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Platinum Resistance Thermometry

John L. Riddle, George T. Furukawa, and Harmon H. Plumb

The monograph describes the methods and equipment employed at the National Bureau of Stand-
ards for calibrating standard platinum resistance thermometers (SPRT) on the International Practical
Temperature Scale of 1968 (IPTS~68). The text of the scale is clarified and characteristics of the scale
are described. Several designs of SPRT’s are shown and discussed in the light of the requirements and
recommendarions of the 1ext of the IPTS~68. Possible sources of error such as those due 10 the internal
and external self-heating effects and the immersion characleristics of SPRT's are described in detail.
Precautions and limitations for the mechanical and thermal treatment and for the sh_ipmem of SPRT’s
are indicated, and a guldc is given for those desiring the thermometer calibration services of NBS.
The dcscrmtmu of equipment employed at the National Bureau of Standards for maintaining the
1PTS-68 includes the triple point of water cell, tin point cell, zinc point cell, oxygen normal boiling
puint comparison cryostat, the 13 10 90 K comparison cryostat, and the reference SPRTs upon which
the NBS-1PTS-68 in the region 13 to 90 K is based. Methods are given for calculating temperatures
from the calibration data and ohserved resistances; the propagation of calibration errors is discussed.
Supplemiental information given in the Appendices includes the authorized English version of the text
of the 11"7S-68, tabular values of the reference function used below 0 °C, tabular values of the
differences between 1PTS~68 and IPTS—48, analysis of the first derivatives at 0 °C of the IPTS-68
formulations, methods for calibrating potentiometers and Mueller bridges, and the derivation of the
carflicients used in the analysis of error propagation.

Key words: Calibration; calibration errors; cryostat; fixed points; freezing puints; International Prac-
tical Temperature Q(alc. platinum resistance thermometer; thermodynamic temperature scale;

thermometry: triple point.

1. Introduction

The National Bureau of Standards (NBS) has
the .-xpnnsulnnl_v 1o establish, maintain, and
develop the standards for physical measurements
necessary for the nation’s industrial and scientific
progress and. in cooperation with other national
luboratories, to establish international uniformity
of the basic physical quantitites. Dissemination of
these standards and the methodology of measure-
ments Is accomplished by appropriate publica-
tions, consultation, and calibration services. One
of the important activities is the realization, re-
production, and transmission of the International
Practical Temperature Scale of 1968 (IPTS-68),
the present basis for assigning uniform values of
temperature. Standard platinum resistance ther-
mometers are the prescribed interpolation instru-
ments for realizing the IPTS~68 from 13.8 to 904 K;
they also serve as reference standards for calibrat-
ing many other types of thermometers, e.g., liquid-
in-gluss  thermometers. Thus standard platinum
resistance  thermometers are the base for an
extremely large fraction of the temperature meas-
urements made in science and technology.

The information presented in this monograph is
intended for those who use standard platinum
resistance thermometers, who wish to submit
such thermometers to the NBS for calibration, or
who desire information that will aid in establishing
local calibration facilities. Good practice in the use
of these thermometers is emphasized to assist in
the realization of accuracy that is commensurate
with their capability, as well as to point out their in:
herent limitations. This monograph describes the
calibration of standard platinum resistance ther-
mometers at the NBS including the equipment,
techniques, and procedures. The discussion of the
IPTS-68, the defining fixed points, the interpolation
formulae, the design of standard platinum resistance
thermometers, and pertinent procedures which lead
to “state of the art” measurements are presented
in considerable detail.

2. Béckground and Basic Concepts

The development of the platinum resistance
thermometer resulted in an internationally accepta-
ble practical temperature scale defined to give



values  of temperatures close to those on the
thermodynamic  scale. The  birth of platinum
resistance  thermometers  as  useful  precision
instruments occurred in 1887 when H. L. Callendar
[16]" reported that platinum resistance thermom-
eters  exhibited  the prerequisite stability and
reproducibility i they were properly constructed
and treated with sufficient care. In the next four
decades  the platinum resistance thermometers
gained such wide acceptance that their use was
proposed and adopted by the Comité International
des Poids et Measures in 1927 in defining values
on a practical scale of temperature, the first In-
ternational Temperature Scale [15]. Since that
time improvements in the purity of platinum and
other materials of construction, in thermometer
design, and in calibration techniques have yielded
improvements in the precision, accuracy, and
range of temperatures that can be measured with
platinum  resistance thermometers, The inter-
national scale has been redefined both to take ad-
vantage of these improvements and to bring the
seale more nearly into agreement with the thermo-
dynamic scale. '

- 2.1, Thermodynamic Temperature Seale

Temperavure  seales based on functions  that
can be derived from the first and second laws of
thermodynamics, and hence that give values of
temperature consistent with the entire system of
logic  (“thermodynamics™) derivable from these
taws, are said to be thermodynamic scales. The
present thermodynamic scale was established in
1954 by assigning the value 273.16 kelvins to the
triple point of water. [17) On the Kelvin thermody-
namic scale, the values of temperature and the
designation of the appropriate units and symbols
have been adopted [51] as follows: The unit of
measurement on this thermodynamic scale is the
kelvin, indicated by the symbol K. The same name
and symbol are also used to denote an interval of
temperature. The designation of an interval of
temperature by “degrees Celsius’ is also permitted.
The symbol of the value of temperature on the
Kelvin thermodynamic scale is 7. The Celsius
thermodynamice scale is defined by the equation:
t=T-273.15 K. The zero of the Celsius scale
is 0.01 X below the triple point of water. (Although
the value of the temperature of the ice point is
close to and can be taken for all practical purposes
to be 0°C, the value of the ice point is no longer
defined as 0 °C.) The unit of a Celsius thermo-
dynamic temperature is the degree Celsius, symbol
°(.. which ix equal to the unit of temperature on
the Kelvin scale. The symbols of the values of
temperature, ¢ and T', contain_the unit of tempera-
ture °C and K, respectively.

————

P Figures in brackets indicste the lteruture references on puge SO

2.2. Practical Temperature Scales

Accurate measurements of values of temperature
on the thermodynamic scale are fraught’ with ex-
perimental difliculties, yet all values of tempera-
ture should be referable to the Kelvin thermody-
namic scale. “Practical” temperature scales are
intended to give values of temperature that are
comparatively easily reproduced and, therefore,
utilitarian, but most are based on functions that
are not related to the first and second laws of
thermodynamics. In contrast, vapor pressure scales,
e.g., that of *He [13], are based on the laws of
thermodynamics as is also the radiation pyrometry
scale. Because many physical laws are based on
thermodynamic temperatures, the values of tem-
perature on any practical scale should be as close
to the thermodynamic scale as is possible or the
differences between a praciical scale and the
thermodynamic scale should be appropriately
documented so that conversions from the practical
scale to the thermodynamic temperature scale are
passible.

Many practical scales have been used in the last
fifty years, but the only scales employing platinum
resistance thermometers  that -have had wide-
spread use in the United States were those de-
fined and sanctioned by either the International
Committee of Weights and Measures or the Na-
tional Bureau of Standards. Successive scales that
were defined by the International Committee of
Weights and Measures are the International
Temperature Scale of 1927 (ITS5-27) {15}, the
International Temperature Scale of 1948 (1T5-48)
{46}, and the International Practical Temperature
Scale of 1948 with the text revision of 1960 (1IPTS-
48) [48]. The differences in the definition of. these
scales primarily arose from steps to improve the
reproducibility of the scale and the values of tem-
perature between—182.97 and 630.5 °C remained
essentially unchanged —the changes in the values of
temperature were less than the uncertainty of the
values on the scale at the time. These differences
‘are summarized in Appendix B.

Because the ITS-27 [15] extended only 7 °C
below the normal boiling peint of oxygen (— 182.962
°C), the Naiional Bureau of Siandards was moti-
vated to develop a practical scale from the oxygen
point down to approximately 11 K [28]. This scale
has been variously referred to as the NBS pro-
visional scale, the Hoge and Brickwedde scale,
and most recently as the NBS-39 scale; directly
related to this scale is the NBS—55 scale (Tyys-ss
= Typs~a0—0.01 K) [50]. These NBS scales have
had widespread use but, together with the previously
mentioned international scales, have now been
supplanted by the International Practical Tempera-
ture Scale of 1968 (IPTS—68) {51] (see Appendix A
for the complete text of IPTS~68 and Appendix C
for the difference in values of temperature).

The text of the IPTS~68 introduced the first
major changes in the international practical scale



since 1927. Changes were made to extend the range
of the scale down to 13.81 K and to enhance its
reproducibility as well as to improve its agreement
with the thermodynamic scale. The changes in
the values of temperature from the IPTS-48 to the
IPTS-68 are tabulated in Appendix C; included
in this appendix is a tabulation of the differences
between the IPTS-68 and the NBS-55 scale which
it replaced in the United States of America. Tem-
peratures on the 1PTS-68 may be expressed in
either kelvins or degrees Celsius. The symbols
and units of the international practical scale are
like those described carlier in this section for
use with the thermodynamic scale. The symbol
for the value of temperature and for the unit of
temperarure on the International Practical Kelvin
Scale are Tey and K (Int. 1968), respectively. For
the International Practical Celsius Scale they are

correspondingly, tes and °C (Int. 1968). The relation
between Tay and Lgg 18

ten=Tss—273.15 K. (2])
The subscripts or parenthetical parts of the designa-
tion need not be used if it is certain that no confu-
sion will result from their omission.

In the text of the IPTS-1968, platinum resistance
thermometers are delined as standard interpolation
instruments for realizing the seale from —259.34
to 630.74 °C (or from 13.81 to 903.89 K). The re-
sistance. values (or ratios of resistance values,
R{1)/R(0), where R(1) is the resistance at temper-
ature t and R(0) the resistance at 0 °C) of any

particular standard platinum resistance thermom-
eter are related to the values of temperature with
specified formulae. The constants of the formulae
are determined from the resistance values of the
thermometer at stated defining fixed points and,
usually, from the derivatives of the formula specified
for the temperature range immediately above. {Here-
after, platinum resistance thermameters that meet
the following specifications, based primarily on
the text of the IPTS-68, will be referred to as stand-
ard platinum resistance thermometers and abbre-
viated as SPRT: The platinum resistor shall be
very pure annealed platinum supported in such a
manner that the resistor remains as strain-free as
practical; the value of R(100)/R (0) shall not be less
than 1.3925; the stability of the thermometer shall
be such that, when the thermomeler is subjected to
thermal cycling similar to that encountered in the

~ normal process of calibrating it, the value of R(0)

does not change by more than 4 X 10-°K(0); the
platinum resistor shall be constructed as a four-lead
element and both the resistor and its leads shall he
insulated in such a manner that the measured re-
sistance of the platinum resistor is not affected by
the insulator more than about 4 X 10-7R{0) at the
temperatures of calibration or use; and the four-lead
resistor shall be hermetically sealed in a protec-
tive sheath. (A SPRT that has a R(0) value of about
25.5 Q will be referred to as a 25-(} SPRT.) The
text of the scale assigns an exact numerical value
of temperature to cach of the defining fixed points,
The defining points and their assigned values are
listed in table 1. The realization of the fixed points

TABLE ). Defining fixed points of the IPTS68*
Assigued value of
International Practical
Equilihrium‘sme Temperature w*
ok
w (K) taw (°C)
Equilibrium between the solid, liquid and vapor phases of equilibrinm hydrogen (eiple
point of equilibrium hydrogen)........ reeeenterteaeetitsstteiserientsatansnretraarnseritesnnsertranen 13.81 ~259.34 40.0014 1207
Equilibrium between the liquid and vapor phases of equlhbnum hydrogen at a pressure
of 33 330.6 N/m? {25/76 standard atmosphere)...... ereseasressriseeserarertreaennrseneneneeenned 17.042 -256.108 00025 3415
Equilibrium between the liquid and vapor phases of equlhbnum hydrogen (boiling point
of equilibrium hydrogen) .......... eererreassrateseeeseansaisnanes trsereetiestenteerbatraanesrtraaeans 20.28 —252.87 0.0044 8517
Equilibrium between the liquid and vapor phases of neon thoiling point of neon).........., 27.102 —246.048 0.0122 1272
Equilibrium between the solid, liquid and vapor phases of oxygen (riple point of oxygen)..|  54.361 -218.789 H0.0919 7253
Eqyuilibriuin butween the liquid and vapor phases of oxygen (bolling poim of oxygen). ......... 90.188 —182.902 40,2437 911
Equilibrium between the solid, liquid and vapor phases of water (triple point of water)...... 273.16 0.0
Equilibrium between the liquid and vapor phases of water (boiling point of water)®<.........| 373.15 - 100 1.3925 9668
Equilibrium between the solid and liquid phases of zine (freezing point of zine)............. 692.73 419.58 2.5681 8557

# Exeept for the triple points and one equilibrium hydrogen point (17.042 K) the assigned values of temperature are for equilibrium
states at a pressure p,=1 standard atmosphere (101 325 N/m?).

v The equilibrinm state between the solid and liquid phases of tin (freczing point of lm) has the am.u..m b value of £ 2319081 C

and may be used as an alternative to the builing point of water. At this value of temperature 7% =1.8925 71009 The value of
=231.929163 °t.. :

The water nsed should have the isotopic composition of ocean water (see sec. L Appendix A).
This value is sli}uhlly different from that given in the text of the 1PTS-68 (see Appendix A).

3



and the use of interpolation formula are discussed
in detail in sections 7 and 6, respectively.

The IPTS-68 is defined by the text of the scale.
However, even if perfect experimental work were
possible, the values of temperature would not be
unique hecause of a lack of uniqueness in the defi-
nition of the scale itself. For example, the text of
the scale specifies the minimum quality of the
platinum to be used in the SPRT; yet different
samples of suitable platinum may not give exactly
the same value of a temperature between defining
fixed points. The different values of temperature
obtained would, however, be in accordance with
IPTS-68 because both samples of platinum are
within the definition of the scale. Another source
of difference is the variation in the realization of
the fixed points where small differences in the purity
of the fixed-point samples could easily occur. This
spread of temperatures (the “legal” spread of the
scale) is the result of the looseness of the definition
of the scale; it is small compared to the usual errors
of experimental measurement, but does exist and is
u practical nccessity if the physical propertics of
real materials are to be used in realizing the scale.

3. Platinum Resistance Thermometer
Construction

 This discussion is primarily. directed toward
thermometers that are suitable as defining stand-
ards on the IPTS—-68; however, many of the tech-
niques described are applicable to any resistance
thermometer. To be suitable as a SPRT as de-
scribed in the text of the scale (Appendix A) the
resistor must be made of platinum of sufficient
purity that the finished thermometer will have a
value of R(100)/R(0) not less than 1.3925 or «, de-
fined as (R(100) —~R(0))/100R(0), not less than
0.003925. This requirement provides a scale that
is more closely bounded and is not unreasonable
since platinum wire of sufficient purity to yield the
above ratio is now produced in several countries.
The typical SPRT has an ice-point resistance of
about 25.5 ) and its resistor is wound from about
61 cm of 0.075 mm wire. The wire is obtained “hard
drawn,” as it is somewhat easier to handle in this
condition, but it is annealed after the resistor is
formed. Although wires between 0.013 mm and 0.13
mm diameter are commonly used in industrial
platinum thermometers, experience shows that
finer wires tend to have lower values of R(100)/R(0)
(implying the presence of inore impurities or strains).

The insulation material that supports the resistor
and leads must not contaminate the platinum during
the annealing of the assembled thermometer nor
when subjected for extended periods of time to
temperatures to which thermometer is normally
exposed. The insulation resistance between the
leads must be greater than 5X 10° Q at 500 °C if the
error introduced by insulation leakage in the lcads

of a 25-() thermometer is to be less than the equiva-
lent of 1 uQ. For SPRT’s the most commonly used
insulation is mica. The primary difficulties in the use
of mica are the evolution of water vapor at high
temperatures and the presence of the iron oxide
impurity which, if reduced, leaves free iron that will
contaminate the platinum. The most usual mica is
muscovite (H;KAL(SiOy)y), sometimes called India
or ruby mica; it contains about § percent water of
crystallization. The dehydration starts at approxi-
mately 540 °C [41] and not only causes mechanical
detcrioration of the mica but supphes free water
vapor that reduces the insulation resistance.
Phlogopite mica (H.KMg;AKSiO4)s) or “amber”
mica is used for thermometers that are expected
to function up to 630 °C. Although the room tem-
perature resistivity of phlogopite mica is slightly
lower than that of muscovite, it does not begin to
dehydrate until well above 700 °C [41].

Some designs employ very high-purity alumina or
synthetic sapphire insulation (see fig. 1) [1. 18, 23,
52| Fused silica has also been used [18]. Although
the properties of these matcrials are superior to
mica at high temperatures, the materials are more
difficult to fabricate and, additionally, they must be

FIGURE 1.

Synthetic sapphire form for thermometer.

Synthetic sapphire disks are employed to kecp the platinum wires separsted in a
“bird-cage” type SPRT. A cenuplly located. hesvier gage platinum wire maintains the
spacings between the dinks {23).
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Construction of the coils of some thermometers.

(a) Coiled filament on mics cross {34},
th) Single laycr Alunent on mica crass (47].

FIGURE 2.



63 mm

()]

1 SILICA TUBES

v

PLATINUM —u_§ |

_—/‘

D TI0000000 <<

PLATINUM HELIX\

[
7
P

)00000000000~=

GLASS U-TUBE~—__|

f
- O

] W/TWO TWIN-BORE

|| _— PLATINUM OR GOLD

| — GLASS SHEATH

/

(@

(d)

FIGURE 2~Continued, Construction of the coils of some thermometers.
{¢) Coiled filament on twisted glass ribbon [49).
(d) Coiled filsment in glass U-tube [2}



PLATINUM: WIRE

STEATITE RING
PLATINUM WIRE

CEMENT

TWIN-BORE SILICA TUBE—

PLATINUM WIRE ———

PLATINUM SHEATH —]

STEATITE RING —

CEMENT

(e) . —2.5 mm—»
DIAMETER

FiGURE 2— Continued. Construction of the coils of some thermometers.
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of very high purity because migration of impurities
and the consequent contamination occurs. .much
more easily at-high temperatures. In cutting either
mica or alumina great care must be taken to avoid
or eliminate traces of metal that originate from

cither the cutting tool or from the .metal clamps:

that are- used to support the insulation during
machining. A *“‘carbide tipped” tool should be used
for the cutting process. Unfortunately, attempts to
remove the metal chemically from the mica result
in contaminating the mica. Synthetic sapphire, how-

ever, can be chemically cleaned after machining.

- The configuration of the resistor is inevitably the
result of compromise: between conflicting require-

ments. The resistor must be free to expand and con- -

tract without constraint from its support.. This
characteristic- is the so called “strain-free” con-
struction. If the platinum were not free to expand,

the resistance of the platinum would not only be a

function of temperature but would also relateto the
strain that results from-the differential expansion
of the platinum and its support. Seven methods of
approach toward achieving “strain-free” construc-
-tion are illustrated in figure 2 [2, 3, 4, 5, 34, 47].
Because of the lack of adequate mechanical support,
the wire in each of these designs may be strained by
acceleration, e.g., shock or vibration. The thermal
contact of the resistor with the protecting envelope
or sheath is primarily through gas which, even if the
gas is mostly helium, is obviously poor compared to
the thermal contact that is possible through many
solid materials. This poor thermal contact increases
the self-heating effect and the response time of the
thermometer. The designs shown in figures 2a, 2b,
and 2g suffer less in these respects than the others.
On the ‘other.. hand,- for -calorimetric work the in-

strument of the lowest heat capacity is often
preferred. _

The sensing elements.of all SPRT*s have four
leads (see fig. 2). The four leads define the resistor
precisely by permitting measurements that eliminate
the effect of the resistance of the leads. The resistor
winding is usually “noninductive,” often bifilar, but
occasionally other configurations that tend te mini-
mize inductance are used. This serves to reduce the
pick-up of stray fields and usually improves the per-
formance of the thermometer in a-¢ circuits. (If the
resistor is to be measured using a-c, the electrical
time constant, i.e., reactive component should be
minimized.) -

Because the junction of the leads is electrically a
part of the measured resistor, the leads extending
immediately from the resistor must also be of high-
purity platinum; the lengths of these leads are often
as shart as 8 mm. Either gold or platinum wire is
employed in continuing these leads within the
thermometer. Gold does'not seem to contaminate the
platinum and is easily worked. Measurement of the
resistor may be facilitated if ‘the four leads are made
of the same material with the length and diameter
the same so that the leads have about equal resist-

_ances at any temperature within the temperature

range .of the thermometer. This statement is also
applicable to the leads that are external to the pro-
tecting envelope. Figure 3 shows the arrangement of
thermometer leads near the head of three SPRT’s.

The hermetic seal through the soft glass envelope
at the thermometer head is frequently made using
short lengths of tungsten wire, to the ends of which
platinum lead wires are welded. The external plat-
inum leads are soft soldered to copper leads that
are mechanically secured to the head. For d-c meas-
urements, satisfactory external copper leads can be
made from commercially available cable. The cable
consists of twelve wires (No. 26 AWG solid bare
copper wire) each insulated with double silk wind-
ings; additionally, another double silk wrapping
encloses each group of three insulated wires. A
double silk braid and a tight, waterproof, polyvinyl
coating cover the entire four groups. After the

- appropriate end insulation is removed, the ends of

the threc wires in each group arc twistced rogether to
form a lead to which a lug is soldered. Stranded leads
which do not have individually insulated strands
should not be used, as the breakage of a single strand
may cause “noise” in the resistance thermometer
circuits which is difficult to locate and eliminate. The
leads external to small capsule type thermometers
are usually solid copper wires, although wires of
other materials such as manganin are sometimes
used; the leads to the thermometer must he placed
in good thermat contact with the system to he meas-
ured by the capsule thermometer.
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4. Using the Thermometer

4.1. Mechanical'Trealn'lent ;f %SPRT

A SPRT is a mechanically delicate instrument.
As discussed in the section on thermometer con-
struction, the platinum wire cannot be rigidly
supported and at the same time be free to expand
and contract with temperature changes. Shock,
vibration, or any other form of acceleration may
cause the wire to bend between and around its
supports, thus producing -strains that change its
temperature-resistance characteristics. Strains in
the platinum resistor normally will increase the
resistance and decrease the value of a. If a tap of
a thermometer with glass sheath is hard enough to
be audible, but still not cause breakage, the action
will typically increase the triple-point resistance of
a 25 {1 SPRT by an amount between 1 and 100 uf}.
(A change of 100 u) is equivalent to 0.001 °C in
temperature.) Thermometers that have received
repeated shocks of this kind through rough handling

tal type seals, Capsule body is stainless ateel.

over a one year period have increased in resistance
at the triple point of water by an amount equivalent
to 0.1 °C. Similar changes may be caused by using
the thermometer in a bath that transmits vibrations
to the thermometer or by shipping the thermometer
not suitably packed.

It is preferable to “*hand carry” the thermometer
to maintain the integrity of its calibration. If the
thermometer must be shipped, it should first be
placed in a rigid and moderately massive container
that has been lined with material which softly con-
forms to the thermometer and protects it from
mechanical shocks or vibrations. This container
should then be packed in an appreciably larger box
with generous room on all sides for soft packing
material that will absorb or attenuate the shocks
that might occur during shipment. Two reasonable
package configurations are shown in figures 4 and 5.

In arranging storage for the thermometer in the
laboratory, a container should be used that mini-
mizes or -eliminates the possibility of “bumping”
the thermometer. This is a most reasonable precau-



tion when one considers the amount of handling that
many SPRT's receive during the course of many
measurements. This precaution may be even more
pertinent for SPRT’s that are routinely used- as a
standard  for calibrating other thermometers.

Figure 6 shows a storage arrangement employed
at NBS,

Care should also be exercised in protecting the
thermometer from cumulative shocks that might be
received during insertion into apparatus, Figure 18
(see. 7) shows the simple provisions made at NBS
lor reducing mechanical shock when thermometers
are inserted into triple-point of water cells, The
polyethylene plastic tube at the top of the cell
guides the SPRT into the thermometer well without
“*bumping”. and the tapered entrance of the
aluminum sleeve near the bottom of the well then
zuides the SPRT into the sleeve and onto the soft
polyurethane sponge at the bottom.

4.2. Thermal Treatment of SPRT

With exception of specific instances, SPRT's, as
they are generally used; are not greatly suseeptible
to, damage from thermal shocks. In the case of

“capsule type thermometers, the metal to glass seals

may be broken by rapid cooling, e.g., when a capsule
thermometer that has been at ambient temperature
is quickly immersed in liquid nitrogen. Sudden
exposure of capsule thermometers to temperatures
that are much higher than ambient seldom occurs
since they are rarely used above 100°C. Another
specific instance of thermal shock is subjecting
long-stem SPRT's to temperatures that are well
above 600°C and subsequently quenching them.
This treatment can mechanically damage the ther-
mometer but, even if no visible damage has been
done, the calibration of the thermometer may have
been altered by the freeving in of defects that oc.
curred during the quenching[24].

] FICURE 4. A method for packaging a SPRT for shipment.
The srtel cuse contains 8 SPRT saugly nested in polyurethane foam. The metsl case in turm is protecied davinge shipment by a tightly fittedd pbyurethane foam fined bou

-10



Ficure 5. Special container for SPRT shipment.
The wisden case contains 8 SPFRT snugly nested in polyurethane foam. Each of the eight corners of this wooden case is gtisched elastically to the jarge metal comainer. filocks
of polyurethane fnam give additional protection in the event of “avestravel.™
teonttesy the Space Divicion, North Amesiesn Rockwell Corpoeation?

The upper temperature limit of a SPRT is re-
stricted by the softening point of the material of the
protecting sheath. the temperature at which the
thermometer was annealed before calibration, the
evolution of water and other contaminants from the
sheath and insulators, and grain growth in the
platinum wire. The concomitant changes are a
function of both time and temperature and most are
predictable in only a qualitative way.

Thermometer sheaths of horosilicate glass soften
noticeably at temperatures above 500 °C, e.g., their
use at 515 °C (1000 °F) is limited to a few hours unless
they are specially supported to prevent deformation.
Fused silica sheaths should be used for measure-
ments above 500°C. Platinum grain growth has
been observed in SPRT’s that have heen used over a
period of several lnmdred hours at 420°C. Figure 7,
made with an electron microscope, shows in detail a
short section of platinnm wire from a thermometer
that wace subjected to such a treatment. Grains
which are one to two wire diameters long and as
Jarpe as the wire in diameter may be clearly seen.
The growth of large grains results in a thermometer

11

that is more susceptible to calibration changes
caused by mechanical shock: consequently, the
thermometer may be considered unstable. The
evolution of water within the thermometer sheath at
temperatures below 500°C has been observed in a
few thermometers but seems to be avoidable if
sufficient baking and evacuation- are furnished
during the fabrication of the thermometer. The
presence of ‘water may become more conspicuous
when the thermometer is cooled, e.g., in a triple
point cell. The presence of water, either within the
thermometer or on the external insulated leads, will
be evidenced during electrical measurements by the
kick of the galvanometer when the current through
the thermometer is reversed. The kick stems from
the polarization of water on the insulation. The
decay time (the time for repolarization of water on
the insulation) of the galvanometer pulse is usually
greater than a minute when moisture exists in the
thermometer but is only of a few seconds® duration
with moisture on silk insunlated leads, indicating

that the quantity and physical state of moisture and

the effect of moisture on the insulation inside the



thermometer are different from those on the external
silk insulation.

Annealing may occur if the platinum wire was not
properly annealed during the manufacturing process
or (more likely) if it has been strained by mechanical
shock since it was last well annealed. If the strains
are sufficiently severe, noticeable annealing will
occur at temperatures as low as 100 °C. The anneal-
ing process does have somewhat beneficial aspects
because the thermometer tends to return toward the
metallurgical state that it presumably was in during
its previous calibration. (At NBS all long-stem
SPRT’s are annealed between 470 and 480 °C for 4
hours, removed from the furnace while still hot, and
allowed to cool in air at ambient temperature prior
to their calibration). The comparison of the resistance
of the thermometer at a fixed point before and after
annealing will show a shift downward in resistance
and, uanally, a shift upward in R(t)/R(0) (see sec. 6
on the computation of temperature).

In the measurements at temperatures above
500°C the difficulties discussed above are more
likely to oceur or be accelerated. More care must be
taken in baking and evacuating the thermometer
after assembly. For work near the upper tempera-
ture limit (630°C),.the SPRT's should have phlog-
opite mica or fused siliea coil forms and a fused
silica sheath. Also, care should be exercised to
avoid the previously mentioned effect of freezing in
_ , of high temperature defects when cooling the

FIGURE 6. A storage for SPRTs. thermometer.
The thermomelers sre stored vertically by siipping into the wire braid steeves. The

e{wrr o the hus hexr been removed only to show the arrangement of the wire braid
Blreves,

Ficure 7. Electron microphotograph of platinum thermometer wire subjected to a total of several hundred hours at 420 °C.,
) migration. No st

Magnification: photograph (s) 172 X (1) 850 X, The phutographs show: (1) grsin he (2
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has been made 1o date to ideatify the white “Hecks.”



4.3.

A thermometer is sufficiently immersed in the
bath when there is no heat flow between the sensor
and its environment through the thermometer leads
or sheath that extend from the region of sensor.
Regrettably, considering the ease with which the
adequacy of immersion can be checked, insufficient
immersion of a thermometer is still a very common
error. The test simply involves a equilibrium
temperature measuremenits at two depths of
immersjon, while the bath is maintained at very
nearly constant temperature. If, afler taking into
account any change in the temperature of the bath,
the temperatures at the different immerstons do not
agree, an immersion problem exists. Experimen-
tulists are frequently led astray by the erroneous
idea that the required immersion is strongly temper-
ature dependent. Figure 8 shows the difference
between the bath temperature and the temperature
indicated by the thermometer as a function of
immersion {or two different thermometers. The
immersion characteristics are more clearly seen in
figure 9 where the same data are given in a semilog
plot. A linear relationship between the immersion
and the logarithm of the temperature difference is
to be expected in simple cases and in practice this
is a very useful approximation in the usual region
of interest, namely, where the temperature difference
is small. Figure 9 shows that for thermometer G in
an ice bath, the temperature difference is reduced
by a factor of 10 for each 3.3 cnr of immersion.
For thermometer M, the temperature difference is
reduced by a factor of 10 for ecach 1.4 cm of immer-
sion. If the error due to immersion is to be less than
0.025 mK, the temperature difference must be
reduced by six orders of magnitude and, therefore,
both thermometers must be immersed in the ice
bath by six times the respective amounts cited
above, or a total of 19.8 cm and 8.4 cm, respectively.
Even if the temperalure difference between the
ambient. and the bath were only 2.5-degrees the
thermometer immersion could be decreased only
slightly because, for the same accuracy, a reduc-
tion of the temperature difference by five factors of
ten is still needed. )

The similarity of the radial conductance of heat
to or from the thermometer in the bath is important.
Figure 10 shows the immersion characteristics of
thermometers G and M in a triple-point of water
cell rather than an ice bath. The immersion char-
acteristics have changed for both thermometers,
but particularly for thermometer M. This is caused
primarily by the increase in thermal resistance
radially from the thermometer to the ice-water
interface of the triple point cell: the sheath of
water that surrounds the thermometer within the
triple-point  cell well and the glass wall of the
well contribute to the increased thermal resistance
{see alsa see. 44). The immersion problem would
be even worse if the space between the thermom-
eter well and the thermometer were filled. with air

Thermometer Immersion
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FIGURE 8. Immersion characteristics in anice bath of two long
stem SPRT’s with different sheath materials and internal
construction. )

_ The plor shows ihe relative [emprrature as a function of the depth of thermometer
immersion.

instead of water. Typical immersion data for
thermometers in tin and zine freezing point cells
are given in the discussion of that apparatus (sce
sec. 7).
4.4. Heating Effectsin SPRT

The wmeasurement of resistance necessarily
involves passing a current through the resistor. The
resultant heating that occurs in the resistor and its
leads raises their temperature above that of their
surroundings until the resistor element attains a
temperature sufficiemtly higher than the surround.
ings to dissipate the power developed. A typical
steady-state profile of the radial temperature distri-
bution caused by a current of 1T mA flowing in a
25 Q SPRT is shown in figures 11 and 12, In figure
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construction.

The dats of figure 8 have bren replotted 10 show the linear relationship between the
logarithm of the relative temperature and the depth of thermometer i mnmcrxmn

11, the internal heating effect of the thermometer,
i.e., between the platinum resistor and the outside
wall of the pmtectmb sheath, at a given environ-
mental temperature is a function only of the ther-
mometer construction and the current and is, there-
fore, the same during both calibration and use. This
assumes that the thermometer resistor does not
move within its protecting sheath, At the ice poimt,
the internal heating effect may be measured by
direct immersion in the ice bath and is typically
between 0.3 mK/(mA)* and 1.2 mK/(mA)? for a
25 Q) SPRT. If the thermometer is used with the
same current that was used during its calibration,
the same internal heating effect occurs and no
error is introduced in the measurement.

As figure 12 indicates, there-is also an external
heating effect, an extension of the heating effect
beyond the outside of the thermometer sheath
because the generated joule heat must flow to some
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The plot shows the relativnship i the ) of relative temperature and
the depth of th i ion, C with fxgurr 9 shuwas that the immer-
sion characteristics of the thermumeters tend to he pourer in the triple-puint cell than
those in the ice hath. This change in the ubserved immersion characteristics is caused
primarily by the higher resistanve to radiat heat flow in the triple-point cell.

external heat sink. The total heating effect, i.e., the
combined internal and external! heating effects,
can easily be determined by calculating the resist-
ance that would be measured at zero current; this
can be performed either algebraically or graphically
as shown in figure 13. When it is desirable to deter-
mine the internal heating effect only, the experi-
mental conditions must be such that the external
heating effect is negligible. This condition can be
closely approximated by directly immersing the
thermometer into an ice bath wherein the solid ice
particles are in contact with the thermometer sheath,
or into a metal (tin or zinc) freezing point apparatus
in which the metal freezes directly on the thermom-
eter. (The metal must be remelted before complete
solidification or the thermometer will be crushed.)
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Ficvne 31 Platinum resistance thermometers at 33 em immer-
sion in an ice bath. )
Tempetature profite from the middle of thermumetes coil out 1o the ice bath with 1 mA
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A, Plasinnm coils of coiled blamens thermometer; only coils of une side are indicated.
R, Platinum voils of single teyer helix thermometer; only turns of ofie side are indicated.
. Barosilicate glass thermometer envelupe.
D. Finety disided ice and water,

The recommended measurement and calculation
procedures are identical to those previously
described for determining the total heating effect
(see fig. 13). For the most precise work, all resistance
measurements should be made at two currents and
use made of the value of resistance calculated for
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zero current. Reilerating what was said earlier, an
error due to the heating effect is introduced if the
thermometer is not calibrated and used at the same
current or is not in good thermal contact with its
surroundings.

_The external heating effect may be reduced by
making the thermometer well a relatively close fit
to the thermometer and placing a material of high
thermal conductance in the annular space between
the thermometer and the well. The material used
to fill the space must not undergo an exothermic
{or endothermic) reaction at the temperatures in-
volved because such a reaction would additionally
change the temperature of the thermometer from
that of the surroundings. Examples of this difficulty
that have been experienced in the NBS calibration
laboratory are the slow decomposition of light
mineral oil (at 122 °C) and oxidation of a steel bush-
ing (at 44 °C). Difficulties associated with this
type of reaction can be detected by comparing the
derived values of resistance at zerv current that
have been obtained from measurements in which
(i) the questionable material was used and (ii) the
material was not present, or a better substitute was
employed.

Another source of heat flux to and away from the
platinum coil, and consequently a possible source
of error, is radiation, If the sensor can “‘see” a
surface that. is appreciably hotter or volder, the
power gained or lost by the resistor will result in
its temperature being changed. In the triple-point
of water measurements, radiation {rom lights in
the rooin which is incident upon the top of the ice
bath or triple point cell can easily produce an error
of 0.0001 K (see sec. 7 on triple-point cell). The
water-triple-point  cell should, therefore, be im-
mersed in an ice bath in which ne extraneous
radiation from sources above room temperature can
reach the sensor of the SPRT. At a higher tempera-
ture (630 °C) an error as large as 0.01 °C can
oceur if a clear fused silica thermometer sheath is
employed because “light piping” takes place. In
this process radiation is conducted towards ambient
temperatures within the wall of the thermometer
sheath, being confined there by total internal
reflections. Any technique which would eliminate
these reflections would of course, eliminate this
source of error. The error can he substantially
reduced by coating the exterior wall with graphite
paint as is depicted in figure 14 or by roughening
(by sand-blasting) the external wall.
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FiGURE 12. Platinum resistance thermometers at 33 cm immersion in a water triple point cell.
Tempersture profile from the middie of thermometer coil out to the ice-water interface with | mA current.
. Flatinum coil of coiled filsmeny thermometer: only coils of unc side are indicated.
B. Platinum coils of single layer helix therniometer; only turns of one side are indicated.
C. Borasilicate glass thermometer envelope.
D. Water from ice bath.
. Aluminum bushing (length not 10 scale).
F. Boresilicate glass thermometer well.
5 Jre mantle,
H. lnner meh.
1. No inner
J. Waterincell.
K. Cell well (boronilicate glass).
L.
M

h P profile relative to the of outer i ter interd

Qutside ice-water bath.

. Temperature profile of the ice mantle.
N. Polyurethans sponge.
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FIGURE 13. Plot of SPRT resistance (temperature} versus the
square of the thermometer current.
The plot illustrates how the value of “zero current” thermometer resiviance may he
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Rem renistance of SPRT at “zero current.”™
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at {wo currents.

F1GURE 14.  Two methods for reducing radiation “piping” in fused silica thermometer sheaths.
The sheath of the thermometer at the 1op was given a watte finish by “sand biasting.” < Aqua dsg” is shown painted on the sheatbof the SPRT at the ottom.

5. Resistance Measurements

In this section, the salient features of instrumenta-
tion used 10 measure the resistance of SPRT’s
in the NBS calibration laboratory will be described
so that the laboratory’s general electrical measure-
ment procedures may bhe understood. The discus-
sion will neither give details on other instruments
that are available for measuring electrical resist-
ance nor special design features of particular
instruments, nor'a comparison of different measure-
ment techniques. Some of the instruments will be
mentioned by name and literature references will
be cited to direct an interested reader to more
detailed information.

The most suitable methods for and the limitations
on achieving both accurate and reproducible
resistance  measurements  depend on  several
factors. Johnson noise [31], which is inherent in
any resistor (caused by the random movement of

17

electrons within a conductor), is given by:

e=1.43 X 10~ VTR(Af), (5.1)
where e is the thermal agitation voltage in volts,
Af is the effective bandwidth in hertz, R is the
resistance of the conductor in ohms, and 7T is the
temperature of the resistor in kelvins. The constant
7.43 X 102 comes from 2Vk, where k is the
Boltzmann constant. However, this frequently
mentioned limitation is seldom the predeminant
source of uncertainty in resistance measurements
with SPRT’s. For example, using a 25 Q ther-
mometer at room temperature with an observation
(averaging) time of 1 second, this noise is of the
order of 0.6 nV-slightly less than the signal
(1.0 nV) that resuits from a 1-uQ unbalance when
1 mA is flowing through the thermometer. Spurious
em{’s, variations in contact resistance, mechanical
or electrical disturbance of the detector system,



and variations in thermometer lead unbalance,
are sources of ‘‘noise,” one or more of which
contribute much more to the electrical measure-
ment uncertainty than the Johnson noise in th

vast majority of measurement systems. :

- The signal level at the null detector caused by
the resistance unbalance can be raised by simply
increasing the current through the thermometer.
This may at times be a satisfactory solution; limita-
tions are encountered, however, because increasing
the current rapidly increases the uncertainty due
1o the self-heating of SPRT (see secc. 4) and may
even introduce significant error due to the self
heating of reference resistors in the bridge or poten-
tiometer. The increased power .dissipated in the
thermometer may produce additional difficulties

if the thermometer is used in a calorimeter system

with a small heat capacity.

In addition to the uncertainty of null detection in
a reasonable period of time, there is also the problem
of referencing the unknown resistor to a single
resistance standard. A large number of arrange-
ments have been proposed and used for this purpose.
They may be broadly classified as either bridge or
potentiometer circuits that employ either alternating
or direct currents with either resistors or inductive
dividers to establish ‘the ratio of the unknown
resistor to a standard resistor. (A standard resistor
js defined, hereafter, as a stable resistor or a
combination of stable resistors of known value.)

5.1. Mueller Bridge
Atthe National Bureau of Standards the traditional

instrument used with SPRT’s is the Mueller bridge
[37, 38]. There have been several modifications

&)

— COMMUTATING SWITCH CONTACTS —
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[

Ry Ry
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Ficurs 15. Schematic of a Mueller bridge circuit in NORMAL
and REVERSE thermometer connections.

€ is the nul) detector {galvanometer).

K, and Ry represent the ratio arm resistors,

R represents the adjustable resistor.

Keund Ry are the resistances of the “potential’ leads of the SPRT,
Ry is the resistance of the SPRT,

[21, 22, 26] of the bridge since its first appearance,
but this discussion will only cover its principal
features. A simple form of the bridge is shown
schematically in figure 15. It is basically the classical
equal-ratio-arm Wheatstone bridge with provisions
for interchanging (commutating) the leads of a four-
lead resistor in such a way that the average of two
balances is independent of the resistances of the
leads. Referring to figure 15 (NORMAL), when no
current flows through the null detector, the voltages
e; and e, are equal, and the bridge is said to be
balanced. The equation of balance is:
Rp,+Rc=Rx+Ry, (5.2)

where Rp, is the resistance of the variable decade
balancing resistor,

Re is the resistance of a.lead from the bridge to
the thermometer sensing element,

Ry is the resistance of the thermometer sensing
element, and

Rris alead resistance similar to Re.
After commutating the leads (marked C, T, ¢, and 1) .
to the positions shown in figure 15 (REVERSE) the
equation of balance is

Rp,+Rr=Rx+Rc, (5.3)

where

Rp, is the resistance of the adjustable-decade
balancing resistor that is required for the second
balance of the bridge.

The addition of eqs (5.2) and (5.3) vields the value of
Ryintermsof Rp, and Rp,:

Rp,+Rp,=2Rx (5.4)
or
Rp,+Dp
—_———t 2.
Rx 2 (5.5)

An assumption made in the above equations is that
R and R are constant during the time required for
making the two balances.

Actually Ry and Rc¢ need not be constant. If egs
(5.2) and (5.3) are rewritten as:

Rp,+Re,=Rx+Rr, {5.6)
and

Rp,+Rr,=Rx+Rc,, (5.7
and then added, there results
Rp,+Ro,+ (Re,—R7)) — (R¢,—R1,)=2Rx  (5.8)

or



=R1‘)L+R1)-_r+ (R("

Ry=—22

~Rr)—(Re,—Rz) . - (5.9)
2

Thus, a sufficient condition for the measured resist-
ance to be independent of the lead resistances is
that the difference in the resistance of the two
potential leads is constant during the period of
observation. Equation (5.9) demonstrates that experi-
mental emphasis could be placed on insuring that
the leads be of equal length and cross section and
that the temperature gradients between the leads be
constant ar only changing slowly, rather than the
more difficult option of maintaining the temperature
of the leads constant.

Successful operation of the Mueller "bridge is
dependent upon the reproducibility and self con-
sistency (linearity) of the adjustable resistor
indicated in figure 15 as Ry,. The methods of ac-
complishing this include thermostating the resistors
and ewmploying special circuitry. (See fig. 1 of
Appendix H. A procedure for calibrating the
Mueller bridge is also described in Appendix H.)
The circuitry has been designed to reduce the
uncertainties that are associated with the variations
in the contact resistances of the “dry” switches.
For the 1-00 and 0.1-Q step decade resistors, the
switch contact resistances are placed in series
with the bridge ratio arms (K, and R.,), which are
usually from 500 to 3000 €2, so that the effect of the
possible variations in the contact resistances (about
0.0005 1) can usually be neglected. For the measure-
ment of the higher thermometer resistances this
arrangement introduces uncertainties which may
be significant. For a 25-() SPRT ihe uncertainty of
0.0005 £ in 3000 Q or 1 part in 6 X 108 in the ratio
arm corresponds to only 1 uQ) or 0.01 mK when
measuring 6 §) (near —183 °C) but increases to 10
1 or 0.1 mK when measuring 60 ) (near 350 °C).
The decades with steps of 0.01 Q) or less are the
Waidner-Wolff shunted decades [38) which reduce
the effect of contact resistance in the switch by a
factor of 250 or more. The switches for the 10-Q
step decade and the commutator are directly in
series with the resistors in the adjustable arm of
the bridge and the thermometer resistor; they have,
therefore, mercury-wetted contacts. The mercury-
wetted switches in the Mueller bridges employed
at the National Bureau of Standards have an un-
certainty of less than 2 uQ) when well maintained.
All of the mercury contacts are normally cleaned
cvery day before use. The mercury is removed by
vacuum using a small polyethylene tip at the end
_ of a vacuum line with a mercury trap. Fresh mercury
is placed on each amalgamated contact. If the
-entire surface of the contact is not wetted by the
new mercury, the surface is scrubbed (without
removing the mercury) with the flat end of a solid
copper rod about ¥4 inch in diameter until the
entire suriaee becomes wetted. The mercury is
again removed and replaced with clean mercury.
The switch is then reassembled and operated
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several times after which it is reopened to remove
any mercury which has splashed onto the surround-
ing surfaces. The switch is then finally assembled
for use. Switches with sliding contacts are exercised
every day before use by revolving them 10 or 20
times; this is particularly important for the 1, 0.1,
and 0.01 ) decade switches. The sliding switches
are cleaned occasionally with a lintfree cloth,
either dry or moistened with benzene or “varsol”.
(Carbon tetrachloride is not recommended as it
frequently contains impurities which will result in
corrasion.) After cleaning, the contacts are lubri-
cated with a light coating of pure petrolatum.

