silver, (1234.93 K).

The deviation function is given by the relation:
AW(Tg) =a o[ WTgo)-1] +b A WTe) -1 2

+C [ WTy)-1] 2 +d[ WTy)- WR334AT3K)]  ? (24)

The values of a 6 b g andc g are determined from the measured deviations

of W Ty) from the reference values W,( Tgo) [obtained from eq (22)] at the
freezing points :of tin (505.078 K), zinc (692.677 K), and aluminum, (933.473 K),
ignoring the term involving d. Then, d is determined-from these values of a

cg and the deviation D W( To) of W Ty) from the reference value
freezing point of silver (1234.93 K). The coefficient d is, used only for
temperature measurements in the range from the freezing point of aluminum to the
freezing point of silver. For temperature measurements below the freezing point of
aluminum, d = 0.

AW Too)

6 b
W( Tq) at the

SPRT's may be calibrated for use throughout the whole range 273.15 K to 1234.93 K
or for shorter subranges by calibrations at fixed points between 273.15 K and
the upper limit of 933.473 K (freezing point of aluminum,. 660.323 °C), of
692.677 K (freezing point of zinc, 419.527 <), of 505.078 K (freezing point of

tin, 231.928 °C) of 429.7485 K (freezing point of indium, 156.5985 <C), or of
302.9146 K (melting point of gallium, 29.7646 ).

The deviation function A W( Tgo) will be discussed liter in the text.