5.1.1. Bridge Ratio Arms

If the two ratio resistors, R, and R: in figure 15,
change so as to become unequal, this may be
compensated by adjusting the “tap” on the slide-
wirc resistor joining R, and R.. Because this tap
is in the battery arm of the bridge, the variations of
its contact resistance are unimportant to the deter-
mination of thermometer resistances. The ratio arm
resistors are adjusted to be equal by varying this tap
on the slide wire between R, and R: until the inter-
changing of the ratio arms does not change the
bridge balance. The accuracy of the ratio is limited
by the uniformity of the resistance of the copper
leads and switch contacts which are in series with
R, and R: (those connecting the 1-Q and 0.1.-Q
decades) and, of course, by the sensitivity of the
null detector. )

Some versions of the bridge have incorporated
into the commutator additional switch .contacts
which reverse the ratio arm resistors simultaneously
with each commutation of the thermometer leads;
the switch contacts of the 1-Q and 0.1-0) decades
and their leads to the commutator switch are,
however, not reversed. The eflect of their variations
must still be considered in the determination of
the bridge resistance. Referring again to figure 15,
but now with the ratio arms R, and R; interchanged
in the reverse bridge connection, the equations of
bridge balance with the normal and reverse connec-
tions are, respectively:

R’i+ Rc Rl 1+e y

Rr+ Ry —R—2— 1 (5.10)
and

Rut Ry _R._ 1 (5.11)

Rc+Ry R, 1+¢

where €= (R, —R;)/R.. After combining eqs (5.10)
and (5.11) and eliminating Ry and R,

Rl)! + Ro,(1 + €)

Rye= 2+¢€

(5.12)

By adding and subtracting {Ru,+ Ry,)[2 from the
right-hand side of eq (5.12) and combining, the



relation

- (Ro, + Rp,)
2

(Ro, — Rp,)e

Rs 22+ ¢)

+ (5.13)

is obtained. Equation (5.13) shows that if the bridge
is operated to yield Ry;=Rp,, then Rx-Rn‘—-sz,
without regard to the lack of equality of the ratio-
arm resistors. In practice, because the thermometer
leads (T and C) are usually made nearly equal,

Rp, and Rp, will be only slightly different, typically

much less than 0.002 2. Also, the equality of the
ratio-arm resistors can be adjusted to better than
1 ppm with ease. Thus, the second term on the
right of eq (5.13) is completely negligible in normally
conducted Mueller bridge measurements which
utilize simultaneous commutation of the SPRT
leads and the ratio-arm resistors.

5.1.2. Bridge Current Reversal

The indicated balance of any d-¢ bridge is de-
pendent upon the iR voltages across the elements of
the circuit and the spurious emf’s. The equations
of bridge balance involve only resistance values;
therefore, the effects of spurious emf’s must be
climinatcd. This could be done by first observ-
ing the “indication” of the null detector with
no bridge current, then balancing the bridge
with current to the same indication. The indication
of the null detector with no current includes the
effect of any spurious emf’s; when the bridge is
balanced to the same indication with current in
the bridge, the iR voltages are balanced if the effect
of the spurious emf’s remains unchanged. However,
one should recognize that a change in the magnitude
of the thermometer current will change the ther-
mometer temperature (due to self heating) and that
enough time must elapse before reading to allow the
thermometer to attain a steady thermal state.
During this time the effect of spurious emf’s. may
change significantly. This problem can be simply
surmounted by reversing the battery current with
a snap action toggle switch, so that an essentially
continuous heating power is retained in the ther-
mometer (hence, a2 uniform self heating effect). In
the process, the galvanometer or null detector
sensitivity is effectively doubled. The rate at which
the current reversals must be made is dependent
on the rate of change of the spurious emf’s.

5.2. A-C Bridge

If the current is reversed sufficiently rapidly, it
is usuvally said that the bridge is an “a-c” bridge.
Bridges operating at 400 hertz have been built at
the NBS based on a design by Cutkosky [19]. These
bridges were designed for use with SPRT’s and

include special provisions for use with thermometers

having values of R(0) as low as 0.025 . The bridge
lmlm's an inductive ratio divider that eliminates
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the necessity of calibrating the bridge because the
initial uncertainty of the divider is about 2 parts in
108 and appears to be stable. Additionally, the
bridge requires only one manual resistance balance,
the phase angle balance being automatic, and
incorporates a built-in phase-sensitive null detector
with which 1 uf) in 25 © can be easily resolved.
Sméll' deviations from balance can be recorded
continuously, the accuracy of recording these
deviations being limited primarily by the resolution
and linearity of the recorder. A small (usually less
than 10 Q) error may be introduced in measuring
a 25 )-SPRT unless coaxial leads are used between
the bridge and the thermometer head. (The heads of
SPRT’s have been modified to contain two BNC
coaxial connectors. The two leads from one end of
the SPRT coil were connected tothe center “female”
contracts of the BNC receptacles and the two leads
from the other end of the SPRT were connected to
the outer shells or the shield contacts.) For pre-
cision measurements the length of the pair of ‘coaxial
leads should not be greater than 15 meters to limit
the dielectric losses of the shunt .capacitance.
Preliminary measurements on 25-11 SPRT’s indicate
that, if the leads do not affect the measurements,
the accuracy of the measured value in ohms of a
thermometer element is limited by the accuracy to
which the reference standard resistor is known.
However, in the accurate determination of the
resistance ratio, R(¢)/R(0), the stability, rather
than the accuracy, of the reference standard is the
important requirement. Further work is in progress
at NBS to determine the dc-ac transfer character-

istics of SPRT’s.

5.3. Potentiometric Methods

The Mueller bridge and the Smith bridge methods
{6, 7, 27] are suitable for a four-terminal determina-
tion of thermometer resistance if the lead resistances
are relatively stable. When the lead resistances are
variable, e.g.. in measurements at low temperatures
where the cryostat temperature is varying and the
thermometer resistance is small, potentiometric
methods become better suited to the measurements.

The potentiometric method of resistance measure-
ment depends in principle upon the determination
of the ratio of iR voltages developed across the
SPRT and across a resistor of known resistance
that is connected in scries. The ratio is determined
by comparisons with iR voltages that are developed
in a separate resistance network and usually a
separate current supply.

One of the major drawbacks of the potentiometric
method has been the requirement of exceptionally
high stability of current in both the potentiometer
and in the SPRT circuits during the measurement
period. However, the recent availability of highly
stable current supplies and their continued improve-
ment have made the potentiometric methods more
popular.



Three circuits for the more commonly used
potentiometric methods are illustrated in figiire 16.
To eliminate the effect of spurious emf’s in the
measurements employing circuits (a) and (b) the
currents {; and i: are reversed. Four balances are
necessary in each method, two with the current in
one direction and two with the current reversed.
Four balances are also necessary employing
circuit (c) by reversal of the current i, and at
the conneclion between the voltages to be com-

BA——1n

BA+

— |

4T —-)—-I-_l

P ]

BA+

)
(c)

pared. The readings for the nermal and reverse
connections are averaged. By using high quality
reversing switches along with current sources of
high resistance (to make the relative effect of small
changes in resistance associated with the switching
negligible compared to the total resistance of the
circuit), the current in the circuit can be made more
stable and the switch in series with the detector
need not be disturbed during the current reversal
process. Nevertheless, a shunt is needed across the

BA- —Y

FiGURE 16. Potentiometric circuits used to determine resistance values.

Ry, the renistance 10 be determined.
R, standard resistor of precisely known value.

P, potentiometer or precisely known adjustable resistor.
R.sdjustable resistor.
C, sahle itor of law dielectric ah
€. null detector

iy, independent stable current in the unknawn resistance circuit,

§1. independent stable current in the potentiometer or in the voltage transier instrument circuit.
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detector to protect it because of asynchronous
contact operation during the reversal. The discus-
sion of the potentiometric methods to follow
assumes that the required balances are made with
current reversal.

Using circuit (a) of figure 16, the potentiometer P
is successively bhalanced against the voltages i;R,
and LR, in terms of P, and iyP,, respectively,
where R, and R, are the resistances of SPRT and

standard resistor, respectively, and Pp and P, are
" in the potentiometer resistance units. (P, indicates
the potentiometer resistance when its iR voltage
is balanced against the SPRT; P, indicates the
potentiometer resistance when balanced against a
standard resistor.) Thus, with iiR,=i,P, and
i1R,=i2P,, the SPRT resistance is given by

Pog..
P,

There is a wide variety of potentiometers that
employ essentially the circuit shown in 16(a). The
potentiometer iR voliages in some designs [43, 54,
55, 56] are developed with different currents in
certain decades; in others, the iR voltages are
adjusted by varying, by means of the potentiometer
switches, the current through a fixed resistor.
These designs keep the resistance of the detector
circuit constant. In the ‘“double potentiometer,”
which is designed to make two consecutive voltage

R,=

The linearity of the potentiometer -can be cali-
brated by comparing successive steps of one decade
against the total (X) of the next lower decade.
See Appendix I for a method of calibrating
potentiometers.

6. Calculation of Temperatures from the
Calibration Data and Observed Resistances

The SPRT is the standard interpolation instrument
between the defining fixed points in the range
13.81 K to 630.74 °C. (See table 1 and Appendix A.)
The “constants” of the interpolation formulae that
relate the resistance of a particular SPRT to the

" value of its temperature on the IPTS-68 are obtained

balances more conveniently, there are duplicate

sets of switches but only a single resistance network
to develop iR voltages. A requirement of the
potentiometer, whatever the design, is that the
“‘resistance units’”’ or the “iR voltage units” that
are developed in the instrument for voltage balance
be linear.

Two standard resistors are used in circuit (b).
Current i, is adjusted until i,R;, =i R,,; then P is
adjusted until {,P,=i;R,. The SPRT resistance is
given by: ) oo

R":R.

Py. (5.14)

In circuit (c), either current iz or resistance R, is
adjusted until i2K ;="K p; then P is adjusted until
2R4=iPy. The thermometer resistance is given
directlyby R,=P,. .

The “isolating potential comparator” method
described by Dauphinee {19] is an adaptation of
-circuit (¢) where the voltage iR, is set up as iR,
and measured as i[,P,. The method is shown in
circuit (d). The voltage i1R,, appears across a high
quality capacitor C and is compared with the voltage
i1/, P being adjusted until {1R,=i,Pp. The break-
before-make, double-pole chopper switches the
capacitor alternately across R, and then across P
between 20 10 80 times a second. Extraneous voltages
are canceled by reversing the current and the
capacitor connections and averaging the second
reading with the first. '
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by resistance measurements at the defining fixed
points. At NBS the “long stem” SPRT’s are usually
calibrated for application ahove 90 K; the eapsule-
type SPRT’s are calibrated for use between 13K
and 250 °C or occasionally up to 400°C, The equip-
ment and procedures employed at NBS to achieve
the fixed points are described in the next section.
The resistance measuring instruments employed at
NBS and other instruments that can be used for
resistance measurements of SPRT have been
described earlier in section 5. This section deals
with the methods in use at NBS to obtain the
constants of the interpolation formulae from the
calibration measurements of an SPRT at the fixed
points, Methods of calculating temperatures from
the observed resistances, when the constants of the
interpolation formulae are known are also described.
At NBS all evaluations of equations and calculations
pertaining 10 the SPRT are performed on a high-
speed electronic digital computer (UNIVAC 1108).

6.1. Temperatureé from 0 to 630.74 °C

From 0 to 630.74 °C the temperatures on the
IPTS~68 are defined by

=1t +M(t'), (6.1)
.where
M(e') = 0.045 (’1%6) (—1-'0'—0- 1)
(41:.58 - ‘) (63:)‘.74 - 1)
’ (6.2)
and
L) ) ) e

In the official English version of the text of the
scale (see Appendix A) the unit °C appears in



the defining equations, e.g.,

fax = t' 4 0045(

-)

) (@
630.74 °C

I ll
100 °C> (]00 °C

- 1) °C.

(6.4)

t' )
(41‘).58 o

In this discussion the equations will be simplified
by omitting the units. Similarly R(°C) and
R(0°C) will be simplified to R{¢) and R(0). In
addition, tss will, henceforth, be abbreviated to t.
The constants R{0), «, and & are determined from
calibration resistance measurements of the SPRT
" at the triple point of water (TP), the steam point or
the tin point, and the zinc point. (The tin point is
now employed at NBS.) The constants may be more
conveniently obtained from (6.1) and from the
relation, equivalent to equation (6.3), given by:

W(t')=R(t')JR(0) =1+ At + Bt'* (6.5)

where R(t') is the observed resistance at the

temperature t' and R(0) is the resistance at 0 °C.

The constamts A and B are related to a and 8 by

4= a(l+ 8/100), (6.6)
B=—10-4a3: (6.7)
also,
a=A+ 1008, (6.8)
5=—10'B/(4 + 100B). (6.9)

Equations (6.3) and (6.5), appear to be of the same
form as the earlier formulations of the International
Temperature Scale [15, 46, 48]. But, the value of
temperature, ¢, on the IPTS-68 is not equal to t',
and the value of t' is not the value of temperature
on the 1IPTS-48 because the definitions of the two
scales are different (see Appendix B).

The value ¢’, obtained from (6.3) or (6.5), may be
considered to be a first approximation to ¢, the value
of temperature on the IPTS-68. Equation (6.2)
gives the adjustment to be made to the value ¢’
to yield t. This adjustment was included in the
definition of the IPTS8—-68 with the intention of
bringing the scale into closer agreement with the
thermodynamic scale. Therefore, at any given
hotness (except certain fixed points) the values of ¢’
and ¢ are different, but they both represent the same
hotness; accordingly, the resistances R(t') and
R () are equal. The observed SPRT resistance w1]]
hereafter, be indicated by R(t). .

At the NBS, the SPRT that is rececived for callbra-
tion is first annealed between 470 and 480 °C for
about four hours and then allowed to cool in air at
the ambient conditions. The calibration measure-
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‘ments at the fixed points are made in the following
sequence: TP, zinc point, TP, tin point, and TP.
If any observed resistance is questioned, the meas-
urement is repeated. Any additional tin or zine-
point measurements will usually be bracketed
before and after by TP measurements in order to
check any change in the TP resistance that may
occur. Whenever the TP resistance of a SPRT
changes by more than 75 puQ (depending upon the
design) in the course of calibration the complete
sequence of calibration, including the annealing,
is repeated. . »

A measuring current of 1 mA through the resistor
of the thiermometer is normally used. The sequence
of measurements with the Mueller bridge at each
of these fixed points is, unless additional measure-
ments are found necessary, NRRN, where N=
normal and R=reverse connections of the bridge.
The readings are corrected for the “bridge calibra-
tion”” and “bridge zero” and averaged (sce see. § on
Mueller bridge resistance ineasurements).

For the tin and zinc-point calibration measure-
ments, the “equilibrium temperatures™ at the ex-
ternal surface of the SPRT near the resistance
coil are computed and assigned to the observed
resistance values. The experimental cquilibrium
temperature value is slightly different from the
IPTS-68 value of the fixed-point temperature; the
value of the equilibrium temperature at the outer
surface of the thermometer sheath is obtained by
correcting the IPTS-68 fixed-point temperature
value for the hydrostatic head of the liguid metal
column (also, for any significant deviation from 1 atm
gas pressure over the fixed-point cell) and for the
external heating eflect of the SPRT in the particular
cell. In the case of the measurements in a triple’
point of water cell, the assigned value of the tem-
perature is adjusted for the temperature effect of
the hydrostatic head of the water column and cx-

ternal heating effect of the SPRT.

The value of R(TP) that is measured after the
R(tin) measurement is employed to obtain #¥(tin);
in a similar manner, the value of R(TP) measured
after the R(zinc) measurement is employed to
obtain W (zinc). The value of R(0) is calculated from
R(TP) according to eq (6.5) by assigning B=0 for the
small temperature interval of the evaluation. The
value of 4 employed is 3.98485 X 10-3 °C-1, which is
an average value for SPRT’s calibrated at NBS in
the past few years. The uncertainty in the adjust-
ment of the value from R(TP) to R(0) in this manner
is about =1X10-8 R(0) or £0.25 uf) for a 25 )
SPRT and is, therefore, negligible. The thermometer
constants A4 and B arc obtained by simultancous
solution of eq (6.5) from the values of W(tin),
t'(tin), and W(zinc), t'(zinc). The constants «
and § are obtained from A and B according to egs
(6.8) and (6.9). The printed results of the computer
analysis of calibration data include, in addition to
tables of W(t) or R(t) versus ¢, the observed resist-
ances (adjusted for bridge calibration and bridge



zero) at the three fixed points, and the values of
RW), a. 8, A, and B

Several possibilities are available to the user for
computing temperatures and for checking the cali-
bration of his SPRT. First, in eq (6.3) R(0), «,
& may be taken as invariant and ¢’ calculated from
the measured R(). Second, in eq (6.3) only a,
uaned & may he taken ac invariant, requiring then the
determination of R()/R(0). The first method is
equivalent to using a table of R versus ¢; the second
method is equivalent to using a table of R(t)/R(0)
versus (. Equation (6.3) may be rewritten as

R(t)— R(0)
Fi00) = R0y 24568 G-

t'=100 (6.10)

In eq (6.10), as a third method, R(100)— R(0),
a and & may be taken as constant, requiring the
determination of R(t)—R(0) to calculate t'. The
fourth possibility seen with equation (6.10) is to
take only 8 as constant which requires the determi-

Rit)— R(0)
R(100) —R(0)’
of this procedure of reducing the SPRT constants
is not to assume that anything has remained con-
stamt and recalibrate the thermometer every time
it is used. In 80 years of platinum thermometry
each of the above assumptions or its equivalent has
heen made by investigators.

From the slandpomt of accuracy the worst of
these assumptions is the first, which requires only
the measurement of R(¢). This choice may be dic-
tated, however, by convenience or economy. If
values of R(0) can be obtained, the choice is not as
clear between using R(t)/R(0) or using. R(t)— R(0)
to’ caleulate the value of temperature. Experience
with a particular thermometer may help one make
the choice. Lacking this, one may be guided by thé
experience of the NBS and the National Research
Council of Canada which indicates that below
500 °C. the second assumption, namely, that
« and 8 are constant and using the value of R(t)/R(0)
to calculate a value of temperature, is the most
satisfactory., This assumption has the distinctive
practical advantage of being dimensionless (i.e.,
being independent of the size of the resistance
_unit). I request is made at the time the SPRT is
submitted to NBS for calibration, tables based on
any one of the assumptions dlscussed in this para-

graph, in a form suitable for linear interpolation,
can be provided from the calibration data.

When many observations of R(t), such as in
specific-heat measurements, are to be converted
to ¢t and a high speed electronic computer is avail-
able, egs (6.1), (6.2), and (6.3) or (6.10) may be more
convenient than tables. Iteration methods are best
emploved in the solution of enlher eq (6.3) or (6.10).
For example, an approximate t' can first be obtained
neglecting the term containing 8. Improved approxn»
mations are ohtained by substituting successive
solutions into the complete equation, stopping when

nation of The ultimate extension

* does not change more than desired limits.

If it is desired to generate a table of values of
W () versus values of ¢, entries for integral values of 1
at one-degree intervals seem quite useful. The error
contributed by using simple linear interpolation
within the one-degree intervals is less than 10-4 °C
in the range from 0 to 630 °C. The calculation of the
table is most casily performed employing cqs (6.1)
and (6.5). The only difficulty is that (6.5) gives ¥
as a function of ¢’ rather that ¢, hence if W is to be
tabulated as a function of ¢ the value of t' corre:
sponding 1o the value of ¢ must be first olnained
and used in (6.5). By rearranging (6.1),

t

t'=t—M("). (6.11)
Below 472 °C the error introduced by replacing (6.11)
with t'=t~M(t) is less than 1.2X10-4 °C. The
error in the value of t' 1o be used may be reduced
below 10-% °C by a single iteration of eq (6.11). A
very efficient equation for calculating the nth entry
for tables with intervals of less than 10 degrees is

=tp— ﬁ’(tn M“”*Mul:-l))’ (612)
Equation (6.12) does not require iteration and it may
be -shown that it introduces an orror of only
[dM(t")/dt' |* times the tabular interval.

6.2. Temperatures Below 0 °C

From 0 °C down to —259.34 °C, the temperatures
on the IPTS-68 are defined by

W)y=W*)+ AW ), 6.13)

where P(t)=R()/R(0) is the ratio of the observed

resistance of the SPRT at temperature ¢ to that at

0 °C and W*(t) is a reference value of the resistance
ratio given by the function

0
=S 4:(n W0 (6.14)
i=1

In this monograph the symbol W *(t) will replace the
symbol W cer-es(Tes) used in the official text of the
IPTS-68 to represent the reference (standard)
values of W. The values of F'*() represent a
fictitious but not “ideal” platinum resistance
thermometer. The constants 4; of the reference
function are listed in Appendix A. The deviations,
AW () ol eq (6.13), are expressed by simple poly-
nomial equations of specified form; the constants of
these equations are determined from measurements
of W(t) at the appropriate defining fixed points and
the corresponding values of F7*(t). The intermediate
temperatures are determined from the correspond-
ing measured values of W(), the appropriate
rolynomial equation for AW (t), and eqs (6.13) and



{6.14). (See Appendix A which lists the four tem-
perature ranges, the associated polynominal
equations, and the fixed points defined by the
IPTS-68 in the range —259.34 to 0 °C.) The text
of the scale, given in Appendix A, states the devia-
tion equations for use below the oxygen point as
functions of T (in kelvins). This form of these equa-
tions will also be used in this monagraph hecause
of their greater simplicity. It follows that eq (6.13)
becomes

W(T)= W*T)+ AW T), (6.13a)

and the reference function (6.13) becomes
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T=213.15+3 4i In *T).  (6.14a)
i=1

Prucedures for oblaining the calibration constants
for the polynomial equations will be described later
in this section. ‘

The calculation of F/*(t) must be carried out
with a large number of digits. At NBS approxi-
mately 17 decimal digits are used. A table of
B *(t) at closely spaced values of ¢ is given in.
Appendix E together with a short Fortran sub-
routine which will produce this table efficiently
(no more than two iterations per entry).

The following procedure may be employed to
convert the measured values of W(¢) to t. From
eq (6.13) is obtained

W*(it)=W()— AW ().

(6.13b)
When eqs (6.14) ;md (6.13b) are combined,
t=§: AiIn[W () — AR (t) )i 6.15)
=1

To solve for ¢, an approximate value of ¢ is first
obtained by neglecting AW/(t) and evaluating eq
(6.15) with the measured W(t) only. (A closely
spaced table of W*{t) could be employed for this
evaluation.) The approximate value of ¢ is used with
the appropriate polynomial equation to obtain an
approximate value of AW/(t) which is then employed
with F(t) in eq (6.15) (or table of W*(t)) to obtain ¢.
The process is repeated until the value of ¢ no longer
changes more than the desired limits.

Considering the complexity of the reference
function (eq (6.14)), a high speed electronic com-
puter or a table compiled by such a computer at
small enough temperature intervals (0.1 to 1 °C,
depending upon the value of z) to permit linear
interpolation is a necessity.

Although a table of W*(t) could be employed to
obtain ¢ from the measured value of W(t) in accord-
ance with the procedure outlined above, a direct
interpolation in a table of ¢t versus W(t) (measured)
is obviously more convenient. Such a table can be

generated from the relation given by eq (6.13).
Values of AW(t) can be calculated at appropriate
values of ¢, using the polynomial equations obtained
from calibration, and combined with the correspond-
ing values of *(t) to obtain W(t). (For tables fur-
nished by NBS, see Appendix J.)

6.2.1. —182.962 °C (90.188 K) to 0 °C (273.15 K)

The polynomial deviation function specified by
the text of the IPTS-68 between —182.962 °C
(90.188 X) and 0 °C (273.15 K) is:

AW@R)=W(t)— W*(t)=A s + C 43t — 100). {6.16)
The constants A4 and C, in eq (6.16) are determined
by calibration measurements at the steam point,
the triple point of water, and the boiling point of
oxygen, or alternatively, at the zinc point, the tin
point, the triple point of water, and the hoiling point
of oxygen. Calibration measurements at the oxygen
point and again at the TP are added to the sequence
of measurements described earlier (sec. 6.1) for the
range 0 to 630.74 °C. The value of W (t) at the oxygen
point is obtained from R(oxygen) and R(0). The
value of a (see eq 6.3)) is required from the meas-
urements above (0 °C in order to evaluate the

" constant 44 of eq (6.16). From the definition of a.

o* = (W*(100)—1)/100 6.17)
and ’
a=(W(100)— 1)/100; (6.18)
.hence, :
AW (100)= W (100)— W*(100)= 100(ac — a*).  (6.19)

" (The a*(=0.0039259668 °C-") is the value used in
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forming the W*(t) table [51].) Substituting eq (6.19)
in eqg (6.16) with t=100 °C, Fhere is obtained

As=a—ao*=AW(100)/100. {6.20)
The value of C, is determined by measurement of
W(t) at the boiling point of oxygen. The deviation
AW (t)=Wu)—W*() at the oxygen point and the
value of A4 from (6.19) gives the constant C,

= AW ()—Aqt
3(¢—100) °

4

{6.21)

where ¢ is the oxygen norma! boiling point tempera-
ture in °C. . ) .

The first derivative of the IPTS—68 reference
function (eq (6.14)) has the same value at 0°C as that
of the function W{(t) obtained from eqs (6.1), (6.2),
and (6.3) with the thermometer constants a=
3.9259668 X 10-3 °C-! and §=1.496334 °C. On the
other hand, the first derivative of the temperature-
resistance function for real SPRT’s is not continu-
ous through 0 °C. The discontinuity is, however,
very small and may be neglected. See Appendix ¥
for detailed discussion of this point.



6.2.2. 13.81 10 90.188 K

From 33.81 to 90.188 K, the SPRT's that are
reccived at the NBS are not calibraied at the de-
fining fixed points established by phase equilib-
rium in accordance with the text of the IPTS-68,
but they are calibrated by a procedure that is
equivalent to the IPTS-68. The SPRT’s are
calibrated at NBS by intercomparison with SPRT
standards that maintain the NBS-IPTS-68
(see sec. 7 for details). The temperatures of the
intercomparison calibration measurements have
been selected so that the measurements, which are
made at temperatures very close to those of the
defining fixed points, are supplemented by measure-
ments suitably placed between these points. Usu-
ally sixteen measurements are- made between
12 and 90 K. The data are analyzed by a method of
least squares and values of resistances correspond-
ing to the defining fixed-point temperatures are
evaluated. The values of W(T) are then computed
for the defining fixed-point temperatures: 13.81,
17.042, 20.28, 27,102, 54.361, and 90.188 K, and
applied to eq (6.13) or (6.13a) to obtain the deviation
AIP(T) at each of these temperatures. The discus-
sion to follow describes procedures for obtaining the
constants  of " the specified polynomial deviation
functions. .

Below the oxygen point the deviation, AF/(T),
of the value of W(T') from the reference function,
W*T). is defined with a succession of polynomial
equations, each covering a relatively short range.
Each of these deviation equations is described by
a three or four term power series in T (where T is
the value of temperature on the International Practi-
cal Kelvin Seale: T=1+273.15 K) and is a smooth
downward extension of the deviation curve found
for the temperature range immediately above.

6.2.2.1. 54.361 10 90,188 K

In the range from the oxygen normal -boeiling
point (¥0.188 K) down to the oxygen triple point
(54.361 K) the deviation function is

AW (T) = Ay + BT+ C,T2. 6.22)
The three constants A, By, and C; are determined
from the values of AW(T) at the two oxygen
fixed points and the value of the first derivative of
the deviation equation (6.16) specified for above the
oxygen point, ’

((IAW(I)
dt

———) = A, —300C.2 +4Cst%,  (6.23)
02

where the ¢ in eq (6.23) is the value of the oxygen
normal boiling point temperature (—182.962 °C).
At the oxygen point the first derivative of the devia-
tion function {eq (6.22)) extending below the oxygen
boiling point is set equal to the first derivative of the
deviation function (see egs (6.16) and (6.23)) above
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the oxygen normal boiling point; i.e.,

daw(T)
dT

—=B,+2C,T= (‘I—Am) (6.21)
dt 0o

at t=-182.962 °C and T=90.188 K. Thus, the
deviation functions and their first derivatives are
forced to be equal at the point of joining.

6.2.2.2. 20.28 10 54.361 K

The deviation function defined by eq (6.22) is
joined smoothly at the oxygen triple point
(T=54.361 K} in a completely analogous manner
as described in section 6.2.2.1, with the deviation
function between 20.28 and 54.361 K given by

AW(T)=A,+ B.T+C,T2+D,T3.  (6.25)

The constants are determined from the values of
AW (T) at the normal boiling points of equilibrium
hydrogen (20.28 K) and neon (27.102 K) and the
triple point of oxygen (54.361 K) and by equating
its derivative and the derivative of eq (6.22) at the
point of joining (54.361 K).

6.2.2.3. 13.81 102028 K

A fourth deviation function

AWT)=A,+ B T+C.T2+D, T8 (6.26)
covers the range 13.81 to 20.28 K. The constants are
determined from the values of AW(T) at the triple
point (13.81 K) and the normal boiling point (20.28 K)
of equilibrium hydrogen and at the temperature of
17.042 K (boiling point of equilibrium hydrogen at
25/76 atm) and by equating the derivative of eq (6.26)
and the derivative of eq (6.25) at the point of juining
(20.28 K).

6.2.3. Calibration Tables Between 13.81 and 273.15 K
B I )

At NBS, the coefficients of the deviation func-
tions obtained through the procedure outlined above
allow the values of AW(T) to be caleulated over the
temperature range specified for each of the devia-
tion functions. Values of W(T') for the thermometer
being calibrated are then given by

W=WxT)+ AW(T). (6.13a)
Values are calculated to provide tables of W(T) or
R(T) versus T at equal temperature intervals
sufficiently small to permit linear interpolation. In
the region 13 10 90 K the tabulations are usually
given at 0.1 K intervals and from 90 t0 273 K a1 1 K
intervals.

6.3. Errors of Temperature Determinations

The usefnlness of a measured value of tempera-
ture depends strongly upon both the amount of its



uncertainty and the knowledge of the amount of its
uncertainty. Reduction of the errors contributing to
the uncertainty is primarily limited by the ingenuity
of the experimentalist: there is, however, an in-
herent source of uncertainty or spread of tempera-
ture values on any practical scale which is
predicated upon the use of real materials, even if
“perfectly” calibrated thermometers are used and
no error is introduced in the measurements.
Unfortunately only scattered data are available from
which one could infer the degree of this ambiguity
or possible spread of values of the defined IPTS-68.
MecLaren {33] did not find a distinctive difference
among the measured temperature values at 321
and 231 °C of eleven thermometers with o ranging
from 0.003921 °C-1 10 0.003926 °C-!. (Five of the
eleven thermometers met the requirements of
IPTS-68, i.e., a equal to or greater than 0.0039250
°C-1.) The sensitivity of McLaren’s test was about
=+ 0.5 mK: his resnlts indieate n spread of tempera.
ture values which are an order of magnitude smaller
than the spread reported earlier for seven ther-
mometers of much less pure platinum (¢ from
0.003909 °C-' 1o 0.003925 °C-') by Hoge and
Brickwedde |29). These latter thermometers,
while acceptable on the I'TS-27 which was in use at
the time of their work, were not made of sufficiently
pure platinum 10 meet the requirement of the
IPTS-68 that « equal or exceed 0.0039250 °C-!.
The thermometers that were investigated by Hoge
and Brickwedde showed a spread of 7 mK between
=190 and 0 °C, and spread of 1.3 mK between 0 and
100 °C. The six thermometers measured between
100 and 444 °C had a maximum spread of 12 mK.
Data which would indicate the spread of interpolated
values of temperature on the IPTS-68 below “C
due to the variations in presently acceptable
platinum wire is sparse and inadequate {11, 36, 44].
On the basis of existing data, Bedford and Ma [9]
estimated that the IPTS-68 is reproducible to
+=3 mK between 14 and 20 K, =1 mK between 20
and 54 K, =2 mK between 54 and 90 K, and =5 mK
between 90 and 273 K. 1t should be pointed out that,
in addition 1o unaccounted for variations in the
platinum wire, a spread in the temperature values
may also arise from incomplete definitions of the
materials that define fixed points (e.g., their isotopic
compasition),

The remainder of this section will deal with errors
that arise both from errors of measurement by the
user and  from errors  of calibration of the
thermometer. ) :

Many of the same kinds of error sources plague
both the calibrator and the user. The errors may
be divided into two categories; first, a temperature
error, i.e., a difference between the actual thermom-
eter temperature and the temperature of the point
of interest or reference temperature, and second, a
resistance  error, i.c., a difference between the
measured  resistance and the resistance of the
sensor. For example, temperature error occurs
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because of an unknown difference between the
temperature of the thermometer and the equilibrium
temperature realized in a fixed-point apparatus used
for calibration. {The calibrator is also plagued, of
course, by any unknown difference between the
equilibrium temperature realized in his fixed-point
apparatus and the equilibrium temperature defined
by IPTS-68.) Temperature error also occurs be-
cause of unknown temperature differences between
the thermometer and the object of interest in the
user’s apparatus. The experimenter must decide
where to place the thermometer to minimize the
magnitude of this error. Several possible sources
of temperature error are discussed in section 4.
In considering the errors of thermometer resistance
measurements one must not (mly examine the re-
producibility and calibration of his measurement
equipment but also his measurement technique.
Sections 5, 7, and 4 indicate possible sources of
resistance or resistance ratin error

The following analysis describes the error in the
calculated value of temperature that results from
errors made in calibrating the SPPRT at the fixed-
points. Any additional imprecision and insccuracy
introduced by the user are assumed to be best
known by him.

At any value of temperature, t, the total differ-
ential of ¢ for the SPRT is,

a=3 () a+ 3 () v, 62

where ¢; is the temperature attributed to the cali-
bration fixed point and W, is the value of the resist-
ance ratio, R(2;)/R(0), attributed to that temperature.
The analysis may he simplified by converting any
error in the value of temperature attributed to the
calibrating fixed point to an equivalent error in W
at that fixed-point: then, di; of eq (6.27) vanishes
and eq (6.27) reduces to

at

dr= E (W) IIW,',

(6.28)

where dWVi now includes the contribution from
errors in the values of temperature as well as the
errors in the values of R(2)/R(0) at the calibration
points. By utilizing eq (6.28) the errvor in the value
of temperature ¢ on the IPTS—-68 caused by an error
in W; corresponding to a positive unit error in f; was
evalunated as a function of temperature. Figure 17
shows the errors in the values of temperature that
would result from the calibration errors at each of
the fixed points. For cach curve the ealibration error
is 1aken to have occurred at only one fixed point with
no calibration error at the other fixed points.

The measurement at the triple-point of water
should be a part of platinum resistance thermometry
work and W (1), i.e., R(¢)}/R(0), should be used in

caleulating temperatures (see sec. 6.1). The value



J t ! 1 ! 1 r 1 ) | ! ] A | 1 ]

- L, -5
g 4
= 2 fmm
b STEAM(ZINC) ]
[+
% - | 13
<
(&)
z L ~2
z STEAM (ZINC)
o TIN(ZINC)
& - !
szJ ZINC(TIN)
T o} ~o
w
o .
I —-
w
o ZINC(TIN)
Q e TIN(ZINC) d.
§ STEAM{ZINC
o | . ~ -3 .
g \
o
o -2 — -4
g0 -
wl

L —-‘ _5

-3 L A I | [ { i ] |
-100 (e} {00 200 300 400 500 800

TEMPERATURE , DEGREES C (IPTS-68)

FIGURE 17.  The error at various temperatures propagated from errors made in the calibration of a platinum resistance thermometer.

The cucves shaw the error (i.c., departure from the IPTS-68) in the values of temperatures caused by a unit
calibration point. The calibration a1 the triple point of water is sasumed 1o have been made withoul error.

th

q{:ilivﬁhclter) errorin
e

i\ he ) of one given
fixed point at which the error was made is indicated on the curve.

The errur curve depends not only upon the Plﬂg:tl!ll; 'ﬁled)puinl at whic!a i‘hc error occurred, but also upun which other fixed points above 0°C were emplayed in the calibration.

‘The calibration st the other fixed point above 0 °C, np is
g‘:ecn not introduce an ervor in the measured values of temperature sbove 0 °C. The

4

The rurve marked Re shows the error that would be i

d if the
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of W(t) is particularly sensitive to the errors of
R(0) in applications at high temperatures where
any error of R(0) becomes amplified. Figure 17
shows the error curve resulting from an error in
R{0) corresponding to a positive unit error in
temperature.

The estimated uncertainties of the calibration
measurements obtained at NBS are 0.002 or 0.003 K
at the oxygen normal boiling point, 0.0002 X at the
triple point of water, 0.001 K at the tin point, and
0.00]1 X at the zinc point. These uncertainties are
estimates; hopefully, in the future, all of the de-
sired documentation of these estimates will become
available. The experimenter could estimate his
overall error by statistically summing his measure-
ment error with the calibration errors that can be
obtained from the curves on figure 17 and the above
estimate of calibration uncertainties. (For further
details see Appendix G.)

d to have been performed without ervor. A calibration error at the oxygen norma! boili
first derivatives of the ZINC(TIN) curve and the TIN(ZINC) curve are not continuous through

makes & unit P
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7. Calibration

The calibration of a SPRT on the IPTS-68 in-
volves the measurement of the resistance when the
thermometer is at the temperature of the prescribed
defining fixed points. This section deals with the
equipment, the preparation of fixed-point cells, and
the procedures employed: at NBS to realize the
temperatures of the prescribed defining fixed points
for calibrating SPRT’s. ) )

In practice, thermometer calibrations are - not
made at exactly the temperatures of prescribed
equilibrium conditions for the fixed points. For
small known departures from the prescribed condi-
tions a temperature correction can satisfactorily be
made, e.g., such a departure may exist because of
the hydrostatic head at the level of the thermometer
resistor in calibrations that employ triple-point or
freezing-point cells. (The effect of pressure devia-



tions is given in the text of IPTS—68, Appendix A.)
Gross departures from the prescribed conditions
A usually require extensive efforts to establish that
the adjusted’: temperature and resulting calibration
are sufficiently close to the 1PTS—68.
The calibration apparatus at the NBS has been

—B designed to be used with the great majority of
' SPRT’s. Capsule type SPRT’s, however, are
—C mounted in special stainless-steel holders {(fig. 18)

before they are calibrated in fixed-point equipment
with deep thermometer wells.

T~ 7.1. Triple Point of Water
L

| The triple point of water (0.01 °C) is the most-

28 E uscful and important of the defining fixed points for

F calibrating SPRT’s. The virtues of regular thermom-

eter measurements at the triple point of water are

G so great that all but the most casual measurements

83cm of temperature with a SPRT should include a refer-

ence measurement at the triple point. The triple

point is realized in a scaled glass cell. (ig. 19)

containing ice, water, and water vapor. When the

cell is in use it may be placed in an ordinary crushed

ice-water bath. Figure 19 shows the cell and ice-
bath system used at NBS.

_}:.llvv”' 1 . The cell is first immersed in the ice bath with the

mouth of the re-entrant thermometer-well above the

surrounding ice-water level. The well is thoroughly

dried, then filled with crushed Dry Ic€? and main-

é :J tained full for about 20 min by replacing the sub-

limated Dry Ice. The initial freezing of water within
the triple-point cell will occur several degrees below
the triple-point temperature because water easily
™ K supercools. When the water does start to freeze

5lcm "'1 ‘ fine needles of ice erystals (dendrites) are inili'ally
formed and protrude from the wall of the well into

the liquid. The fine needles quickly cover the well

but scon disappear to form a clear coating of ice

{on the well) that will grow and become a 4 10 8 mm

N thick mantle in about 20 min, It is important to
M keep the well completely full of Dry Ice during this
period. (If the Dry Ice level in the well is allowed to

drop several inches and then the well is refilled, the

N ice mantle is very apt to crack. The desired triple-
point temperature may not be achieved if a crack

—) =
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* Certain camm‘ercill matcrials are identified in this paper in order 10 adequaiely
— O n]w'ufy the experimental procedure. Such identification does not imply recommenda-
tion or end by the National Bureau of Standards.

F. “O" ring vacuum sea) to"brass tube (H).
v Thin wall stainkess steel tubie (7716 a.d.) chosed at the battom.
1. Brass tube with Jead seal ot top and vacoum uhing conuector () at the battom.
}. lVm:mnn tubing connector for scaling the tube (().
v e ) crifere . . . . . - Puly ylene plastic lead s
Fiovne V8. Holder for capsule type platinum resistance ther K. Insuluted gold leads (4) passing thruugh holes close so the vuter diaweter of the
mometers. spucers (J) (o attain good tempering. The lead insulation (not shuwa) is polyterra.
re performed in the holder at the triple puint of water, flusruethylene 1ubing cut into & helix and held in tensivn to eliminate buckling. The
- four gold leads are welded at the bottom end 1o shurt sections of platinum leads.

Cabbzation messuremel
tin point, and the normal b

A L. ‘Thin polytetrafiucinethylene sheet rolled into 8 cylinder to insulute the expoused
B. s steel tubing for purgng the holder with helium gas lewds {near the connections to the capsule thermometer) against the stainless steel
stor U} is sealed. tubing.
(% psent (Mueller bridge). M. Cannections betw the shon sections of platinum leads of the huldes s the
B 4 (braas), solidered 16 the stainkess purge tube, for platinum leuds of 1 upaule thermometer.
ming thermometer leads. N. Capsule thermometer.
E. Hatod waa fur holding snd sealing the 0.005" gold leads that extend down 10 the ther- Q. Aluminum sleeve 10 fit the thermometer and the stainless steel tube. The sleeve

mameter cedures the extarnul heating efect of the thermometer.
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in the ice mantle extends from the well surface into
the surrounding liquid water.) In the process of
introducing Dry Ice into the well some of the Dry
lce may be deposited around the top of the cell,
causing the water within the cell to freeze solidly
across the top. The ice at the top of the cell should
be melted immediately to avoid the possible break-
ing of the cell glass. Whenever ice is frozen solidly
across the top surface of the cell water and a strong
bond is formed between the thermometer well and
the outer cell wall, any subsequent freezing of water
below the surface ice can result in sufficient pres-
sure to rupture the cell. The surface ice can be
melted by raising the cell slightly and warming the
top of the cell with the hands briefly while gently
shaking the top of the cell sideways to “wash” the
region with the cell water which facilitates the
melting of the layer of ice. After 20 min no additional
Dry lce should be added and the remaining Dry lce
in the well should be allowed to sublime completely.
Finally, when the Dry lce in the well is completely
gone, the cell is lowered deeper into the ice bath
and the well allowed to fill with water. If the cell is
raised high enough to see the mantle during the
freezing process the magnification of the cylinder of
water will give the impression that the cell is or is
abhont 1o be rozen solid with ice although the coating
of ice on the well may still be as little as 1 or 2 mm
thick. If the cell is inverted, the true thickness of
the ice may be seen. (The cell should not be inverted
after the “‘inner-melt,” described in the next para-
graph, has been made.) An immersion type cooler
may be used instead of Dry Ice for freezing the ice
mantle [25]. However, care must be taken to avoid
admitting the auxiliary heat-transfer liquid, e.g.,
alcohol, into the surrounding ice bath.

A second ice-water interface is formed by melt-
ing the ice immediately adjacent to the well surface.
This is referred to as the “inner melt.”” The inner
melt is made by inserting a glass tube at ambient
temperature into the well for a few seconds. A test
for the existence of the ice-water interface over the
entire interior surface of the mantle is to give the
cell a small rotational impulse and determine
whether or not the ice mantle rotates freely around
the axis of the thermometer well.

Because of some evidence {12] that the tempera-
ture of the triple-point cell is sometimes slightly
low (the order of 2X10~* °C) immediately after
freezing, the cell cshauld be prepared at least one
-day prior to its use. The reason for this low initial
temperature and the subsequent gradual increase
during one or two days to a steady value is not
clearly established but is believed to be connected
with structural strains that are produced when the

ice is first frozen; presumably the strains are

relieved with time as the ice anneals. The magni-
tude of the lower initial temperature and the rate
of increase to a steady temperature value is de-
pendent upon the specific technique that is em-
ployed in freezing the cell.
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Figure 19 shows a triple-point cell immersed in
an ice bath. In using the cell, a small soft plastic
sponge (J) is first placed at the bottom of the well
to reduce the mechanical shock that the thermom-
eter might otherwise experience when it is lowered.
Also, a closely fitting aluminum bushing (/) about
5 cm long is placed above the sponge (at the bottom
of the well) to reduce the external self heating of
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FiGure 19, Wateririple point cell.
. Heavy binek felt shield against ambicent radiation,
. Palyethylene tubie fur guiding the SPRT into the therameter well.
Water vapor.
. Rorosilicate glass vell.
Water from ice bath.
Thermomeier well iprecision bore).
. lee mantie,
Air-free water.
Auminum bushing with internal tapet @t upper end 1o guide the SPRT into the
close-fitting inner bore.
J. Polyurethane sponge.
. Finely divided ice and water,

~SammonEs>



the thermometer. In a half-inch well, filled only
with water for thermal contact between the SPRT
and the well, the external self heating of a typical
25 Q) SPRT (7.5 mm 0.D.) is about 0.2 mK/(mA).
The bushing reduces this heating by a factor of
five or more depending upon its fit with the well
and the SPRT. (See sec. 4 for the discussion on
the self heating of SPRT.) To eliminate the ambient
room radiation (from ceiling lights in particular) a
heavy black felt cloth (A} covers the top of the cell
except for a hole through which the thermometer
may be inserted. The thermometer is precooled in
the ice bath that surrounds the cell before it is in-
serted into the cell. A polyethylene plastic tube (B)
from the hole in the felt cloth to the re-entrant well
provides a guide for inserting the SPRT. Before
measurements are made a minimum of five minutes
is allowed to elapse (with the thermometer current
on and the bridge nearly balanced) for the thermom-
eter to attain thermal equilibrium, If an ice particle
is present in the well near the SPRT resistor, an
error will occur in the calibration. The water in
the well must be free of ice before the SPRT is
inserted. Routine measurements made in cali-
brating thermometers in triple-point cells have an
estimated standard deviation of less than 0.14 mK.
Very careflul work using two currents and extrap-

olating to the resistance value for zero current has -

yielded an estimated standard deviation of less
than 0.04 mK.

TEMPERATURE ——

7.2. Metal Freezing Points

Freezing points are advantageous because the
effect of a change in pressure on the temperature,
the value of dt/dp, is much smaller than that of
boiling points. In a metal freezing-point cell, the
temperature at the solid-liquid interface depends
upon the concentration and kind of impurities; also,
strains in the solid and grain size effect the temper-
ature. The concentrations of impurities (solute)
existing at the interface depend upon the amount
and kinds of impurities in the sample, the amount
of sample frozen, and the rate of freezing. To
achieve a true temperature and phase equilibrium
the net rate of freezing (or melting) must approach
zero. This equilibrium condition may be illustrated
by the binary composition versus temperature
phase diagram shown in figure 20 in which the two
constituents are completely miscible in both the
liquid and solid phascs, c.g., the system Ag-Au or
Bi-Sb. The phase diagram of figure 20 is presented
for its simplicity and, since metal samples employed
in freezing-point cells are prepared hy the zone
refining process, the remaining impurities (com-
bined as a single component in the illustration) are
expected to form solid solution with the major
component. (Most binary metal systems on which
data exist do not form a continuous series of solid
solutions; various degrees of immiscibility are usu-
ally found.) The figure shows the region of the
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Figure 20 Binary phase diagram of a system that is completely miscible in both solid and liquid

phases.
The salidus and liquidus curves represent compositi pectively, of the solid and liquid phases that can coexist in equilibrivm, The
lett side uf the diagram shows that the solute concentration m the solid ,.5......- is lesm than that in the liguid phase, i.e., & < 1. The right side
uf the diagram, on the other hand, shuws that the solute concentration in the solid phasc is greater than that in the liguid phuse, ie. 4 > 1,
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composition and temperature where the solid and

liquid phases can-coexist. The solidus.-curve indi-
cates the-temperature ‘at' which a 'solid solution of

iny given composition would “begin ‘to melt; the
Jdquidus curve indicates the temperature at which

a liquid - solution of any given composition would
begin:to freeze (assuming no supercooling). Alterna-

tively, when both solid and liquid phases are present :

in -equilibrium, the composition of -each: phase is
given by the intersections of the temperature line
with- the solidus and liquidus: ‘curves, respectively.
Anenlarged section of this phase dnagram, showing
the effect of & small' amount of B-in nearly pure 4,
is shown in figure 21a. If a completely melted sample

of .composition Lg.is allowed to ‘cool under equi--
librium - conditions; ne change in. composition . of

the liquid occurs until the temperature reaches the-
liquidus curve (L, at' température T,) at which

point solid - (assuming no supercooling) of the com---
position Si; given by the solidus curve at the same :
temperature, is formed. In the case shown here, the -

first solid contains a-smaller proportion of B than
‘the: liquid from which it was:formed; as more solid
is formed the concentration of B in the liquid in--

creases. When freezing under equilibrium condi- -

tions the composition of the solid: .phase moves
{rom S; to Sx; the composition of the liquid phase
moves from L; to L,. The:last of the liquid solidifies
at T,.. Obviously the amounts of 4 and B in the
completely solidified sample must be .the same as

. TEMPERATURE —&

S,
':'k < (a)

SOLUTE CONCENTRATION —b

FiGURE 2.

The solute distribution coeficient k is taken to be Figure (2}

in-the: onginal liquid.. S, must, therefore; equal
-Lo and L;-and no segregation:occurs, The tempera-
“ture range:-of  the *freeze’:
.though: in' ‘most : systems “the Vsolutes, Jower the
':'freezin'g point, there ‘are:systems-in’ which ‘solutes

is from--Ty:to Tn. Al

raise the:freezing.point; antimony in tin is an-ex-

-ample of the latter [30]). Such'a system is:illustrated

by the extreme right portion: of .the -equilibrium

.phase diagram where:B is the major constituent as

in-figure 20:: An enlarged section is shown in figure

-21b. The analysis of the phase diagram is similar

to that given previously.. The most notable-differ-
ence is that, asthe diagram shows, the:concen-
tration of the solute is greater-in:the solid than-in
the: hquld The ratio {(SIL). of solute: -concentra-

" tion in the solid (S) to that in the: liquid (L) is
called the solute distribution .coefficient (k). and,

as given-in figures 20 and 21 is less than unity for
solutes - that -depress- the freezing -point and is

.greater than unity for solutes that. elevate the

freezing: poim ‘Except - for' very -dilute solutions,
depicted 'in -figure 21, the solute dlstnbuhon co-

cfficient. depends on concentration. -

Phase: ‘diagrams . are “idealized concepuons of
systems-at equilibrium (often.'based on: relatively
little data). For equilibrium freezing the crystalliza-
tion ‘process: must. proceed: at:.such a- negligible:
rate that there is sufficient time for the diffusion o
impurities within the solid .matrix to achieve uni-
form distribution throughout the solid, i.e., there is

TEMPERATURE —&

52,
) Tg i)l

4——-SOLUTE CDNCENTRATION

Enlargement of a binary phase diagram in'the region of high purity of each componens.
s ohase disgram when & < | and figure (b} when k> 1,

heavy lines on the liguidus and solidus curves represent compositions of the ]iquid and solid phase-during the equilibriuin freezing process. The deshed line beginaing at

The
S. in (a) or S, in |b) and the of the
by the solidus curve and that of the hqmd phase w

it f the solid at the
D o o e em e oy the givdus cutve,{The sola Gl

butiun coefcient m.y not be constant over the entire range of f; frozen for

ilibrium freeze; therefore, eq (7.1) may nm be valid wheng appreaches unity.)



no concentration gradient in the solid. Experiment-
ally this rate of freezing is never realized; however,
freezing ‘rates can be achieved which, while large
compared to the diffusion rates in the solid matrix,
are small compared to the diffusion rate in the liquid.
This condition leads to a maximum segregation in
the solid but homogeneity in the liquid; this condi-
tion will be referred to in this monograph as semi-
equilibrium freezing. The results of semiequilibrium
freezing are shown in the phase diagram of figure
21 and on the cooling curve of figure 22. The phase
diagram still represents the compositions at the
solid-liquid interface but the solidus curve no longer
is the average composition of the solid phase; the
average composition of the solid is given by the
dotted line beginning at S, in figure 21a. Compared
to an equilibrium freeze, the freezing temperature
range for the entire sample is increased due to the
increased concentration of impurities at the inter-
face near the end of the freeze. (This assumes no
eutectic is formed in the equilibrium freeze.) For
the case of semiequilibrium freezing Pfann [40]3
gives an expression equivalent to
SiLo=k(1—g)kx-1, {(1.1)
where Lo is the overall solute concentration and S
-is the solute concentration of the freezing interface
after the fraction g of the original mass of liquid
has frozen. (The equation is not applicable for the
entire range of g. The derivation assumes the dis-
tribution coelficient & to be constant and the solute
diffusion rate in the solid to be zero.) Figure 23
gives curves of relative solute composition of the

freezing. interface resulting from this expression’

for various values of k. Figure 22 compares the
curve for k=0.4, replotted on a linear scale, with
the curve that would be obtained for a correspond-
ing equilibrium freeze. The semiequilibrium freeze
is shown to have a broader freezing range.

Sufficiently rapid freezing causes .a departure
from the semiequilibrium freeze. As the velocity of
the advancing solid-liquid interface increases, the
rate of solute rejection into the liquid at the inter-
face increases. When the impurity can not be
uniformly distributed throughout the liquid by
either diffusion or convective mixing, the con-
centration of the solute builds up at the interface
as shown in figure 24b. When this occurs, the
effective segregation of the solute decreases (i.e.,
the effective value of k approaches 1). Because of
the increase in the solute concentrations at the
interface, the temperature of the interface becomes
lower. Figure 24¢ shows qualitatively the result of
a freeze which is very rapid compared to'the
impurity diffusion rate in the liquid (and for which
there is no other method of homogenization, e.g.,
stirring). . .

A notable example of nonequilibrium freezing in
metal {reezing-point cells is the rapid freezing that

* Plann {40} refers 10 semiequilibrium freesing as normal freesing.
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FIGURE 22. Comparison of computed freezing curves for equilib-
rium and semiequilibrium freezing processes of a completely
miscible (in solid and liquid phases) binary system with
constant solute distribution coefficient (k=0.4).

The solid line
g . In the equilibrium

when the last trace of liquid freezes, is shown 1o be depressed one unit for the “sample™;
the temperature, when the first solid freezes, is shown to be depressed 0.4 units. The
freezing cutve for the ilibrium freezing p is shown relative 10 that of the
equilibrium freezing process. (The solute distributi fficient may not be

over the entive range of fraciion frozen for semiequilibrium freeze; therefore, equation
(7.1) may uvt be valid when g approaches unity.)
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FIGURE 23. Compurison of relative solute concentrations of the
solid phase at the freezing interface during equilibrium and
semiequilibrium freezing processes of a completely miscible
(in solid and liquid) binary system with constant solute distri-
bution coefficient k.

Curves are given for various values of solute distribution cocfficient. The solid curve
represents an equilibrium freezing process and the deshed curve represents a semi-
equilibrium freezing process. (The solute distribution coefficient may ot be constant

over the entire range of fraction frozen for semiequilibrium freeze; therefore, eq (7.1)
may not be valid when g spproaches unity.)

occurs after a supercool. When the completely
melted sample is cooled through the temperature
at which the phase diagram indicates that the
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FIGURE 24. Dependence of solute concentration upon the freezing rate.

() The concentration of solute in the region neer the freezing interlace during sn equilibrium freeze with the solid-liquid interface
advancing st s negligbie rate. There are no concentration gradients in neither liquid or solid phases.

{b) The solute near the i

during a

quilibrium freeze with the interf d

ing rapidly

to the rate

of diffusion of the volute in the iquid. The solute concentration in the liguid at the interface increases until at sieady stste the flow of solute

from the freszing liquid to the liquid at the interface
solute concentration of the frozen solid is shown to be i

equals the flaw-away fram the liquid at the interface to the bulk of the liquid. The
ing with the ad ing interd;

{c) The solute distribution in the frozen solid approached by a very rapid freeze. The curve shows the initia) transient rise of solute
concentration of the solid to that corresponding 10 the solute distribution coefficient of unity.

solid should first appear (i.e., crosses the liquidus
curve) no solid appears. The first solid appears at a
somewhat lower temperature (typically 0.02 or
0.06 °C lower in zinc, 1 to 25 °C lower in tin, water,
or antimony). The solid tends to grow most rapidly
into the cooler parts of the liquid until the released

heat of fusion raises the temperature of the liquid -

ey e P
to the eonilihrium teamnaraturs of the samnasition
to the equilibrium temperature of the ¢compos:ition

at the solid-liquid interface. The ‘temperature to
which a liquid supercools is not very reproducible
even with the same sample. The amount of super-
cooling seems to depend on the purity of the sample,
the thermal history of the melt, the occurrence of
mechanical shock or vibration, and other effects
not known or understood. The system may be far
from equilibrium during the recovery from the
supercool; the solid-liquid- interface advances very
rapidly and there is very little time for diffusion or
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convection to homogenize the liquid. As a result,
the impurities rejected from the freezing liquid for
the case where k < 1 become relatively concentrated
in the liquid in the region of the interface. When
the recovery from the supercool is nominally
complete, the high concentration of impurities in
the liquid at the interface will be reduced by diffu-

nnnnnn d the tamunarature will rise until the fow of
530m anc tnc temperature will rise until the fow of

impurities from the freezing liquid to the liquid at
the interface is equal to the flow away from the
interface through the remaining “bulk” liquid.
Rapid freezing implics -a rapid transfer of heat.
Many authors {42, 45) have suggested that it may
be necessary for the temperature at the solid-
liquid interface to be significantly below the
equilibrium temperature if freezing is to take
place rapidly; i.e., the net rate of freezing is zero
at the equilibrium temperature and increases only



with decreasing solid-liquid interface temperatures.
The metal in the two phases at the interface thus
constitutes a “proportional” controller, supplying
heat on demand and having a temperature “offset”
from the equilibrium value if demand exists. This
picture is intuitively appealing and is in qualitative
agreement with the theory of reaction kinetics. But,
the crucial questions would seem to be what is the
rate of energy released per unit of temperature
departure from equilibrium and how is the measure-
ment of this separated from other events briefly
outlined above that occur in nonequilibrium freez-
ing? The difficulty of this measurement has pre-
vented firm establishment of this model,

7.3. Metal Frcezing. Point Furnaces

The metal freezing-point cells are used in furnaces
of the design shown in figure 25. At NBS, two
furnaces are employed, one for the tin point and
the other.for the zinc point. Except for the metal
sleeves employed at the top section of the furnace
core, the two furnaces are the same. The core of the
furnace is a stack of three cylindrical coaxial blocks
of aluminum (top (G), center (L), and bottom (T))
that are thermally insulated from each other by
Fiberfrax paper and surrounded by a nichrome wire

heater (main heater, O) which extends the full.

length of the three blocks. The heater wire fits
closely within each of the two holes of the 51 ¢m
lengths of two-hole oval alumina .tubing. These
alumina tubings are very closely spaced around the
outer surface of the core (parallel to its axis) and
are held tightly against the outside of the blocks
with three Inconel “garters.” (See the periphery of
the furnace core section drawings 1, 2, 3, 4, and 5.)
The garters were made of Inconel wire bent into a
form resembling a continuing sine-wave about one
centimeter in amplitude and wavelength, then
rolled to slightly reduce the thickness, and welded
into aring. The top and bottom blocks each have an
additional heater (F and U) consisting of nichrome
wire that passcs through 98 mm lengths of two-hole,
round alumina tubings which were selected to fit
closely in the 12 holes of each block. To minimize
the thermal time lags, the heater assemblies have
small clearances between the heaters and the
aluminum core blocks. (The leads extending through
the core to the heater of the top core block are gold.
The leads to the other heaters are heavy nichrome
wire.) Extending down through holes that run the
length of the three assembled blocks are six thin-
wall (0.13 mm) stainless steel tubes (B) nominally
3.2 mm in diameter. The tubes pass through 3.22
mm holes in the end blocks (see a and b of figure 25).
To permit the holes for these tubes to be accurately
positioned through the 30.5 cm long center block,
the center block was made in two cylindrical pieces.
The end plate (Q) was attached later to the center
core block. Grooves that closely fit the stainless
steel tubes were milled on. the outside of the inner
cylinder which was then fitted tightly inside the

second outer cylinder. The two cylinders were
“shrunk together”, a process that involved precool-
ing the inner.cylinder in liquid nitrogen and heating
the outer cylinder. The tubes are wells into which
thermocouples are placed for controlling the
furnace temperature; they also serve as wells for
small exploratory resistance thermometers to
determine the temperature distribution within the
furnace core. The entire core of the furnace,
including all three blocks and the heaters, slips into
a stainless steel tube (A) 11.4 cm in diameter with

. a 0.76 mm wall. Sheets of mica are wrapped around
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the main heater near each end to center the core
within the tube, to enhance thermal contact between
the tube and the main heater near the ends, and to
reduce undesirable heat convection currents. The
centering leaves a small annular air space between
the tube and the alumina.insulators of the main
heater in the region of the center hlock: the thermal
contact of the end blocks with the surrounding
stainless tube serves as “thermal end guards™ and
reduces the thermal gradients in the middle section
of the tube opposite the center block.

The weight of the core rests on a 0.51 mm wall
stainless steel tube (W) 11.4 c¢cm long and 2.5 cm
in diameter. The space beneath the core is filled
with loose Fiberfrax insulation. The outside of the
furnace is a 35.6 cm diameter brass tube with end
_plates and is filled as indicated in figure 25 with
Fiberfrax insulation. A rather widely spaced helical
coil of 9.5 mm copper tubing is soldered to the
outside brass tube (K) to permit water cooling; a
comparable provision is made for the top end plate.
The water cooling is not used when the furnace is
at the tin point but is helpful at the zinc point in
reducing convection currents around the furnace
that cause gradients in the head of the thermometer
which, in turn, may result in thermal emf’s. The
thermal insulation is sufficient so that, even at the
zinc point with no water cooling, the outside of
the furnace is not “hot to the touch.” To achieve
further thermal insulation, the furnace core is
recessed from the top of the furnace as shown in
figure 25. A major path of heat loss from the top of
the core is along the 11.4 cm diameter stainless
steel tube that contains the core; to reduce the heat
loss the core was recessed and the tube was made
relatively longer.

The top core block (G) of the tin furnace was
designed to receive an aluminum sleeve (H)
10.2 cm long that is bored to fit as closely as possible
the glass cell that holds the tin sample. By using
removahle metal sleeves a reasonable range of
glass cell diameters can be accommodated while
still achieving good thermal contact with the cell
above the crucible where the heat shunts are
located. The glass cell is of sufficiently uniform
diameter 1o achieve a suitably close fit. In the
design, allowance has been made for the differential
expansion of the aluminum and the glass cell.
(The NBS glass cells are generally ground on the
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FIGURE 25. Schematic of furnace body and core.

P. “Spider” fur centoring the frcesing puin cell.
Q. Center core block end plete. *

R. Insulstion, Fiberfrax sheets,
S. Elevation of th ple junction (Chromel-P{Aly
T. Bottom core hlock.

U. Conirol heaters for bottom core block.

V. Insulstion, Fiherfrax mats and mica shests.

W. Stainiess steel tube support, 2.5 cm o.d. X 0.51 mm wall X 11.4 cm long.
X. Heater leads.

Y. Ponts for heater leads.

Z. Toeleciric power.

a. Wells (B) for control thermocouples (see I, N, snd S).

b. Wells (B} for testing the tempersture profile of furnsce core.

e. Lcade from top corc biuck hieaters,

) bottom core block. (See a.)



outside to a uniform diameter.) Because aluminum
sleeves bond to the aluminum top core block at
the zinc point, split inconel sleeves are employed
in the zinc point furnace. Also, because of the close
tolerances needed for good thermal conmtact, the
zine-point cells are not permitted to cool to room
temperature in the furnace. otherwise the boro-
silicate glass tube would be crushed owing to the
differential contraction between the aluminum top
end block and the glass.

The center core block (L) was bored to provide

" approximately 1.0 mm clearance for the most
common (and largest) size of glass tubes, specifically
51 ‘mm o.d.; this 1.0 mm annular space provides
the thermal insulation that reduces the heat transfer
to the crucible and metal sample during freezing
or melting experiments. The design also reduces
the need for close control or knowledge of the
furnace temperature in many operations. v

Three Chromel-P/Alumel thermocouples (TC)
enclosed in alumina sheaths control the furnace
temperature. Two of the thermocouples (differential)
are referenced to the temperature at the middle of
the center core block: the measuring junction of
one is located approximately 1.2 ecm up into the
top core block and that of the second is similarly
located down into the bottom core block. The third
TC is referenced outside the furnace and the meas-
uring junction is located in the middle of the center
block.

Each differential TC is connectéd in series with
a stable voltage source (powered by mercury cells)
which is adjustable between =75 uV 1.5 °C).
The center block TC conneets to a relerence junc-
tion, which is self-compensating for changes in
room temperature, and to a voltage source that has
(i) a range of 15 mV, (ii) a stability of 0.01 percent,
and (iii) a reproducibility of setting of better than
2 uV. The combined output of each TC and voltage
source is amplified by a chopper type DC amplifier
wlhose output operates a “‘three-mode™-controller.
The zero stability of the amplifier is better than
0.5 V. The output of each controller is an adjust-
able linear (proportional) function of the input, its
rate of change, and its time integral. The signal
from the controller operates a gate drive for a full-
wave silicon-controlled rectifier which, in turn,
controls the power supplied to the heater. The
rectifiers do not cause detectable interference
with any other equipment (low level null detectors,
a-c and d-¢ bridges, etc.) in the room. Each alu-
minum block of the core is grounded by means of a
heavy pold wire.

The control of the furnace was made very flexible
in that several combinations of manual and auto-
matic controls may be selected for operating the
furnace, including the provision for independently
setting the temperature offset hetween the center
and top and between the center and the bottom
core blocks. A freeze is usually conducted with
cach of the three healters under the anmtomaitic
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control of their corresponding TC’s. A plot of
thermometer resistances (relative to  that at the
center of the center block) as a function of depth
in the core of the furnace, while the furnace and a
tin-point cell 'was at 235 °C, is shown in figure 26.
These measurements were made with a small four-
lead platinum resistance thermometer, 2.8 mm
diameter and 2 e¢m long, having a nominal ice-point
resistance of 50 £).

This furnace, which was designed and built at
the NBS, is more sophisticated than necessary for
calibrating thermometers at the tin and zinc fixed
points with reasonable (better than 0.002 °C) accu-
racy. It was designed for special studies of the
freezing and melting phenomena of tin and zinc.
Tin and zinc freezes for calibrating SPRT’s have
been performed very successfully in many labora-
tories with furnaces that contain a single copper
block and employed a manually conirolled heater.
Such calibrations have been performed in furnaces
that exhibit core temperature gradients of 1.5 °C
over the length of the crucible containing the sample
{53] and relatively long response times. Realization
of the tin and zinc freezing points with reasonable
accuracy is principally dependent upon the high
purity of freezing-point samples and the use of
proper freezing and measurement techniques.

7.4.

The realization of either the tin-point or the
steam-point is necessary for the calibration of
SPRT’s in accordance with the specifications set
forth in the text of IPTS—68. The tin-point (231.9681
°C) has two distinctive advantages; first, the
temperature is much closer than the steam poimt
to the midpoint between the triple point of water
and the zinc point and, therefore, tends to produce
less average error in the calibration of the ther-
mometer (see fig. 17), second, and of greater
practical importance, the solid-liquid equilibrium
temperature of tin is 8600 times less sensitive to
pressure changes than the liquid-vapor equilibrium
temperature of water at 1 atm. For the freez-
ing point of tin, dt/dp=+4.3%X10-¢ °Chorr or
+2.2X10-3% °C/{cm column of liquid tin). Therefore,
knowledge of the pressure within %1 torr is adequate
for determining the temperature of a tin-point cell.

The tin sample for the freezing-point cell must he
of high purity (nominally >99.999%) and the
freezing apparatus must be designed and operated
to interpose a solid-liquid interface of tin completely
around the resistance element and lower part of
the thermometer stem. The immersion of the
resistor must be sufficient to prevent sensible heat
flow ifrom the resistor up the stem of the ther-
momeler. In addition, the sample holder must be
chemically inert and not introduce any impurities
that would affect the freezing temperature of tin.
At NBS the tin sample is contained in a closed
crucible of high-purity graphite. A re-entrant well,

Tin-point Cell
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FIGURE 26. Vertical temperature profile of lm-pouu Jfurnace at 235 ‘C.

The vertical distances are relative o the top of the top core block; the ther
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resistance thermometer (2.8 mm
of well about2 em long

also of high-purity graphite, is screwed into the lid.

The assembly is shown schematically in figure 27,

The cell assembly permits sealing the stem of the
thermoimeter, as well as the crucible with ifs ‘¢harge
of tin, in helium gas which provides an inert atmos-
phere for both the crucible and the tin and addi-
tionally improves the thermal conductance to- the
thermometer.

Because of the relatively high thermal impedance:

of :gas, even helium, considerable effort was made
to .obtain small clearances at the heat shunts to
keep- the thermal impedance as low “as possible.
This is practical with componeunts of borosilicate
glass and graphite because their thermal coefficients
of expansion are similar. The outer: borosilicate
glass cell was formed from precision hore tubing
and its external diameter was ground to fit the
furnace sleeve (see (H) fig. 25). The two graphite
heat shunts (G), shown in figure 27, were fitted
closely to both the thermometer guide tube (F)
and the glass cell (H). The shunts primarily serve
to conduct heat to the inner glass tube of the
tin-point cell, thereby improving the “immersion
characteristics” of the thermometer. (See the end

of this section for results- of tests on the immersion
characteristics of a' SPRT in ‘the tin-point cell.)
The; space between the heat shunts is loosely filled
with “high purity Fiberfrax {washed) insulation 1o
eliminate convection currents and radiation losses
from -the top of the crucible and the heat shuats;

- it also vertically positions the heat shunts.
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The equipment arranigement for filling the cru-
cibles is shown in figure 28. The bell jar (which
contains the metal sample and its’ funnel - and
crucible) is ‘evacuated to about 0.01 torr by a me-
chanical pump that is “trapped” with a molecular
sieve and the temperature of the enclosed assembly
is then raised to a few degrees below the tin point.
After 1 hour, the induction heater power is increased
so that the tin sample will melt and flow into the
crucible within about 15 min. Next, the sample is
allowed 1o cool nearly to room temperature, the
crucible is removed from the bell jar, and the
crucible is slipped .into the special borosilicate
glass cell, figure: 29. The ‘glass cell is then purged
with helium, lowered into the furnace that is used
for realizing the freezing point, and the tin reheated
to about 250 °C. Subsequently, the glass cell is
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Fiounk 27, Metal freezing-point cell.

A
8.
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L.

Platinum sesistance thesmometer.

Tu helium gas supply and pressure gauge.
Thesmumeter stem seal with silicone rubiber.
Siticeme rubber cap.

{nsulation, washed Fiberfrax.
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raised out of the furnace and the graphite lid and
well assembly are smoothly and quickly pushed into
place. To perform the assembly easily the outside
diameters of the crucible and lid were made equal
and the inside dimensions of the glass tube only
slightly (perhaps 0.01 mm) larger. The glass tube
served to guide and correctly position the lid to
cover the crucible. The lid is closely fitted to the
crucible to minimize the possibility of later con-
tamination. Finally, the crucible is again allowed
to cool, removed from the special glass cell, and
assembled as a freezing-point cell such as is shown
in figure 27. »

In the preparation for tin freezing point measure-
ments, the tin-point cell is placed in the furnace
(held about 10 °C ahove the tin paint) until complete
melting occurs. During the heating process the cell
temperature, which is monitored with a SPRT,
rises until melting begins, becomes nearly constant
until thc mclting is completed, and then rises
again. There is no reason to raise the temperature
of the tin more than a few tenths of a degree above
the melting point. In a furnace with large tempera-
ture gradients precautions should be taken 1o make
certain that the metal is completely melted. There
is no evidence to indicate that heating the tin to
several degrees above its meliing point in an
inert atmosphere is harmful to the sample.

After the melting is completed, the furnace is
allowed to cool to the tin point. A thermometer
is inserted in the cell well and instrumented so
that a temperature range of 25 °C bhelow the tin
point can be visually monitored within about 0.5 °C
by a persen, standing beside the furnace, holding
a tin cell ready to be reinserted. A galvanometer
is used for this purpose. When the cell has cooled
to the tin point it is removed from the furnace. The
cell temperature, after a few seconds, will suddenly
decrease very rapidly, perhaps as much as 20 or
25 °C. As 'soon as its temperature ceases to drop,
the cell is immediately lowered into the furnace
again; subsequently, the cell temperature will
increase even more rapidly than it previously
decreased. If the cell temperature is examined in
more detail, the final approach to the tin point
(the last few ten-thousandths of a degree) will be
seen to take a few minutes (see fig. 30). When
the temperature plateau is reached, the SPRT
is measured. It may then be removed and a sccond
SPRT inserted. The second thermometer is pre-
heated above the tin point so that its temper-
ature, during insertion into the tin point cell,
slightly exceeds that of the cell. Figure 31 shows
the results of successive inscertions of the same
SPRT in a single tin frecze.

", Thermometer guide tube, burosilicate glass.
. Heat shunt, graphite,
- Borosilicate glass eell
Gruphite cap (kidi.
Graphite thenmometer well
. Mctsl sample.
.. Graphite crueible.
. Insulation, Fiberdrax paper.
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FIGURE 28. Arrangement for filling the freezing-point cell with
metal sample by induction heating.

A. Borosilicate glass envelope.

B. Metal sample.

C. Graphite ssmple holder and funnel

D. Graphite crucible. .

E. Induction heater coils.

F. *O"ring groove.

G. Dorosilicate glase stand.

H. Slot for pumping out and gas purging

L Conncction to vacuum snd purified argon supply.
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A. Stainless steel pusher

® =rx oM mp W
o

vod
. Gas seal with silicone rubber. Permits inear Mlon of the n-her lod (A).
Inlet for purified helium gas that is used in purging and positive pres-
sure-of the gas dwing assembly. .
Sikcone rubber cap.
S:ll:’uleu steel Glna sttached 1o the pusher rod for pressing againet the graphite

anhlle kd (onbe motal sample cell.

Skt on the pusher rod. The two haives sre aprung out 1o hold up the ;ulee
thermomater well and kd up while mehing the masal anmple.

Graphite thermometer nlr

Borosilicate glass tube.

Section of glass tube shrunk to fit the crucible and kd so that lid can be en\ly
guided onto the crucible.

. Graphite crucible.

L. Molten metal sample.

Apparatus and method for installing graphite thermometer well and lid in the graphite crucible containing
the molten, metal freezing-point sample.
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Ficune 31, Consecutive measurements of the resistance of a

SPRT in the same tin freeze.
(An a-¢ bridge was employed in the measurements.) .

Following each equilibrium resistance ohservation, the SPRT was completely with-
drawn {rom the tin-point cell, preheated cluse to the tin point in an auxiliary furnace,
and teinnerted into the cell. The data shows that the preheated SPRT comes to equilib-
rivin in & very short time. In two of the cases shown, the teinperature of the SPRT when
innerted into the celt was slightly sbove the 1in point. (For comparison when the SPRT
was ot prehieated close tothe cell1emperature, see fiig 35.)

An experimental procedure similar to that
described above for observing the supercooling of
the tin may be used to check the preheating of the
SPRT before inserting it into the tin-point cell.
The thermometer should be preheated and held
in the air over the tin cell while monitoring the
decreasing thermometer temperature. As a first
approximation, the thermometer can be inserted
into the tin-point cell when its indicated temperature
is 30 °C above the tin point. If subsequent close
monitoring indicates that the thermometer tempera-
ture is rising, then the thermometer was too cold
when it was inserted. Several thermometers may be
consecutively calibrated during one freeze if each is
properly preheated (see fiz. 31). A simple check
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Fiune 32, Immersion characteristic of a SPRT in « tin-point
cell.

The data show that the indications of the SPRT are very nearly the sasme between
about 8or 10 cm above the buttom and the bottom of the thermumeter well.

on the temperature constancy during a f{reeze
is afforded by eniploying the same thermometer
in both the first and last measurement in a series
of SPRT calibrations. At NBS a single SPRT is
set aside and only uséd for this purpose as an
experimental control. .

The immersion. characteristics of a SPRT were
tested in one of the tin-point cells that were
described earlier. The observed resistances are
shown in figure 32 as a function of the distance
from the bottom of the crucible thermometer well.
The results show that the immersion of the SPRT
in the cell is more than adequate. This figure does
not, however, show the temperature gradient
expected from the change in pressure with depth.*

In the reduction of the calibration data the tem-
perature at the point of immersion of the SPRT in
the tin-point cell is employed. The value of tempera-
ture assigned in the text of the IPTS~68 is adjusted
for the departure from the equilibrium conditions
specified for the fixed point; i.e., an adjustment of
temperature is made for the effect of the hydro-
static head of liquid tin and for any departure from
1 standard atm of the gas pressure in the cell.

The high reproducibility of the tin point may be
seen in the results of tests (made at the NBS) that
compare the freezing poinis of a number of tin
samples. The average standard deviation of mcas-
urements on a given cell is £0.05 mK from freeze to
freeze (see fig. 33). All of the measurements are
plotted relative to the mean of samples 6C and 6E.
The individual measurements (one for each freeze)
are shown as short horizontal bars; four freczes are
represented for each cell with the exception of 6K

4 Recent work done at NBS indicutes that the temperaturr gradient expected from
the change in pressure with depth is disturted or obscured when obscrvations are
made from within the graphite thermometer well if the solid liguid imerfare is not
very close to snd surrounding the well. Further work in this area is in progress.



on which only two freezes were performed. The
values are based on the determinations of R(t)/R(0)
that were obtained from extrapolations to zéro ther:
mometer current of observations of R{¢t)’s and R(0)’s
at 1 and 2 mA. The R(t)’s were measured 1.5 hours
after the initiation of a freeze. The R(0)’s were meas-
ured immediately after every determination of R(t)'s.
The samples identified as'5 were reported to be
99.999 percent pure [35]; the samples identified as 6
were reported to be 99.9999 percent pure [35]. The
sample identified 6M was accidentally overheated to
a temperature above 500 °C. -

7.5. Zinc-Point Cell

The equipment and procedures used at NBS for
filling graphite crucibles ‘with zinc are identical to
those employed for tin, except that after evacuation
at 2 temperature slightly below the tin point, an
atmosphere of purified dry argon is admitted into
the bell jar. Because of the relatively high vapor
pressure of zinc at the melting point (over 0.1 torr),

filling the graphite crucible by melting the sample in
vacuum is less practical. The power of the induction
heater is raised sufficiently to melt the zinc sample
{approximately 1280 g) in about 30 min. In spite of
the presence of argon gas, enough zinc vapor dif-
fuses and is deposited on the surface of the bell jar
to cause difficulty in observing when the zinc is
completely melted. The sample is allowed to cool
and the assembly of the zinc-point cell is carried out
in the same manner as the tin sample {(see sec. 7.4).

To realize the freezing point of zinc with an
accuracy of about £0.002 °C the furnace need
not be very complex. However, a zinc sample
of high purity and the use of proper freezing-point
techniques are important. The zinc is melted in
the furnace while being monitored with a SPRT.
The experimental procedure for realizing the
freezing-point of zinc differs appreciably from that
employed for tin. The zinc freeze is initiated in the
furnace, unlike the tin freeze where the cell is
removed from the furnace to initiate the freeze.
The furnace temperature is reduced so ‘that the
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FiGURE 33.  Comparison of tin-point freezing plateau temperatures with resistance ratios: Ri0 °C)/R4.2 K.

The pichiace § and ¢ indicate smmples numinatly 99.999 percem pure (Lot No, 6637) and ssmples numinally 99.999 pereent pure (.ol No, 6779), respectively, ‘the alphabetic charac.
ter ideantifies the cell The prime (°) identifies & second ser of measurements on the same cell LAB-STD. in & tin-point cell that hiss been used for aver four years at the NBS in the
calibration of SI'RT s, Obscevationa from four sepazate freezes are shuwn for each cell The plaieau temperature selecicd was the reading 1.5 hours after the initistion of the freear;
the temperature curees ponded to about 25 pescent frozen. The temperstures of the SPRT during the previows hour differed typicatly 0.00002 ur 0.00003 K but never more than 0.0001
K from the ?rlﬂ‘lml temperatures of any measurements. The vhserved plateuu temperstures are shown relative 1o the mean value obisined for the tin-point cells 6C and 6E. Cell
6M was accidentally overhested above 500 “C befure the nts. Only two were ined for cell 6K. (Resi ratio were made by R. L.
Powell st the Baulder Lal ice of the Nations) Burcsw of Standards.)
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sample temperature, as measured within the well,
reaches the zinc-point temperature at a cooling
rate of 0.1 to 0.2 °C per minute. The zinc supercools
below the zinc point by 0.02 to 0.06 °C (as measured
by the SPRT) before the recalescence occurs.
The subsequent rise toward the plateau: temper-
ature, while rapid at first, becomes very slow after
several minutes (see fig. 3¢4). To hasten this process
the induced-freeze suggested by McLaren [32] is
employed to form a second solid-liquid interface
immediately adjacent to the well. (The first. solid-
liquid interface occurs at the crucible wall.) After
the zinc cell has completed the initial rapid freeze
following the supercool described above, two cold
thermometers are inserted into the well to freeze
the zinc around the well; a solid-liquid interface
that completely surrounds the well is necessary

and a single thermometer may not freeze a complete-

coating of zinc on the well. The resistance of the
second thermometer will rise to a steady value
(within 10-* °C) within a few minutes (typically
10 to 15 min) after insertion and will remain nearly
constant for a perivd of time that is determined by
the freezing rate of the outer solid zinc layer and
the purity of the zinc, (The rate of freezing, of course,
depends principally upon the heat loss to the fur-
nace, i.e., the temperature setting of the furnace).
Freezes lasting as long as three days have been
observed at NBS, but 12 to 16 hour freezes are
more typical. As with tin, SPRT’s may be consecu-
tively calibrated in -a single zinc f{reeze if the
thermometers are preheated (see fig. 35). The pre-

heating of the thermometer serves to minimize the -

growth of the inner freeze on the well and thereby

extend the useful life of the {freeze. Care must be-

exercised to avoid melting a hole in the inner freeze

or loosening the mantle on the well so that it slides
to the bottom of the crucible. To ensure that no
melting - and no excessive freezing occurs, the
thermometer is preheated to a temperature slightly
below the zinc point before inserting it into the cell.
As with tin, a SPRT is set aside at NBS for checking
the constancy of the freeze, and it is used for both
the first and last measurements in each freeze.
The freezing-point measurements are normally not
conducted at exactly the specified pressure of 1
standard atmosphere and a correction is made for
this departure. The pressure at the interface
surrounding the thermometer resistor includes
both the gas pressure over the sample and the
pressure due to the head of liquid zinc. For zinc at
the melting point the value of dt/dp is +5.7 X 10-¢
°Cjtorr or +2.74X10-% °C/cm column of liquid
zinc [32).

The immersion characteristics of a SPRT were
tested in one of the zinc-point cells that were
described. The observed resistances are shown in
figure 36 as a function of the distance from the
bottom of the crucible thermometer well. The
results show that the immersion of the SPRT in
the cell is more than adequate.

7.6. Oxygen Normal Boiling Point

The oxygen normal beiling point calibration is
realized at the NBS by reference to the NBS-55
scale adjusted to correspond to the IPTS—68 (see
sec. 7.7). The temperature (hotness) assigned to
the oxygen point, now maintained by SPRT stand-
ards, is 0.0019 K lower {8] than that maintained
previously on the NBS—~1955 scale {50]. This change
resulted from efforts made to achieve uniformity
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F1GURE 34. The freezing curve of zinc obtained using an a-c bridge.
(The head of the SPRT had been adujned for coaxial connectors.) .
The furnace was controlled a1 0.9K below the zine point. The mass of zinc sample was 1280 g Two cold SPRT's
were inserted in the cell at “B* to freeze a coating of zinc arvund the graphite thermometer well.
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Frouvre 35, Consecutive measurements of the resistance of o
SPRT in the same zinc freeze.
(An a-¢ brishe was empl 1 in the wy rins.)

Fallowing eavh equiliriun resistunce abservaion, the SPRT was completely with.
drawn from the gineguint eell, eaxposed o the ambient temperature for one minute,
snd reinserted into the cell. In the actval procedure employed in calibration the
SPKT is prehested clone to the zine point (see text). The data show that the SPKT
comes tagidly i equilibrivm even when fnserted imo the cell relutively cold. For
comparisun when the SPRT was prebeated, see fig. 31,
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Fraune 30, Immersion chavacteristies of « SPRT in a zinc-point
cell. :
The data show that the indications of the SPRT are very nesrly the ssme between
about Boor 1 emoabove the buttom and the bottim of the thesmometer well,

in several national temperature scales; for details
see reference [8]. Calibrations near the oxygen
point are performed by inserting the SPRT’s 10 be
calibrated and an SPRT standard in the apparatus
shown in figure 37, In the preparation for calibration
the apparatus is evacuated and immersed in liquid
nitrogen to the level indicated. There are eight
thin-walled Monel wells (A) extending into the
copper block (P). Two of these wells are one-half
inch in diameter to accommodate capsule type
thermometers in holders. Thermometers are scaled
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F1oure 37, Cryostat for comparison calibration of thermometers
with standards at the axygen normal boiling paine.

AL Thenmonteter well; vight wells are Tocated aroud the coppes block. The SPRT'
wre scaled at the wp with mobded siticone rabbes.

8. Tube ta varumn pump o draw liguid sitsopen thromgh vonking 1ehes.

C. Tube 10 helinm gas supply.

. Manifuld for distiibuting belimn gas to the thermometer wells,

E. Envelope (hrass).

£, Kadiation shields (copper).

G Liquid pitropen.

H. Viquid axygen. (Not loyed in parison calibrations.)

Jl por-pressure tube, to ditfcrential pressore diaphrasn aml manmocten.

KV Tur vonline.

i. well and thermpmeter sem temgn sures,

M.

N. tealing tubes ¢thin-watl Maneh.

O, Oxypen bulb.

. Copper block.

into the wells at the top by a molded hand of very
soft silicone rubber. The thermometer wells are
filled with helium gas to a pressure that is slightly
above atmospheric. The helium  enhances  the
thermal contact between the wall of the well and
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the thermometer and prevents condensible gases
from entering the wells. The copper block (P) and
shields (F and L) are maintained under vacuum,
They are initially cooled by admitting nitrogen
gas and/or liquid through the valve (K) shown just
below the surface of the liquid nitrogen. The cool
vapor flows through coils (N) on the top shields and
coils on the massive center block. finally passing
through (B) to a large-capacity vacuum pump. After
cooling the block to a temperature near the oxygen
point, the valve is closed and the nitrogen gas in
the cooling coils is removed; the temperature of
the block is brought within 1 K of the oxygen point,
and the outer shields are controlled at the tempera-
ture of the block. Experience shows that the
temperature of the block can be maintained more
nearly constant by allowing the inner shields to
“float” without heating at a temperature near that
of the block. [Heaters (M) on the copper block and
the inner shields are used, when desired, to attain
higher temperatures]. The outer shields are con-
trolled 10 be at the temperature of the block by
means of one differential thermopile between the
top shield and the block, and a second thermopile
between the outer top: shield and the outer side
shield. The signals from these thermopiles go to
commercial low level chopper type d-¢ amplifiers
and thence to three-mode controllers; the output
signals from the controllers are then raised to
power levels that are sufficient to supply the shield
heater (less than 1 F). The measurements on the
thermometer to be calibrated and the standard
thermometer are made simultaneously . using two
Mueller bridges. The standard deviation of the

intercomparison is less than the equivalent of

0.1 mK.
7.7. Comparison Calibration Between
13.81 and 90.188 K

To determine temperatures below the oxygen
normal boiling point, the text of IPTS~68 (Appendix

A) assigns values to defining fixed points and pre-

scribes the form of interpolation formulae. At the

time the IPTS-68 was adopted no national abora-
tory could satisfactorily realize all the fixed points.
The four temperature scales (e.z., NBS-55) upon
which the extension of the IPTS—68 below the oxy-
gen point was principally based are each highly
reproducible. The text of the IPTS—68, therefore,
formally recognized that the use of these national
scales, adjusted by the published differences [8], will
give a close approximation to the IPTS-68 below

- 90.188 K. At NBS a reference group of capsule

type SPRT’s maintains the “national scale” (NBS-
55). The NBS version of IPTS-68 (NBS-1PTS-68)
is achieved by making reference to the NBS-55
scale and utilizing the published differences be-
tween the NBS—55 scale and the IPTS-68 referred
to above. Thermometers are calibrated by inter-
comparison in a nearly isothermal copper block
with one of the thermometers of this reference
group. A second thermometer from the reference
group is also included in the comparison to serve
as a check on both the reference thermometer being
used and the comparison techniques. These two
thermometers will be referred to, henceforth, as the
first and second standards, respectively.

The comparison of capsule type SPRT’s is per-
formed in a cryostat that has been built and operated
rather like an adiabatic calorimeter. The apparatus
is shown in figure 38. The copper comparison block
{V), shown enlarged in figure 39, has wells for six
thermometers, two standards and four thermometers
under test. The schematic in figure 40 shows that the
first standard is wired independently of the other
five thermometers. The wiring arrangement em-
ployed for the five thermometers requires only
2n+2 leads for n thermometers, in this case, 12
leads, thus minimizing the number of leads and,
therefore, the heat transfer through the leads with
the surroundings. The first standard is electrically
isolated from the others. This permits the use of two
bridges to make simultaneous measurements on the
first standard and any one of the thermometers to
be calibrated or the second standard. The resistance
measurements are made with two Mueller bridges.

- A. Guide for directing transfer tube into liquid helium Dewar.

>

Exit for the vacuum line and electrical leads to the th the

Meial bellows to permit differential expansion between the central tube and the supporting thermometer block well.

, Supporting shelf.

Demountable “'O" ring seal to the well around the thermumeter black.
Well around the thermomeier block.

Centra! tube for supporting the thermometer block.

Line from vacuum cun 0",

Demouniabile O™ ring seal 10 the liquid helium Dewsr.

Glass stopcock to permit ¢ ion of liquid helium Dewar,
Line for pumping the space within the liquid helium Dewar,
Liyuid helium Dewer.

Thenoai tic-down for icad wires.

and the heater oa the copiper thermometer block.

Seal for the electrical leads frum the vacuum can that surrounds the shield and lower portion of the thermometer hlock well.

Vacuum can that suryounds the lowes pontion of the thermometer block well and the thermal shield.

<H a2 OTCRE N A nEOmMPn

Copper sleeve on can o in uniform when liquid helium Jevel is low.
Thermal tie-down for leads similar 10 N with a heater and five-j ion Ch 1P/ h ple for controf,
Coppes ring on the thermometer block well with p control similar to Q.
.- Heavy copper shield with temp control P similar 10 Q.
Th. lead ina) bluek of dised ak
Capaule 1ype platinum resistunce thermonieters thermally attached to copper bluck with vacuum gresse.
Copper thermometer block with holes for siz thermometers,
locstion of thermocouple junctions placed on shield, - -
Reentrant “thumb” in the bottom of well “Thumb" i fe for th ples on R and 8.

. Heavy copper 1ail on vacuum can 10 reach liquid helium a1 a low level

47



N

—

n

2y

AN

&

(2}

x

N

NRRNRN

e )}

AELAAALLLA LA LA L UAAN AN

OUOSOSOSSSANNNNY

P

Ficunre 39, Thermometer comparison block.
A. Stainless steel tube 1o supgnirt thermometer comparison block.
B. Manganin keads for thermoneters and copper leads for block heater.
C. Platinum leads of resistance thermometer.
D. Stainless steel well fur thermometer block.
i;. Heater distributed slong well *i).
F. Copper thermometer bluck with wells for six thermameters.
. Heater for thesmometer bluck.
11, Platinum resistance thermometer.
1. Copper sleeve (attached 1o central supporting 1ube) with longituding! gronves to
scrve as thermal tie-dnwns fur mangsnin leads and thermucauples.
J-. Brass plug to sest end of central support tube.
K. Location of jgouves in sleeve 1.
1. Reference junctions for thermucouples on shield (at “W* in fig. 38) and thermum-
eler blovk well ring heater (at “R™ in fip 38).
M. Chuely fitted reentrant copper “thumb™ (with a groove for venting pas).

J
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FiGURe 40. Schematic of wiring capsule-type platinum resist-
ance thermometers in the copper comparison block of the
cryostat for calibration.

To avoid exceasive heating of the copper block, the hsidpe cunnections to the thes-
mometers, wited in series, are made as follows:

[

SPRT Leads used

FYREE- I

] efih

2 hij

3 ik

4 kimn
STD, muop

A. Cryostat leads. .

B. Thermumeter connections made among them and with the cryostat leads.

C. Schemaiic of the cupper comparison block. i

D. Platinum resistance thermometers. STD, and STD; are reference standards;
vthers arc 1o be valibrutcl.

To minimize the possible change in the difference
of resistance in the potential leads, the leads from
the thermometers that pass up through the cryostat
are of No. 26 AWG (0.404 mm diameter) manganin
wire insulated with a heavy coating of Formvar.
The choice represents a compromise among the
requirements of low heat conductivity, the resist-
ance seen by the galvanometer, and lead-resistance
stability. The leads are “tempered” by being placed
in good thermal contact with the series of “thermal
tie downs” (N) shown in figure 41. The manganin
leads and copper leads for thermocouples and
heaters exit through a hard wax seal at (C) the
top of the cryostat and then join to heavier copper
leads. The external copper leads are thermally
insulated to minimize both the temperature change
of the leads and any possible gradient change
between leads. The resistances of the copper
sections of the leads and those of the manganin
sections of the leads were separately adjusted for
common equality to maintain the lead balance
with changing room temperature. The thermometer
leads are connected to the bridge through selector
switches that employ either mercury-wetted con-
tacts or multiple all-silver contacts in parallel.

The cryostat is constructed so that the central
core, including the copper comparison block, is
stationary while the remainder of the eryostat
assembly may be lowered to expase the block for
thermometer installation or removal. The only
seals required for sealing the cryostat are at room
temperature and consist of simple Viton *O” rings

(E).

N. Copper plug with lungitudinal gooves 10 serve as thermal tie-downs for thermo-
couples. ’

O. Vent.

I. Thermacouple leads 10 shield and theymometer block well ring heater.



Thermal tie-dmons.

Ficune 41,
. Central support tube inlens steel) for ther r block,
. Ruunded comer, tangent 1o the bottom of the gronves for wire,
. Round lbottom prouves in cylinder 1™ with wire cemented in place.
. Copper cylinder soldered (tin-lead rutectic) 1o the central support 1ebe,
. Copper cylinder fitted to """ sud held in place by pin “I11.”
. Thermocouple tir-down.
. Spring fingers of beryllium copper be-vuly silver plated and gold * l\uhed .
1.5 mm ateel pin to hold cylinder “E" in pusition.
Pan hrad 2--56 brass nevew 10 clamg thennocauple tie-down ansembly to “E.”
Insulating washer of 0.005 mun Mylar costed with vacvmn grease,
Copper washer with pre-tinned groove for thenmnovouple wire.
Polyimide insuluted thermocouple wire, placed at the Lottom of the pretinned
grouve and “potted” in eitectic tin-lead solder.
. Epuxy inaulation on serew,

MU

.-"'r‘.-'.—:-:'.
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The cryostat proper (fig. 38) is surrounded with
the usunal arrangement—an inner Dewar flask (M),
which contains lnquui helium, guarded by an outer
Dewar flask (not  shown) that contains liquid
nitrogen. During the initial cool down, the inner
Dewar is filled with liquid nitrogen and the liquid
nitrogen vapor pressure is reduced to about
Y3 atm. The vacuum can (0) of the cryostat ‘is
filled with 3He gas to a pressure of about 0.1 torr
to facilitate the cooling: under such conditions, the
‘thermometer block cools to about 65 K in ap-.
proximately 12 hours (overnight). The liquid
nitrogen remaining in the inner Dewar is removed
by applying a small over-pressure of $He gas which
forces the nitrogen out through o 3.2 nmm thin-wall
stainless tube (ot shown in fig. 38) that extends
from the Dewar bottom to the room. (Precooling
the eryostat from about 80 K to about 65 K by
pumping on liquid nitrogen reduces  the  liguid
helium required for cooling by about 2 liters.) Six
to seven liters of liquid helium are usuvally required
to ool the apparatus from 65 to 4.2 K and fill the
inner helium Dewar,

As a part of the calibration procedure the ther-
mometer resistance readings are first made at
about 4 K. without the usé of temperature controls.
For the calibrations above 4 K, the *He gas in the
vacuum can is removed to reduce the heat transfer
and the temperature of the comparison block
controlled by the use of three sets of five-junction

Chromel-P/Constamtan  differential  thermopiles
that sense temperature differences between the
comparison block and the thermal shiclds. Appro-
priate automatic controls are employed 1o power
three separate heaters to reduce the indicated

lemperature differences o zero. When the space

in the vacuum can is evacuated to a pressure in the
10-% torr range, most of the heat transfer to the
comparison block from the surroundings is (i)
down through the wall of the well (I) and (ii) within
the well through the central thin-wall stainless
tube and electrical leads. Consequently, two seis
of thermopiles and heaters are aflined, one at
(R) on the wall of the well and the other at (Q)
witliin the well. These two locations are ahout 15
cm above the comparison block. The third thermo-
pile ‘and heater are mounted on the heavy copper
shield which surrounds the lower end of the well
where the comparison block rests. The thermaopiles
are all referenced to the temperature of the compari-
son block. If adequate temperature control of ‘a
system is to be achieved, the thermal lags. of hoth
the heaters and the temperature sensors (in this
case thermopiles) must be small. In addition, the
“immersion error” that is caused by heat condue-
ted along the leads of the sensor should be small.
These characteristics were achieved in the eryostat
by employing the- “thermal tie downs” shown in
fisures 38 and 41. (The selection of Chromel-P/Con-
stantan thermocouples was influenced by their low
thermal condudtivity. There are other materials
that possess belter thermocleetric characteristics
but their relatively high thermal conductivities were
considered to be disadvantageous.) The spurious
cmf of cach thermopile is balanced out with a simple
emf injector that is adjustable between =5 uV.
The adjustment for the spurions emf is made at
4.2 K after equilibrimin has been attained with
e gas still in the can,

The calibration resistance measurements are
made at 16 temperatures; approximately 12.20,
13.81, 15.426, 17.042, 18.661, 20.28. 23.691, 27.102,
33917, 40.732, 47.547, 54.361, 66.303, 78.245,
84.216, and 90. 188 K. The values of (1) at the
IPTS-68 defining fixed-point  temperatures  are
obtained by least sgnare analysis of the comparison
data (see sec. 0).

To change from one calibration tempera-
ture to the next higher 1emperature, current is
supplied 10 the heater that is wound divectly on the
comparison block. Although the control of the
shields is adequate to track the temperature of the
block when it is rapidly heated at the lower tem-
peratures (below about 40 K), the shields lag at
higher temperatures when the block is being rapidly
heated because of the limitations of the power
amplifiers which drive their heaters. The time re-
quired for the system to attain thermal equilibriam
alter the heating of the blork is stopped increases
with temperature. At 13.8 K the thermometer dnift
will decrease 1o less than 10 28 min in a mimne,



while at 90 K more than 30 min is required to achieve
this drift rate. Measurements are considered un-
satisfactory if the indicated drift rate is more than
5 uf)/min at temperatures below 20 K or more than
10 S}/ min at temperatures above 20 K.

In order to achieve these low drift rates rather
quickly, particularly at temperatures above 30 K, it
was found necessary to uniformly heat the lower
20 c¢m section of the well (F) when the comparison
block was being heated to the next higher calibra-
tion temperature. This was accomplished by power-
ing a heater wound around the well (E) as shown in
figure 39. An adjustable fraction (depending upon
the temperature) of the voltage applied to the block
heater is applied to the well heater to raise its tem-
perature at the same time and rate as the block
temperature. .

In the calibration of the capsule type SPRT’s
the resistance measurements are carried out with
a continuous current of 1 mA through the ther-
mometer and with a commutator switching order
of NRRNNRRN with the Mueller bridge. This
order of measurements is not the optimum one
(which is NRRNRNNR), but when a large number
of measurements must be made, such as in the
calibration of thermometers over this temperature
range, the pattern used is less subject to gross
errors. At approximately 90.2 K, measurements are
made at two currents, 1 mA and 2 mA, to determine
the self heating effect of the SPRT. Although in-
frequent, the glass to metal seal of a thermometer
‘may leak: this causes a loss of helium and conse-
quent increase in the self-heating effect of the
thermometer. A thermometer having this defect
may be unreliable. The treatment of the data re-
sulting from these mcasurements differs markedly
from those obtained above 90.188 K (see sec. 6).

The authors gratefully acknowledge the critical
review and many suggestions given by Martin L.
Reilly which have helped to improve this mono-
graph. They also acknowledge the help of William
J. Hall who wrote the computer program for re-
ducing the SPRT calibration data between 13.81
and 90.188 K and William R. Bigge who made the
measurements for some of the illustrations.
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9. Appendixes

APPENDIX A.

The International Practical Temperature Seale of 1968*

Adopted by the Comité International des Poids et Mesures

Received February 17, 1969

Foreword

The Comité International des Poids et Mesures (CIPM) at
its meeting in October 1968 agreed to adopt the Tnternational
P'ractienl Temperature Scale of 1988 (1PTS-6%) in accordance
with the deeision of the 13¢ Counférence Uénérale des Poids
ot Mesures, Resolution 8. of October 1967. This resolution gave
the CIPM permission to introduce a new Seale to replace the
existing JPTR.48 uy yoon as the Comité: Consultatif de Ther.
momdétrie ((CCT) made its recommendations.

There were two important reaxons for revising the ITIS-48.
The first of these was the need to extend the Seale to lower
temperatures to achieve a unification of the existing national
seales in the region 10 K—390 K. Secondly the Seale had not
been revised significamiy over the range from —183 “C 10
1063 “C sinee its inception in 1927, and modern gas thermo.
meter measurements showed that the Seale gave. values con-
siderubly different from thermodynamic tempesatures.

The CCT agreed on the basic data and methods of inter-
pols\tim\ for & new definition of the IPIN at its 8th meeting
held in Washington and Ottawa in September 1967, Provision
way made to extend the Seale down to 1381 K. the triple point
of equilibrium hydrogen. and for the use of the best known
values of thermodynamic temperatures. The valwe of ¢, used
in the Planck equation was also revised as a result of a hetter
knowledgze of the values of fundamental physieal constunts,
The CCT appointed a small sub-committeo to prepare a text
of the definition of the TPFS.6Y in accordanee with its recom.
mendations, with instructions to resolve snme points of detail,
The final draft of the English text, which is reproduced below,
received the approval of all members of the O before it was
submitted to the CIPM. The official text of the 1PTS-64 is
the French text which was prepared by the Burean Inter.
national des Poids et Mesures from the English text. and is
pulylmhvri as an nnnexe to Comptes rendus des séu de la
Treizitme Conférener Générale dex Poids et Mesure:

R Bunaew

L. Introduetion
The basic temperature is the thermodynamic
temperature, symbol 77, the unit ot which is the kelvin,
symbol K. The kelvin is the fraction 1/273.18 of the
thermadynamic temperature of the triple point of
wate '
The Celsius (temperature. symbol £0 s defined by

t-- T Ty (N

where 7% 27315 K. The anit. employed 1o express
a Celsius temperature is the degree Celsius, symbaol €,
whieh is equal to the kelvin, A difference of tempera.
ture is expressed in kelvinsg it may also be expressed
in degrees Celsius,

* The text in Freneh of thu Nenle is published in Comptes
rendus de fa Preizieme Conférence Générnle des Poids et
Mesures, 19671968, Amnexe 2, and Comité Consuitatil de
Thermométrie, 8¢ session, 1967, Annexe

Y 13th General Conferenee of Weights nnd Measures (1967),
Resolutions 3 and 4,

The International Practical Temperature Seale of
1968 (111'S-68) has been chasen in such a way that the
temperature measured on it closely approximates
the thermodynamic temperature: the difference is
within the limits of the present aceuracy of measure.
ment.,

The International Practical Temperature Scale of
196 distinguishes between the International Practical
Relvin Temperature with the symbol 7'y and the
International Practical (elsius Temperature with the
svmbol fg,: the relation between. 7'g, and 1y, is

s Loy 27305 K )

The units of g and tgy ave the kelvin, symbol Koand
degree Celsius, symbol °CLas in the case of the thermo-
dyvnamic temperature 7' and the Celsius temperature £

The Lnternational Practical Temperature Seale of
1968 was adopted by the International Committee of
Weights and Measures at its meeting in HIGS aceording
to the power given to it by Resolution 8 of the 13th
General Conference of Weights and  Measures. |t
replaces  the International  Practical Temperature
Neale of 1948 (amended edition of 1960).

11. Detinition of the International

Practieat Temperature Seate of 19682 (11"US-68)

1. Principle of the 1PTS-6GN wnd Defining Fiaoed Points

The TIPPS-68 s based on the assigned values of the
tomperntures of & number of reproducible equilibivium
states (defining fixed points) and on standard instru-
ments calibrated at those temperatures. Interpolation
between the fixed point temperatures is provided by
formuiae used to establish the relation between indi-
eations of the standard mstruments and values of
International Practical Temperatore.

The defining fixed points ave established by vealiz.
ing specified equilibrinm states bhetween phases of
pure substances, These - equilibrivm states and the
values of the International Practical Pemperature
assigned to them are given w Table 1)

The \huulnld instrument used from 1380 K to
630174 "C s the platinum resistanee thermometer, FPhe
tlu!rnmmch:r must he steain-dree, anneadisd
pure platinum. The vesistance vitio WP delined by

WL -

resistor

BT o) 127315 K) (3)

2 In thin doswnent Kelvin tumpratures
al, below 0 “Cand Celsing tempeentores a
This avoids the use of negative values
general usage.

re used, I gener
used above 0
and conforms with

f)

o



Table 1. Hefining fixed points of the IPTS-68

Equilibrium statoe

‘Assigned value of
International
Practical
Temperature

Ten (K) 16 (°C)

Equilibrinm between the solid, liguid
amd vapour phases of equilibrinm
hydrogen (triple point of equilibrinm
hydrogen)

13.81 25904

Equilibrinm between the liquid and
vapour phases of equilibrium
hvdrogen at a pressure of
33 330.6 N/m# (2576 standard
atmosphere)

A47.042 — 256108

Kquitibrium between the liguild aed
vapour phases of equilibrium
hydrogen (boiling point of
cquilthrivm hydrogen)

20,28 —252.87

Equibbrium between the liguid and
vapour phases of nean (boiling point

of nean) 27402 —246.048

Equilibrium hetween the solid, liquid
amd vapour phases of oxygen (triple
prant of oxypen)

54,361 — 218.789

Lquilibrinm between the liquid and
vapour phases of oxygen (boiling

point of axygen) 90,188 — 182.902

Equitibrium between the solid, liquid
and vapour phases of water (triple
point of water)®

273186 0.01

Squilibrium between the liguid and
- vapour phases of water (boiling
point of water)<

37315 100

Equilibrium hetween the solid and
liquid phases of zinc (freczing point
of zine)

002.73 4190.58

Equilibrium betweon the solid and
liquid phases of silver (freezing point
of silver)

1235.08 961.93

Equilibrium between the solid and
liquirl phases of gold (freezing point
of gold)

1337.58  1064.43

= Except for the triplo points and one equilibrium hydrogen
point (17042 K) the assigned values of temperagure are for
equilibrium states at o pressure pn = 1 standerd atmosphere
(101 325 N/m3). In the realization of the fixed points small
departures from the assigned temperatures will occur as 2
result of the differing immersion depths of thermometers or
the failure to realizo the required pressure oxacetly. If due
allowance is made for these small temperaturo differences, they
will not. aftect the sccuracy of realization of the Scale. The
magnitudes of theso differences are given in section TIL

& The equilibrium state between the solid and liguid
phases of tin (freezing point of tin) has the assigned value of
fen - 2319681 C and may boe used as an slternative to the -
boiling point of water. :

¢ The water uscd should have the jsolopic composition of
ocean water, aee seetion 111, 4,

where R is the resistance, must not be less than
1,392 50 at Ty, - 373,15 K. Below 0 °C the resistance.
temperature relation of the thermoneter is found from
& veference function and speeified deviation equations.
From 0°C to 630.74 °C two polynomial equations
provide the resistance-temperature relation.

The standard instrument. used from 630.74 °C to
106443 " is the platinum-10%, rhodium/platinuin
thermaovouple, the clectromotive force-temperature
rf-lauinn of which is represented by a guadratic equa-
tinn.
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Above 1337.58 K (1064.43 °C) the International
Practical Temperature of 1968 is defined by the

" Planck law of radiation with 1337.558 K as the refer.

ence temperature and a value of 0.014 388 metre
kelvin for c,.

2, Definition of the Tnternational Prictical T'em peralure
of 1968 in Different T'emperature Runges
a) The range from 13.81 K to 273,15 K
Trom 13.81 K to 273.45 K the temperature Ty
is defined by the relation

W(Tey) == Werranl T -+ AW (Tey) (3

where W(T',) is the resistance ratio of the platinum
resistance thermometer and Weer gl 7'4a) is the resis.
tance ratio as given by the reference function set out-in
Table 23, The deviations A W(7,) at the temperatures
of the defining fixed points are obtained from the
measured values of W(T,) and the corresponding
values of W eer.el T'a), see Tahble 4. To find MI(Pgy)
at intermediate temperatures interpolation formulace
are used. The range between 1381 K and 273.15 K
is divided into four parts in cach of which AW(T,) is
defined by a polynomial in T'g,. The constants m the
polynomials are determined from the values of
AW(T,,) at the fixed points and the condition that
there should be no discontinuity in dATF{7'g,)/d T'qy at
the junctions of the temperature ranyges.
From 13.81 K to 20.28 K the deviation function is
AW(Te) = Ay + ByTey + C\ 1% -+ DT (5)
where the constants are determined by the measured
deviations at the triple point of equilibrium hydrogen,
the temperature of 17.042 K and the boiling point of
equilibrium hydrogen and by the devivative of the
deviation function at the boiling point of equilibrium
hydrogen as derived from Eq. (6).
¥rom 20.258 K 1o 54.361 K the deviation function is
AW(T) = Ay + BTy + CoT% + T3 (6)
where the constants are determined by the measured
deviations at the boiling point of equilibrivin hydro-
gen, the boiling point of neon and the triple paint of
oxygen and by the derivative of the deviation func-
tion at the triple point of oxygen as derived from
By. (7).
From 54.361 K to 90,188 K the deviation function
is
AW, = Ay 4+ BTy -+ O, 12, e
where the constants are determined by the measured
deviations at the triple point and the boiling point of
oxygen and by the derivative of the deviation func-
tion at the boiling point of oxygen as derived from
Eq. (8). .
From 90.188 K to 273.15 K the deviation function
is
AW(Ty) - (8)
where fg: Tn - 27315 K and the vonstants are
determined by the measured deviations at the boiling
point of oxygen and the boiling point of water!.

Aoy 1 Cyly (tgy -+ 100°C7)

¥ For the rehuion between the TPPTS-68 aud the “national
seales™ from which it was in part derived see Appendix L

3 If the freezing puint of tin {see Note ¥, Table 1) is used as
a fixed point instead of the boiling point of water, (100 1)
for the platinum thermometer should be calenlated from
1gs. (9 and (10).
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Table 2. The reference function Weer-es(Tg) for platinum resistnnce thermometers for
the range vlram 13.81 Kio273.15 K

. 20
Ty = .{.4, + S Adin Weeras ('!_'..)]'} K (22)
. =1 :
Coefficients A¢: )
i B B A
0 0.27315 x 1(° 41 0.767 976 35K 170 845 8 % 10
1 0,250 846 200 678 803 3 x 10° 12 0,213 689 450 352 850 0 ~ 10
2 0.135090 860 864999 7 x 109 13 0450 813348 928089 3
3 0.527 856759 008 517 2 x 10° 14 0.763 614629 231 6480 10
4 0.276768 548 854105 2 x 10° 15 0.969.328 6203731213 » 10-2
5 0.391 053203 376 683 7 x 10° 16 0.923 060 154 007007 5 » 10-3
6 0.635 613 230 578 0693 x 107 17 0.638116 500 932 633 &« 10—
7 . 0.808:035 868 559 866 7 x 107 18- - 0.302 203 237 874 619 2 x 10-%
8 0.705242118 2340520 % 10? 19 0.877 551 391 303 760 2 » 10~
Q. 0.447 847 580 838 0657 » 103 20 0.117 702 613 125 4774 » 108
10

0.212 525 653 556 057 8 x 10°

Tho reference function Wecr.ea{Tqy) i8 continuous at Tgy = 273.45 K in its first

and second derivalives with the function |
3.925 9608 x 10°°C~* and §.= 1.490.334 °C.

V(tes) given by iigs. (9) and (10) for & =

* A tabulation of this reference function, sufficiently detailed to allow interpolation
to an.accuraey of 0.0001 X, is availablo from the Burean International des. Poids et
“Mosures, 92-Sdvres, Franco. A skeloton tabulation appeara in this toxt as:Table 3. -

b) The range from -0 °C (273.15 K) to 630.74 °C
From 0°C to 630.74°C ty is defined by
) o p
o = 1+ 0045 (5755 (e — 1)

v v :
' (419.58 °C -‘..1) (630.74"’0 - 1) °C ®
where ¢’ is defined by the equation:
;1 "o 4 v
U= - ["’([ ) =11+ (] (m) (;1-66-;(-3 - 1) (10a)
where W(') = TJ(%%)— . The constants.R(0°C), aand §
are determined by -measurement of the resistance at
the triple point of water, the boiling point of water
(or the freczing point of tin, see Note , Table 1) and
the freezing point of zinc. )
Eq. (10a) is equivalent to the equation

WiY=1+ A0+ B'Y (10b)
where A = (1 + 6/100°C) and B =— 10~ x § °C-2.

¢) The range frdm 630.74 °C to 1064.43 °C
From 630.74 °C to 1064.43 °C iy is defined by the

equation
B(tyg) = a+ blgy + cliy (11)

where E(lg) is the electromotive foree of .a standard
thermacouple of rhodium-platinum alloy and pla-
tinum, when one junction is.at the temperaturce {gg =
0 °C and the other is at temperature ¢,,. The constants
a,b and ¢ arc calenlated from the values of £ at
630.74 °C + 0.2°C, as determined by a platinum
resistance thermomcter, and at the freezing points of
silver and gold. :

The wires of the standard’ thermocouple shall ‘be
anncaled and the purity of the platinum wire shall be
such that the ratio 1¥(100 °C) is not less than 1.3920.
The rhodium-platinum wire shall contain nominaily
109, rhodium and 909, platinum by weight. The
thermocouple shall -be such that the electromotive
forces E(630.74 °C), E{Ag) and E(Au) shall satisfy
the following relations:

7 Metrologin
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E(Au) = 10 3002V i 50V (12)
E(Au) — E(Ag) = 4183V

+ 0458 [E(Au)— (0300 V] & 4uV  (13)
E(Au) — E(630.74°C) = 4766 uV
1 0.631 [E(Au) — 10300 uV] £ 8V .  (14)

d) The range above 1337.58 K (1064 .43 °C)
Above 1337.58 K (1064.43 °C) the temperature Ty
is defined by the equation )

€ t_
LT 'i'.‘_{ﬁ':(é,‘.‘..’}_m (15)
La(T gt Au}) R I
. b l | l{l'“

in which Lj(Tg) and L(Tg(Au)) are the spectral
concentrations at temperature 2'gg and at the freezing
point of gold, T'g(An), of the radiance of a-blackbody
at the wavélength 1% ¢, = 0.014 385 metre kelvin.

HI1, Supplementary Intormation
‘The apparatus, methods and procedures described

_in this section represent. good practice at the present

time. i
1. Standard Resistance 1'hermometer
A standard platinum resistance thermometer
should be so designed and constructed that the four-

terminal resistance clement. js as free-as possible from

strain and will remain 5o in use. Satisfactory resistors
have been made with platinum wires of uniform dia-
meter between: (.05 and 0.5 mun and with at least a
short portion of cach lead adjavent ta the resistor also
made of platinum. A commonly used value of R{O°)
is = 25 ohms and the measuring current. for such a
thermometer iy mormally 1 or ‘2 milliamperes. All
thermometer components in close proximity to the
resistor. must be clean and non-reactive with platinum.

8 Sineo T, {Au).is close 1o the thermodynamic temperature
of the frovzing point of gold and ¢, is closo to. the second
radiation constant of the Planck -equation, it is not necessary
to specify the valuo of the wavelength to be employed 1n the
measurchients [see Metrologin 3, 28 (1967)].
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Table 3. Values of Weer.ss{'en), according o the equution given in Table 2, at inlejral vulum of 'I’u

'1'“ “.CCT'M ( I'“) T 08 ” -6 (I.g) /.s ‘yu."r-nl (I C!)
K K K

Tea Weeres (1;..) I'..‘ ” ceres ( 1..;) [‘.‘.. W an (Tgn)
K K [N

30 0.07537756 100 0.286 302 01
51 007910123 101 0.290 621 54
52 008287505 102 0.204 938 41
53 0.056 698 59 103 0.290 252 45
54 0.00056600 104 0.303 563 59
55 0.004475156 105 0.307 871 83
56 0.008 42336 106 0.31217710
57 0.10240774 107 0.316 479 39
58 0106425383 108 0.320 778 56
59 041047506 109 0.325 074 67
60 014558312 110 0.320 367 G5
61 01865789 111 0.333 657 51
62 012278722 112 0.337 94416
13 0,001 23061 63 012693914 113 0.342 227 68
14 G001 459 73 G4 03111189 114 0,346 H08 00
15 0001 545 41 GH 035303 63 115 0.350 78519
10 oot oot 74 66 013951284 116 0,355 059 10
17 Q002515 12 67 04373800, 117 0.359 329 89
I8 0aRE UL 28 63 04T YTT 73 LIS 0.363 60T

OO Y 62 - 6Y 152 230 58
(004 277 80 70
0,005 054 95 1
0.005 936 63 72

119
LA 495 41 120
016077108 121
0.165 056 43 122

0,367 861 99
0372123 3
0.376 3581 51
0.3%0 636 57

V006 923 04 73 0.169 35049 123 0.5+ 588 51
0.008 03: 74 017363240 124 0389 137 32

0,009 2 75 017706117 125 0308 383 16

0,010 595 8 76 Q8227005 126 0.397 625 94
0.012 056 90 77 0806596 28 127 (.401 8365 67
D013 639 01 78 019092107 128 0406 102 42
0.0135 342 6t 79 019524992 120 0.410 336 2
0.017 167 8 80 0.19958242 130 0.414 567 09
001911363 - 81 020391714 131 0418 70507
002117944 82 020825445 132 042302015
0,023 363 43 83 021259344 133 0427 24233

0,029 663 35 84 021693388 134
0.028 UT6 45 3 022127523 135
0.030 599 5H3 860, 136
(L0333 229 16 87 022995916 137
Q.045 961 hd 88 0234 301 05 138
Q038 T3 05 B 0235 64248 139
0041 719 68 90 024298315 140
0044 737 6V 91 024782200 141
0.7 S42 92 o2 SR I I B
0.051 031 78 93 0.255 YOR 36 143
.054 300 36 U4 026033369 144
0057 64 BG 95 0.264 66718 145 .
0.061 061 61 06 0268 998 70 144
0064 546 7Y 97 027332807 147

Q431 461 61
0.435 678 31
0.439 892 10
0444 103 22
0448 311 59
0452 51T 30
V456 720 33
0400 92077
U465 118 61
04689 313 87
1,473 506 60
0.477 69 N2
0.4%1 884 549
0.436 069 85

Q.068 6Y6 90 98 027765516 148 049025274
071 708 95 99 0.2%1 97088 140 0491423 10
0.075 37756 100 028630201 1560 0498 GI1 35

130 0,498 61135 200 0.704 066 94 0.907 353 00
151 Q50278707 201 0.709 050 14 0.0911 397 53

152 0506 960 58 202 0713131 61 0015410 7t
153 0511 13172 208 0.717 211 74 2
154 051530065 208 0.721 290 26

165 0.519 467 37 205 0 72536733 255 082741288
156 0.523 63180 206 0.72044288 236 0031451 0
157 0.52779409 207 073351690 257 0.935 435 05
158 06531 95417 208 073748947 258 0.930 463 71
159 053611211 200 0.741 660 59 259 0.043 46y 22
180 0540267 92 210 074573028 260 0.947 471 52

161 054442167 211 0.749798 41 261 0.051 47302

162 03483573136 212 0.753 86518 262 0.935474 30
163 053272201 213 0753793043 265 0.959 473 85
164 0, .>.»6 s'm 48 214 056199130 261 098347219

165 0501 1608 215 0.766 056 72 Q.67 169 31

166 0005 15968 216 0.770 117 70 - 266 0971 46513
107 056030112 217 077417730 267 0975450 80
168 RITRET S Vil 4%, T 268 DUTH 8 20
1469 0077 321 264 0053 15 41
170 0581714 23 220 27 OUNT 446 42

171 0585 34806 221
0.539 479 99

Q790401 K1 271
0.794 454 09
Q798 H00 -i 293
0802 57
0.8006 603 52

0991 126 14
04995414 71
Q599 401 99

epe)

224

0.606 489 31 08110 620 H4

177 061061208 227 O.N1E606 25
I tX UN 73510 228 0NN 74050
1 2 229 0822 783 64

K26 825 31
LS30 865 61
Q831 90t 6)

] 1'5'1 39

183 0.635311 64 ONEN B2
184 (0.639 42213 Q812 48 57
183 (L6438 530 94 0.847 013 51
186 0.647 638 07 Q851 47 26
187 0651 4352 237 A8 GTY 63
188 0650847 30 238 0838 10 6Y
189 0639 M9 47 239 0.863 14048
190 0664 01998 240 0867 168 I

191 0663 148 80 21
0.672 246 07
0676 341 76
104 0680435 77
0684 fl8 25
0.688 619 13
0.6492 708 41
198 0.686 796 17
0700 882 32
Q704 966 94 250

ON71 106 11
WNTH 221 99
O.RT7Y 246 57
(L8R3 268 B4
CLNNT 202 o
Q.8 312 49
0.895 332 24
L899 350 49
Q.03 67 14
04907 333 04

During fabrication it is recommended that the thermo-
meter bo evacuated while at about 430 °C and then
filkel with dry pas and hermetically sealed. 1t iy
desirablo to have oxygen present in the gas filling to
ensure that trace impurities in the platinum will
remain i an oxidised state. After complotion, the

Table 4. Values of WeeraslT'g), according to the dula given

m Tuhlf 2, at the fired- pm‘n( temperalures

l-.\ml pumt Tew () I“ (“L)

w1y triple 133,81 230 0001 41206
e-Hg 1702 17.042 26108 0,002 534 44
e G hoiling 20,28 - 37 . 0,004 48317
N honting 27.102 246048 001221272
O, triple AR '{l)l - 218,750 0001 97252
O, bhing 182,462 0.243 799 09

4 1

1,0 Loating 3 100 1.392 5960 68
o freeaitg A05.118)

2319681 1802 570 86

resintance element should be stabilized by heating at
a lemperature higher than its intended maximum
operating temperature and in any case not lower than
$50 °C,

The insulation resistance of the components sup-
porting thoe registanco element mud leads must be high
enough to avoid signilicant shunting of the clemeat.
For example, earo must be taken to avoid conden-
sation of water vapour between the leads at low
tomperatures, and intrinsic Jeakage in the insulators
themsolves at high temperatures. The insulators are
usually fabricated from miea, silica or alumina, and
these materials normally give adequate intrinsic in.
sulation up to 500 °C. However, as the temperature
approaches 630 °C, the problem becomes more eritical
and crrors of 1 mI< or greater may ecasily occur. In the
case of mica, there is the additional difficulty thay
significant amounts of water may be released during
its exposure to tempertures above 450 “C, and unless
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thix muisture ix removed by periodic pumping or by
a0 desiceant. the insulation resistinee will deteriorate
l'il))ic“_\'.

To ensure adequate stability in the resistanec and
the temperature coeflicients of resistivity, the resistor
ol a standard platinum resistance thermometer should
he maintained, as lar as possible, i an annealed state.
Added resistivity may arise both from the accidental
vold working that results from normal thermomecter
handling and also as a result of rapid cooling when
thermometer is teansferred rapidly from an environ-
ment above 500 °C to room’ temperature. This latter
inerease in resistanco is due to quenched-in, non-
equilibrinm concentrations of vacancy defeets and is
retained as long as the thermometer remains below
200 °C Much of the enld work and all of the quen-
ched-in resistance may be removed by annealing at
A0 °C for 30 min.

Significant errors can be caused by radiation loss
rom the thermometer by total reflection in the con-
structional components, particularly i these are of
silica, Such loss in the sheath

Table 5
Elfert u/ /lrt's)urL’ on the freezing. ;romt lrm[mmlurrs' af mctals

\lulnl

I- reezing point Pr

at b standard  kalyvins por

"("'_'"'“l’l“"“‘- atmosphers  centimetro
(e of liquid
Muerenry —33.862 +0.005 4 +0.000 071
Indium l G.634 +0.004 0 +0.000 (133
Pin +0.003 3 +0.000 922
smuti -008 5 —0.000 034
Cadmiuim +0.006 2 +0.000 048
faad +0.008 0 +0.000 032
Zine +0.004 3 +0.000 027
Antiimony CXUNE t +0.000 85 +0.000 005

components, can be suppressed by blackening the
outer surface of the sheath (e.g., with a colloidal
graphite suspension) or by sand-blasting the surface to
produee n matt linish.

The completed thermometer should -be tested to
establish that the depth of immersion is sufficient to
avoid heat conduction errors. An effective way of
doing this ix (o confirm that the apparent temperaturo
sraclient in o metal freezing point is in agreement. with
that to be expected from hydrostatic effeets  (see
Table 5).

For temperatures below 00 K it is usual tn use o
smaii platinum resistanee thermometer, generally not
larger than 5 mm in diameter and 60 mm in length,
that ean he totally immersed in a uniform tompoerature
rone with heat conduction down the leads being sup-
pressed by attaching them to a suitable guard ring.
In order to achieve good thermal contact between the
resistor and its surroundings the resistor is contained
in a thin sheath, commonly of platinum about 0.25 min
thick, which is filled with helium.

A useful critevion by which the efficiency of the
anneiling and the reliability of the thermometer may
by ]ll'llvt 4l s the constaney of its resistance at a
referenee temperature. The temperatures of the friple
point of water (273,16 K) and the boiling point of
helium (£.215 K) are commonly used for this purpose.
The first of these is convenient for maost high tem-

, but not in the internal
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peratnre thermometers, while the sceond is not only
often conveniently attained for thermometers buils
mto  eryogenie apparidus but has  the additional
advantage that the resistance Is relatively insensitive
to temperature variations. In practive it is found that
variations of resistance at the triple point of water for
commoraially produced  high temperature  thermo-
meters should not exceed 4 x 1078 1 {0 °C) (equi-
valent to &~ | mK above 40 K), and will not exceed
5 x 1077 £ (0°0) over a reasonable period of use for
the very hest thermometers when these are handled
with extreme care. For resistance thermometers used
only at temperatures of 100 °Cor less, variations should
not exceed 5 x 1077 B(0 °C).

The small temperature vise of the thermometers
caused by the measuring current may be determined
by measuremenis at two currents.

2. Standard Thermocon ple:

Safisfactory  standard  thermocouples have heen
made of wires ol i uniform diameter hetween 0.35 aid
0.65 mm. The thermocouple wires must be thoroughly
anneiled in order 1o ensure constaney of canfl in uac.
Tor this purpuse it is necessary to heat the platinmn
wire to a temperature of at Jeast J100°C amd the
platinamerhadinm wive to 1450 °CL 1 the anneading is
done before the wires have been mounted in their
insulators  the  completed  thermocouple must be
heated again to a temperature of at least 1100 7C until
its cleetromotive foree has been stabilized and oead
inhomoyeneities caused by strain have bheen removed.

When this has been satisfactorily accomplished the

thermocouple et shoalil not be clianged by ehanees
in the temperature gradients along the wires; it should
not change, for example, with increase of depth of
immersion in an enclosure at a uniform temperature.

3. Pressure

In practice pressures are usaadly deteomined by
means of a mereury column. The mean density of pure
mercury  at the tempoerature gy in a
column supported by the pressure p being meusured
is given, with sufficient accuracy over the temperature
range from 0°C to 40°C and for the pressures relevant

to these measucements, by the relation

» (207, pg)
[4 (tw o ) = ) "
2000y 1 Bt~

baroanetrie

AR 20 )

where

A IS B e, 0N
x o lx 10PN P m?

@ (20"C ) - 13 585,87 Kgfm® is the density of pues
mereury at fy, - 2000 under a pressure gy 1 stand-
ard atmosphicre (101325 N/mn#).

R TI R G

A sulficiently accurate value of the local sravity may
be obtained by using the Potsdam system and ap-
plying a correction of --14 » 10-%mfs* (- 14 milli-
gals)s

Hydrostatic head pressures within the fixed points

.,L‘; Resolution 1 (1968). the [nternational Committee of
Woeights and Measures decided that for metrologionl puarposcs,
the vitdue of the acceleration due to gravity ar Potadam,
the reference pointe of ths Ryatem, Shouid be taken as

9812 60 m/s* instead of 9.812 T4 55 the vadae adopted e
tially.
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eells cause small but significant temperature effects;
these are summarized in 'I'able 5.

A Triple Point of Waler

The temperature of the triple point of water can
be realized in sealed glass eelis containing only water
of high purity and of substuntially the isotapie com.
position of ocean water. The cells have an axial well
for the thermometers and the triple-point temperature
is abtained wherever the ice is in cquilibrium with a
liquid-vaponr surface. At a depth & below the liquid-
vapour surtace, the equilibrium temperature £, be-
tween ice and liquid water is given by

: tey = A -+ BL (17
where o = 0.01°C and B = —7 x 10-'m~1°C. The
method recommended for preparing a triple-point cell
consists of forming a thick layer of ice around the
thermometer well by cooling from within, then melting
cenough of this sheath, also from within, to produce a
new water-iee interface adjacent to the well. During
the first hours following the preparation of the cell the
temperature measured in the thermometer well rises
fairly rapidly by a fow. ten thousandths of a Kkelvin
beeoming stable after from 1 to 3 days. This initial
change of temperature is probably caunsed by the
growth of the ice erystals or by the slow disappearance
of strain in the erystals. A cell prepared in this way
amd kept in an ice bath is capable of maintaining a
temperature eonstant to about 0.0001 K for several
months, Fven with eells from various sources, when
used in this way, the differcnces in the temperatures
obtained should in any case not exceed 0.0002 K. A
signifieant rise in temperature of the thermometer
above the triple-point temperature may be eaused by
artificial light or sunlight. falling on the ice-covered cell
and it is therefore reenommended that measurements
should be made with the cell snitably shielded from
radiation.

Varintions in the isotopic content of naturally
oceurring water are such that they will result in
detectable differenees in the triple-point temperature.
Ocean water contains about 0,016 moles of deuterium,
*H, per 100 moles of hydrogen, 1, and 0.04 moles of
Y0 and 0.2 males of %0 per 100 moles of %0, This
proportion of heavy isotopes is substantially the
highest to be found in naturally oceurring water,
Continental surface water normally contains about
0.015 moles of 211 per 100 moles of 1 ; water coming
from polar snow may occasionally contain as little as
0.01 moles of 2 per 100 moles of ',

The operation of purifying the water may slightly
modify its isotopic composition and the isotopic
vumposition nt an dco-water interface s «lightly
dependent on the freezing technique.

An increase of 0.001 moles of 2T per 100 moles of
HI corresponds to an inerease of temperature of the
triple point of 0,000 04 K; this iy the difference be-
tween the triple points for ocean water and the nor-
mally oceurring continental surface water. The ex-
treme difference in the triple-point temperatures of
naturally oceurring water is 0.000 23 K.

. Triple Poind, 17.042 K Point and Boiling DPoint
of Equilibrivm Hydroyen

) Hydrogen has two moleculur medifications, de-

simated by the prefixes ortho and para, cansed by
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different relative orientations of the two naclear spins
in the dintomic molecules. The oquilibrivm - ortho-prre
composition is tempoerature dependent and at room
temperature is about 759, orthohydrogen and 25%,
parahydrogen (so-called “normal hydrogen™). On
ligpiefaction the composition chanyes slowly with time
and there are corresponding ehanges in the physieal
properties. At the boiling point the cquilibrium
composition is 0.219%, ortho- and 99.79%, parahydro-
gen.and the temperatnure is lower than that of normal
hydrogen by about 0.12 K. The name equilibrium
hydrogen means in this doesument that the Lhydrogen
has its equilibrium ortho-para composition at the
relevant temperature. In order to avoid errors in the
realization of these fixed points caused by indetermi-
nate composition it is advisable to use equilibrium
hydrogen converted by the use of a catalyst such as
ferrie hydroxide. Hydrogén of high chemical purity
should be used as may be obtained by diffusion through
palladium.

The temperature of cquilibrium between solid.
liquick and vapour phases of hydrogen can be realized
by using a sufficient quantity of liguid hydrogen with
some eatalyst in a cavity in a copper block in which
platinum resistance thermometers ave immersed and
which is surrounded by a vacuum space. ‘The temper-
ature of the block is redaced until the hydrogen is
solidificd and then the temperature is allowed 1o rise
slowly and the transition at the triple point is ob-
served. The tlat portion of the time-temperature curve
can he constant to 0.0001 K for 30 min or more.

The temperature of equilibrinm between lquid
and gascous hydrogen is normally realized by the
static methad. In this method a cavity in a block of
metal of high thermal conduetivity is maintained at a
temperature close 1o the boiling point by inmersing it
in Hquid hydrogen. In order to avoid temperature
aradients due to hydrostatic pressure the liguid hydeo.
gen makes contaet with the top of the hlock only, the
Tower part being shicldad by o vacuam jackot. The
cavily contains @ small quantity of very puree iiquid
hydrogen together with some catalyst. The vapour
pressure of this hydrogen is transmitted by a thin tube
of low heat conduction vonneeted to a manometer
outside the enclosure, Precastions must be taken to
avoid direet radintion down this tube into the cavity
and to ensure that the tube at every point is at a higher
tomperature than the temperature at the surface of
the liquid hydrogen in the cavity. Comparisons are
made hetween the vapour-pressure thermometer thus
formed and platinum resistance thermometers im-
mersed in closely titting holes in the metal bloek adja-
cent to the cavity.

The validity of the measurements may be checked
by showing that the values obtained are independent
of the ratio of the volume of the liguid hydrogen to
the valume of the vapour in the cavity.

The temperature 7', as a function of the vapour
pressure of equilibrium hydrogen is given to an ac.
euracy of a few millikelvins for the range from
13.81 K-to 23K by the equation

I
A "

e 2o o O e DTS (18)
P Ty .

where
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44010 46 K,
L0000 048 017 K2,

Ao LTHE 66, B
€ 002 H000 K, D
pa V01325 Nfind,

6. Boiling Point of Neon

The boiling point of neon can be realized in a
manner similar to that described for hydrogen. The
normal isotopic composition of neon is 0.0026 moles of
*Ne and 0.088 moles of 22Ne per 0.909 moles of 2Ne.

The temperature 7', as a function of the vapour
“pressure of neon is given to an aceuracy,of +0.0002 K
for the range from 27 K to 27.2 K by the equation

Ty = [27.1.02 +3.3144 (l’. - .1) ~ 1242 )
o \Po

4.0.74 (-”- - 1)“1 K.
Po

7. Triple Poind und Boiling Point of Oxygen

(19)

The triple point and the boiling point of oxygen
can be realized in a manner similar to that deseribed
for hydrogen. Particular care must be given to the
purity of the oxygen in the vapour-pressure thermo-
meter. The o.yuen is sufficiently pure when the
normal boiling point remains constant with the
removal of suceessive fractions of vapour. The tem-
perature Ty as a function of the vapour pressure of
oxygen is given to an accuracy of 100001 K for the
range from 90.1 K to 90.3 K by the equation

7',,,;:[9(,).1.\-.% & 9..-'.(;43(-” : 1)- :;.69(-” - 1)2
Pa / Vo

(20)

N. Buoiling Paint of Water

The temperature of equilibrium  between liquid
water and its vapour is usually realized by the dynamic
method with the thermometer in the saturated vapour.
For precise calibration it is preferable to use -closed
systems in which the boiler and manometer are con-
neeted “to a manostat filled with air or preferably
helium. )

‘The boiler must be constructed in such a way that
contamination of the water is avoided. The thermo-
meter must be protected from radiation emitted by
bodies which are at temperatures different. from the
boiling-point temperature, If the equilibrium tem-
perature has been obtained the observed temperature
ireduced 1o a constant pressure) will be independent
of the time elapsed, variations in the rate of heat.
supplied to the liguid, and the depth of immersion of
the thermometer.

A change in the proportion of deuterium in the
water produces-a change in the boiling point of water
i the same direetion as in the triple point but to
ahout one third the extent.

The temperature £, as a function of the vapour
pressure ol water is given, to an accuraey of +0.0001 K
for the range from 99.9 °C to-100.1 °C by the equation

lw 5= [um 2.4.0215( r
Po

| ( ro ‘)3'-3(\ .
l‘U ’

~ Metrobogian

‘e fp 2
1) SRIEIEA)

(21)
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0. Freezing Poinls of Tin and Zine

Very reprodueible temperatures ean be realized by
observing the flat part of the temperature versus time
curve obtained during the slow freezing of very pure
metals.

The melting and freezing of tin and zine may be
carried ont in a erucible of very pure artificial graphite
(99.990%, by weight) about 5 em in diameter pro-
vided with an axial thermometer, well. The depth of
immersion of the thermometer in the metal must be
sufficient to eliminate the influence of thermal con-
duction along the thermometer leads on the tempera-
ture of the sensitive element. It is convenient to
eontain the erucible and ingot of metal in a pyrex or
silica tube under an inert atmosphere and to heat it
in a metal-bloek furnace.

The aim of the cooling technigque in the determina-
tion of the freezing point. ix ta ensure that the thermo-
meter sensor is as nearly as possible enclosed by, and
is in thermal equilibrium with, a solid-liquid interface:
shortly after nucleation there shoukt be present either
a completed solid shell nucleated on and thickening

“from the crucible wall or a completed solid mantle

induced on the thermometer well,

The equilibrium temperature. between solid and
liquid metal varies slightly with pressure. The magni-
tudes~of these variations are given in Table 3.

High puarity tin (9999002, by weizht) supereools
by 20 K to 30 K before soliditication when cooled from
the liquid state. The following technigne hax laen
suceessful for nueleating an ingot of tin while avoiding
excessive undercooling of the freezing point furnace.
Starting with the temperature a few kelvins above the
freezing point. the furnace is slowly cooled at abowt
0.1 kelvin per minute untit the melt reaches its Liguidus.
point. temperature; the sample holder confaining the
welt and a monitoring resistance thermometer is then
either withdrawn into the throat of the furnace or
removed from the furnace entirely. Under cither of
these conditions the sample cools rapidly; when the
rapid rise in temperature that indicates general
nucleation is detected the sample holder is guickly

replaced in the farnace which is still couling sfowly.

Thereafter, as solidification proceeds slowly. a charac-
teristic cooling curve for a high purity metal is realized
having a temperatare platean that is reprodueible for
a particular sample to 500000 K for durations
dependent on the rate of furnace eooling.

High purity zine (99.9999°, by weight) is treated
in a somewhat different manner since it does not
supercool excessively. ‘A thin layer of solid metal is
produced on the central thermometer well by remov-
ing the thermometer when the melt reaches the ligui-
dus temperature, and cither eooling the thermometer
to voom temperature and replacing it or inserfun
siliea rod in its place for about 30 s before replacing
the thermameter.

A eriterion for cheeking that the purity of
sample of zine or of tin is satistactory is that it melting
range is not. more than 0.001 K.

10. Preezing Points of Silver and Gold
The equilibrium temperatures between the solid
and liguid phases of silver and of gokd may be vealizad
in vovered crucibles of ecither very pure artiticial
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Table 6. Srmndqry reference poinis

Kquilibrium state Enternational Practival
CPewmperatune

TalR1 T Tge(y

Equilibrium between the solid, lignid and vapour phases of normal hydrogen (triple point of normal

hydrogen) . 13 9546 250148
Equilibrium hetween the liguid and vapour phases of normal:hydrogen. {(boiling point of normal
hydrogen) C20.397 252,753
T L B_ s n? 5
lg ==t 0y + )Ty (23)
P Te ' .
A LTI B - -44823 68K, .0 = 00231869 KL, D - -0.000 048 017 K2
for the temperature range from 13.956 K to 30°K.
"Fquilibrinm between the solid, ligiid and vapour phases of neon (tripie point of nicon) 24.355 248,505
Equilibrium between the liguid and vapour phisses of neon
i =
lgft o A - 4 CTy + DTS @
i Tw
A~ 461152, B = -1003851 K, € - -0.0308331 K™, D « 424892 -« 10~ K2
for the temperatura range from 24 555 K fn 40 K.
Equilibrinm between the solid, liquid and vapour phases of nitrogen (triple point of nitrogen) 63.148 210,002
Equilibrium. between the liquid and vapour. phases of ‘nitrogen {boiling peint of nitrogen) 77.348 1958302
’ - n T ; ° "
gl A+ Clg ™ b DT + ETS (25)
Pa T Ta
A 5803139 B - —40413105 K. (%= = 2:3749, . D) ~ -0.014 250 5 K1,
B 72532 » 1078 K2 .
for the temperatare range from 63.148 K to 84 K.
Equilibrizm hetween the Jiquid and vapour phases of oxygen
. P BooewTe opr s By 26
ih?‘n .-1-+,,,“,+‘ .Ig‘ T_t" T e ‘_“. =0
Lo BOBI A4S, B - -4BTABRTE K. € = =1.664 512, < 1) - —0.013 213 01 K1,
E « 508041 - 10-8 K-2
for the temperature range from 54.361 K to 94 K.
Equilibrium hetween the solid and’ vapowr phases of carbon: dioxide (sublimation point of
earbon dioxide) ) SO 194.674 INAT6
7, 1104674 + 12,264 (.’-'- - i)-.sus (-’i - 1” K an
. Vo - BV
forthe temperature ratge from 1040 K to 195 K. : -
Eeuilibrium between the solid aml liquid phases of mereury {freezing point. of mereury)s 234,288 A8.862
Equilibrium: hetween ice and air-saturated water (ice point) 278.15 u
Fauiiibrium between the solid, tigquid and vapour phases of phenoxyhenzone (diphenyd ather)
(triple point of phenoxybenzéne) : ) 300.02 26.87
Equitibrium between the solid, liquid:and vapour phases of henzoic acid (triple point of
benzoic acid) el ' - 34552 122,37

Equilibrinm hetween the rolid and liquid phases of indium (freezing point of indivm)

156,834
Equilibrium between the solid and liquid phases of bismuth (freczing point of bismuth)s 270442
Equilibrium between the solid and liquid phases of ‘endmium: (freezing point of cadmium)s 220,00
Equilibrinm hetween the sotid and liquid phases of léad (freezing point of lead)» ’ 327,502

Equilibrinm hetween the liguid and vapour phases of erenry (boiling point of mereary)

356.66
o 3 . 2 4 “\3
fou - ‘mx.ms + B5552 (-”- ~1)-23.03 (7'- - 1) +14.0 (-1'- - 1) J°(:. 28
Po 1] o
for p 90 x O3 N/m? to 104 < 1P N/m2. . -
“quilibrium. between the liguid and vapour phases of sutphur (boiling point of sulphur) TIT.H2Y 434674
. 4 2 . 3
- [.u.:.n-u + 69.010 (.'i - 1). 9748 (” ‘s 1) 41014 (7.‘. : 1) ‘vn (o)
T \# : o
for p =~ 80 x 1P N/m* to 104 » 103 N/m?. | )
Equilibrivm between tlie solid-and liquid phases of the copper-aluminium entectic w823
Equilibrium between the solid and ligquid phases of antimony . (freezing point of antimony)* 630.74
Equilibrinm between the anlid and lignid phages of aluminium {freezing paint. of alominism) BHO3T
Equilibrinm between the solid and liquid phases of copper {freezing point of cupper) - (U845

Eeuilibrium between the solid and liquid phasex of nickel (freezing point of nickel)
Fegnilibrinm hetween the solid and Jiquid phases of cobalt (freezing point-of cobalt)
Equilibrinm between the:solid and liquid phases of palladinm (freezing point of paladium)
Equilibrinm between the solid and liquid jitases of platinum (freezing point of platinum)
Equilibrivn hetween the sohd and diguid phases of thodivm: (froezing point. of rhodium)
Equilthrinm between the solud and liquid phases of iridinm (freezing point of iridium)
Fapuidibrium between the solid amd Tiguid phases of tungsten: (tesperature of melting tungsten)

» See Table d-for: the effect of pressure variations on these freczing points,
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graphite, or ceramic materinl or vitreous siliea. 1f
wraphite is wsed it is mdvisable to prevent the aceess of
nir to the cracible so that the graphite is not oxidised.
Molten silver should be protected so as to prevent the
solution ol oxyuen into it and the consequent de-
pression ol the freezing point.

The ingot of metal should be beated to a uniform
temperature @ fow kelvins above the melting point
of the metal and then cooled slowly. The thermo-
couple to be ealibrated, mounted in a protecting tube
ol suitable refractory material, with refractory insula-
tors separating the two wires, is immersed in the molten
metal which is then allowed to. freeze. The depth of
immersion of the thermocouple in the metal must be
sulficient to climinate the influence of thermal conduc-
tion along the wires of the thermocouple. .

That the cquilibrivon temperature is obtained ean
be checked by the following eriteria: the eleetromotive

foree of the thermocouple shoukd be independent of

smadl variations in the depth of immersion in the ingot
of metal during suceessive treezes, and should remain
constant for at least 5 min during one freeze.

A blackbody at the freezing point of gold is re-
quired for the establishment of the referenee tempera-
ture for radiation tenperature measurements. For the
realization ot uch a blackbody the erucible containing
“the gold et he modilied o provide a uniform
temperature enclosure immersed in the gold. A black-
body enelosure is more readily achieved if the material
employed for its construction has already a high
emissivity and therefore graphite is very suitable for
this purpose.

11. Secondury Reference Points

As well as the defining fixed points of the IPTS-68
given in ‘Table 1 other reference points are available,
Some of these points and their temperatures on the
IPTS-68 are given in Cable 6. Except for the triple
points and the vapour pressure.temperature equations
each temperature is that for s system in equilibrium
under the pressure of one standard atmogphere.

Appendix I,

History of the Development
of the International Temperature Seales;

Differences hetween the IPTS-68 and the 1P7S-48

The International Temperature Scale was adopted
in 1927 to overcome the practical difficultios of the
direet realization of thermodynamie temperatures by
wax thermometry and to unify the existing national
temperature seales. [t was introduced by the 7th
General Conferenee of Weights and Measures with the
intention of providing a practical scale of temperature
which was ecasily and acceurately reproducible and
which gave as wearly as possibic <thermodynamic
temperatures.

The International Temperature Scale was revised
in 148, The experimental procedures by which the
Seale was realized remained sabstantinlly unchanged,
hut two amendments were made to the definition of
the Seale resulting in appreciable changes in the
numerical vatues assigned to measured temperatures.
The change in the value of the temperature of the
freczing point of silver from 960.5°C to 960.8 °C
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changed temperatures measwred with the standard
thermaocouple (range 630 °C 1o 1063 “C): the maximum
difference was about 0.4 K near SO0 C Plhie adoption ol
the value of 0.014 35 metre kelvin instead of 0014 32
metre kelvin for the radintion constant ey changed ail
temperatures above the freezing point of wold while the
use of the Planck radintion tormula instead ot the Wien
formula affected the very high temperatures. Tempera-
atres above the freezing pointof gold were decrcased dor
example, by 2.2 K at 1500 °C and by 6 K at 2000 "
Also at this revision, in order to seeure internationt)
uniformity of nomenclatire, the 9th General Confe-
rence of Weights and Measures decided to abadon the
word “Centigrade™ and its French equivalent “Centé-
simal” in favour of the name “Celsins”, That is = ("
wis now regarded as the abbreviation of “degrec
Celsius". :

Table 7. Estimuated wncertaindies of the assigned calurs of the
defining ficed points in terms of thermodynamic tempratures

Defining fixed point Assigned Estimated
vilue
Triple point of equilibrium
hydrogen 1381 K [IXH}
17.042 K point. T2 K 001

Raiting=point of oquilibrinm
hydrogen

Boiling point of neon

‘Triple point of oxygen

Boiling point of oxygen

20248 K

27002 K
34361 K
BiLisg K

"Priple point of water 27316 K

Hition
Boiling point of water LU [IXLI
Freezing point of tin 2B19681 0015
Freezing point of zine L 41988 0 0.0

HUTIRIX B 0.2
JOG4.43 V¢ "

¥

Freezing point of silver
Freczing point of gold

An amended alition of the J948 Seide was adopted
by the 14th Ueneral Confercnce of Weights and
Measures under the new title “International Practicat
Temperature Seale of 1948 (amended edition of 1966)7,
the numerical values of temperature remaining the
same as in 1048, The new edition incorpornted the
new definition of the kelvin given by detining the
thermodynamic temperature of the triphe point of
water as exactly 273.16 K (L0th General Conferenee
of Weights and Measures 1954, Resolution 3). {6 was
also recognized at this time that the IPTS no longer
represented  the thermodynamic  temperature s
closely as possible and the text included a seetion on
the differences between them. The HYPS-68 has been
devised to bring these differences within the linits of
accuracy to which the thermodynamic temperatures
are known (see Table 7) and to extend the Scale 1o
lower temperatures.,

'no diters :

1PVS-68 from the FPPS-8 in dhe
following ways. The lower limit of the Seale ix now
13.81 K instead of 90,18 K. The values assigned to the
defining fixed points are modificd where necessary to
conform as ncarly as possible to the thermodynamie
temperatures, the only points remaining unchanged
being the triple point of water, which is permanently
fixed by definition, and the boiling point of water. The
interpolation instruments remain the same as lwl]n"v
but the standard platinum resistance thermometer is
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Table B

Approvimate differenees Loy -

te € 0 AT -30 40 -5 6t 70 © 8O 1] 100
100 0.022 .013 a003 —0.006  -0.013  ~0.013 0005 0.007 0.012
u 2.000 0.008 0.012 0.018 0.024 0.029 0.032 [IXIX3] 0033 0029 0.022
[ 0 10 20 30 A0 a0 60 0 S0 90 100
1l 0.000 —0.004  -0.007 0.000  —0010 0010 0010 0.008 10.006 0003 O0HH
100 0.000 0.004 0.007 0.012 0.016 0.020 0.025 0.024 0.034 0.8 0043
200 0.043 0047 0.051 0.054 0.058 0.061 0.064 0.067 1.064 (X P I )
SO0 1073 0.074 0.075 0.076 0.077 0.077 0.077 0.077 (077 wai6 0076
406 0.076 0.075H 0.075 0.075 0.074 0.074 0.074 0.075 H076 9077 0079
S 0.079 1.082 0,085 0,084 0.094 0.100 1,108 LTTG 1,126, 0137 150
HiN) 0h150 0.165 0182 0.200 0,23 0.23 1.28 0331 034 0.36 0.39
TOH 0,34 042 D45 0.47 0.50 0.53 0.56 (1051 .61 [IXi%} 0.67
500 .67 070 0.7 (1%} 0.7 0.81 0.54 087 0.80 002 005
oo U495 0.08 1,01 1.04 1.07 1.40 112 115 1.18 121 1.24
1006 1.24 1.27 1.30 1.33 1.36 1.39 1.42 1.44
[ ] 100 200 300 400 500 (HE] 700 S0t 900 1o
R 15 17 ) 2,0 2.2 24 2.4 3.0
R 3.2 3.5 3.7 +.0 4.2 +.5 4.5 H.0 3.6
Jonn EXY) 6.2 6.5 6.9 7.2 7.5 7.9 2

HXL

now required to have (100 °C) at least equal to
1.3425 instead of 1.3920. Over the temperature range
from 90,188 K to 273.15-K the Callendar-Van Dusen
equation is no longer used for interpolation, instead
the reference -function Weeras (T'g) I8 employed.
Above 0°C, the Callendar equation is modified so
that interpolated values of temperature conform more
nearly with thermodynamic-temperature vajues. Final-
Iy the lutest value of ¢;, namely 0.014 388 metre kelvin
is introduced in the Planck equation for determining
temperatures above the freezing point of gold. The
effect of all these changes is summarised in Table 8
which gives the differences between the values of
tempernture derived from the 111868 and the 1PTS.
AN,

fu the range from 13.81 K to 90,188 K the HYTS.68
s based on the average of four “national scales™ and
on chosen “hest” temperatures for the defining fixed
points. These national scales are cach defined in
terms of platinum resistance thermometers ealibrat-
cd against a gas thermometer and are highly repro-
dueible.

The differences between the TPTS-68 and the natio-
nal scales are published in Metrologia, Vol. 5, p. 47,
(1969). ‘This allows the use of the national scales and
these dilferences to give a close approximation to the
HIYES.6N,

The text of this definition of the JPI'S-68 con-
torms with the decision of the 13th General Conference
al Weights and Mewsures to denote the unit of thermao-
dynamic tempoeratare by tho name “kelvin™, symbol
K. amd to denote a temperntuee interval by the saine
unit and symbol or by “degreo Celsing” or ©°(",

Appendix 11,
Practical Neales of Temperature
for Use over the Range from 0.2 K to 5.2 K

Temperatures can be derived from measured vapour
pressures of He and 3He. The upper limits for vse e
set by the critical points of the gases (3.2 K tor 3He
and 3.3 K for 31Te) and the lower limit by the vapour
pressures becaming too low for practieal measurement.
The “1958 3le scale’™ and the 1962 *He seale™ are
the recommended seales? jn which temperatures are
denoted by Tge and 7'y vespectively. .

The 1958 31te scale”. recommended in 1958 by
the International Committee of Weights and Measores,
is defined by a tuble of 1He vapour pressures versus
temperature (Comité Consultatif de Thermomeétrie, 5
session 1938, p. 1192 and Proces-Verbaux CHM,
26.A, 1958, p. T 192)2,

The 1962 3He scale”, recommended by the Tnter-
national Committee of Weights and Measures in 1962,
is defined by an equation giving the vapour pressure
of 3llo asx a function of temperature (Comité (Consud.
tatif’ de Thermométrie, 6¢ session (962, p. IS4)*

In the temperature range between 0.9 K awd the
eritical temperature of e the temperitures 7', and
T',. are belioved to be in agreement to within 0.3 mK.

7 Recent measurementa by the acoustic thermometer give
tomperatures higher than those of the Hle vapour pressure sea-
les; the difference at the boiling point of He i about. 0.008 K.

" An expanded form ol this table together with anxiliary
intormation ia given ia the J. Rea, Nat. Bur. Btandareds 6181
(1980).

U A table of values and information on measuring vapour
pressures are given in the J. Res. Nat, Bur. Standareds 68 AL
347, 509, 667, 579 (1964},
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APPENDIX B. Comparison of Assigned Fixed Point Values and Interpolating
Formulae in the Temperature Ranges Defined by the Platinum Resistance
Thermometer for ITS-27, ITS-48, IPTS-48, and IPTS-68

(a). Comparison-of I_iied point values

IPTS—-68

Defining fixed points. 1TS-27 °C ITS-48°C | IPTS-48°C
; ) oC "
TPeHen e eee.. e —memnn] =~259.34 13.8]
BIe112,25/76 atmy oo oo oo oo o] —~256.108 "17.042
NBP eHy e —~252.87. 20.28
NBEP Newo oo . —246.048 27.102 -
TPOge oo ~218.789 ' 54.361
NBP Qs i —182.97 -182.970 —182.97 ~182.962 190,188
lee poimo ool 0.000 0 )
TP WO el e 0.01 0.01 273.16
NBP-H.O. . e q 100.000" 100 100 100 ) 373.15
| T S : 231.9681 $05.1181
B e e e ] . 419,505 419.58 692.73
NBP S i) 444.60 444.600 444.6
Some secondary fixed points
S COse e e —78.5 —178.5 ~78.5 —78.476 194.674
FP Hge oo e e . —38.87 - 38.87 —38.87 - 38.862 234.288
Je PO e e et e e e e m ) 0.000 Q 273.15
TP H0. el S 0.0100
FP SN e e i e 231.85 231.9 231.91 .
FP Pt eiimeeecienin ] 327.3 321.3 327.3 .327.502 600.652
| 2 Sl ¢ TP 419.45 4195
NBP S i cmecmeecmaeind] . 444.674 717.824
o S YR 630.5 630.5 ! 630.74 903.89

TP =triple poim, BP == heiling point, NBP = normal boiling point, FP= freezing point, SP= sublimation poini.
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APPENDIX B. Comparison of Assigned Fixed Point Values and Interpolating

Formulae in the Temperature Ranges Defined by the Platinum Resistance
Thermometer for ITS-27,1TS-48, IPTS-48, and IPTS-68 —Continued

th) Comparison of Temperature ranges and interpolating instrument and formulae

1TS-27 1TS-48 IPTS-48 - IPTS-68
R(100)/R(0) of P1. z 1.390 > 1.3910 = 1.3920 Z 1.3925
Temperature Range -190100°C —182.970 10 0 °C ~182.97100°C 13.81 10 273.15K
Interpolating Formula .. ....._. 4 * quartic ® quartic * quartic ¢ reference function
- plus deviation
9 polynomijals
Calibration Temperatures_ ... _._ ] NBP O, ice point, NBP 0Q,, ice poinl.b NBP O,, TP H.O, TP e-H;. BPe-H,
NBP H:0, & NBP S NBP 11,0, & NBP S NBP 11.0, & NBP S (25/76 atm), NBP
orFP Zn e-Hz, NBP Ne,
TP 0., NBP O,,
TP H.O0,NBP H.0
orFP Sn, & FP Zn.
Temperature Range 0 10 660 °C 0 10 630.5 °C 010 630.5°C 0 10 630.74 °C
Interpolating Formula__ __ __ .___| " quadratic b quadratic b quadratic Quadratic plus ¢ cor-

Calibration Temperatures. ... __ ]

ice point, NBP H.0,
& NBP §

ice point, NBP H,0,
& NBP S

TP H.0, NBP H.0,
& NBP S

rection {unction

TP H,0, NBP H.0
or FP S, & FP Zn.

* Quartic interpolation formula: R(t)=R(0) {1 +At+Be2+C (1 — 100) s
* Quadratic interpolation formula: R(1)=R(0) (1 + 41+ Br2).

¥ Reference function

20
Tu=> Afln W* I}

® Deviation polynomials:
13.81 10 20.28 K:
20.28 to 54.361 K:
54.361 10 90.188 K:
—182.962 10 0 °C:

(2}

AW (D)= W(T)— W*T)
AW (Ty=— A+ BT+ C\T*+ D\ T°
AW(T)= A-g + B;T'f‘ CgT* + Dgp
AW (T)= A3+ B;T4 GsT?

AW ()= A+ C o3 ~—100 °C)

where T= Ty, 1=tes, W= W cor—es-
* Quadratic interpolation formula plus correction function: R(¢')/R (0) =1+ Ar’ + Br'2 plus

’ l'
ton =1 +0.045 (100 °c) (

(Values of A; are given in Appendix A.)

v l) t
100 °C (419.58 °C
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APPENDIX C. Tables of Difference in the Values of Temperature Between
the IPTS-48 and IPTS-68 and Between the NBS-1955 and IPTS-68 in the

Temperature Range 13 K to 630 °C

The values given are the calculated differences
between values of temperature on the IPTS~-48
and on the IPTS-68, and, below the oxygen point,
between values on the NBS—55 scale and on the
NBS~IPTS-68 (see sec. 7.7). The calculations
‘above the oxygen point are based upon the differ-
ences of the scales as defined in their respective
texts (see Appendix A). The assumption is made
that the value of a temperature on each scale is
uniquely defined by its text. (In contrasi, refer to
the last paragraph of sec. 2.2.) The further as-
sumption is made that, on the IPTS—48, the value
419.505 °C recommended by the text of the IPTS—48
for the freezing point of zinc is exactly correct.
The coefhicients employed were o= 0.0039259665,
8§=1.491356, and B=0.1109843 on the IPTS—48.
These values were derived from the reference func-
tion (7*) and the corresponding values of a and
5 given in the text of the IPTS~68 (see Appendix A).

The calculation of the differences between values
on the NBS—55 scale and the IPTS-68 are based
upon the estimated differences published by
Bedford, Durieux, Muijwijk, and Barber (Metro-
logia 5, 47 (1969)). The calibration of a thermometer
on the NBS-55 scale was first adjusted by these
published differences. The difference (AW) be-
tween each of these adjusted values and the cor-
responding value of the relerence function (W*)
was then smoothed by a least squares method using

the nearest five points. These smoothed values were
added to the reference function values and the
resulting table subtabulated at 0.1 K intervals by
cubic interpolation. The differences between these
results and the calibration on the NBS—-55 scale
are tabulated here as the estimated differences
between the NBS~55 scale and the IPTS-68.

The two scales formerly used, i.e., the 1PTS-48
and the NBS-55 scale, as realized and maintained
at the National Bureau of Standards, were con-
tinuous through their point of joining, the normal
boiling point of oxygen. Bedford, et al. (loc. cit.),
however, estimated that the “‘oxygen point™ upon
which these scales were based was too hot by
0.0019 K. The correction to be applied 10 values on
the NBS~55 scale to get values on the NBS-1PTS~
68 scale is, as previously stated, based on the esti-
mates of Bedford, et al. and, therefore, includes a
correction for their estimated error in the hotness
of the NBS ‘“‘oxygen point.” In contrast, the cor-
rections to be used to adjust values on the 1PTS—48
to values on the IPTS-68 are based only upon the
differences in the definitions of the two scales.
This tacitly assumes that all fixed points are per-
fectly realized. The result of using the different

bases for the temperature differences in the two

ranges (above and below the oxygen point) is a
discontinuity in the estimated corrections at the
oxygen point.



The Corrections to Values of Temperature on the NBS-55 Scale. (The correction (T — Typs-ss)

is given with the argument in Typs_ss.)

g " Corr. T Corr. T Corr. T Corr.
K mK K mK K mK K mK
15.0 2.04 20.0 8.94 25.0 7.76
15.1 2.36 20.1 8.96 25.1 T.71
15.2 2.61 20.2 8.95 25.2 7.65
15.3 2.90 20.3 8.92 25.3 7.61
15.4 3.19 20.4 8.90 25.4 7.55
15.5 3.47 20.5 8.88 25.5 7.50
15.6 3.72 20.6 8.87 25.6 7.47
15.7 4.02 20.7 8.84 25.7 T.42
15.8 4.35 20.8 8.85 25.8 7.39
15.9 4.69 20.9 8.89 25.9 7.36
16.0 5.02 21.0 8.90 26.0 7.32
16.1 5.31 21.1 8.92 26 .1 7.28
16.2 5.55 21.2 8.90 26.2 7.25
16.3 5.73 21.3 8.88 26.3 7.23
16.4 5.92 21.4 8.86 26.4 7.21
16.5 6.10 21.5 8.87 26.5 7.20
16.6 6.27 21.6 8.86 26.6 T.17
16.7 6.48 21.7 8.87 26.7 7.14
16.8 6.72 -21.8 8.90 26.8 7.12
16.9 6.97 21.9 8.89 26.9 7.10
17.0 7.13 22.0 8.89 27.0 7.08
17.1 7.27 22.1 8.89 27.1 7.06
17.2 7.45 22.2 8.88 27.2 7.04
17.3 7.67 22.3 8.87 27.3 7.05
17.4 7.89 22.4 8.84 27 .4 7.06
17.5 8.04 22.5 8.83 27.5 7.07
17.6 8.17 22.6 8.84 27.6 7.08
17.7 8.27 22.7 8.82 27.7 7.09
17.8 8.33 22.8 8.82 27.8 7.10
17.9 8.41 22.9 8.81 27.9 T.11
13.0 -12.01 18.0 8.50 23.0 8.81 28.0 7.12
13.1 -10.63 18.1 8.69 23.1 8.80 28.1 7.13
13.2  -9.27 18.2 8.65 23.2 8.75 28.2 7.14
13.3 -8.13 18.3 8.69 23.3 8.69 28.3 7.14
13.4 =7.07 18.4 8.76 23.4  B.62 28.4 7.17
13.5 -6.11 18.5 8.84 23.5 8.57 28.5 7.20
13.6 -5.29 18.6 8.86 23.6 8.55 28.6 7.23
13.7  ~4.45 18.7 8.87 23.7 8.50 28.7 7.25
13.8 -3.64 18.8 8.87 23.8 8.46 28.8 7.28
13.9 -2.88 18.9 8.90 23.9 8.41 28.9 7.30
14.0 -2.20 19.0 8.90 24.0 8.36 29.0 7.32
14.1 -1.61 19.1 8.92 24.1 8.31 29.1 7.34
14.2 -=1.14 19.2 8.94 24 .2 8.24 29.2 7.38
14.3 —-.68 18.3 8.96 24.3 8.17 29.3 7.42
14.4 ~.23 19.4 8.87 24 .4 8.11 29.4 7.46
14.5 .17 19.5 8.95 24.5 8.04 29.5 7.50
14.6 .51 19.6 8.96 24.6 7.99 29.6 7.54
14.7 .88 19.7 8.99 24 .7 7.95 29.7 7.57
14.8 1.28 19.8 8.98 24.8 7.89 29.8 7.61
14.9 1.68 19.9 8.96 24.9 7.83 29.9 7.65
15.0 2.04 20.0 8.94 25.0 7.76 30.0 7.69
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The Corrections to Values of Temperature on the NBS-55 Scale. (The correction (T¢s— Tps-ss)

is given with the argument in Typg- 55.)— Continued

66

T Corr. T Corr. T Corr. T Corr.
K mK K mK - K mK K mK
30.0 7.69 35.0 11.03 40.0 15.42 45.0 15.12
30.1 7.73 35.1 11.14 40.1 15.46 45.1 15.09
30.2 7.75 35.2 11.26 40.2 15.50 45.2 15.06
30.3 7.77 35.3 11.39 40.3 15.53 45.3 15.02
30.4 7.79 35.4 11.51 40.4 15.57 45 .4 14.99
30.5 7.82 35.5 11.63 40.5 15.59 45.5 14.96
30.6 7.85 35.6 11.75 40.6 15.62 45.6 14.92
30.7 7.89 35.7 11.87 40.7 15.64 45.7 14.89
30.8 7.92 35.8 11.98. 40.8 15.66 45.8 14.85
30.9 7.97 35.9 12.10 40.9 15.69 45.9 14.82
31.0 8.00 36.0 12.22 41.0 15.71 46.0 14.80
31.1 8.03 36.1 12.34 4] .1 15.74 46.1 14.77
31.2 8.06 36.2 12.46 41 .2 15.76 46.2 14.74
31.3 8.08 36.3 12.58 41.3 15.78 46.3 14.71
3l1.4 8.13 36.4 12.69 41 .4 15.79 46.4 14.69
31.5 8.18 36.5 12.81 41 .5 15.80 46.5 14.65
31.6 8.22 36.6 12.91 41.6 15.80 46.6 14.62
31.7 8.27 36.7 13.02 41.7 15.80 46.7 14.59
31.8 8.31 3.8 13.12 41.8 15.81 46.8 14.56
31.9 8.37 36.9 13.23 41 .9 15.81 46.9 14.54
32.0 8.42 37.0. 13.32 42 .0 15.81 47.0 14.50
32.1 ‘8.46 37.1 13.42 42.1 15.80 47.1 14 .48
32.2 8.53 37.2° 13.52 42 .2 15.80 47 .2 14.44
32.3 8.59 37.3 13.62 42.3 15.79 47.3 14.42
32.4 8.64 37.4 13.71 42 .4 15.79 47.4 14.39
32.5 8.70 37.5 13.80 42 .5 15.79 47.5 14.35
32.6 8.76 37.6 13.89 42.6 15.77 47.6 14.32
32.7 8.82 37.7 13.98 42.7 15.76 47.7 14.28
32.8 8.88 37.8 14.06 42 .8 15.74 47.8 14.25
32.9 8.95 37.9 14.15 42 .9 15.73 47.9 14.21
33.0 9.02 38.0 14.24 43.0 15.71 48.0 14.17
33.1 9.10 .38.1 -14.32 43.1 15.68 48.1 14.13
33.2 9.19 38.2 14.39 43.2 15.67 48.2 14.08
33.3 9.27 38.3 14.47 43.3 15.65 48.3 14.03
33.4 9.35 38.4 14.54 43 .4 15.63 48 .4 13.98
33.5 9.45 38.5 14.60 43 .5 15.59 48.5 13.93
33.6 9.54 38.6 14.66 43.6 15.56 48.6 13.88
33.7 8.63 38.7 14.73 43.7 15.53 48.7 13.83
33.8 9.73 38.8 14.80 43.8 15.81 48.8 13.78
33.9 9.83 38.9 14.86 43.9 15.48 48.9 13.74
33.0 9.92 39.0 14.92 44.0 15.45 49.0 13.68
34.1 10.02 39.1 14.97 44 .1 15.42 49.1 13.62
34.2 10.13 39.2 15.02 44 .2 15.39 49,2 13.56
34.3 10.23 29.3 15.08 44 .3 15.36 49.3 13.80
" 34.4 10.34 39.4 15.14 44 .4 15.33 49 . 4 13.45
34.5 10.45 39.5 15.19 44.5 15.30 49.5 13.39
34.6 10.57 39.6 15.24 44 .6 15.27 49.6 13.33
- 34.7 10.68 39.7 15.29 44 .7 15.23 49.7 13.27
34.8 10.81 39.8 15.34 44 .8 15.19 49.8 13.21
34.9 10.92 39.9 15.38 44 .9 15.16 49.9 13.16
35.0 11.03 40.0 15.42 45 .0 15.12 50.0 13.09



The Corrections to Values of Temperature on the NBS-55 Scale. (The correction (T'ss —Tnps-s3)
is given with the argument in Tygps_ss.)— Continued

T Corr. T Corr, . T Corr. T Corr. .

- K mK K mK K mK K mK
50.0 13.09 55.0 7.07 60.0 -.80 65.0 -.0%
50.1 13.02 55.1 6.88 60.1 -.88 65.1 -.04
50.2 12.96 55.2 6.70 60.2 -.95 65.2 .03
50.3 12.90 55.3 6.51 60.3 -1.03 65.3 .09
50.4 12.83 55.4 6.33 60.4 -1.10 65.4 .14
50.5 12.77 55.5 6.13 60.5 -1.16 65.5 .20
50.6 12.70 55.6 5.95 60.6 -1.22 65.6 .26
50.7 12.63 55.7 5.76 60.7 -1.26 65.7 .32
50.8 12 .56 55.8 5.57 60.8 -1.31 65.8 .38
50.9 12.48 55.9 5.38 60.9 -1.36 65.9 .44
51.0 12.41 56.0 5.20 61.0 -1.39 66.0 .49
51.1 12.33 56.1 5.02 61.1 -1.42 66.1 .54
0l.2 12.25 56.2 4.83 61.2 -1.45 66.2 .58
51.3 12.18 56.3 4.65 61.3 -1.47 66.3 .63
51.4 12.09 56.4 4.46 6l.4 -1.49 66.4 .67
51.5 12 .01 56.5 4 .28 61.5 -1.50 66.5 .72
51.6 11.93 56.6 4.10 61.6 -1.51 ©6.6 .76
51.7 11.84 56.7 3.92 61.7 -1.81 66.7 .80
51.8 11.74 56.8 3.74 61.8 -1.51 66.8 .84
51.9 11.65 56.9 3.56 61.9 -1.51 66.9 .87
52.0 11.55 57.0 3.38 62.0 -1.50 67.0 .91
52.1 11.45 57.1 3.21 62.1 ~1.48 67.1 .94
52.2 11.35 57.2 3.03 62.2 -1.47 67.2 .98
52.3 11.24 57.3 2.86 62.3 -1.45 67.3 1.01
52.4 11.13 57.4 2.70 62.4 -1.43 67.4 1.03
52.5 11.02 57.5 2.53 62.2 -1.40 67.5 1.05
52.6 10.90 57.6 2.36 62.6 -1.37 67.6 1.07
52.7 10.77 57.7 2.19 62.7 -1.34 67.7 1.08
52.8 10.65 57.8 2.02 62.8 ~1.30 67.8 1.08
52.9 10.52 57.9 1.86 62.9 -1.26 67.9 1.09
53.0 10.38 58.0 1.70 63.0 -1.22 68.0 1.08
53.1 10.24 58.1 1.55 63.1 -1.17 68.1 1.08
53.2 10.11 58.2 1.39 63.2 -1.13 68.2 1.07
53.3 9.97 58.3 1.24 €3.3 -1.08 68.3 1.086
53.4 9.82 58.4 1.10 63.4 -1.03 68.4 1.08
53.5 9.66 58.5 95 63.5 -.98 68.5 1.03
53.6 9.51 58.6 81 63.6 -.93 68.6 1.01
53.7 9.35 58.7 .68 63.7 -.88 68.7 .99
53.8 9.19 58.8 .54 63.8 -.82 68.8 .96
53.9 9.02 58.9 4] 63.9 ~.76 68.9 .93
84.0 8.85 89.0 28 64.0 -.70 69.0 .89
54.1 8.69 59.1 15 64.1 -.64 69.1 .85
54.2 8.52 59.2 02 64.2 -.58 69.2 .80
54.3 8.34 $9.3 -.10 64.3 -.52 69.3 .75
54 .4 8.16 59.4 -.21 64.4 ~.45 69.4 .71
54.5 7.98 58.5 -.31 64.5 -.40 69.5 .65
54.6 7.80 59.6 -.42 64.6 -.33 69.6 .58
54.7 7.62 59.7 -.52 64.7 -.28 69.7 .52
54.8 7.43 59.8 -.62 64.8 -.22 69.8 .45
54.9 7.25 59.9 -.71 64.9 -.15 69.9 .38
55.0 7.07 60.0 -.80 65.0 ~.09 70.0 .31
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The Corrections to Values of Temperature on the NRS-55 Scale. (The correction (T, — Tups_35)
is given with the argument in Typs_ss.) ~Continued

T Corr. T Corr, T~ Corr. T Corr.
K mK K mK K mK K mK
70.0 .31 75.0 -5.59 80.0 ~-9.03 85.0 -2.91
70.1 .23 75.1 -5.71 80.1 -9.01 85.1 ~-2.69
70.2 .15 75.2 ~5.84 80.2 ~8.98 85.2 ~2.47
70.3 .06 5.3 -5.96 80.3 -8.95 85.3 -~2.24
70.4 -.02 75.4 -6.08 80.4 -8.91 85.4 ~-2.00
70.5 . =-.10 75.5 -6.20 80.5 -8.88 85.5 ~1.76
70.6 ~.20 75.6 ~-6.31 80.6 -8.82 85.6 ~1.52
70.7 ~.29 75.7 ~-6.43 80.7 -8.77 85.7 -1.27
70.8 -.39 75.8 -6.55 8.8 -8.71 85.8 ~1.02
70.9 ~.49 75.9 -6.67 80.9 ~8.65 85.9 -.76
71.0 ~.59 76.0 -6.78 81.0 ~-8.59 86.0 -.50
71.1 ~.70 76.1 -6.89 8l.1 -8.52 ’ 86.1 —~.24
71.2 -.81 76.2 -7.00 81.2 ~8.44 86.2 .02
71.3 -.92 76.3 -7.11 81.3 -8.36 86.3 .29
71.4 -1.02 76.4 ~7.21 81.4 ~8.28 86.4 .56
71.5 -1.13 76.5 ~7.31 81.5 -8.19 86.5 .83
71.6 -1.25 76.6 - ~7.42 81.6 -8.10 86.6 1.11
1.7 -1.36 76.7 ~7.51 81.7 -8.00 86.7 1.38
71.8 ~1.48 76.8 ~7.61 81.8 ~7.90 86.8 1.65
71.9 ~1.60 76.9 ~7.71 81.9 -7.80 86.9 1.92
72.0 -1.72 77.0 -7.80 82.0 ~7.70 87.0 2.20
72.1 -1.85 77.1 ~7.8% 82.1 ~7.59 87.1 2.47
72.2 1.96 77.2 ~17.98 . 82.2 —7.48 87.2 2.75
72.3 -2.08 77.3 ~8.06 82.3 -7.36 87.3 3.02
72.4 ~2.20 77.4 -8.14 82.4 ~T.24 87.4 3.30
72.5 -2.32 77.5 ~8.22 82.5 ~7.12 87.5 3.57
T2.6 -2.44 7T7.6 -8.30 82.6 -6.99 87.6 3.84
72.7 -2.88 77.7 ~8.37 82.7 -6.86 . 87.7 4.12
72.8 -2.71 7.8 -8.44. 82.8 -6.73 87.8 4.39
72.9 -2.84 77.9 -8.51 82.9 -6.59 87.9 4.65
T5.0 -2.97 78.0 -8.857 83.0 -6.46 88.0 4.92
73.1 -3.10 78.1 --8.63 83.1 -6.32 88.1 5.18
73.2 -3.23 78.2 -8.69 83.2 -6.17 88.2 5.45
73.3 -3.38 78.3 -8.74 83.3 -~6.02 88.3 5.70
73.4 -3.50 78.4 -8.78 83.4 -5.88 88.4 5.96
73.5 ~-3.64 78.5 ~8.83 83.5 -5.72 88.5 6.22
73.6 ~3.78 78.6 -8.87 83.6 ~-5.56 88.6 6.47
73.7 ~3.91 78.7 -8.91 83.7 -5.40 88.7 6.72
73.8 -4.04 78.8 -B.g4 83.8 -5.24 88.8 6.96
73.9 -4.17 78.9 -8.97 83.9 -5.07 88.9 7.21
74.0 -4.30 79.0 -3.00 84.0 -4.90 89.0 7.45
74.1 -4.43 79.1 -9.03 84.1 -4.72 89.1 7.68
74.2 ~4.56 79.2 -9.05 84.2 -4 .54 89.2 7.92
74.3 -4.69 79.3 ~9.07 84.3 -4 .34 89.3 8.15
T4.4 -4 .82 79.4 -3.08 84.4 -4.16 83.4 8.37
74.5 ~4.95 79.5 ~9.08 84.5 ~3.96 89.5 8.58
74.6 ~-5.08 79.6 -3.09 84.6 -3.76 89.6 8.79
74.7 -5.20 79.7 -9.08 84.7 - -3.56 82.7 9.00
74.4 -5.34 79.8 ~9.07 84.8 -3.35 89.8 9.20
74.9 -5.46 79.9 —-9.06 84.9 ~3.13 89.9 '9._40
75.0 -5.59 80.0 ~-9.03 85.0 ~-2.91 390.0 9.59
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Estimated Corrections to Values of Temperature on the IPTS of 1948. (The correction (tg— t.4)
is given with the argument in t,.)

Corr.
o

¢
°C

Corr,

°C

Caorr.

°C

-183
-182
-181
-180
-179
-178
-177
-i76
-175
-174
-173
-172
=171
=170
~-169
-168
-167
-166
-165
-164
-163
-162
-161

-160
=159
-158
=157
-156
-155
-154
-1583
-152
-181
-150

.007936
. 005822
.011224
.012185
.012785
.013040
.013003
.012712
.012202
.011507
.010656
.0US6786
.008592
.007427
.006200
. 004931
.003637
.002332
.001029
.000258
.001520
.002747
.003930

P o

-UUouUBo
.006138
.007152
.008099
.008975
.009779
.010506
.011156
.011727
.012218
.012630

.012630
.012963
.013216
.013392
.013491
.013514
.013464
.013343
.013152
.012893
.012571
.012186
.011741
.011240
.010685
.010079
.009425
.008725
.007984
.007203
. 006386
.005536
.004656
.003748

.002815

.001860

.000887

.000104
.001108
.002123
.003148

. 004175

.005214
.006250
.007287
.008321
.009351
.010375
.011390
.012396
. 013590
.014370
.015337
.016287
.017220
.018134
.019028
.019901
.020753
.021581
.022386
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-100
-99
-98
-97
-96
-95
-94
-93
-92
-91
-90
-89
-88
-87
-86
-85
-84
-83
.—82
-81
-80
-79
-78
=77
-76
-75
-74
-73
~72
=71
=70
-69
-68
-67
—-66
-65
-64
-63
—-62
-61
-60
-59
-58
-87
-56
-55
-54
-53
-52
=51
-50

.022386
.023166
.023921
.024650
.025352
.026027
.026675
.027295
.027886
.028449
.028983
.029488
.029963
.030410
.030827
.031215
.031574
.031904
.032204
.032476
.032720
.032934
.033121
.033280
.033411
.033515
.033593
.033644
.033669
.033668
.033642
.033591
.033517
.033418
.033296
.033152
.032985
.032797
.032587
.032357
.032106
.031837
.031548
.031240
.030915
.030573
.030213
.029838
.029446
.029040
:028618

-50
-49
-48
-47
-46
-45
~44
-43
—-42
-41

-39

-17

.028618
.028183
.027734
.027272
.026798
.026311
.025814
.025305
.024785
.024256
.023717
.023170
.022613
.022049
-021478
.020898
.020314
.019722
.019125
.018523
017917
.017306
.016691
.016073
.015453
.014829
. 014205
.013578
.012951
.012323
.011696
.011069
.010443
.009819
.009196
.008577
.007960
.007347
.006739
.006136
.005537
.004945
.004360
.003782
.003213
.002652
.002100
.001859
.001029
.0005611
- 00000F



Estimated Corrections to Values of Temperature on the IPTS of 1948. (The correction (te— t45)

is given with the argument in t,,.)~Continued

] Corr, 1 Corr. t Corr. t Corr.
°C . °C °C °C °C °C °C
0 +.000005 50 ~.010366 100 .000000 150 .020374
1 -.000487 51 -.010321 101  .000341 151 .020823
2 -.000966 52 -.010269 102  .000686 152 .021273
3 -.001432 53 -.010209 103 .001034 153 .021723
4 -.001884 54 -.010141 104 - .001386 154 .022174
5 -.002324 55 -.010065 105 .001742 165 .022625
6 -.002750 56 -.009981 106  .002101 156 .023077
7 -.003164 57 —.009890 107  .002464 157 .023528
8 -.003565 58 -.009791 108 = .002830 158 .023981
9 -.003953 59 ~—.009685 109  .003200 159 .024433
10 .004329 60 , 009571 110 .003572 160 .024886
11 -.004692 61 -.009450 111  .003948 161 .025338
12 -.005043 62 —-.009322 112 .004327 162 .025791
13 -.005382 63 ~-.009187 113 004710 163 .026244
14 -.005709 64 -.009045 114 .005095 164 .026696
15 -.006024 65 -.008896 115 .005483 165 .027149
16 -.006328 66 -.008740 116 .005873 166 - .0278602
17 -.006619 67 -.008577 117  .006267 167 .028054
18 -.006899 68 -.008408 118 .006663 168 .028506
19 -.007167 69 ~.008232 119  .007062 169 .028958
20 -.007424 70 -.008050 120 ,007463 170 .029409
21 -.007670 71 -.007861 121  .007867 171  .029860
22 -.007905 72 -.007666 122 .008274 172 .030311
23 -.008128 73 ~.007465 123 .008682 173 .030761
24 -.008341 74 —.007258 124  .009093 174 031211
25 -.008543 75 ~-.007044 125 .009507 175 .031660
26 =.008734 76 -.006825 126 .009922 176 .032109
27 -.008914 77T -.006600 127  .010339 177 .032557
28 -.009084 78 -—.006369 © 128  .010759 178 .033004
29 -—.009243 79 -.006133 129° .011180 179 .033451
30 -~.009392 80 -.005891 . 130  .011604 180 .033896
31 -.009531 81 -.005643 131 .012029 181 .034341
32 -.009660 82 ~-.005390 132  ,012456 182 .034785
33 -.009779 83 -.005132 133  .012884 183 .035228
34 -—.009888 84 -.004868 134  .013315 184 .035670
25 -.009987 85 -.004599 135 ,013747 185 .036112
36 -.010076 86 -.004325 136  .014180 186 .036552
37 -.010156 87 -.004046 137  .014615 187 .036991
38 ~-.010226 88 -.003763 138  .015051 188 .037429
39 -.010287 89 -~.003474 139 .015489 189 .037866
40 -.010339 90 -.003180 140 .015928 190 .038301
41 -.010381 91 .002882 141 .016368 191 .038736
42 —.010414 92 -—.002579 142  .016809 192 039169
43 -—.010439 93 -.002272 143  .017251 193 .039601
44 -.010454 94 -.001960 144 .017695 194 .040031
45 -.010461 95 -.001644 145 .018139 195 .040460
46 -.010459 96 -.001323 146 .018584 196 .040888
47 -.010448 ‘97 -.000999 147  .019031 197 .041314
48 -.010429 98 -.000670 148 .019478 198 .041739
49 -.010401 99 -.000337 149  .019925 199 .042162
50 -.010366 100  .000000 150 .020374 200 .042584
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Estimated Corrections to Values of Temperature on the IPTS of 1948. (The correction (fg— t4s)

is given with the argument in t,4.)~Continued

' Corr. t Corr. t Corr. ] Corr.
°C °C °C °C °C °C °C °C
200 .042584 250 .061015 300 .072611 350 .076876
201 .043004 251 .061320 301 .072765 351 .076897
202 .043422 252 .061621 302 .072916 352 .076915
203 .043839 253 .061921 303 .0730€5 353 .076931
204 .044254 254 .062217 304 .073210 354 .076945
205 . 044668 255 .062510 305 .073353 355 .076957
206 .045079 256 .062801 306 .073492 356 .076967
207 . 045488 257 .083088 307 .073629 257 076975
208 .045897 258 .063373 308 .073763 358 .076981
209 .046303 258 .063655 309 .073893 359 .076985
210 .046707 260 .063933 - 310 .074021 360 .076987
211 .047109 261 . 064209 311 .074146 361 .076987
212 .047510 262 .064482 312 .074267 362 .076985
213 .047908 263 - .064752 313 .074386 363 .076981
214 .048304 264 .065019 314  .074502 364 076976
215 .048698 265 .065283 315 .074615 365 .076969
216 .049091 266 .065544 316 074726 366 .076960
217 .049481 267 . 065802 317 .074833 367 076949
218 . 049869 268 . 066057 ‘318 . Q74937 368 .07T6937
219 .050255 269 .066309 319 .075039 369 .076923
220 .050638 270 .066558 320 .075138 370 .076907
221 .051020 271 .066804 321 .075234 371 .076890
222 .051399 272 .067047 ‘322 .075327 372 .076871
223 .051776 273 .067287 323 075418 373 .076851
224 .052150 274 .067524 324 .075505 374 .076830
225 .052523 275 .067758 325 .075590 375 .076806
226 .052893 276 .067989 326 .075673 376 .076782
227 .053260 277 .068217 327 .075752 377 .076756
228 .053626 278 .068441 328 .075829 378 .076729
229 .053988 279 .068663 329 .075903 379 .076701
230 .054348 280 . 068882 330 .075975 380 .076671
231 .054707 281 .069097 331 . 076043 381 .076640
232 .08B6062 282 .069309 332 .076110 282 . 076608
233 .055415 283 .069519% 333 .076173 383 .076575
234 .055766 284 .069725 334 .076234 384 .076541
235 .056114 285 .069928 335 .076293 385 .076505
236 .056459 286 @ .070129 336 .07634% 386 .076469
237 .056802 287 .070326 337 .076402 387 .076432
238 .057142 288 .070520 338 .076453 388 .076394
239 . 057480 289 070711 335 . 076501 2ge .0763E5
240 .057814 290 .070899 340 .076547 390 076315
241 .058147 291 .071084 341 .076591 391 .076274
242 .058476 292 .071266 342 .076632 392 .076233
243 .058803 293 .071444 343 .076670 393 .076191
244 .0569127 294 .071620 344 .076707 394 .076148
245 .059449 295 .071793 345 .076741 395 076105
246 .059768 296 .071962 346 .076772 396 .076061
247 .060084 297 .072129 347 .076802 397 .076016
248 .060397 298 .072292 348 .076829 398 .075971
249 .060707 299 .072453 349 .076854 399 .075926
250 .061015 300 .072611 350 .076876 400 .075880
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Estimated Corrections to Values of Temperature on the IPTS of 1948. (The correction (24— t45)

is given with the argument in t,3.)—Continued

! Corr. t Corr. ¢ Corr. 1 Corr.
°C °C °C °C °C °C °C °C
400  .075880 450  .074257 500 .079211 550 .100515
401  .075834 451  .074264 501  .079440 551 .101189
402  .075788 452  .074273 502 .079675 552  .101874
403 .075741 453 .074284 503 .079917 553 .102570
404 .07T5694 454  .074298 504 .080166 554 .103278
405  .075648 455  .074316 505 .080422 555 .103998
406  .075600 456  .074336 506 .080684 556 .104730
407  .075553 457  .074359 507 .0B0954 557 .105474
408 .075506 458  .074385 508 .081231 558 .106231
409  .075459 459  .074414 509 .081514 559 .106999
410 .075412 460 .074446 510 .081805 560 .107780
411  .075366 461  .074482 511 .082104 561 .108573
412  .075319 462  .074521 512 .082410 562  .109379
413  .075273 463  .074563 513  .082723 563 .110198
414  .075227 464  .074609 514 .083044 564 ~ .111030
415  .075181 465  .074658 515 .083373 565 .111874
416  .075136 466  .074711 516  .083710 566 .112732
417  .075091 467  .074767 517 .084054 567 .113603
418  .075047 468  .074828 518 .084407 568  .114487
419  .075004 469  .074892 519 .084768 569 = .115385
420  .074961 470  .074960 520 .085137 570 .116296
421  .074918 471  .075032 521 .085514 571  .117220
422 074877 472 .075108 522 .085899 572 .118159
423  .074836 473  .075188 523 .086293 573  .119111
424  .074796 474  .075273 524 .08B6696 574 .120078
425  .074757 475  .075361 525 ,087108 575 .121058
426  .074719 476  .075455 526 .087528 576 .122053
427  .074682 477  .075552 527 .087957 577  .123062
428  .074647 478  .075654 528 .088395 578  .124086
429  .074612 479  .075761 529 .088842 579 .125125
430 .074578 480 .075872 530 .089299 580 .126178
431 .074546 481  .075988 531 .089764 581 .127245
432 .074515 482  .076109 532 .090239 582 .128328
433  .074486 483  .076235 533 .090724 583 .129426
434  .074458 484 .076366 534  .091218 584 .130539
435  .074431 485 .076502 535 .091722 585 .131668
436  .074406 486 .076644 536 .092236 586 .132812
437  .074383 487  .076790 537 .092759 587 .133972
438  .074361 488 .076942 538 = ,093293 . 588  ,135147
439  .074341 489  .077099 5392 .093837 589 .136338
440  .074323 490 .077262 540 094391 590 .137545
441  .074307 491 .0T7430 541 .094955 591 .138768
442  .074293 492  .077604 542 . 095530 592  .140008
G40 MV NE:YA-NE 493 U784 0435 096115 o3 . 14124
444  .074271 494 077969 544 .096711 594 .142536
445  .074263 495 ,078161 545 097317 595  .143825
446  .074257 498  .078359 546 .097935 596 .145130
447  .074254 497  .078562 547 .098563 597  .146453
448 074252 498  .078772 548 .099203 598 .147792
449  .074254 499  .078988 549 099853 599  .149148
450  .074257 500 .079211 550 .100515 600 .150522
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Estimuted Corrections to Values of Temperature on the IPTS of 1948. (The correction (t¢— t,g)
is given with the argument in t,.)—Continued

t Corr. t Corr. t Corr. t Corr.

°C °C °C °C °C °C °C °C
600 .150522 608 .162148. 616 .174953 624 .189006
601 .151913 609 .163683 617 .176640 625 .190853
602 .153322 610 .1685236 618 .178346 626 .192722
603 .154748 611 .166808 619 .180073 627 .194611
604 .156192 612  .168399 620 .181819 628 .196522
605 .157654 : 613 .170009 621 .183585 629 .198453
606 .159134 614 .171637 622 .185372 630 .200406
607 .160632 615 .17328% 623 .187178 631 .202381
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APPENDIX D. Table of the Function

. , - t' t, » _ t' . _ t' _ o
M(t')=0.045 (100 °c) (100 T 1) (419.58 oy 1) ( 630.74°°C 1) c
and its derivative* from t'=0 °C 10 t'=630 °C

*dMi)_ 001

- [40'3 = 3(s + 2 + a) 1"V + 2(12 + 30 + 26}’ — s2a]
dt s 2a

(s =100 °C, 2% 4]9.58 C, a = 690,73 C)

t M(t") dM(1")/de’ t M) dM(")/dt'
° °C °C °C
4] .000000 ~.000450 50 -.009124 .000040
1 -.000444 -.000437 51 ~-.009080 .000048
2 -—.000875 ~.000425 52 ~-.009029 .000055
3 -.001294 ~.000413 53 ~.008971 .000062
4 -.001701 ~.000401 54 -.00B906 .000068
5 -.002095 -.000389 55 -.008834 .000075
6 -.002478 ~.000377 56 -.008755 .000082
T ~.002849 ~.000365 57 -.008670 . 000089
8 -.003208 ~.000353 58 ~.008578 .000095
9 ~.003555 -.000342 59 -.008480 .000101
10 -.0038%91 -.000330 60 -.008375 .000108
11 - 004215 —.000319 81 -—.008264 .000114
12 -.004528 -.000307 62 -.008147 .000120
13 ~.004830 -.000296 63 -.008024 .000126
14 -.005121 -.000285 64 -.007895 .000132
15 -.005401 ~.000274 €5 -.007760 .000138
16 -.005670 —.000264 66 -.007619 .000144
17  -.005928 -.000253 67 -.007473 .000149
18 -~.0086176 —.000242 68 ~-.007320 .000155
19 ~.006413 —.000232 69 -~.007163 . 000160
20 -.006639 —-.000221 70 -.007000 -000166
21 -~.006856 -.000211 71 -.006831 . 000171
22 ~.007062 —.000201 72 ~.006657 .000176
23 -.007258 -.000191 73 -.006478 .000182
24 ~.007444 -.000181 74 -.006294 .000187
25 -.007620 -.000171 75 -.006105 .000192
26 ~.007787 -.000162 76 -.005911 .000196
27 ~.007944 -.000152 77 -.005713 .000201
28 ~.008091 -.000142 78 -.005509 .000206
23 -.008229 -.000133 79 -—.005301 000210
30 -.008357 -.000124 80 ~-.005088 .000215
31 -.008476 -.000115 Bl -.004871 .000219
32 . -.008586 —~.000106 82 -.00464% .000224
33 -.008687 -.000097 B3 =-.004423 .000228
34 <~.008780 -.000088 84 -.004193 .000232
35 ~-.008863 —.000079 85 -.003959 .000236
36 -.008937 ~.000070 86 -.003720 .000240
37 -.009003 -.000062 87 -.003478 . 000244
38 . —~.009061 -.000053 88 -.003231 .000248
39 -.009110 ~.000045 89 -.002981 .000252
40 -.009151 -.000037 90 -.002727 .000256
41 -.009183 -.000029 91 -.002470 .000259
42 -.009208 ~.000020 92 -.U02209 . 000263
43  -.009224 -.000012 93 -.001944 .000266
44 -.009233 -.000005 94 -.001676 .000270
45 -.009234 .000003 95 -.001404 .000273
46 -, 009227 .000011 96 -.001130 .000276
47 -.009212 .000018 97 -.000852 ,000279
48 -.009190 .000026 98 -.000571 .000283
49 -,009161 .000033 99 -.000287 .000285
50 -.009124 .000040 100 .000000 .000288
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Appendix D. Table of the Function —Continued

" t’ t t N t 1\
M()=0.045 (100 °q) (100 Col 1) (419.58 % 1) ( 630.74 C 1) C
and its derivative* from t'=0°Ctot'=630 °C

* M) 0085

dr’ stza

(s =100 °C, 2 =419.58 C, a = 630.74 'C)

{403 = 3{s + 2+ a)1'" + 2{sz + sa + za)¢’ —sz2a}

¢ M) dM(¢')[de’ 3 M) dM (1) dy’
°C °C ® °C

100 -.000000 .000288 150 .016527 .000345
101 .000290 .000291 151 .01e872 .000345
102 .000582 .000284 152 .017217 .000344
103 .000878 .000297 153 .017560 .000343
104 .001176 .000298 154 .017904 .000343
105 .001476 .000302 155 .018246€ .000342
108 .001779 . 000304 156 .018588 .000341
107 .002085 .000307 157 .018929 .000341
108 .0023903 . 000309 168 .019269 . 000340
109 .002703 .000311 159 .019608 .000339
110 .003015 .000313 160 .019947 .000338
111 .003330 .000316 161 .020284 .000337
112 .003646 .000318 162 .020620 .000336
113 .003965 .000319 163 .020956 .000335
114 .004285 .000321 164 .021290 .000334
115 .004608 .000323 165 - .021623 .000332
116 .004932 .000325 166 .021955 .000331
117 . 005257 . 000327 167 .022285 . 000330
118 .005585 .000328 168 .022614 .000328
119 .005914 .000330 169 .022942 .000327
120 .006244 .000331 170 .023268 .000326
121 .006576 .000333 171 - .023593 .000324
122 .006909 .000334 172 .023916 .000322
123 . 007244 .000335 173 .024238 .000321
124 .007578 .000336 174 ,024558 .000319
125 .007916 .000337 175 .024876 .000318
126 .008254 -000339 176 .025193 .000316
127 .008593 .000340 177 .025508 .000314
128 .008S33 .000340 178 .0256821 .000312
129 .009274 .000341 179 .026132 ' .000310
130 .009616 . 000342 180 .026442 .000308
131 .009958 .000343 181 .026749 .000306
132 .010302 . 000343 182 .027054 .000304
133 .010645 .000344 183 .027358 . 000302
134 .010880 ©.000345 184 .027659 .000300
135 .01133%5 ..000345 185 .027958 .000298
136 .011680 .000346 186 .028255 .000296
137 .0120286 .000346 187 .028550 .000294
138 .012372 .000346 188 .028843 .000291
139 .012718 .000346 189 .029133 .000289
140 .013065 .000347 190 . 029421 .000287
141 .013411 .000347 191 .029707 - .000284
142 .013758 .000347 192 .029930 .000282
143 .014105 .000347 193 .030271 . 000280
144 .014451 .000347 194 .030549 .000277
145 .014798 .000347 195 .030825 .000275
146 .015144 .000346 196 .031098 .000272
147 .015491 .000346 197 .031369 . 000269
148 .015837 .000346 198 .031637 .000267
149 .016182 . 000345 199 .031902 . 000264
150 .016527 .000345 200 .032165 .000261
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no . » t' t’ _
Me)=0.045 (156c) (Tooc

Appendix D. Table of the Function — Continued

1)

’

l,

100°C

l .
19.58°C

and its derivative* from t'=0 °C to t'=630 °C

tdM()_ 0.0

dr 5

a

(s ~ 100 2, 2 ~ 410.58 °C, a = 630.74 °C)

{462 = 3(s + 2 + a)¢’* + 2(sz + sa + 20}’ — 0]

') (630.74 ol

1) o

t M) dM(d')/dt t M) M) de

°C °C °C °C
200 .032165 .000261 250 .041170 .0ooo088
201 .032425 .000259 251 .041258 . 000084
202 .032682 .000256 252 .041339 .000080
203 .032937 .000253 253 .041417 . 000076
204 .033188 .000250 254 .041491 .000072
205 . 033437 .000247 255 .041561 .000068
206 .033682 .000244 256 .041627 .000064
207 .023928 .000241 287 .041689 . 000060
208 . 034165 .000238 258 .041746 .000056
209 .034402 .000235 259 .041800 .000052
210 .034636 .000232 260 .041849 . 000047
211 .034866 .000229 261 .041895 .000043
212 .035094 .000226 262 .041936 .00003%
213 .035318 .000223 263 .041973 .000035
214 . 035540 .000220 264 .0420086 .000031
215 .035758 .000216 265 .042034 .000027
216 .035972 .000213 266 .042059 .000022
217 .036184 .000210 267 .042079 .000018
218 .036392 .000207 268  .042095 .000014
219 . 036597 .000203 269 .042107 . 000010
220 .036799 .000200 270 ".042114 . 000005
221 .036997 .000197 271  .042117 . 000001
222 .037192 .000193 272 .042116 ~-. 006002
223 .037383 .000190 273  .042111 -.000007
224 .037571 .000186 274 .042102 -.000012
225 .037756 .000183 275 .042088 -.000016
226 .037937 .000179 276  .042070 -.000020
227 .038114 ;000176 277 .042048 —~.000024
228 .038288 .000172 278 .042021 —. 000029
229 .038459 .000169 279 .041990 -.000033
230  .038625 .000165 280 .041955 ~.000037
231 .038789 .000161 281 .041916 -.000042
232 .038948 .000158 282 .041872 ~. 000046
233 .039104 .000154 283 .041824 -.000050
234 .039256 .000150 284  .041772 -.000054
235 . 039404 .000147 285 .041715 -. 000059
236 .039549 .000143 286 .041654 -.000063 .
237 .039690 .000139 287 .041589 -.000067
238 .039827 .000135 288 .041520 -. 000072
239 .039960 .000131 289 .041446 -.000076 -
240 .040090 .000128 290 .0413€8 -.000080
241 .040215 .000124 291 .041285 -.000085
242 . 040537 . 000120 292 -g411208 —.000C082
243 . 040455 .000116 293 .041107 ~.000093
244 . 040569 .000112 294 .041012 -.000097
245 .040679 .000108 295 .040812 ~.000102
246 040785 .000104 294 .040809 ~.000106
247 . 040887 .000100 297 .040700 ~.000110
248 .040986 .000096 298 .040588 ~.00011%
249 .041080 .000092 299  .040471 ~.000119
250 .041170 .000088 300 .040350 -.000123
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Appendix D. Table of the Function — Continued

, t' ' v t R
Mw)=0.085 (1g0) (Tooe 1) (aosee 1) (Gso7acl) °C

and its derivative* fromt'=0 °“Cto t'=630 °C

*dM(r') 005
——(;L]= —— [4r'3 = 3(s + 2+ a)'? + 2(xz + 3a + z0)¢' — ma]
dt sza

(s =100 °C, 2= 419,58 C, a = 630.74 )

t - M(r) ll.-'l-l(l" )dt' t' M (é') dM )l

°C °C °C
300 .040350 ~.000123 350 .029063 ~-.000322
301 .040225 —-.000127 351 .028740 -.000325
302 - .040095 -.000132 352 .028412 -.000329
303 .0399% ~.000136 353 .028082 -.000332
304 .039823 —.000140 354 .027748 -.000336
305 .0396B1 -.000144 355 .027410 -.000339
306 .039534 -.000149 356 .027069 -.000343
307 .039383 ~.000153 357 .026725 -.000346
308 .039228 —.000157 358 .026378 ~.000349
309 - .039069 ~.000161 359 .026027 -.000352
310 .038906 -~.000166 360 .025673 -.000356
311 .038738 —-.000170 361 .025316 ~.000359
312 . .038566 ~.000174 362 .024955 -.000362
313 .038390 -.000178 363 .024592 -.000365
314 .038210 -.000182 364 .024225 -.000368
315  .038025 -.000186 365 .023855 -.000371
316  .037837 ~.000191 366 .023482 -.000375
317  .037644 -.000195 367 .023106 ~.000378
318  .037447 -.000199 368  .022727 -.000381
319 .037247 ~.000203 369  .022345 -.000384
320 .037042 ~-.000207 370 .021960 -.000386
‘321 .036832 -.000211 371 .021572 —.000389
322 .036619 -.000215 372 .021181 -.000392
323  .036402 -.000219 373 .020787 -.000395
324 .036181 -.000223 374 .020391 -.000398
325 . 035955 ~.000227 375 .019992 ~.000401
326 .035726 -.000231 376 .019590 —-.000403
327  .035493 -.000235 377 .019185 -.000406
328 .035255 -.000239 378 .018778 -.000409
329 .035014 -.000243 379 .018368 - 000411
330 .034769 -.000247 380 .017955 ~.000414
331 .034520 -.000251 . 381 .017540 -.000416
332  .034267 -.000255 382 .017122 —.000419
333  .034010 —~.000259 383 .016702 —-.000421
334 .033749 ~.000263 384 .016280 —~.000424
335 .033484 -.000267 385 .015855 -.000426
336  .033215 —-.000271 386  .015427 -.000429
337  .032943 -.000274 387 .014997 -.000431
. 338 .032667T -.000278 388 . 014565 -.000433
339  .032387 -.000282 389 .014131 -.000435
340 ..032103 ~.000286 390 .013695 ~.000438
341  .031816 —.000289 391 .013256 —.000440
342 .031524 -.000293 392 .012815 - . 000442
343  .031229 -.000297 393 .012373 —-.000444
344  .030931 -.000300 394 .011928 -.000446
345 .030629 -.000304 395 .011481 -.000448
346  .030323 -.000308 396 .011032 —~.000450
347  .030013 - -.000311 397 .010582 —.000452
348 .029700 -.000315 398 .010129 -.000453
349 029383 -.000318 399  .009675 -.000455
350 .029063 -.000322 400 .009219 -.000457
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M(t')=0.045 (mi(; °c) (»10_:; < ) (

Appendix D. Table of the Function - Continued

!I

41928 t‘ l) (

and its derivative* from t'=0 °C to t' =630 °C

630.74 °C 1) °C

'd—‘g"(,L)- —2‘;%&:[41" =3(s+z+ a)'*+ 2(xz + 30 + 20)t’ - na)
(3=100° z=41958 °C, ¢ =630.74 )

v M) CdM) I M) dAM () dr'
°C °C . °C °C

400 .009219 -.000457 450 -.014725 -.000477
401 .008761 -.000459 451 -.015201 —-.000476
402 .008301 —-.000460 452 -.015677 © ~.000475
403 .007840 -.000462 453 -.016151 ~.000474
404  .007377 -.000464 454 -.016625 -.000473
405 .006913 -.000465 455 -.017096 -.000471
406  .006447 -.000466 456 -.017567 —.000470
407- .005980 -.000468 457 —.01B036 —. 000468
408 .005511 ~. 000469 458 -.018503 -.000467
409 .005041 ~..000471 459 -~.018969 -.000465
410 .004570 -. 000472 460 ~.019433 —.000463
411  .004098 —-.000473 461 ~.010895 —. 000461
412 .003624 -.000474 462 -.020356 -.000460
413 .003149 -.000475 463 -~-.020814 -.000458
414 - .002673 ~.000476 464 -.021271 -.000456
415  .002196 ~.000477 465 ~.021725 -.000453
416 .001718 -.000478 466 .022178 -.000451
417 .001239 -.000479 487 -.022628 -.000449
418 .000760 -.000480 468 -.023076 -.000447
419 .000279 ~-.000481 469 ~.023522 -.000444
420 ~.000202 -.000482 470 -.023965 -.000442
421 -.000684 -.000482 471 ~-.024406 -.000439
422 ~-.001167 —-.000483 472 -.024B44 -.000437
423 ~-.001651 —-.000484 473 -.025279 —-.000434
424 ~.002135 -.000484 474 -.025712 -.000431
425 ~-.002619 —.000485 475 -.026142 ~-.000429
426 -.003104 -.000485 476 -.026569 —.000426
427 ~-.003589 -.000485 477 -.026993 —.000423
428 -.004075 ~.000486 478 -.027415 -.000420
429 -.004561 -.000486 479 -.027833 -.000417
430 ~-.005047 -.000486 480 -.028248 -.000413
431 -.005533 —~.000486 481 -.028659 -.000410
432 -.006020 -.000486 482 -.029068 -. 000407
433 -.006506 -.000486 483 —.029473 -.000403
434 -.006993 ~.000486 484 -.029874 -.000400
435 -.007479 -.000486 485 -.030272 -.000396
436 ~.007965 -.000486 486 -.030666 -.000392
437 -.008451 ~. 000486 487 -.031057 -.000389
438 -.008937 —.000486 488 ~.031443 ~.000385
439 -.009423 -.000485 489 -.031826 —.000381
440 -.009308 -.000485 490 -.032205 -.000377
44) -.010392 —-.000484 491 -.032580 -.000373
442 =—.01087T ~.000484 492 -,032950 —-.000369
443 -.011360 ~.000483 493 —-.033317 -.000364
444 -.011843 -.000483 494 -.033679 ~.000360
445 -.012326 ~.000482 495 -.034036 —.000355
446 - 012807 ~. 000481 496 - 034390 -.000351
447 -.013288 -.000480 497 -.034738 -.000346
448 -.013768 -.000479 498 —~.035082 ~.000342
449 -.014247 -.000478 499 -.035422 -.000337
450 -.014725 -.000477 500 -.035756 -.000332
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Appendix D. Table of the Function — Continued

. L LAY
M@")=0.045 (100 °C) (100,‘: 1) (

t’

t'

419.58°C

and its derivative* from t'=0 Ctot'=630 °C

 dM)_ 0.015
' $?za

[4¢'3 = 3(s + 2+ a)t'? + 2(sz + sa + 2a)¢’ — s2a]

(3= 100 C, z =419.58 C, 4 = 630.74 'C)

'1) ( 630.74 °C 1) °C

79

t' M) dM (¢')]de t M) dM(t"){dr’
QC OC nC Oc

500 -.035756 -.000332 550 =~.044316 .000030
501 -.036086 -.000327 551 -.044281 . 000040
502 -.036410 -.000322 552 -.044236 .000050
503 -.036730 -.000317 653 -.044181 .000060
504 -—.037044 —.000312 554 -.044116 . 000070
505 -.037353 —-.000306 555 -.044041 .000080
506 -.037657 -.000301 556 -.043956 .0000380
507 ~.037955 -.000296 657 -.043860 .000101
508 -.03B248 ~.000290 558 -.043754 .000111
509 -.038535 -.000284 .689 -.043637 .000122
510 -.038817 -.000279 560 -.043510 .000133
511 -.039092 -.000273 561 -.043371 .000144
512 -.039362 —.000267 562 --.043222 .000155
513 -.039626 —-.000261 563 -.043062 .000166
514 -.039884 -, 000255 564 -~.042890 .000177
515 -.040135 -~.000248 565 -.042707 .000189
516 -.040381 —.000242 566 -.042513 .000200
517 -.040620 -.000236 567 -.042307 .000212
518 -.040852 -.000229 568 -.042090 .000223
519 -.041078 -.000223 569- -.041861 .000235
520 -.041298 -.000216 570 -.041620 .000247
521 -.041510 -.000209 571 -—.041367 .000259
822 =.041716 -.000202 572 -.041102 .000271
822 —.041915 —.000195 573 -.040825 .000283
524 -.042107 -.000188 574 -.040535 .000296
525 -.042292 -.000181 575 -.040233 .000308
526 -.042470 ~.000174 576 -.039918 .000321
§27 -.042640 —.0001867 577 -.039591 .000334
528 -.042803 -.000159 578 -.039251 .000346
529 -.042959 -.000152 579 -.038898 .000359
530 ~.043106 -.000144 680 -.038532 .000373
531 -.043247 -.000136 581 -.038153 .000386
532 -~.043379 -.000128 582 -.037761 .000399
533 —.043504 -.000121 583 -.037355 .000412
534 -.043620 -.000113 584 -.036936 .000426
535 -~.043729 -.000104 585 -.036503 .000440
536 ~.043829 -.000096 586 -.036056 .000454
537 ~.043921 ~.000088 587 -.035596 .000467
538 -~.044004 -~.000079 588 ~.035121 .000482
539 ~.044080 ~.000071 589 -.034633 .000496
540 -~.044146 -.000062 590 --.034130 .000510
541 -.044204 -.000053 691 -.033613 .000524
542 ~.044253 -~.000045 592 -.033081 .000539
545 ~.044293 ~.000036 593 ~.032535 . 000554
544 ~.044324 -.000027 594 -.031974 .000568
545 -.044346 -.000017 595 -.031398 .000583
546 ~,044359 -.000008 596 -.030807 .000598
547 ~.044362 .000001 597 -.030201 .000614
548 -.044356 .000011 598 -.029580 .000629
549 -.044341 .000020 599 -~.028944 .000644
550 -.044316 .000030 600 -.028292 .000660



Appendix D. Table of the Function — Continued

e t t ¢ v o

and its derivative* from t'=0 °C to t' =630 °C

* M), 0.065

vV {423 — 3(s + 2 + a)t’* + 2(xz + 3a + 20)¢' ~zza]
dt sz

(3 100 °C, = 419.58 °C, 0 = 630.7 C)

t’ M) aM(e’)/de 3 M(") dM (') dt’

QC oc o, GC
600 -.028292 .000660 616 -.015648 ' .000926
601 -.027624 .000675 617 -.014713 .000944
602 -.026941 .000691 618 -.013760 .000962
603 -.026241 .000707 619 -.012789 .000980
604 -.025526 .000723 620 -.011800 .000998
605 -~.024795 .000739 621 -.010793 .001016
606 ~—.024047 .000756 622 -.009767 .001035
607 -.023283 .000772 623 -.008723 .001053-
608 -.022503 .000789 624 -.007660 .001072
608 -.021705 .000806 625 -.006579 .001091
610 -.020891 .000822 626 -.005478 .001110
611 -.020081 .000839 627 -.004359 .001129
612 -.019213 .000856 628 -.003220 .001148
613 -.018348 .000874 629 ~-.002062 .001168
614 -.017465 .000891 630 —.000884 .001187
615 -.016566 .000909 . 631 .000313 .001207
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APPENDIX E. Tables of Values of the Reference Function and Its Derivative
from T=13 K to T=273.15 K and over the Equivalent Range of Temperature
With the Argument in Degrees Celsius

W*(T) and its derivative are defined by the

expressions
20
T= 2 Ai[ln W*¥(T)]!
=0
and
dw=(T) _. 1
dT

W—,rl(?'j 2_20 idfln W)}

where T=Te, W*(T)=WCCT _ss(Tes), and the
values of A; are:

i Al i l“l

] 0.273 15 x 1(® 11 0.767 976 358 170 845 8 X 10

1 0.250 846 209 678 803 3 x 108 12 0.213 689 459 382 850 0 X 10

2 0.135 099 869 964 999 7x 108 13 “0.459 843 348 928 069 3

3 0.527 856 759 008 517 2 X 102 14 0.763 614 629 231 648 0x 10-!
4 0.276 768 548 854 105 2 x 102 15 0.969 328 620 373 121 3 x 10-*
5 0.391 053 205 376 683 7x 102 16 0.923 069 154 007 007 5 x 10-2
6 - 0.655 613 230578 069 3 X 102 17 0.638 116 590 952 653 8 x 10-+
7 0.808 035 868 559 866 7X 102 18 0.302 293 237 874 619 2 X 10-5
8 0.705 242 118 234 052 0% 102 19 0.877 551 391 303 760 2 X 10-?
9 0.447 817 589 638 965 7 X 102 20 0.117 702 613 125 477 4 X 104

0.212 525 653 556 057 8 % 102
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The function *(T) and its derivative were evaluated and printed employing the following FORTRAN
routine:

*I FOR WSTAR, WSTAR
DIMENSION TX{1200)
INTEGER SCALE, SCALED
DOUBLE PRECISION W,WW(1200),DWDTT(1200),WLOG.A(20),
1DTDW,DWDTB4, DWDTNX, CHORD, T, TC, STEP,SIZE, TO, TSTART
READ(5,98) (I,A(I),N=1,20)
98 FORMAT (I12,D24. 16)
1 READ(5,99,END=70) (TEND,STEP,SCALE)
99 FORMAT (F8.0,D4.0,A6)
STEP=(—-ARS(STRFP) )
IF (SCALED.EQ.SCALED} GO TO 10
SCALE=SCALE
SIZE=1.
IF(SCALE.EQ. 'DECC') TO=90
IF{SCALE.EQ. 'KELVIN') TO=273.15D00
IF(SCALE.NE.' DEG F') GO TO 5 .
SIZE=.5555555555555555D00
T0=32.
5 TSTART=STEP*IDINT(TO/STEF)
DWDT=1/A{1)
W=1+ (TSTART-TO) *SIZE
10 IEND=(TEND-TSTART)/STEP+1.5
IF (TEND.GT.TO) GO TO 69 '
IF (IEND.LT.1) GO TO 5§
CHORD=DWDT
DWDTNX=DWDT
W#=%-CHORD*STEP*SIZE
DO 35 I=1, IEND
T=TSTART+({1-1)*STEP
TX(I)=T
TC=(T-T0)*SIZE.
W=W+CHORD*STEP*SIZE
DWDTB4=DWDT
15 WLOG=DLOG({W)
T=A(20)*WLOG

DO 20 J=1,19
20* T=WLOG* (A(20*—J)+T)
DT=T-TC

W=W-DT"DWDTNX
: IF (ABS({DT)~.000001)25,15,15
25 WW(I)=W
WLOG=DLOG (W)
DTDW=20*A(20)
DO 30 J=1,189
30 DTDW=(20-J)*A(20-J)+WLOG*DTDW
DTDW=DTDW/W
DWDTT(I)=DWDT
- DWDTT (1) =DWDT .
CHORD=(3.*DWDT-DWDTB4)/2
DWDTNX=2 . *DWDT-DWDTB4
35 CONTINUE
JEND=IEND+50
IPAGES=(IEND-2)/100+1
IF (IPAGES.LT.3) GO TO 55
IT100=MOD(IDINT(TEND/STEP),100)
IF(IT100.EQ.0) GO TO 55
ISPACE=MOD( {100-IT100),50)
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40

45
50

52

55

LINES=MOD{ (100+IT100),100)

IPAGES=IEND-LINES-2)/100+1

IF {LINES-50) 40,40,52

PRINT 101,SCALE

IF{ABS(IT100)-50.EQ.0) GO TO 50

DO 45 J=1,ISPACE

PRINT 199,

JEND=IEND+ISPACE-50

PRINT 201, (TX(J), WW(J). DWDTT(J), J=I1END,JEND, —1)

GO TO S5

PRINT 102, SCALE, SCALE

IEND=IEND+ISPACE

JEND=IEND-ISPACE+1

PRINT 201, (TX(J-50),WW{J-50) ,DWDTT(J~50}, J=IEND,JEND,-1)
IEND=IEND-ISPACE :

JEND=IEND+ISPACE-50 :

PRINT202, (TX(J) . WW(J) ,DWDTT(J) ,TX(J-50) (WW(J-50) ,DWDTT (J~50) ,J=
1IEND,JEND,-1)

IEND=JEND-50

JEND=1END-50

DO €0 K=1,IPACES

PRINT102,SCALE,SCALE

PRINT202, {TX{J).WW(J) ,DRDTT(J),TX(J-50), WW{J~—50), DWDTT(J—50), J=
11END ,JEND,-1)

IEND=JEND-50

JEND=IEND-30

60 CONTINUE
TSTART=TEND
65 GO 701
69 PRINT 999,
70 STOP
199 FORMAT(1X)
100 FORMAT(1Hl/ 2X'TEMP.'5X'WSTAR'SX'DERIVATIVE'SX / 1X,A6,4X
1'FUNCTION'SX'X 1000'7X )
102 FORMAT(1H1/2(2X'TEMP.'5X'WSTAR'SX'DERIVATIVE'5X)/2(1X,A6.4%
1'FUNCTION'SX'X 1000'7X) )
101 FORMAT(1H1/ 38X'TEMP.'5X'WSTAR'5X'DERIVATIVE'5X / 38X,A6,4X
1'FUNCTION'SX'X 1000'7X )
200 FORMAT( 1X,0PF6.1,2X,F10.8,3X,3PF9.7,6X )
201 FORMAT( 38X,0PF6.1,2X,F10.8,3PF9.7,6X )
202 FORMAT(2(1X,0PF6.1,2X,F10.8,3X,3PF9.7,6X})
999 FORMAT (1H,'**#**+*CAN NOT COMPUTE TABLE AS REQUESTED. RUN STOPPED'
1/1X, 'HERE. CHECK TABLE DISCRIPTION CARD ####*#!')
END
XQT WSTAR .
1 0.2508462096788033D003
2 0.1350998699649997D003
3 0.5278567590085172D002
4 0.2767685488541052D002
5 0.3910532053766837D002
5 0.6556132305780693D002
7 0.80803586855986670002
8 0.7052421182340520D002
9 0.4478475896389657D002
10 0.2125256535560578D002
11 0.7679763581708458D001
-12 0.2136894593828500D001
13 0.4598433489280693D000
14 0.7636146292316480D-01
15 0.9693286203731213D-02
16 0.9230691540070075D~03
17 0.6381165909526538D-04
18 0.3022932378746122D~-05
10 0.87755139013037602D--07
20 0.1177026131254774D-08



IPTS-68 Reference Function and Its First Derivative With the Argument in Kelvin

T dW*(T)/dT T AW (T)/dT
K w(T) X 1000 K W*(T) X 1000

K K-

15.0 .00174542 .3163198

15.1 .00177737. . 3227158

15.2 .00180996 .3291831

156.3 .00184321 . 3357224

15.4 .00187711 . 3423344

15.5 .00191168 . 3490197

15.6 .00194692 3557792

15.7 .00198283 .3626135

15.8 .00201944 .3695234

15.9 .00205674 . 3765094

16.0 .00209474 .3835722

16.1 .00213346 .3907123

16.2 .00217289 . 3979300

16.3 .00221305 .4052258

16.4 .00225394 _ .4125998

16.5 .00229557 .4200522

16.6 .00233795 . 4275832

16.7 .00238109 .4351825

16.8 . 00242499 .4428801

16.9 . 00246967 .4506458

17.0 .00251512 .4584892

17.1 .00256137 .4664099

17.2 .00260841 .4744074

17.3 .00265625 .4824812

17.4 .00270491 .4906307

17.5 .00275438 .4988551

17.6 .00280468 .5071538

17.7 .00285581 .5155260

17.8 .00290779 .5239710

17.9 .00296061 .5324879

13.0 .00123062 .2033212 18.0 .00301429 .5410760
13.1 .00125120 .2082522 18.1 .00306883 .5497344
13.2 .00127228 .2132663 i8.2 .00312424 .5584624
13.3 .00129386 .2183622 18.3 .00318052 .5672591
13 .4 .00131595 .2235382 18.4 .00323769 .5761238
13.5 .00133857 .2287929 18.5 .00329575 . 5850558
13.6 .00136171 .2341247 18.6 .00335470 .5940542
13.7 .00138539 .2395323 18.7 .00341456 .6031185
13.8 -.00140962 .2450143 18.8 .00347533 .6122479
13.9 .00143440 .2505696 18.9 .00353701 .6214418
14.0 .00145974 . 2561970 19.0 . 00359962 . 6306996
14.1 .00148564 . 2618957 19.1 .00366316 .6400207
14.2 .00151212 . 2676649 19.2 .00372763 .6494046
14.3 .00153918 .2735041 19.3 .00375304 . 6588507
14.4 .00156682 .2794127 19.4 . 00385940 . 6683587
14.5 .00159506 .2853906 19.5 .00392671 . 6779280
14.6 .00162390 .2914375 19.6 .00399499 .6875581
14.7 .00165335 . 2975537 19.7 .00406423 .6972487
14.8 .00168342 .3037392 19.8 .00413444 .7069993
14.9 .00171410 .3099944 19.9 . 00420563 .7168096
15.0 .00174542 .3163198 20.0 .00427780 .7266791
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IPTS-68 Reference Function and Its Derivative With the Argument in Kelvin—Continued

T dIF*(TY T T DIET)dT
N (T % 1000 K P*T) x 1000
K'I K 1

20.0 .00427780 .7266791 25.0 .00925506 1.2810697
20.1 .00435097 .7366074 25.1 .00938376 1.2929735
20.2 . 00442513 . 7465942 25.2 .00951365 1.3048932
20.3 .00450029 .7566391 25.3 .00964474 1.3168281
20.4 .00457646 .7667415 25.4 .00977702 1.3287776
20.5 .00465364 - .7769012 25.5 .00991049 1.3407410
20.6 .00473184 7871176 25.6 .01004517 1.3627177
20.7 .00481106 .7973902 25.7 .01018104 1.3647070
20.8 .00489132 .8077186 25.8 .01031811 1.3767085
20.9 .00497261 .8181023 25.9 .01045638 1.3887215
21.0 .00505494 .8285406 26.0 .01059585 1.4007456
21.1 .00513832 -.8390330 26.1 .01073653 1.4127801
21.2 .00522275 .8495789 26.2 .01087841 1.4248246
21.3 .00530824 .8601776 26.3 .01102149 1.4368786
21 .4 .00539479 .8708284 26.4 .01116578 1.4489416
21.5 .00548240 .8815306 26.5 .01131128 1.4610132
21.6 .00557109 .8922834 26.6 .01145799 1.4730930
21.7 .00566086 .9030861 26.7 .01160590 1.4851804
2] .8 .00575171 .9139377 26.8 .01175502 1.4972751
21.9 .00584365 . 9248375 26.9 .01190536 1.5093766
22.0 .00593668 .9357846 27.0 .01205690 1.5214845
22 1 .00603081 .9467780 27.1 .01220965 1.5335984
22.2" .00612604 .9578167 27.2 .01236362 1.5457180
22 3 .00622237 .9688998 27.3 .01251880 1.5578427
22 .4 .00631982 .9800263 27.4 .01267519 1.5699723
22.5 00641838 .9911951 27.5 .01283279 1.5821063
22.6 .00651806 1.0024053 27.6 . 01299161 1.5942443
22.7 .00661886 1.0136557 27.7 .01315164 1.6063859
22.8 .00672079 1.0249453 27.8 .01331289 1.6185307
22.9 .00882385 1.036272%9 27.9 .01347535 1.6306783
23.0 .00692805 1.0476376 28.0 .01363902 1.6428283
23.1 .00703338 1.0590382 28.1 .01380391 1.6549803
23.2 .00713986 1.0704%35 28.2 .01397002 1.6671338
23.3 .00724748 1.0819427 28.3 .01413734 1.6792885
25.4 .00735625 1.0934444 28.4 .01430588 1.6914438
23.5. .00746617 1.1049777 28.5 .01447563 1.7035995
23.6 00757724 1.1165414 28.6 .01464660 1.7157549
23.7 .00768948 1.1281345 28 .7 .01481878 1.7279097
23.8. .00780287 1.1397560 28.8 .01499218 1.7400633
23.9 .00791743 1.1514048 28.9 .01516679 1.7522154
24.0 .00803315 1.1630800 22.0 .01534262 1.7643654
249.1 .00815005 1.1747804 29.1 . 01551966 1.7765129
24.2 .00826811 1.1865051 29.2 .01569792 1.7886573
24.3 .00838735 1.1982532 29.3 .01587740 1.8007982
24 .4 .00850776 1.2100238 29.4 .01605808 1.8129350
24 .5 .00862935 1.2218159 29.5 .01623998 1.8250672
24 .6 .00875213 1.2336287 29.6 .01642310 1.8371944
24.7 .00887608 1.2454613 29.7 . 01660742 1.8493158
24.8 .00900122 1.2573128 29.8 . 01679296 1.8614311
24.9 .00912754 1.2691826 29.9 . 01697971 1.8735397
25.0 .00925506 1.2810697 30.0 .01716787 1.8856409
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IPTS-68 Reference Function and lts Derivative With the Argnment in Kelvin— Continned

86

T AW (THAT T ATV
K T % 1000 K W) x 1000
K—-l N K 13

30.0 .01716767 1.8856409 35.0 . 02807645 2.4686391
30.1 .01735684 1.8977343 35.1 .02832386 2.4796248
30.2 .01754721 1.9098192 35.2 . 02857237 2.4905766
30.3 .01773880 1.9218951 35.3 .02882197 2.5014945
30.4 .01793159 1.9339615 35 .4 . 02907287 2 .5123779
30.5 .01812559 1.9460176 35.5 .02832445 2.5232267
30.86 .01832080 1.9580630 35.6 . 02957731 2.5340406
30.7 .01851720 1.9700970 35.7 . 02983125 2.5448194
30.8 .01871481 1.9821191 35.8 . 03008627 2.5555628
30.9 .01891363 1.9941286 35.9 . 03034237 2.5662706
31.0 .01911364 2.0061250 36.0 . 030538953 2.5769426
31.1 .01931485 - 2.0181076 36.1 . 03085775 2.5875786
31.2 .01951726 2.0300758 36.2 .03111704 2.5981783
31.3 .01972087 2.0420291 36.3 .03137739 2. 6087417
31.4 .01992567 2.0539668 36.4 .03163879 2.6192684
31.5 .02013166 2.0658884 36.5 .03190124 2.6297583
31.6 .02033884 2.0777932 36.6 . 03216474 2.6402113
31.7 .02054722 2.0896806 36.7 . 03242528 2.6506273
31.8 .02075678 2.1015501 36.8 . 03269486 2.6610059
31.89 .02086753 2.1134010 36.9 . 03296148 2.6713472
32.0 .02117946 2.1252328 37.0 .03322913 2.6816510
32.1 .02139257 2.1370449 37.1 . 03349781 2.6919171
32.2 .02160687 2.1488366 37.2 . 03376751 2.7021455
32.3 .02182234 2.1606075 37.3 . 03405824 2.7123360
32.4 .02203899 2.1723570 37.4 . 03430998 2.7224886
32.5 .02225681 2.1840844 37.5 . 03458273 2.7326031
32.6 .02247580 2.1957893 37.6 . 03485650 2.7426794
32.7 .02269597 2.2074710 37.7 . 03513127 2.7527175
32.8 .02281730 2.2191291 37.8 . 03540704 2.7627173
32.9 .02313979 2.2307631 37.9 . 03568381 2.7726787
33.0 .D23368345 2.2423723 38.0 .03598158 2.7826016
33.1 .02358827 2. 25§9562 38.1 . 03624033 2.7924860
33.2 .02381424 2.2655145 38.2 . 03652007 2.8023319
33.3 .02404137 2.2770464 38.3 . 03680080 2.81213%91
33.4 .02426965 -2.2885517 38.4 .03708250 2.8219077
33.5 .02449908 2.3000297 38.5 .03736518 2.8316376
33.6 .02472965 2.3114801 38.6 . 03764882 2.8413287
33.7 .02496137 2.3229023 38.7 . 03793344 2.8509810
33.8 .02519423 2.334295% 38.8 . 038213802 2.8605946
33.9 .02542823 2.3456605 38.9 . 03850556 2.8701693
34.0 .02566336 2.3569956 39.0 .03879305 2.8797052
34.1 .02589963 2.3683009 39.1 .03908150 2.8892022
34.2 .02613702 2.3795758 9.2 . 03937089 2.8986603
34.3 .02637554 2.33908200 39.3 . 03966123 2.9080795
34.4 .02661518 2.4020332 39.4 . 03995251 2.9174598
34.5 .02685595 2.4132149 39.5 . 04024472 2.9268012
34.6 .02709783 2.4243648 39.6 . 04053786 2.9361038
34.7 .02734082 2.4354825 39.7 .04083194 2.9453674
34.8 02758492 2.4465677 39.8 .04112694 2.9545921
34.9 .02783013 2.4576200 39.9 . 04142286 2.9637779
35.0 .02807645 2.4686391 40.0 .04171969 2.9729248



IPTS-68 Reference Function and Its Derivative With the Argument in Kelvin - Continued

T dWH(T)dT T dW*(T)]dT
K W*(T) X 1000 K W*(T) x 1000
K- K"
40.0 .04171969 2.9729248 45.0 . 05764487 3.3812367
40.1 .04201744 2.9820329 45.1 . 05798335 3.3884379
40.2 .04231610 2.9911020 45.2 . 05832255 3.3956019
40.3 .04261566 3.0001324 45.3 . 05866247 3.4027289
40.4 .04291612 3.0091238 45.4 .05900310 3.4098188
40.5 .04321748 3.0180765 45.5 . 05934443 3.4168718
40.6 .04351974 3.0269903 45.6 .05968647 3.4238879
40.7 .04382288 3.0358654 45.7 . 06002921 3.4308672
40.8 .04412691 3.0447017 45.8 .06037264 3.4378096
40.9 .04443182 3.0534993 45.9 .06071677 3.4447153
41.0 .04473761 3.0622582 46.0 .06106158 3.4515843
41.1 .04504427 3.0709783 46.1 .06140708 3.4584167
41.2 .04535180 3.0796598 46.2 . 06175327 3.4652125
41.3 .04566020 3.0883026 46.3 .06210013 2.4719718
41 .4 .04596946 3.0969069 46.4 . 06244766 3.4786946
41.5 .0462'7958 3.1054726 46.5 . 06279586 3.4853811
41.6 :04659055 3.1139997 46.6 .06314473 3.4920311
41.7 .04690238 3.1224883 48.7 . 06349427 3.4986449
41.8 .04721505 3.1309384 46.8 . 06384446 3.5052225
41.9 .04752856 3.1393500 46.9 .06419531 3.5117639
42.0 .04784292 3.1477233 47.0 . 06454681 3.5182692
42.1 .04815811 3.1560581 47.1 . 06489896 3.524'7385
42.2 .04847413 3.1643546 47.2 . 06525176 3.5311718
42.3 .04879098 3.1726127 47.3 . 06560520 3.5375693
42 .4 .04910865 3.1808326 47.4 . 06595927 3.5439308
42.5 .04942714 3.1890142 47.5 . 06631398 3.5502567
42.6 .04974645 3.1971576 47.6 . 06666932 3.5565468
42.7 .05006657 3.2052628 47.7 . 06702529 3.5628013
42.8 .05038750 3.2133299 47.8 .06738188 3.5690202
42.9 .05070924 3.2213589 47.9 . 06773909 3.5752037
43.0 .05103177 3.2293498 48.0 . 06809692 3.5813517
43.1 .05135511 3.2373027 48.1 . 06845536 3.5874645
43.2 .05167923 3.2452176 48.2 .06881441 3.5935419
43.3 .05200415 3.2530945 48.3 .06917407 3.5995842
43 .4 .05232085 3.2609335 48.4 . 06953433 Z.6055913
43.5 05265633 2.2687347 48.5 .06989519 3.6115635
43.6 .05298359 3.2764980 48.6 . 07025664 3.6175007
43.7 .05331163 3.2842236 48.7 .07061869 3.6234030
43.8 .05364044 3.2919114 48.8 .07098132 3.6292705
43.9 .05397001 3.2995615 48.9 . 07134454 3.6351033
44.0 .05430035 3.3071739 49.0 .07170834 3.6409015
44 .1 .05463145 T.3147488 49.1 .07207272 3.6466652
44.2 .05496330 3.3222860 49.2 . 07243767 3.6523943
44.3 .05529530 3.3297857 49.3 . 07280320 3.6580892
44 .4 .05562925 3.3372479 49.4 . 07316929 3.6637497
44.5 .05596335 3.3446727 49.5 . 07353595 3.6693761
44 .6 .05629819 3.3520602 49.6 .07390316 3.6749683
44.7 .05663376 3.3594102 49.7 . 07427094 3.6805266
44.8 .05697007 3.3667230 49.8 . 07463927 3.6860509
44.9 05730710 3.3739985 49.9 . 07500815 3.6915414
45.0 .05764487 3.3812367 50.0 . 07537757 3.6969982
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T dW*(T){dT T dW*(T)dT
K F*(T) X 1000 K w*(T) % 1000
K- K-
50.0 .07537757 3.6969982 55.0 .09447519 3.9291588
50.1 .07574755 3.7024213 55.1 ' . 09486830 3.9330356
50.2 .07611806 3.7078109 55.2 .09526179 3.9368927
50.3 .07648911 3.7131670 55.3 . 09565568 3.9407182
50.4 .07686069 3.7184898 55.4 . 09604994 3.9445161
50.5 .07723280 3.7237793 55.5 .09644458 3.9482867
50.6 .07760544 3.7290357 55.6 . 09683959 3.9520301
50.7 .07797861 3.7342591 55.7 . 09723498 3.9557464
50.8 .07835229 3.7394494 55.8 .09763074 3.9594356
50.9 07872650 3.7446070 55.9 .09802687 3.9630981
51.0 .07910122 3.7497318 56.0 .09842336 3.9667339
51.1 .07947644 3.7548239 56.1 . 09882022 3.9703430
51.2 .07985218 3.7598835 56.2 .09921743 3.9739257
51.3 .08022842 3.7649107 56.3 .09961500 3.9774821
51.4 .08060516 3.7699056 56.4 .10001292 3.9810123
51.5 .08098240 3.7748682 56.5 .10041120 3.9845165
51.6 .08136013 3.7797987 56.6 .10080983 3.9879947
51.7 .08173836 3.7846973 56.7 .10120880 3.9914472
51.8 _08211707 3.7895640 .56.8 .10160812 3.9948740
51.9 .08249627 3.7943988 56.9 .10200777 3.9982753
52.0 .08287595 3.7992021 57.0 .10240777 4.0016511
52.1 .08325611 3.8039737 57.1 .10280810 4.0050017
52.2 .08363674 3.8087140 57.2 .10320877 4.0083273
52.3 .08401785 3.8134229 57.3 .10360977 4.0116278
52.4 .08439943 3.8181006 57.4 .10401109 4.0149033
52.5 .08478147 3.8227472 57.5 .10441275 4.0181542
52.6 .08516398 3.8273628 57.6 .10481472 4.0213805
52.7 .08554694 3.8319476 57.7 .10521702 4.0245823
52.8 .08593036 3.8365016 57.8 .10561964 4.0277598
52.9 .08631424 3.8410250 57.9 .10602257 4.03091350
53.0 .08669857 3.8455179 58.0 .10642582 4.0340422
53.1 .08708334 3.8499805 58.1 .10682938 4.0371474
53.2 .08746856 3.8544127 8.2 .10723325 4.0402288
53.3 .08785422 3.8588148 58.3 .10763743 4.0432865
53.4 .08824032 3.8631869 58.4 .10804191 4.0463206
53.5 .08862686 3.8675291 58.5 .10844669 4.0493314
53.6 .08901383 3.8718415 58.6 .10885177 4.0523188
53.7 .08940123 3.8761243 58.7 .10925715 4.0552830
53.8 .08978905 3.8803775 58.8 .10966283 4.0582243
53.9 . .09017730 3.8846014 58.9 .11006880 4.0611426
54.0 .09056597 .3.8887959 59.0 .11047506 4.0640381
54.1 .09095506 3.8929613 59.1 .11088160 4.0669110
54.2 .09134456 3.8970977 59.2 .11128844 4.0697614
54.3 .09173448 3.9012052 59.3 .11169555 4.0725895
54.4 ,08212480 3.9052839 59.4 .11210295 4.0753950
54.5 .09251554 3.9093339 59.5 .11251063 4.0781786
54.6 09290667 3.9133554 50.6 - .11251859 4.0809402
54.7 .09329821 3.9173485 "§9.7 .11332682 4.0836798
54.8 .09369014 3.9213134 59.8 .11373532 4.0863978
54.9 .09408247 3.9252501 59.9 .11414410 4.0890941
55.0 .09447519 3.9291588 60.0 .11455: 14 4.0917688



IPTS-68 Reference Function and Its Derivative With the Argument in Kelvin — Continued

T dw*(T))dT T aWw*(T)/dT
K we(T) X 1000 K wXT) X 1000
K- K-t
60.0 .11455314 4.0917688 65.0 .13530364 4.2007677
60.1 .11496245 4.0944222 65.1 .13572380 4.2025038
60.2 .11537203 4.0970544 65.2 .13614414 4.2042243
60.3 .11578186 4.0996654 65.3 . 13656464 4.2059294
60.4 .11619196 . 4.1022555 65.4 .13698532 4.2076192
60.5 .11660231 4.1048246 65.5 .13740617 4.2092937
60.6. 11701292 4.1073730 65.6 .13782718 4.2109531
60.7 11742379 4.1099008 65.7 .13824836 4.2125975
60.8 11783490 4.1124081 65 .8 .13866970 4.2142270
60.9 .11824627 4.1148950 65.9 .13909120 . 4.2158416
61.0 .11865788 4.1173616 66.0 .13951287 4.2174415
61.1 .11906974 4.1198081 66.1 .13993469 4.2190268
61.2 .11948184 4.1222345 66.2 .14035667 4.2205976
61.3 .11989419 4.1246411 66.3 .14077881 4.2221539
61.4 .12030677 4.1270279 66.4 .14120110 4.2236958
8l1.5 .12071958 4,1203951 66.5 .14162355 4.22852236
61.6 12113265 . 4.1317428 66.6 .14204615 4.2267371
61.7 .12154594 4.1340709 66.7 .14246889 4.2282367
61.8 .12195946 4.1363799 66.8 .14289179 4.2297223
61.9 12237321 4.1386696 66.9 .14331484 4.2311939
62.0 .12278719 4.1409403 67.0 .14373803 4.2326518
62.1 .12320140 4.1431921 67.1 .14416137 4.2340961
62.2 .12361583 4.,1454250 67.2 .14458485 4.2355267
62.3 .12403049 4.1476393 67.3 .14500847 4.2369439
62.4 .12444536 4.1498349 67.4 .14543224 4.2383476
62.5 .12486045 4.1520121 67.5 -14585614 4.2397380
62.6 .12527576 4.1541709 67.6 .14628019 4.2411152
62.7 .12569129 4.1563115 67.7 .14670436 4.2424793
62.8 .12610702 4.1584339 67.8 .14712868 4.2438303
62.9 .12852297 4.,1605384 67.9 .14755313 ' 4,2451683
63.0 .12693913 4.1626249 68.0 14797771 4.2464935
63.1 .12735550 4.1646937 68.1 .14840243 4.2478058
63.2 12777207 4.1667448 68.2 .14882727 4.2491055
63.3 .12818884 4.1687783 68.3 .14925225 4.2503925
63.4 .12860582 4.1707944 68.4 .14967735 4.2516671
63.5 .12902300 4.1727931 68.5 .15010258 4.2529291
63.6 .12944038 4.1747746 68.6 .15052794 4.2541788
63.7 .12985796 4.1767390 68.7 .15095342 4.2554163
63.8 .13027573 4.1786864 68.8 .15137902 4.2566415
63.9 .13069369 4.1806169 68.9 .15180475 4.2578547
64.0 .13111185 4.1825306 69.0 .15223059 4.2590558
64.1 .13153020 4.1844276 69.1 .15265656 4.2602449
64.2 .13194874 4.1863081 69.2 .15308264 4.2614222
64.3 .13236746 4.1881721 69.3 .15350884 4.2625877
64.4 .13278637 4.1900197 69.4 .15393516 4.2637415
64.5 .13320546 4.1918511 69.5 .15436159 4.2648838
64.6 13362474 4.1936663 69.6 .15478813 4.2660144
64.7 .13404420 4.1954655 69.7 .15521479 4.2671336
64.8 .13446383 4.1972487 69.8 .15564156 4.2682414
64.9 .13488365 4.1990161 69.9 .15606844 4.2693379
65.0 .13530364 4.2007677 70.0 .15649543 4.2704231
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T
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g AW*(T)/AT T dHRCTY AT
K w(T) X 1000 K T x HO
‘ K-t K
70.0 .15648543 4.2704231 75.0 .17796116 4.3119570
70.1 .15692252 4.2714973 75.1 .1'7839239 4.3125623
70.2 .15734973 4.2725603 75.2 .17882367 4.3131598
70.3 .18777T703 4.2736124 75.3 .17925502 4.3137496
70.4 .15820445 4.2746535 75.4 .17968642 4.31433186
70.5 .15863197 4.2756838 75.5 .18011789 4.3145061
70.6 .15905958 4.2767033 75.6 .18054940 4.3154730
T70.7 .16948731 4.2777121 75.7 .18098098 4.3160323
70.8 .15991513 4.2787103 75.8 .18141261 4.3165842
©170.9 .16034305 4.2796980 75.9 .18184430 4.3171287
71.0 .16077107 4.2806751 76.0 .18227604 4.3176658
71.1 .16119918 4.2816419 76.1 .18270783 4.3181957
71.2 .16162739 4.2825983 76.2 .18313968 4.3187183
71.3 .16205570 4.2835445 76.3 .18357157 4.3192336
71.4 .16248410 4.2844805 76.4 .18400352 -4.3197419
71.5 .16291260 4 .2854064 76.5 .18443552 4.3202431
71.6 .16334118 4.2863222 76.6 .18486757 4.3207372
71.7 .16376986 4.2872280 76.7 .18529967 4.3212243
71.8 .16419863 4.2881240 76.8 .18573181 4.3217045
71.9 .16462749 4.2890101 76.9 .18616401 4.3221778
72.0 .16505643 4.2898864 77.0 .18659625 4.3226442
T2.1 .16548546 4°.2907530 T7.1 .18702854 4.3231039
72.2 .16591458 4.2016101 77.2 .18746087 4.3235568.
72.3 .16634378 4.2924575 77.3 .18789325 4.3240030
72.4 .16677307 - 4.2932954 77.4 .18832567 4.3244426
72.5 .16720244 4.2941240 T77.5 .18875814 4.3248755
72.6 .16763190 4.2949431 7.6 .18919065 4.3253020
72.7 .16806143 4.2957529 77.7 .18962320 4.3257219
72.8 .16849105 4.2965535 77.8 .19005579 4.3261354
72.9 .16892074 4.2973449 77.9 .19048842 4.3265424
73.0 .16935052 4.2981273 78.0 .19092110 4.3269431
73.1 .16978037 4.2989005 78.1 ©.19135381 4.3273375
73.2 .17021030 - 4.2996649 78.2 .19178657 4.3277257
73.3 .17064030 4.3004202 78.3 .19221936 4.3281076
73.4 .17107038 4.3011667 78.4 .19265219 4.3284832
73.5 .171850053 4.3019045 78.5 .19308505 4.3288529
73.6 .17193076 4.3026335 78.6 -19351796 4.3292164
73.7 .17236106 4.3033539 78.7 .18395090 4.3295738
73.8 .17279143 4.3040656 78.8 .18438387 4.3299253
73.9 .17322187 4.3047688 78.9 .19481688 4.3302707
74.0 .17365238 4.3054635 79.0 .19524993 4.3306104
74.1 .17408256 4.3061498 79.1 .19568300 4.3309441
74.2 .17451361 4.3068277 79.2 .19611611 4.3312720
74.3 .17494433 4.3074974 79.3 .19654926 4.3315941
74.4 .17537511 4.3081587 79.4 .18698243 4.3319105
74.5 .17580596 4.3088119 79.5 .19741564 4.3322212
74.6 17623687 4.3094570 79.6 .19784888 4.3325262
74.7 .17666785 4.3100839 79.7 .19828214 4.3328256
74.8 .17709889 4.3107229 79.8 .19871544 4.3331194
74.9 .17753000 4.3113439 79.9 .19914877 4.3334077
75.0 .17796116 4.3119570 80.0 .18958212 4.3336906
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T dW*(T)/dT T ATV AT
K (T x 1000 K w*(T) X 1000
K- K-
80.0 .19958212 4 .3336906 85.0 .RR12T7523 4.3416637
80.1 .20001551 4.3339679 85.1 .22170939 4.3417150
80.2 .20044892 4.3342399 85.2 .22214357 4.3417627
80.3 .20088235 4.3345065 85.3 .222577T75 4.34180867
80.4 .20131582 4.3347678 85.4 .22301193 4.3418471
80.5 .20174931 4.3350238 85.5 .22344612 4.3418839
80.6 .20218282 4.3352745 85.6 .22388031 4.3419171
80.7 .20261636 4.3355200 85.7 .22431450 4.3419467
80.8 .20304993 4.3357603 '85.8 .22474870 4.3419728
80.9 .20348351 4,3359955 85.9 .22518289 4.3419955
81.0 .20391713 4.3362257 86.0 .22561709 4.3420146
81.1 .20435076 4.3364507 86.1 .22605130 4.3420303
81.2 .20478442 4.3366708 86.2 .22648550 4.3420427
§1.3 .20521809 4.3368858 86.3 .22691971 4.3420516
81.4 .2056517% 4.3370959 86.4 .22735391 4.3420572
81.5 .20608551 4.3373012 86.5 .22778812 4.3420594
81.6 .206519256 4.3375015 86.6 .22822232 4.3420584
81.7 . 20695301 4,.3376970 86.7 .22865653 4.3420541
81.8 .20738679 4.3378877 86.8 .22909073 4.3420465
81.9 .20782059 4.3380737 86.9 .22952494 - 4.3420357
82.0 .20825441 4.3382549 87.0 .22995914 4.3420217
82.1 .20868824 4.3384315 87.1 .23039334 4:3420045
82.2 .20912209 4.3386034 '87.2 .23082754 4.3419842
82.3 .20955556 4.3387706 87.3 .23126174 4.3419608
82.4 .20998985 4.3389333 87.4 .23169593 4.3419342"
82.5 ©.21042375 4.3390914 87.5 .23213013 4.3419047
82.6 .21085766 43392450 87 .6 . 23256431 4 3418720
82.7 . .21129160 4.3393942 87.7 .23299850 4.3418363
82.8 .21172554 4.3395389 87.8 .23343268 4.3417977
82.9 .21215950 4.3396791 87.9 .23386686 4.3417560
83.0 .21259348 4 ,.3398151 88.0 . 23450103 4.3417114
83.1 .21302747 4.3399466 88.1 .23473520 4.3416639
83.2 .21346147 4.34007%9 88.2 .R3516937 4.3416135
B3 3 .21389548 4 3401968 88 3 . 235603582 4.3415602
83.4 .21432951 4.3403155 88.4 .23603768 4.3415041
83.5 . 21476354 4.3404301 88.5 .23647182 4.3414451
83.6 .21519759 4.,3405404 88.6 .23690597 4.3413833
- 85.7 .21563165 4.3406466 88.7 .23734010 4.3413188
83.8 .21606572 4.3407487 88.8 .R3T7T7423 4.3412514
83.9 .21649980 4.3408466 88.9 .23820835 4.3411814
84.0 .21693389 4.3409406 80.0 . 23864247 4.3411086
84.1 .21736799 4.3410304 89.1 .23907657 4.3410332
84.2 .21780210 4.3411163 89.2 .23951067 4.3409551
84.3 .21823621 4.3411983 89.3 .23994476 4.3408743
84.4 .21867034 4.3412764 89.4 .24037885 4.3407909
84.5 .21910447 4.3413505 89.5 .24081292 4.3407048
84.6 .21953861 4.3414207 89.6 .24124699 4,3406162
84.7 .21997275 4.3414871 89.7 .24168105 4.3405251
84.8 .22040690 4.3415498 89.8 .24211609 4.3404314
84.9 .22084106 4.3416086 89.9 .24254913 4.3403352
85.0 .22127523 4.3416637 90.0 .24298316 4.3402365
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T dIP*(T)dT T dwrydr
K W*(T) X 1000 K T X O
K-l ) K—-l
90.0 .24298316 4.3402365 95.0 . 26466721 4.3325507
90.1 .24341718 4.3401353 95.1 . 26510045 4.3323498
90.2 .24385119 4.3400317 95.2 . 26553368 4.3321474
80.3 .24428519 4.3399257 95.3 . 26596688 4.3319435
90.4 . 24471917 4.3398172 95.4 . 26640007 4.3317379
90.5 .24515315 4.3397063 95.5 .26683323 4.3315309
90.6 .24558711 4.3395931 95.6 . 26726637 4.3313224
0.7 .24602107 4.3394775 95.7 . 26769950 4.3311124
90.8 .24645501 4.3393596 95.8 .26813260 4.3309009
90.9 .24688894 4.3392394 95.9 . 26856568 4.3306879
91.0 24732286 4.3391169 96.0 . 26899873 4.3304735
91.1 .24T75676 4.3389921 96.1 . 26943177 4.3302577
91.2 .24819065 4.3388651 96.2 . 26986479 4.3300404
91.3 .24862454 4.3387358 96.3 .27029778 4.3298217
91.4 .24905840 4,3386043 96.4 .27073075 4.3256017
21.5 .24949226 4.3384706 96.5 .27116370 4.3293803.
91.6 . . 24992610 4.3383348 96.6 . 27159663 4.3291575
91.7 .25035992 4.3381968 96.7 . 27202953 4.3289333
91.8 .25079374 4.3380566 96.8 . 27246241 4.3287078
91.9 .25122753 4.3379143 96.9 . 27289527 4.3284810
92.0 .25166132 4.3377700 97.0 .27332811 4.3282529
92.1 .25209509 4.3376236 97.1 . 27376092 4.3280234
92.2 . 25252884 4.3274751 97.2 .27419371 4.3277927
92.3 .25296258 4.3373245 97.3 .27462648 4.3275607
92.4 .25339631 4.3371720 97.4 . 27505922 4.3273274
92.5 . 25383002 4.3370174 97.5 . 27549195 4.3270929
82.6 .25426371 4.3368608 97.6 . 27592464 4.3268572
92.7 .25469739 4.3367023 97.7 .27635732 4.3266203
92.8 .25513105 4.3365418 97.8 . 27678997 4.3263821
82.¢9 . 256556470 4.3363794 97.9 . 27722269 4.3261427
83.0 .25599833 4.3362150 98.0 .27765520 4.3259021
93.1 .25643194 4.,3360487 98.1 . 27808777 4.3256604
93.2 . 25686554 4.3358806 98.2 .27852033 4.3254176
93.3 .25729912 4.3357106 98.3 . 27895286 4.3251735
93.4 .25773268 4.3355388 98.4 . 27938536 4.3249283
93.5 .25816622 4.3353651 98.5 . 27981784 4.3246821
93.6 25859975 4.3351896 98.6 .28025030 4.3244347
93.7 .25903326 4.3350122 98.7 .28068273 4.3241862
93.8 .25946675 4.3348332 98.8 .28111514 4.3239366
93.9 .25990023 4.3346523 98.9 .28154752 4.3236859
94.0 . .26033368 4.3344697 99.0 .28197987 4.3234341
94.1 .26076712 4.3342853 99.1 .28241220 4.3231813
94.2 .26120054 4.3340992 99.2 .28284451 4.3229276
94.3 .26163394 4.3339115 99.3 . 28327679 4.3226727
94.4 . 26206732 4.3337220 99.4 28370904 4.3224168
94.5 . 26250069 4.3335309 99.5 .28414127 4.3221599
94.6 .26293403 4 3333381 99.6. .28457348 4.3219020
94 .7 .26336735 4.3331436 99.7 . 28500565 4.3216432
94.8 .26380066 4.3329476 99.8 . 28543780 4.3213833
94.9 26423394 4,3327499 99.9 . 28586993 4.3211225
95.0 .26466721 4.3325507 100.0 .28630203 4.3208607
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T dW*(TY]dT T dW*(T)]dT
K w(T) x 1000 K w*(T) X 1000
. K-? K-
100.0 .28630203 4.3208607 150.0 .49861134 4.17869430
101.0 .29062156 4.3181928 151.0 .50278711 4.1746153
102.0 . 29493839 4,3154407 152.0 .50696058 4.1723135
103.0 . 29925242 4.3126140 153.0 .51113175 4.1700371
104.0 .30356359 4.3097216 154.0 .51530066 4.1677859
105.0 .30787184 4.3067718 155.0 .51946733 4.1655591
106.0 .31217712 4.3037723 156.0 .52363178 4.1633567
107.0 .31647937 4.3007301 157.0 .52779405 4.1611778
108.0 .32077857 4.2976521 158.0 .53195415 4.1590222
109.0 32507467 4.2945442 169.0 .563611210 4.1568895
110.0 . 32936765 4.2914122 160.0 .54026793 4.1547790
- 111.0 .33365749 4.2882612 161.0 .54442167 4.1526903
112.0 ..33794417 4.2850962 162.0 .54857332 4.1506230
113.0 .34222768 4.2819217 163.0 .55272292 4.1485767
114.0 .34650801 4.2787417 164.0 .55687048 4.1465508
115.0 .35078516 4.2755600 165.0 .56101603 4.1445449
116.0 . 35505913 4.2723801 166.0 .56515958 4.1425586
117.0 . 35932992 4.2692052 167.0 .56930115 4.1405914
118.0 . 36359754 4.2660381 168.0 .57344077 4.1386427
119.0 . 36786200 4.2628816 169.0 .57757844 4.1367123
120.0 .37212331 4.2597380 170.0 .58171420 4.1347998
121.0 .37638148 4.2566095 171.0 .58584805 4.1329045
122.0 .38063653 4.2534980 172.0 .58998001 4.1310262
123.0 . 38488848 4.2504055 173.0 .59411011 4.1291644
124.0 .38913735 4.2473335 174.0 .59823835 4.1273188
125.0 .39338316 4.2442834 175.0 .60236475 4.1254889
126.0 .39762593 4.2412563 176.0 . 60648933 4.1236743
127.0 .40186568 4.2382537 177.0 .61061210 4.1218746
128.0 .40610244 4.2352763 178.0 .61473308 4.12008986
129.0 .41033624 4.2323250 179.0 _.61885229 4.1183188
130.0 .41456710 4.2294006 180.0 .62296973 4.1165619
131.0 .41879505 4.2265037 181.0 .62708542 4.1148185
132.0. .42302012 4.2236348 182.0 .63119937 4.1130884
133.0 . 42724233 4.2207945 183.0 . 63531160 4.1113711
134.0 . .43146172 4.2179829 184.0 .63942211 4.1096663
135.0 .43567831 4.2152003 185.0 .64353093 4.1079738
136.0 .43989213 4,2124470 186.0 .84763807 4.1062933
137.0 .44410321 4.2097231 187.0 .65174352 '4.1046244
138.0 .44831158 4.2070286 188.0 65584732 4.1029669
139.0 .45251728 4.2043635 189.0 .65994946 4.1013205
140.0 .45672032 4.2017278 190.0 . 66404996 4.0996849
141.0 .46092074 4.1991213 191.0 .66814884 4.0980600
142.0 .46511857 4.196543° 192.0 67224609 4.0964453
143.0 .46931384 4.1939955 193.0 .B87634173 4.0948408
144.0 .47350657 4.1914757 194.0 .68043577 4.0932461
145.0 . 47769680 4.1889844 185.0 .68452823 4.0916611
146.0 .48188455 4.1865212 196.0 .68861510 4.0900855
147.0 . 48606985 4.1840858 197.0 . 69270840 4.0885191
148.0 . 49025273 4.1816779 188.0 .69679614 4.0869618
149.0 .49443322 4.1792971 198.0 70088233 4.0854132
150.0 .49861134 4.1769430 200.0 .70498697 4.0838734
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T dW*(T)/dT T dW*(T)/dT
K (7T X 1000 K w*(T) x 1000
K—| K..l

200.0 .70496697 4.0838734 250.0 . 90738312 4.0150756
201.0 .70905008 4.0823419 251.0 .91139757 4.0138199
202.0 .71313166 4.,0808187 252.0 .91541076 4.0125672
203.0 LT1721172 4.0793037 253.0 .91942270 4.0113173
204.0 .72129027 4.0777966 254.0 .92343340 4.0100702
205.0 .T2536731 - 4.0762973 255.0 . 92744285 4.0088257
206.0 .72944286 4.0748056 256.0 .93145105 4.0075837
207.0 .73351693 4.0733215 257.0 . 93545801 4.0063439
208.0 ."73758951 4.0718447 258.0 . 93946374 4.0051063
209.0 ."74166062 4.0703751 259.0 .94346823 4.0038708
210.0 .74573026 4.0683126 260.0 .94747148 4.0026371
211.0 .74979844 4.0674572. 261.0 .956147350 4.0014051
212.0 .75386518 4.0660085 262.0 . 956547429 4.0001747
213.0 .75793046 4.0645666 263.0 .95947385 3.9989456
214.0 .76199431 4.0631313 264.0 . 96347218 . 3.9977178
215.0 .76605673 4.0617025 265.0 . 96746929 3.9964910
216.0 LTT011772 4.0602801 266.0 . 97146517 3.9952650
217.0 JT7417729 4.0588640 267.0 . 97545982 3.9940397
218.0 .7'7823545 4.0574541 268.0 . 97945325 3.9928147
219.0 .78229220 4.0560503 269.0 . 98344545 3.9915902
220.0 . 78634755 4.0546525 270.0 .98743643 3.9903656
221.0 .79040151 4.0532606 271.0 .99142618 3.9891409
222.0 .79445408 4:0518746 272.0 .99541471 3.9879159
223.0 .'79850526 4.0504942 273.0 .99940201 3.9866902
224.0 .80255507 4.0491195 273.15 1.00000000 3.9865063
225.0 .80660350 4.0477504
226.0 .81065057 4.0463867
227.0 .81469628 4.0450285
228.0 .818740863 4.0436755
229.0 .82278363 4.0423277
230.0 .82682528 4.0409851
231.0 .83086560 4.0396475
232.0 .83490458 4.0383149
233.0 .83894223 4.0369871
234.0 .84297856 4.0356641
235.0 .84701356 4.0343459
236.0 .85104725 4.0330323
.237.0 .85507963 4.0317232
238.0 .85911070 4.0304186
239.0 .86314047 4.0291183
240.0 .86716894 4.0278223
241.0 .87119611 4.0265305
242.0 .87522200 4.0252428
243.0 87924660 4.0239590
244 .0 .88326992 4.0226792
245.0 .88729196 4.0214031
246.0 .89131273 4.0201307
247 .0 .B9533222 4.0188618
248.0 .B9935045 4.0175964
249.0 .90336742 4.0163344
250.0 .90738312 4.0150756
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IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius

1 dW*(1)1dT t dW (AT
°C H*(t) X 1000 °C W) X HKN)
et o(c 1
-260.0 .00126168 .2107490 -255.0 .00309642 .5540898
-259.9 .00128300 .2158042 -254.9 .00315227 .5628522
-259.8 .00130484 .2209403 -254.8 .00320900 .5716830
-259.7 .00132719 .2261558 -254.7 .00326661 .5805814
-259.6 .00135007 .2314492 ~-254.6 .00332511 .5895467 .
-259.5 .0013734%9 . .2368191 -254.5 .00338452 .5985782
-259.4 .00139744 .2422640 -254.4 .00344483 .6076751
-259.3 .00142194 .2477828 -254.3 .00350606 .6168368
-259.2 .00144700 .2533743 —-254.2 .00356820 .6260627
-259.1 .00147262 .2580375 -254.1 .00363127 .6353522
-259.0 .00149881 . 2647716 -254.0 .00369527 .6447048
-258.9 .00152557 . 2705758 -253.9 .00376022 .6541199
-258.8 .00155283 . 2764497 -253.8 .00382610 .6635970
-258.7 .00158087 .2823930. -253.7 . .00389294 6731357
-268.6 .00160941 .2884054 -253.6 .00396073 .6827354
-258.5 .00163855 . 2944869 -253.5 .00402949 .6923958
-258.4 .00166831 . 30086377 -253.4 .00409921 ."7021165
-258.3 .00169868 .3068581 -2563.3 . 00416991 .7118970
-258.2 .00172968 .3131483 -253.2 .00424159 .7217370
-258.1 .00176131 .3195089 -253.1 .00431426 .7316359
~-258.0 .00179358 .3259405 -253.0 .00438792 .7415936
-257.9 .00182650 .3324437 -252.9 . 00446258 .7516094
-257.8 .00186007 .3390193 -252.8 .00453825 .7616831
-257.7 .00189431 .34566'78 -252.7 . 00461492 .7718143
~-257.6 .00182921 . 3523901 -252.6 .00469261 .7820023
-257.5 .00196479 .3591870 -252.5 .00477132 ."7922469
-257.4 .00200105 .3660590 -252 .4 .00485106 .8025475
-257.3 .00203800 .3730068 -252.3 .00493183 .8129036
-257.2 .00207565 .3800312 -252.2 .00501364 .8233146
—257 .1 00211401 .3871326 -252 .1 . 00509650 .8337801
-257.0 .00215308 .3943114 -252.0 .00518040 .8442993
-256.9 .00219288 .40156§1 -251.9 . 00526536 .8548717
~-256.8 .00223340 .4089030 -251.8 .00535138 .8654965
-256.7 .00227466 .4163162 —-251.7 .00543846 .B761731
~256.6 .00231667 .4238079 -251.6 .00552661 .8869007
-256.5 .00235942 .4313780 -261.5 .00561584 .8976786
-256.4 .00240294 4390265 -251 .4 .00570815 .9085058
-256.3 .00244723 .4467532 -251.3 . 00579755 .9193817
-256.2 .00249230 .4545578 -251.2 .00589003 . 9303052
-256.1 .00253815 .4624399 -251.1 .00598361 .9412756
-256.0 .00258479 .4703991 -251.0 . 00607829 .952291°7
-255.9 .00263223 .4784348 -250.9 .00617407 .9633528
-255.8 .00268048 .4865465 -250.8 .00627096 .9744577
-255.7 .00272954 .4947336 -250.7 .00636896 9856055
-255.6 .00277943 .5029852 -250.6 .00646808 .996'7951
~-255.5 .00283014 .5113308 -250.5 .00656832 1.0080255
-255.4 .00288170 .5197395 -250.4 . 00666969 1.0192956
-255.3 .00293409 .5282205 -250.3 .00677218 1.0306044
-255.2 .002988734 .5367731 -250.2 .00687581 1.0419507
-255.1 .00304145 .5453965 -250.1 .00698057 1.0533335
-255.0 .00309642 .5540898 -250.0 .00708648 1.0647516
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‘ A () dT N AW AT
°C *ny X 1000 °C W) X 10O
ot K]
~250.0 . 00708648 1.0647516 —245.0 - .01388681 1.6610569
~245.9 00719252 1.0762039 -244.9 .014085353 1.6732110
~249.8 00730172 1.087689% ~244.8 .01422146 1.6853661
-R48.7 00741106 1.0992071 ~244.7 .01439060 1.6975216
~249.6 .00752156 1.1107558 ~244.6 .01456096 1.7096772
~249.5 00763322 1.1223343 -244.5 .01473254 1.7218324
-249.4 . 00774603 1.1339418 ~244.4 .01490533 1.7339866
~248.3 . 00786000 1.1455771 -244.3 01507933 1.7461396
~249.2 .00797515 1.1572392 ~244.2 01525455 1.7582807
-249.1 .00809145 1.1689271 ~244.,1 . 01543099 1.7704395
-249.0 . 00820893 1.1806398 ~244.0 .01560864 1.7825855
—248.9 . 00832758 1.1923763 -243.9 .01878751 1,7947282
-248.8 . 00844741 1.2041358 ~243.8 .01596759 1.8068671
~248.7 00856841 1.2159172 -243.7 .01614888 1.8180017
~248.6 . 00869059 1.2277198 -243.6 01633139 1.8311315
-248.5 ..00881385 1.2395426 -243.5 .01651511 1.8432558
-248.4 . 00893850 1.2513847 ~243 .4 01670004 1.8553743
~248.3 .00806423 1.2632455 -243.3 .01688618 1.8674863
-R48.2 .00919115 1.2751240 -243, 2 .01707354 1.8795912
-248.1 .00931926 1.2870195 -243.3 .01726210 1.8916886
-248.0 . 00944856 1.2989314 -243.0 .01745187 1.9037778
~247.9 . 00957904 1.3108588 -~242.9 .01764286 1.9158583
-247.8 00971073 1.3228011 ~242.8 01783504 1.9279295
~247.7 00984361 1.3347576 ~242.7 .01802844 1.9399908
-247.6 .00997768 1.3467277 -242.8 .01822304 1.9520417
~247.5 .01011295 1.3587108 -242.5 .01841885 1.9640815
-247.4 01024942 1.3707063 -242 .4 .01861586 1.9761096
~247.3 .0103870¢ 1.3827136 -242.3 .01881407 1.9881255
~247.2 01052597 1.3947322 ~242.2 .01901348 2.0001285
-~247.1 01066604 1.4067616 -242.1 .01921410 2.0121180
~247.0 .01080732 1.4188011 -242 .0 01941591 2.0240935
-248.9 .01094980 1.4308504 -241.9 ,01961891 2.0360544
-246.8 .01109349 1.4429090 -241.8 :01982312 2.0480000
—~246.7 .01123838 1.4549764 -241.7 .02002851 2.0599297
-246.6 .01138448 1.4670521 -241.6 .02023510 2.0718429
-246.5 . 01153179 1.4791358 -241.5 .02044288 2.0837391
-246.4 01168031 1.4912269 ~-241.4 .02065185 2.0956176
-246.3 .01183004 1.5033250 -241.3 .02086200 2.1074779
-246 .2 .01128098 1.5154297 -241.2 .02107334 2.1193183
-246.1 01213312 1.5275407 -241.1 .02128587 2.1311413
~-246.0 .01228648 1.5396575 ~241.0 .02149957 2.1429433
~245.9 .01244106 1.5817797 ~240.9 .02171446 2.1547247
-245.8 .01259684 1.5639069 ~240.8 .02193052 2.1664849
~245.7 .01275384 1.5760388 -240.7 02214775 2.1782235
-245.6 01291205 1.5881748 ~240.6 .02236616 2.1899397
~245.8 01307147 1.6003146 ~240.5 02258574 2.2016331
-245.4 .01323211. 1.6124579 240 .4 . 02280649 2.2133031
~245.3 01339396 1.6246042 ~240.3 .02302840 . 2.2249492
~245.2 .01355703 1.6367530 -240.2 .02325147 2.2365708
~245.1 01372132 1.6489041 -240.1 .02347571 2.2481674
-245.0 .01388681 1.6610569 ~240.0 .02370111 2.2597386
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! AW (T t dWr ()T
°( H*(1) X 1000 °C W) X 1000
o1 o

-240.0 .02370111 2.2597386 ~235.0 .03638008 2.7974138
-239.9 .02392766 2.2712837 -234.9 .03666031 2.8072404
-239.8 .02415536 2.2828024 -234.8 .03694152 2.8170283
-239.7 . 02438422 2.2942942 -234.7 .03722371 2.8267775
-239.6 .02461422 2.3057584 -234.6 .03750688 2.8364880
-239.5 .02484537 2.3171947 -234.5 .03779101 2.8461597
-239.4 .02807766 2.3286027 -234.4 .03807611 2.8557927
-239.3 .02531109 2.3399819 -234.3 .03836217 2.8653868
-239.2 .02554565 2.3513318 -234.2 .03864919 2.8749421
-239.1 .02578135 2.3626520 -234.1 .03893716 2.8844585
-239.0 .02601818 2.3739421 -234.0 .03922608 2.8939361
-238.9 .02625614 2.3852018 -233.9 .03951594 2.9033747
-238.8 .02649522 2.32964305 —233.8 .03980675 2.9127745
-238.7 .02673543 2.4076280 -233.7 .04009850 2.9221354
~-238.6 02697675 - 2.418793° -233.6 .04039118 2.9314574
-238.5 - .02721918 2.4299277 -233.5 .0406847° 2.9407404
-238.4 .02746273 2.4410292 -233.4 .04097932 2.9499846
-238.3 .02770739 2.4520979 -233.3 .04127478 2.9591898
-238.2 .02795315 2.4631337 -233.2 .04157116 2.9683562
-238.1 . 02820001 2.4741362 -233.1 . 04186845 2.9774837
-238.0 . 02844798 '2.4851050 -233.0 .04216665 2.9865723
-237.9 .02869703 2.4960398 -232.9. .04246576 2.9956221
-237.8 .02894718 2.5069405 -232.8 .04276578 3.0046329
-237.7 .02919842 2.5178066 -232.7 .04306669 3.0136050
-237.6 .02945074 2.5286380 -232.6 .04336850 3.0225383
-237.5 .02970415 2.5394344 ~-232.5 .04367120 3.0314327
-237.4 .02995863 2.5501956 -232.4 .04397478 3.0402884
-237.3 .03021419 2.5609212 -232.3 .04427925 3.0491053
-237.2 .03047081 2.5716111 -232.2 . 04458460 3.0578836

- =237.1 .03072851 2.5822652 -232.1 . 04489083 3.0666231
—237.0 . 03098726 2.5928830 - -232.0 . 04519793 $5.0753239
-236.8 .03124708 2.6034646 -231.9 .04550589 3.0839861
-236.8 .03150796 2.6740096 -231.8 .04581472 3.0926096
-236.7 .03176988 2.6245180 -231.7 .04612441 3.1011946

- =236.6 .03203286 2.6349895 -231.6 .04643496 3.1097409
-236.5 .03229688 2.6454240 —231.5 .04674636 3.1182488
-236.4 .03256194 2.6558212 ~-231.4 .04705861 3.1267181
-236.3 .03282804 2.6661812 -231.3 .04737170 3.1351490
-236.2 .03309518 2.6765038 -231.2 . 04768564 3.1435415
-236.1 .03336334 2.6867888 -231.1 .04800041 3.1518955
-236.0 .03363253 2.6970360 -231.0 .04831601 3.1802111
-235.9 .03390275 2.7072455 -230.9 . 04863245 3.1684884
-235.8 .03417398 2.7174171 -230.8 . 04894971 3.1767274
-235.7 .03444623 2.7275506 -230.7 .04926779 3.1849282
—-235.6 .03471949 2.7376460 —230.6 . 04958669 3.1930907
-235.5 .03499376 2.7477032 -230.5 .04990641 3.2012150
-235.4 .03526903 2.7577222 -230.4 .05022694 3.2093011
-235.3 . 03554530 2.7677028 -230.3 -.05054827 3.2173491
-235.2 .03582257 2.7776450 -230.2 .05087040 3.2253591
-235.1 .03610083 - 2.7875486 -230.1 .05119334 3.2333310
-235.0 .03638008 2.7974138 -230.0 .05151707 3.2412648



IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius — Continued

t
°C

5 3]

dW* ()T
X 1000
o

t
°C

-230.
-229.
-229.
-229.
-229.
-229.
-229.
-229.
-229.
~229.
-229.
-228.
-228.
~228.
-228.
-228.
-228.
-228.
-228.
-228.
-228.
-227.
-227.
-227.
-227.
-227.
—227.
-227.
-227.
-227.
-227.
-226.
-226.
-226.
-226.
-226.
-226.
-226.
-226.
-226.
-226.
-225.
-225.
-225,
-225.
-225.
-225.
-225.
—225.
-225.
-225.

OD—‘NO’AO‘!U’\](D&OOH(\)_W-bUlO)\IOI)(OOHN(A.hUIO')\"(D(.OOHN(Ahmm'QG)QOOHNWA(ﬂQQOI)LDO

.05151707
.05184159
.05216690
.05249299
.06281987
.05314752
.05347594
.05380513
.05413509
.05446580
.05479728
.05512951
.05546248
.05579621
.05613068
.05646588
.05680182
.05713850
. 05747589
. 05781402
.05815286
.05849242
.05883269
.05917368
.05951536
.05985775
. 06020084
. 06054462
. 06088909
. 06123425
. 06158009
. 06192661
. 06227381
.06262168
.06297022
. 06331942
.06366928
. 06401981
.06437098
. 06472281
.06507528
. 06542840
.06578216
.06613655
. 066849157
. 06684723
.06720351
. 06756041
. 06791793
.06827607
. 06863481

mmuuuwmmuuuuuuuoamumuuwumwuumuuumummuwummmmmmwmmwwmu

.2412648
.2491608
.2570187
. 2648389
.2726211
. 2803655
.2880722
.2957411
.3033724
. 3109660
.3185221
. 3260405
. 3335215
. 3409650
.3483711
3557398
3630712
.3703654
.3776222
. 3848420
3920245
. 3991700
+4062785
4133499
4203845
4273822
. 4343430
. 4412671
. 4481544
. 4550051
.4618192
. 4685967
.4753378
. 4820424
. 4887106
. 4953426
.5019382
. 5084977
.5150211
.5215084
.5279597
.5343750
.5407545
.5470982
.5534062
5596785
5659152
.5721164
.5782821
.5844125
.5905076

98

-225.
-224.
-224.
~224.
-224.
-224.
-224.
-224.
~224.
-224.
~224.
-223.
-223.
~223.
-223.
~223.
-223.
-223.
-223.
-B23.
-223.
-222.
-222.
-222.
-222.
-222.
~-222.
~222.
-222.
~222.
~222.
-221.
~221.
-221.
-221.
-221.
-221.
—21.
-221.
~221.
~221.
-220.
-220.
-220.
-220.
-220.
-220.
-220.
—220.
~220.
-220.

OHNWARNAIDWORNWUANOIOVWONWLROIDOWOFNUWAID IDWOHNWANIOIDWYWO

H*e)

.06863481
.06899417
.06935412
.06971468
.07007584
.07043759
.07079993
.07116286
.07152637
.07189046
.07225512
.07262036
.. 07298617
.07335255
.07371948
.07408698
.07445503
.07482364
.07519279
. 07566249
.07593273
.07630351
. 07667483
.07704668
.07741906
.07779196
.07816539
. 07853933
.07891379
.07928877
. 07966425
.08004024
.08041673
.08078372
.08117120
.08154918
.08192765
.08230661
.08268605
.08306587
.08344637
.08382724
.08420858
.0845903¢9

0B497266

.08535540
.08573860
.08612225
. 08650635
. 08689090
. 08727590

i

N RN ARAARRANRRNANRNHNRNRRNUHANANN RGN UNRARW DR ANRAUARNTDTRARWOHEONG

A )T
X 1000

o
.5905076
.5965674
.6025922
.6085818
.6145364
.6204562
.6263411
.6321912
.6380067
.6437876
.6495340
.6552461
.6608237
.6665672
.6721765
6777517
.6832930
. 6888004
.6942740
.6997139
.7051203
."7104931
7158326
.7211387
7264117
.7316515
7368584
.7420323
.T7471734
.7522819
. 7573578
.7624011
.7674122
.T7723909
LTTT3375
.7822520
."7871346
.7919854
.7968044
.8015918
.8063478
.8110723
.8157656
.8204278
8250588
.8296591
.8342284
.B387671
.8432753
.8477530
.8522003



IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius — Continued

!
o

W)

AW T
X 100
oG

!
°C

>

-220.
-219.
~219.
-219.
-219.
-219.
-219.
-219.
-219.
-219.
-219.
-218.
~218.
-218.
-218.
-218.
-218.
-218.
-218.
-218.
-218.
-217.
-217.
-217.
-217.
-217.
-217.
-217.
-217.
-217.
—217.
-216.
-216.
-216.
-216.
-216.
-216.
-216.
-216.
-216.
-216.
-215.
-215.
-215.
-215.
-215.
-215.
-215.
~215.
-215.
-215.

o
OHNMAU?G)Q(DLDOD—'NOJLCHO)Q(DKDOF—'(\JOIAUYC‘)RIGJLDOHN(AAUO)\)FDLDOHN(Nb(ﬂO’40’3(-0

.08727590
.08766134
.08804722
.08843354
.08882029
. 08920748
.08359509
.08998313
.09037159
.09076046
.09114976
.08153947
.09192959
.09232012
.09271105
.09310239
.09349412
.09388625
.09427878
.09467169
.09506500
. 09545869
.09585276
.09624721
.09664204
.09703724
.09743282
.09782876
.09822507
.09862174
.09901878
.09941617
.09981392
.10021202
.10061047
.10100927
.10140841
.10180790
.10220773
.10260789
.10300839
. 10340923
.10381039
.10421188
.10461370
.10501583
.10541829
.10582107
.10622416
.10662756
.10703128

.b-‘hA.h-b.e-.u.h.h.h.:x.bumwuuo:wmuwmmwumu_‘muumumwuwmwmmuuwmmmmuuu

.85622003
.B566175
.8610046
.8653617
.8696890
.8739866
.B782546
.8824931
.8867023
.8908823

.8950332-

.8991550
.9032481
.9073125
.9113482
.9153555
.9193345
.9232852
.9272080
.9311027
9349697
9388089
.9426206
. 9464048
.9501618
.9538916
.9575943
.9612702
.9649193
.9685417
.9721376
.9757072
.9792505
.9827677
.9862589

.9897242

.9931638
.9965778
.9999664
.0033296
.00668676
.0099806
.0132686
.0165319
.0197704

.0229845

.0261741
.0293394

.0324806

.0355978
.0386911

99

-215.
-214.
-214.
-214.
-214.
-214.
-214.
214,
214,
-214.
-214.
-213.
-213.
—213.
~213.
-213.
—213.
-213.
-213.
=213.
-213.
-212.
-212.
-212.
-212.
-212.
~-212.
-212.
~212.
-212.
—212.
-211.
-211.
-211.
-211.
-211.
-211.
-211.
~211.
-211.
-211.
-210.
-210.
-210.
-210.
-210.
-210.
-210.
-210.
-210.
-210.

OFRNRAUNOAIDOORNWANNDJIOOVOFNWANOIVXDNWOFNUARINDIODOWOHNWLANNDIBWO

.10703128
.10743530
.10783963
.10824426
.10864919
.10905443
.10945995
.10986578
.11027189
.11067829
.11108498
.11149196
.11189922
.11230676
.11271458
.11312267
.11353104
.11393968
.11434859
.11475776
.11516721
.11557691
.11598688
.11639710
.11680759
.11721832
.11762931
.11804055
.11845204
.11886378
11927576
.11968798
.12010045
.12051315
.12092609
.12133926
.12175267
.12216631
.12258018
.12299427
.12340859
.12382313
.12423790
.12465288
.12506808
.12548350
.12589913
©.12631497
.12673103
.12714729
.12756376

ADAAARMAMAAADDMANABDADAALLADBDALDARABRAADDRAADDOAALOAOANADARAANDNLDANMDLDLALLN

AW AT
X 1)
o

.0386911
.0417606
.0448065
.0478289
.0508280
.0538038
.0567565
. 0596863
.0625932
. 0654773
. 0683390
.0711781
.0739949
.0767895
.0795621
.0823127
.0850415
.0877486
.0904341
.0930982
.0957410
.0983625
.1009631
.1035427
.1061014
.1086395
.1111570
.1136540
.1161308
.1185874
.1210238
.1234404
. 1258370
.1282140
.1305714
.1329093
.1352278
.1375271
.1398074
.1420686
.1443109
.1465345
.1487394
.1509258
.1530938
.1552435
.1573750
.1594884
.1615839
.1636615
.1657214



IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius— Continued

'
°C

W*(r)

dW*(0)[dT
X 1000

o

!
°C

e

-210.
-209.
-209.
-209.
-209.
-209.
-209.
-209.
-209.
-209.
-209.
-208.
-208.
-208.
-208.
-208.
-208.
~208.
~208.
-208.
-208.
~207.
-207.
-207.
-207.
-207.
-207.
-207.
-207.
~207.
—207.
~206.
-206.
-206.
—206.
-206.
-2086.
-206.
~206.
~206.
-206.
-200.
~205.
—205.
-205.
-205.
-205.
-205.
—205.
-205.
-205.

OP-‘I*J(AJk(.nm-4(1)(.00'—'N(Ab(ﬂmﬂmLOOHNMb(DO)\}m(D~_OHN(A.buUl(D\l(D(OOHNOJ.&UIO)'QCD(DO

12756376
.12798043
.12839731
. 12881439
.12923167
.12964914
.13006682
. 13048469
.13090275
.13132100
.13173944
.13215808
.13257689
.13299589
.13341508
. 13383445
. 13425399
. 13467372
.. 13509362
. 13551370
. 13593395
. 13635437
.13677496
.13719572
.13761665
.13803775
.13845901
.13888043
.13930201
.13972376
.14014566
. 14056772
.14098994
.14141231
.14183483
. 14225750
14268032
.14310330
.14352642
.14394968
.14437309
.14479664
.14522034
.14564417
.14606815
.14649226
.14691651
. 14734089
. 14776541
.14819005
.14861484

AAABDAANDALADADADADDLAABDAADODAADANMLAAAAAAARAADANDNADANRNRNR

.1657214
.1677637
.1697885
.1717959
.1737860

. 1757590

1777149
.1796538
.1815758
.1834812
.1853699
.1872421
.1890979
.1909374
.1927607
.1945679
.1963591
.1981344
.1998939
. 2016377
. 2033660
. 2050788
. 2067762
. 2084583

.2101253
LR1YT7TTT2

.2134141

.2150361

. 2166434
.2182360

.2198140
.2213775
.2229266

.2244615
.2259821
. 2274887
.2289812
.2304598

.2319246
. 2333757
.2348131
. 2362370
.2376474
.2390445
.2404283
. 2417989
2431564
. 2445009
.2458324
.2471512
.2484572

100

-205.
~204.
-204.
-204.
-204.
-204.

-20

-204.
-204.
-204.
-204.
~-203.
~203.
-203.
~203.
-203.

-202.
-202.
-202.
-202.
-202.
—202.
-201.
-201.
~201.
-201.
-201.
-201.
-201.
-201.
-201.
-201.
-200.

-200

-200.
-200.
—-200.
-200.
-200.
- —200.
—200.
-200.

RN UNAUD IO CORNRANDAIDOOHNUANO IDOOFNRNATIOIDOOHNGRINO IO OO

.14861484
.14903975
.14946479
.14988995
.15031524
.15074066
.15116620
.15159187
.15201765
.15244356
. 15286958
.15329573
.15372198
.15414836
.15457485
.15500145
.15542816
.15585499
.15628192
.15670896
.15713611
.15756337
.15799073
.15841819
. 15884576
.15927343
.15970120
.16012907
.16055704
.16098511
.16141328
.16184154
.16226989
.16269834
.16312688
.16355551
.16398423
.16441305
.16484195
.16527094
. 16570001
. 16612917
.16655842
. 16698775
.16741716
. 16784665
. 16827623
.16870588
.1€913562
. 16956543
.16999532

AW (O] dT

-bnnb-»h-bu-b‘.b.hbhh&bhbb&bbb&hbbbb&hbh&bAhbbhhhhh&&bbhh&hh&b

> OB
N S

.2484572
.2497506
.2510313
.2522996
. 2535555
.2547990
. 2560304
. 2572496
.2584567
.2596518
.2608350
. 2620064
.2631661
.2643141
. 2654505
. 2665754
. 2676889
.2687911
.2698819
.2709616
.2720302
.2730877
. 2741343

.2751700

.2761949
. 2772091
.2782126

. 2792085
.2801879
.2811598
.2821214
. 2830727
.2840138
. 2849447
.2858655
. 2867764
.2876773
. 2885683
.2894495
.2903210
.2911828
. 2920350
. 2928777
.2937109
.2945347
.2953492
.2961544
.2969504
. 2977373
.2985150
.2992838



IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius — Continued

!

dF () [dT

t

dI* )T

“C () X 1000 °C W*(1) X 1000
oc-. °(: 1

200.0 .16999532 4.2992838 -195.0 .19157018 4.3275324
-199.9 .17042529 4.3000436 -194.9 .19200296 4.3279174
-199.8 .17085533 4.3007946 -194.8 .19243577 4.3282962
-199.7 .17128545 4.3015367 -194.7 .19286862 4.3286688
-199.6 .17171564 4.3022701 ~-194.6 .19330150 4.3290353
-199.5 .17214590 4.3029948 ~194.5 .19373442 4.3293958
-199.4 .17257624 4.3037108 -194 .4 .19416738 4.3297503
-199.3 .17300664 4.3044183 ~194.3 .19460037 4 .3300987
-199.2 .17343712 4.3051172 -194.2 .19503340 4.3304413
-199.1 .17386767 4.,3088077 ~-194.1 .19546646 4.3307780
-199.0 .17429828 4.30648%°8 -194.0 .19589955 4.3311088
-198.9 .17472896 4.3071636 -193.9 .19633268 '4.3314337
-1v8.8 .175158971 4.3078291 -193.8 .19676584 4.3317530
-198.7 .17559053 4.3084864 -193.7 .19719903 4.3320665
~-198.6 .17602141 4.3091354 -193.6 .19763225 4.3323744
-198.5 .17645236 4,3097765 -193.5 .19806551 4.3326766
-198.4 . 17688336 4.3104094 -193.4 .19849879 4.3329732
-198.3 .17731444 4.3110344 -193.3 .19893210 4.3332643
-198.2 17774557 4.3116515 -193.2 .19936544 4.3335498
-198.1 . 17817677 4.3122607 =193.1 .19979881 4.3338299
-198.0 .17860802 4,31268620 -193.0 .20023221 4.3341046
-197.9 .17903934 4.3134557 -192.9 .20066563 4.3343739
-197.8 .17947071 '4.3140415 -192.8 .20109908 4.,3346378
-197.7 .17990218 4.3146198 -192.7 .20153256 4.3348964
-197.6 .1803%364 4.3151904 -192.6 .20196606 4.33514%8
-197.5 .18076519 4.3157535 -192.5 .20239959 4.3353979
-197.4 .18119679 4.3163092 -192.4 .20283314 4.3356408
-197.3 .18162845 4.3168574 -192.3 .20326672 4.3358786
-197.2 .18206016 4.3173982 =-192.2 .20370032 4.3361112
-197.1 .18249193 4.3179317 -192.1 .20413394 4.3363388
~197.0 .18292375 4.3184579 -192.0 . 20456758 4.3365614
-196.9 .18335562 4.3189768 -191.9 .20500125 4.3367789
~196.8 .18378754 4.3194887 -191.8 .20543494 4.3369915
-196.7 .18421952 4.3199934 -191.7 .20586865 4.3371991
-196.6 .18465154 4,3204910 -121.6 .20630238 4.3374019
-196.5 .18508361 4.3200816 -191.5 .20673613 4.3375999
-196.4 .18551574 4.3214653 -191.4 .20716990 4.3377930
-196.3 .18594791 4.3219420 -191.3 .20760369 4.3379813
-196.2 .18638012 4.3224118 -191.2 .20803750 4.338164%
-196.1 .18681239 4.3228749 -191.1 .20847132 4.3383437
-196.0 .18724470 4.3233312 -191.0 .20890516 4.3385180
-185.9 .18767705 4.3237807 -190.9 .20933902 4.3386875
~195.8 18810945 4.3242236 -190.8 .20977290 4.3388525
-195.7 .18854190 4.3246599 -190.7 .21020680 4.3390129
-195.6 .18897439 4.3250896 ~190.6 .21064070 4.3391688
-195.5 .18940692 4.3255128 -190.5 .21107463 4.3393202
-195.4 .18983949 4.3259294 -190.4 .21150857 4.3394671
-195.3 . .19027210 4.3263397 -190.3 - .21194252 4.3396095
-195.2 .19070476 4. 3267436 ~-190.2 .21237649 4.3397477
-1985.1 .189113745 4.3271412 -190.1 .21281047 4.3398814
-195.0 .19157018 4.3275324 -190.0 .21324447 4.3400108

101



IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius — Continued

t AW (2)1dT ¢ WD AT
°C = X 1000 °C w*1) X 100
°C-! e
-190.0 . 21324447 4.3400108 ~-185.0 .23495228 4.3416391
-189.9 .21367847 4.3401359 -184.9 .23538645 4.3415872
-189.8 .21411249 4.3402567 ~184.8 .23582060 4.3415325
-189.7 .21454652 4.3403733 -184.7 .23625475 4.3414750
-189.6 .21498057 4.3404857 -184.6 .23668890 4.3414145
-189.5 . 21541462 4.3405940 -184.5 .23712303 4.3413514
-189.4 . 21584869 4.3406981 -184.4 .23755717 4.3412854
-189.3 . 21628276 4.3407981 -184.3 .23799129 4.3412168
-189.2 .21671685 4.3408941 -184.2 .23842541 4.3411453
-189.1 . 21715094 4.3409860 -184.1 .23885952 4.3410712
-189.0 .21758504 4.3410739 -184.0 . 23929362 4.3409944
-188.9 .21801915 4.3411579 -183.9 .23972772 4.3409150
-188.8 .21845327 4.3412378 -183.8 .24016181 4.3408329
~188.7 .21888740 4.3413139 -183.7 .24059589 4.3407482
-188.6 .21932154 4.3413861 -183.6 .24102996 . 4.3406609
-188.5 . 21975568 4.3414544 -183.5 .24146402 4.3405710
-188.4 .22018983 4.3415188 -183.4 .24189807 4.3404786
-188.3 .22062398 4.3415796 -183.3 .24233211 4.3403836
-188.2 .22105814 4.3416366 ~-183.2 . 24276616 4.3402862
-188.1 .221492331 4.3416898 -183.1 .24320017 4.3401862
-188.0 .22192648 4.3417393 -~183.0 .24363418 4.3400839
-187.9 . 22236066 4.3417852 -182.9 .24406819 4.3399790
~187.8 . 22279484 4.3418274 -182.8 .24450218 4.3398718
~-187.7 .22322902 4.3418659 -182.7 .24493616 4.3397620
~-187.6 .22366321 4.34195009 -182.6 .24537013 4.3396500
-187.5 .22409740 4.3419323 -182.5 .24580409 4.3395356
~187.4 .22453160 4.3419602 -182.4 .24623804 4.3354188
-187.3 .22496579 4.3419846 -182.3 .24667198 4.3392998
-187.2 . 22539999 4.3420055 -182.2 .24710590 4.3391784
~187.1 . 22583420 4,3420229 -182.1 . 24753981 4.3390548
=187.0 . 22626840 4.3420369 -182.0 . 24797371 4.3389288
-186.9 . 22670260 4.3420476 -181.9 .24840760 4.3388007
-186.8 .22713681 4.3420548 -181.8 .24884147 4.3386703
-186.7 .22757101 4.3420587 -181.7 .24927533 4.3385378
~186.6 .22800522 4.3420593 -181.6 .24970918 4.3384029
-186.5 . 22843943 4.3420566 -181.5 .25014301 4.3382660
-186.4 . 22887363 4.3420507 -181.4 . 25057683 4.3381270
-18B6.3 .22930784 4.3420415 -181.3 .25101064 4.3379858
=186.2 . 22974204 4.3420291 -181.2 .25144443 4.3378425
-186.1 .23017624 4.3420135 -181.1 .25187820 4.3376971
-186.0 .23061044 4.3419948 ~181.C .25231197 4.3375496
-185.9 .23104464 4.3419729 -180.9 .25274571 4.3374001
-185.8 .23147884 4.3419479 -180:8 .25317945 4.3372485
-185.7 .23191303 4.3419198 -180.7 .25361316 4.3370949
-185.6 .23234722 4.3418887 -180.6 .25404687 4.33693%94
-185.5 .23278141 4.3418545 -180.5 .25448055 4.3367818
-185.4 23321559 4.3418173 -180.4 .25491422 4.3366223
-185.3 .23364977 4.3417772 -180.3 .25534788 4.3364608
-185.2 .23408395 4.3417341 -180.2 . 25578151 4.3362975
-185.1 .23451812 4.3416881 -180.1 .25621514 4.3361321
-185.0 . 23495228 4.3416391 -180.0 -.25664874 4.3359649
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1PTS-68 Reference Function and lis First Derivative With the Argument in Celsius — Continued

' dW*(¢)[dT t dF* () dT

°C (1) X 1000 °C B*n X 100
. °C-t ot
-180.0 . 25664874 4.3359649 -175.0 . 27830405 4.3255391
~179.9 .25708233 4.3357959 ~174.9 .27873660 4.3252957
~178.8 .257518%0 4.3356249 ~174.8 .27916911 4.3260511
~-179.7 . 25794945 4.3354522 ~174.7 .27960161 4.3248053
-179.6 .25838298 4.3352775 ~174.6 .28003407 4.3245585
~-179.5 .25881651 4.3351011 ~174.5 . 28046652 4.3243105
~179.4 .26925001 4.3349228 ~174.4 .28089894 4.3240615
-179.3 . 25968349 4.3347430 ~174.3 .28133133 4.3238114
~179.2 .26011696 4.3345612 ~-174.2 .28176370 4.3235602
-179.1 26055041 4.3343777 ~174.1 .28219604 4.3233079
-179.0 . 26098383 4.3341925 ~174.0 . 28262836 4.3230546
-178.9 .26141724 4.3340056 ~173.9 . 28306065 4.3228003
-178.8 . 26185064 4.3338169 ~173.8 . 28349292 4.3225448
-178.7 .26228401 4.3336267 ~173.7 .28392516 4.3222885
-178.6 .26271736 4.3334347 ~173.6 .28435738 4.3220311
-178.5 +. 26315069 4.3332411 ~173.5 . 28478957 4.3217727
-178.4 . 26358401 4.3330459 - ~173.4 .28522173 4.3215133 "
-178.3 .26401730 4.3328489 ~173.3 . 28565387 4.3212530
~-178.2 . 26445058 4.3326505 ~173.2 . 28608598 4.3209917
- ~178.1 . 26488383 4.3324505 -173.1 .28651807 4.3207295
-178.0 .26531707 4.3322488 ~173.0 . 28695013 4.3204663
~-177.9 . 26575028 4.3320456 ~172.9 .28738216 4.3202022
-177.8 .26618348 4.3318409 -172.8 .28781417 4.3199371
~177.7 . 26661665 4.3316348 ~172.7 . 288248615 4.3196712
-177.6 .26704980 4.3314269 -172.6 .28867810 4.3194044
-177.8 . 26748294 4.3312176 -172.5 .28911003 4.3191366
-177.4 . 26791605 4.3310068 ~172.4 . 28954193 4.3188680
-177.3 . 26834914 4.33079246 ~172.3 .28997380 4.3185986
-177.2 .26878221 4.3305809 ~172.2 .29040565 4.3183283
-177.1 .26921625 4,3303658 ~172.1 .29083747 4.3180571
-177.0 . 26964828 4.3301492 ~172.0 .29126926 4.3177851
~176.95 .27008128 4.3295313 -i71.9 .29170103 4.317012%
-176.8 27051427 . 4.3297119 . -171.8 .29213276 4.3172386
-176.7 . 27094723 4.3294912 -171.7 . 29256447 4.3169642
-176.6 .27138016 4.3292691 -171.6 .29299616 4.3166889
-176.5 .27181308 4.3290455 ~171.5 .29342781 4.3164129
-176.4 . 27224597 4.3288207 ~171.4 . 29385944 4.3161361
-176.3 . 27267884 4.3285945 -171.3 . 29429104 4.3158585
-176.2 .27311169 4.3283671 -171.2 . 29472261 4.3155801
-176.1 . 27354452 4.3281383 -171.1 .29515416 4.3153010
-176.0 . 27397732 4.3279082 -171.0 . 29558567 4.3150212
-175.9 . 27441010 4.3276768 -170.9 .29601716 4.3147407
-1765.8 . 27484286 4.3274442 -170.8 .206448¢€2 4.3144593
-175.7 27527559 4.3272103 -170.7 . 29688005 4.3141774
-175.6 . 27570830 4.3269752 -170.6 .29731146 4.3138947
-175.5 . 27614098 4.3267389 ~170.5 . 29774283 4.3136113
-175.4 . 27657365 4.3265013 -170.4 .29817418 4.3133271
-175.3 - . 27700628 4.3262625 -170.3 . 29860550 4.3130424
-175.2 . 27743890 4.3260226 -170.2 .29903679 4.3127569
-175.1 .27787149 4.3257814 -170.1 . 29946805 4.3124708
-175.0 .27830405 4.3255391 -170.0 .29989928 . 4.3121841
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IPTS-68 Reference Function and Its First Derivative With the Argument in Celsius ~ Continued

104

! dW* (0)[dT ¢ i (n)dT
°C W () x%qqo °C F*(e) xulp_(‘m :

-170.0 . 29989928 4.3121841 -120.0 .51175723 4.1696979
-169.0 .30421002 4.3092826 -119.0 .51592680 4,1674503
-168.0 .30851783 4.3063249 -118.0 .52009214 4.1652272
-167.0 .31282265 4.3033185 -117.0 .52425626 4.1630283
-166.0 .31712445 4.3002706 -116.0 .52841820 4.1608530
-165.0 .32142318 4.2971877 -115.0 +63257798 4.1587009
~164.0 .32571882 4.2940758 ~-114.0 .53673561 4.1565715
~163.0 .33001133 4,2909406 ~113.0 .54089113 4.1544643
-162.0 . 33430069 4.,2877872 -112.0 .54504455 4.152378°
~161.0 . 33858690 4.2846206 -111.0 .54919589 4.1503148
~160.0 .34286993 4.2814449 -110.0 .55334518 4.1482715
~159.0 . 34714978 4.2782645 ~-109.0 .55749244 4.1462487
~158.0 . 35142646 4.2750828 -108.0 .56163769 4.1442458
-157.0 . 35569995 4.2719035 -107.0 .56578094 4.1422623
-156.0 . 359987027 4.2687295 -106.0 .56992222 4.1402979
-155.0 .36423741 4.2855639 -105.0 57406154 4.1383521
-154.0 . 36850140 4.2624092 -104.0 .57819893 4.1364243
-153.0 .37276224 4.2592676 -103.0 .58233440 4.1345144
~152.0 .37701994 4.2561416 <=102.0 .58646796 4.1326217
-151.0 .38127452 4.2530330 ~101.0 . 52059965 4.1307459
-150.0 . 38552601 4,2499434 -100.0 .59472946 4.1288866
-149.0 . 38977442 4.2468745 -99.0 .59885742 4.1270433
-148.0 .3940197T 4.2438278 -98.0 .60298355 4.1252187
-147.0 .39826208 4.2408044 =97.0 .60710786 4.1234034
-146.0 .40250138 4,2378054 -96.0 .61123036 4.1216060
-145.0 .40673770 4.2348319 —-95.0 .61535108 4.1198231
—-144.0 .41097106 4.2318846 —94.0 .61947002 4,1180544
-143.0 .41520148 4.2289643 -93.0 .62358719 4.1162996
-142.0 .41942899 4.2260716 -92.0 .62770262 4.,1145582
~141.0 .42365363 4.2232070 -91.0 .63181631 4.1128299
~140.0 .42787542 4.,2203709 -90.0 .63552828 4.1111145
-13S9.0 .43202438 4.2175636 -89.0 .64003855 4.1094117
~138.0 .43631056 4.2147855 -88.0 .64414711 4.1077210
-137.0 . 44052396 4.2120366 -87.0 .64825399 4.1060422
-136.0 . 44473464 4.2093170 -86.0 .65235920 4.1043750
~-135.0 .44894261 4.2066270 -85.0 .65646275 4.1027192
~134.0 .453147S0 4.2039663 -84.0 . 66056464 4.1010745
-133.0 .45735055 4.2013350 -83.0 .66466490 4.0994405
=132.0 .46155058 4.1987329 ~-82.0 .66876353 4.0978171
-131.0 .46574803 4.196159%9 -81.0 .67286054 4,0962040
-130.0 . 46994291 4.1936158 -80.0 . 67695594 4.0946010
-129.0 . 47413527 4.1911002 ~79.0 .68104974 4.0930078
-128.0 .47832512 4.1886132 ~-78.0 .68514196 - 4.0914242
-127.0 .48251250 4.1861542 ~77.0 .68923259 4.0898500
-126.0 . 48669744 4.1837229 ~76.0 . 69332166 4.0882850
-125.0 .49087996 4.1813191 ~75.0 .69740917 4.0867290
-124.0 .49506009 4.1789423 . ~74.0 .70149512 4.0851817
-123.0 . 49923785 4.1765922 -73.0 70557953 4.0836431
. =122.0 .50341328 4.1742684 -72.0 .70966241 4.0821129
-121.0 .50758640 4.1719704 ~71.0 .T1374376 4.0805910
-120.0 51175723 4.1696 79 -70.0 .71782359 4.0790772



IPTS-68 Reference Function and Its Firts Derivative With the Argument in Celsius—Continued

t dW*{(¢t)ldT t dw*(0)/dT
°C w*() x 1000 °C w* () X 1000
°C" oc-|

-70.0 71782359 4.0790772 -20.0 .92002439 4.0111301
-69.0 .72190192 4.0775712 -19.0 .92403489 4.0098834
-68.0 ."72597874 4.0760731 -18.0 .92804416 4.0086393
-67.0 . 73005407 4.0745825 ~17.0 .93205217 4.0073976
-66.0 ."73412791 4.0730995 -16.0 .93605895 4.0061582
-65.0 73820027 4.0716238 -15.0 .94006449 4.0049209
-64.0 .74227116 4.0701553 -14.0 .94406879 4.0036856
-63.0 .'"T4634058 4.0686939 -13.0 .94807186 4.0024522
-62.0 ."75040855 4.0672394 -12.0 .95207370 4. 012205
-61.0 .75447506 4.0657918 -11.0 .95607430 3.9999902
-60.0 .75854013 4.0643509 -10.0 .96007368 3.9987614
-59.0 .76260377 4.0629166 -8.0 .96407183 3.9975337
-58.0 76666597 4.0614887 -8.0 .96806875 3.9963070
-57.0 .T7072675 4.0600673 -7.0 .97206444 3.9950811
-56.0 .T7478611 4.0586521 -6.0 .97605891 3.9938559
-55.0 77884405 4.0572432 -5.0 .98005215 3.9926310
-54.0 78290059 4.0558403 -4.0 .98404417 3.9914065
-53.0 ."78695573 4.0544434 -3.0 .98803497 3.9901819
-52.0 .79100948 4.0530523 -2.0 .99202454 3.9889571
-51.0 .79506184 4.0516672 -1.0 .99601288 3.9877321
-50.0 .79911282 4.0502877 .0 1.00000000 3.9865063
-49.0 .80316242 4.0489138

-48.0 .80721065 4..0475455

-47.0 .B1125751 4.0461827

-46.0 .81530302 4.0448252

-45.0 .81934716 4.0434730

-44.0 .82338008 4.0421259

-43.0 .82743142 4.0407841

-42.0 .83147153 4.0394472

-41.0 .83551031 4.0381154

-40.0 .839547TTT 4.0367884

-39.0 .84358389 4.0354661

-38.0 .84761870 4.0341486

-37.0 .85165219 4.0328357

-36.0 .85568437 4.0315273

-35.0 .85971525 4.0302233

-34.0 .86374482 4.0289237

-33.0 .86777T310 4.0276283

~32.0 .87180008 4.0263371

-31.0 .B7582577 4.0250500

-30.0 .87985018 4.0237668

-29.0 .B8387331 4.0224875

-28.0 . 88789516 4.0212120

-27.0 .89191573 4.0199401

-26.0 .89593504 4.0186718

-25.0 .B9995308 4.0174069

-24.0 .90396985 4.0161454

-23.0 .90798537 4.0148870

-22.0 .91199963 4.0136318

-21.0 .91601263 4.0123795

-20.0 .92002439 4.0111301
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APPENDIX F. Analysis of the First Derivatives at 0 °C of IPTS-68 Platinum
Resistance Thermometer Formulations Above and Below 0 °C

The four specified deviation functions of the
IPTS-68 in the interval 13.81 K to 273.15 K are
formulated to join smoothly by constraining the
values of the first derivatives of the formulations
above and below each: point of joining to be identical
at this point (see the IPTS—68 document). How-
‘ever, the values of the first derivatives of the formu-
lations above and below 0 °C of real SPRT’s are
not constrained to be equal at 0 °C. This discussion
will show that the magnitude of this difference is
negligible for SPRT’s that have suitable thermom-
eter constants. All SPRT’s received at the NBS for
calibration in the past few years had suitable
constants (see the last page of this Appendix).

The IPTS-68 reference function in Celsius

t=S 4lln W) °C )

i=1

was formulated so that its first and second deriva-
tives would have the same value at 0 °C as obtained
from

t=1'+0.045 (';) (‘? —1) (52-— 1) (‘;"—1) c (2)

and

t'=£ [W(z')—l]+6(§) (51—-1) °C (3

s
with thermometer constants
a=3.9259668 X 10-3/ °C
and
& =1.496334 °C.

(The above selected values of a and & given in the
text of the IPTS—68 will, henceforth, be referred to
as a* and &*, respectively. In egs (1), (2), and (3),
W*(t)=Weccr-es(tes) and t=1tgg (for convenience),
s=100°C,2z=419.58°C, a=630.74 °C,and ' (¢') =
B (t)=R(t)/R(0).) The second term of eq (2)
represents a ‘‘correction” to be made to the tem-
perature value t' to obtain. a temperature value ¢
that is a closer approximation to the thermodynamic
scale. The values ¢’ and ¢ represent the same tem-
perature (hotness). For real SPRT’s the derivative
of the formulation between —182.962 °C and 0 °C
is obtained from the definition of the IPTS—68 in
this temperature range

W()=W*)+AW () (4)

and the deviation function

AW (1) = A+ Cot3(¢—100). (5)

The constants of eq (5) are determined from the de-
viations at the oxygen point and the steam point.
When differentiated with respect to ¢, there re-
sults from eqgs (4) and (5), respectively,

e _dwre), dawe)
de dt dt

(6)
and

dAW (1)

dt =A4+4C412(t—75).

(7

At 0 °C, the reference function (eq (1)) on differ-
entiation yields '

=1

aw'*(t)

(52,4 ®
and eq (7) yields

dAW (1) _

(T)“—/h. (9)

When eqs (6), (8), and (9) are combined, there
results
=—1—'+A47

(m)on 1 (10)

dt

where the subscript OB refers to the formulation
below 0 °C. The constant 4, is obtained from the
value of W (100 °C), i.e.; from

W (100 °C) =100 a+1 (11)

and

W*(IQO °C)=100 a*+1. (12)

The value of a in eq (11) can be obtained from meas-
urements at the triple point of water and the steam
point or at the triple point of water, tin point, and
zinc point (a=|[R(100)— R 0)/100R(0)).. Com-

b;n;ng eqnnﬁnnn ‘11) an (12} with eq (5) {t=

100 °C) there results - '

Ai=a—a*. (13)
When eq (10) and (13) are combined,
awy _ 1., _

(‘—*———dt )on a +a—a®. (14)
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The derivative of the formulation between 0 and
630.74 °C is obtained by differentiating eq (2) and
the equation

W{'y=1+At'+Bt'? (15)

there results, respectively,
dt 0.045
—_— —_— 3 2
=1+ oa (43— 3(s+z2+a)t

+2(sz+ su+za)t’ —sza], (16)
and

14
(]—d’(,ﬁl=A+2Bt’. amn

Equation (15) is equivalent to eq (3) with the ther-
mometer constants A=a(1+5/100 °C) and B=
—10-" a8 °C-% At t=0°C, ¢'=0 °C, and eqs (16)

and (17) become respectively,

dety 0.045 _ c
(:ll').,-l oo =(.99955 (18)
and
dV ()N
( — )O-A (19)
Combining eqs (18) and (19),
dFF () _ (diP (1) dey A
( ot )0.4'—( dr’ )o (dl)o- 0.99955° (20)

where the subscript OA refers to the formulation’
above 0 °C.

By subtracting eq (20) from eq (14), the difference
in the derivatives at 0 °C of the two formulations
becomes

(5.0, (50 -5

+a—a*—

009055 (2D

From the relations

A=a(1+5/100°C) (22)
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‘and

B=—10-1 a§°C-? (23)
A* and B* are'obtained by substituting «* and 8§*
for a and -8, respectively. By substituting 4™ and

B* in eq (15), differentiating, and combining with
eq (16), there resnlts

(417*(:)) - n

dr = 0.99955" @

an expression that is very similar to eq (20). When
eq (24) is compared with eq (8) and because the two.
derivatives are equal,

1_ 4
A, 0.99955°

(25)

By substituting eq (25) for 1/4, in eq (21), there
results '

A*¥—4

AW\ _ e A=A 9
N(G)m i 2
Although A(dlfift))o can be evaluated from eq (26),

the conversion of A* and 4 in terms of B* and B
results in an- equation that is simpler to evaluate.
The substitution of the expression (22) for A* and
A and then of the expression (23) for the «d product
results in

A(dW(t)) _ 0.00045(a* — @) —100(B* — B) @7
. (2

d 0.99955
The « values of SPRT’s calibrated at NBS in the

past few years range bectween 8.925 and about
3.927 X 10-3 °C-! and the B between —5.872 and
—5.877%10-7 °C-2; both a* and B* are about the
average of the above limits. Therefore, a*—a is
about £1X10-¢°C~' and B—B* is about =2.5x
10-1°C-2, (Note that “100” in eq (27) has the unit
°C associated with it.) When these values are sub-
stituted in eq (27)

A(—dz/d(—t)) ~3%10-#°C-1. (28)
(3 [

This may be taken as the maximum expected dis-
continuity. Any variation of this discontinuity is
mostly dependent on the constant B. Inasmuch as
AW M)ldt)e is ahont 4X 10-3 °C-1 the relative dis-
continuity in the first derivatives of the two formula-
tions at 0°C is expected to he less than 8 X 10-¢,
The discontinuity is negligible for most purposes.



APPENDIX G. Derivation of Differential Coeflicients for the Analysis of Errors
in Platinum Resistance Thermometry

This appendix "deals with the propagation of
errors in the temperature determination that results
from the errors of calibration of a SPRT. The
differential coeflicients (the rate of change of the
values of temperature with respect to the change
of the resistance ratios, R(t)/R(0), measured for
calibration) are derived for the calibration measure-
ments at the steam point, tin point, zinc point, and
oxygen normal boiling point (NBP).

The total error, in the value of temperature that
is obtained {rom measurements employing a SPRT,
is the sum of the error introduced by the calibra-
tion measurements and the error {rom the experi-
menter’s own measurements. The experimenter
nust determine his own observational error from a
careful evaluation of his measurement techniques.
e must also know the errors that may be in-
troduced in the values of temperature caused by
possible errors in the
measurements at the NBS. He must also be aware
of possible errors from an unknown change in the
calibration.

The variation among the SPRT’s.is yet another
source of uncertainty; i.e., even though the measure-
ments with the SPRT’s are made at the same
temperature (hotness), they do not yield exactly the
same values of temperature. A number of scatiered
data do exist {1, 2, 3, 4], but there are no systematic
high-precision measurements on the intercompar-
ison of SPRT’s that employ modern SPRT’s and
measuring equipment.

The errors of calibration at NBS may be separated
into twa types: (1) errors of deviation from realizing
the fixed points and (2) errors of resistance measure-
ments. The total dilferential of ¢ for the SPRT is
given by

ot at

=3 (3 4+ )

where t;=1emperature of the defining fixed points,
i.e., for this discussion the oxygen NBP, the triple
point of water, the steam point or the tin point,
and the zine point. The W; refers to the measured
resistance ratios R{£;)/R(0) corresponding to the
fixed points. The dt; or 8t; refers to a variation in
the fixed-point temperature (hotness) experimentally
realized. e.g., the deviation of the temperature of a

(1)

tin-point cell. The differential coeflicient (j’-l-)

i,
represents the rate of change in the value of temper-
ature with respeet to a change in the ith fixed-poin
temperature  (hotness); the coeflicients may be
derived {rom the preseribed interpolation {formulae
using the values of defining fixed temperatures.

thermometer calibration -
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The differential cocfhicients are temperature de-

at
pendent, i.c., (5‘;') = f(1).

The dW; or 8W; refers to a variation in the
resistance ratio measurement, e.g., the error of
the resistance ratio measurement process with the

SPRT at NBS. The difierential cocfheient (a—%—)

represents the rate of change in the value of temper-
ature with respect to a change in the measured
resistance ratio at the i th fixed point; the coefficients
are derived from the prescribed formulae that relate
the measured resistance ratio 1o the constants of

the SPRT. Similar to (ﬁ-t-) (—at-) is also tempera-
\ati) " \al; :
ture dependent.

Some preliminary and limited investigations at
NBS on the realization of the tin point and the
triple point of water indicate that these fixed
points ‘are reproducible within £0.1 mK. Thix
value, although obtained employing the same
thermometer over a. short interval of a few days
to determine the error attributable to the variations
in the temperatures of the lixed-point cells, includes
both the variations in the temperature (86) of
many freezes in different cells and the variations
in the measurement process (8/;). Over a period
of several months the reproducibility of measure-
ments on different SPRT's employing the same cell
is estimated to be about 0.2 nK. This value
likewise includes any variations in the temperature
of the cell as well as the variations in the measure-
ment process. Thus, the errors of the realization
of the fixed-point temperatures and the errors of
calibration resistance measurements are difficult to
separate. Therefore, the analysis of error propaga-
tion has heen simplified by combining the two

sources of errors in calibration measurements,
Equation (1) then simplifies to

at ) ;

dr= — | dWi. 2)

s () @

In the expression the change or error 8¢;in the vujue
of temperature has been replaced by a correspond-
ing change or error S At present, the tolal
uncertainty (which includes 86; and 8F; of eq el of
the calibnation measurements is estimated to he
2 or 3 mK at the oxygen NB!', and 1 K at the tin
point, and 1 K at the zine point,

at
The differential coeflicients (5(7;/—) have been

derived separately for two ranges of temperature



defined by the SPRT, the range 0 to 630.74 °C and
the range —182.962 (90.188K) to 0°C (273.15K). In
the first range (0 to 630.74 °C), the coefficients have
been derived for two types of calibration measure-
ments: {1) at the triple point of water, the steam
point, and the zinc point and (2) at the triple point
of water, the tin point, and the zinc point. In the
second range, the differential coeficients have also
been derived for two types of calibration measure-
ments: (1) at the oxygen NBP, the triple point of
water, and the steam point and (2) at the oxygen
NBP, the triple point of waler, the tin point, and the
zine point,

The error 8¢t in the value of temperature, that
would arise from an error 8W; corresponding to a
positive unit temperature (hotness), was calculated
as a function of the temperature employing the
derived differential coeflicients: i.e., the function

a:—(aW)aW 3)

was -evaluated as a function of the temperature.
When the calibration error at a particular fixed
point was considered, the calibration measurements
at the other fixed points were taken to be correct.
The following cases have been calculated -and
plotted in figure 17.

(1) The range 0 °C to 630.74 °C

(a) calibration measurements made at the triple
point of water, the steam point, and the zinc point;
calibration error occurring only at the steam point
or only at the zinc point,

(b) calibration mensurements made at the triple
point of water, the tin point, and the zinc point;
calibration error occurring only at the tin point or
only at the zinc point.

(2)The range—182.962°C (90.188K) 10 0°C (273.15K)

(a) calibration measurements made at the oxygen
NBP, the triple point of water, and steam point;
calibration error occurring only at the oxygen NBP
or only at the steam point,

(b) calibration measurements made at the oxygen
NBP, the triple point of water, the tin point, and the
zine point; calibration error occurring only at the
oxygen NBP, or only at the tin point, or only at the
zince point.

In the range —182.962 to 0°C, the calibration errors
at the oxygen NBP for the cases 2a and 21 yicld the
same lemperature error 8t; therefore, the analysis
of only one of these cases is given.

As a separate analysis, the case of an error in the
realization of the wriple point of water by the experi-
menter has been calculated; the calibration of the
SPRT at NBS was considered perfect and an error
of resistance measurement SR corresponding to a
positive unit temperature at the triple point of
water was considered to have been made by the
experimenter. The error 8R in the triple point of
water measurements was taken to be propagated in

the determination of the resistance ratio R(t)/K(0).
The results of the analysis are also plotted in
figure 17.

The following sections deal with the details of the
derivation of the differential coeflicients that were
employed to avaluaté the temperature error function
given by eq (3) for the cases cited in the previous
paragraphs. In the discussion, the variations in the

- measurements at the fixed points will be described

in terms of the resistance ratio, W (¢;)) =R (t:)/R(0),
the ratio of observed resistance at the fixed-point
temperature t; to that at 0°C. The variations in
W) will be taken to be centered in R(t;). Obvi-
ously, any error in R(0) will be reflected in W' (t;);
thus, the present discussion is also applicable to
possible errors in the determination of R(0).
1. 0°C to 630.74°C

From 0 to 630.74°C, the temperature ¢ on the
IPTS—68 is defined by

= +005(2) (5-1) (1) (5-1) ¢ @

and

: z’=i(W(t')—})+8<‘;’)(€—l) °C, ()
where

W) =W(t)=R(t)/R(0) ©)

s=100°C, z=419.58°C, a=630.74°C, and t=1te

(for convenience). The second term on the right side
of eq (4) will, henceforth, be defined as

M(:()=o.o4s(§) (5'——1) (‘——1) (—1—1) °C.

The function M(t') represents a correction to t’' to

- obtain the temperature ¢ that is a closer approxima-

tion to the thermodynamic scale. The values ¢}
and t;, therefore, represent the same temperature
(hotness) and R(¢})=R(t)). Also, eq (5) is equivalent

to

W(t')=1+A4r+Bt", @
where
A=a(1+5/100°C) 9)
and
=—10-4a5°C-? (10)

The constants of the IPTS—68 eqs (5) and (8) are
determined by measurement of the SPRT resistance
at the triple point of water, the steam point, and the
zinc point or the triple point of water, the tin point,
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and the zine point. To simplify the symbols and
terminology, the following definitions are made:

W) =W ('Y =1=At'+ Bt", an

e,
wy=Ws—1={R(100}/R(0)]—1 (12)
wr=W;—1=[R(231.9292)/R(0)]—1, (13)

and

wz=W,;—1 =|R(4]9.58)/R(0)]-—1. (14)
The differential coeflicients will be derived first
for the SPRT formulation with calibration measure-

ments. at the triple point of water, the tin point,
and the zinc point. The differential coefficients

sought are
ot at
3 and (———)
(aw'r) an dasy

Because w is a function of ¢', the conversion

2= () Go)
Jdw a9t/ \Ow

must he.made. From eq (4),

(15)

d 0.045 ;
L 1+ 222 [ = 3(s + 2+ a)t”
at s°za

+ 2(sz + sa + za)t' — sza)

L dM()
=1+ (16)

Equation (16) will be employed to convert at'/dw to
atfiw.
From eq (11),

wr= At + Bt}? (17)

and

wr = At, + Bt?, (18)

where t; is the defined tin point temperaturd and
t, is the defined zine point temperature. (According
to the definition of the IPTS-68, 7= tga, — 0.038937
and t,= te,: henceforth, the *prime” symbol will
nut be employed in the designation of a fixed-point
temperature.) Solving for 4 and B, there results

A= (wrti = watd) etz (tz — t7), (19)
and .

B = (wztr — wrtz)trtz (12 — t7). (20)
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Substituting in eq (11) for 4 and B, there is obtained

Cw(')= [—-—-——-—'(wﬂ:}' — wzt:i-l] t' -+ [————————(wm'_ mT!Z)] ',

trtz{tz — t7) tatz (tz — t)
(21)

at' at”
The differential coeflicients (-——-) and (—-——) are
dwr dwy
obtained by implicit differentiation of eq (21); for

w7, eq (21) yields

21—t

e — dwyy
trtz(tz—tr)

[(wrt} ~ wutf) + 2wntr—ont2)t'] |, _

+ 0 22
tytz(ty —ty) 2)
After ransferring, eq (22) becomes
t' tyt' (tz—1'
g it =t) 23)

dwr  wrty (2 —tz) — wutr(2t' = t2)
- L -
Similarly to obtain Fy the differentiation of eq (21)
¥4
yiclds
trt'* — 5t

———— dwy
trtz(ty—tr)

+| (w9t~ watd) + 2(watr— wptz)t'| .
tyty(ty—tr)

ft'=0. 24)

After transferring, eq (24) becomes

at' Tt (tp—1t
‘ 1 (ts ),. —— (25)
dwz wztr(2t' —tr) —wrtz(2t' — 1)
. . . .. at ot
The. desired differential coeficients — and —
: dwr dwy

are obtained by combining eqs (23) and (25), respec-
tively, according to eq (15), with eq (16); there
results, respectively,

_v)_t__[l+dM(t')] tzt' (tz—1")

dwr dt’ (w2 (2t —tz) —watr(2t' —14)]
(26)

and

UL [1 +'1M(r')] et (tr—1')

dwz dt' [lwztr(2' —t3) —wrtz (20 — 1)}

(27

Equations (26) and (27) represent the rate of change
of temperature ¢ with respecet to a change in wy and
wz, respectively, at the temperature ¢, Although



both equations (26) and (27) can be converted to
terms of ¢ by employing the relation given by eq (4),
the formulations given are simpler and practical to
use. After calculating 6t/d0wr or 9t/dwz at t’, then ¢’
can be converted to t according to eq (4).

The error in the temperature ¢ that results from
the error in the tin point calibration is

ot
o5t= ('a:;)" Swr; (28)
the error from the zinc point is
ot
5= (sz)r' Sws. (29)

Figure 17 shows the error that the experimenter
would encounter for errors of dwr or Swz correspond-
ing to a unit positive error of temperature (hotness).
The temperature in ¢’ has been converted to ¢ in
the figure.

The derivation of the differential coeflicients for
the SPRT formulation with calibration measure-
ments at the triple point of water, steam point,
and zinc point follow the same procedures outlined
above. The final equations may be obtained directly
by substituting wy for wr and 1 for t7 in eqs (26) and
(27); the resulis are

LI {1 +dM(")] 2t (12 —1')

dwy dt'  Jlwstz(2t' —t2) — wzts (2t —ts)]
(30)

and

_a_z_[H_dM(z')] tst' (ts—1')

dwz dt’  lazts(2t' —ts) —wstz(2t' —t2)]
3D

The errors in the temperature ¢ that result from the
errors in the calibration at the steam point and the
zinc point are given by

at
o= () du (32)
and
at
St= (5“,—2)” Swy. (33)

Figure 17 shows the error that the experimenter
would encounter for errors of 8wy and dwz corre-

sponding to a unit positive error of temperature
thotness). .

2. 90.188 K (—182.962 °C) 16 273.15 K (0 °C)

From —182.962 10 0 °C the temperature ¢ on the
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1PTS-68[5] is defined by the relation

W)y=W*1t)+AW (1), (34)

where

W (t)=R(t)/R(0), 35)

and W7*(¢) is the resistance ratio given by the refer-
ence function in Celsius

- g Ailln W) 36)

From eq (36)
8t= (atfalv*(1))8W*(¢), (36a)
and from eq (34) |
3W* (1) =—8AIF(1). (36b)

For the derivative at/a*(t), see Appendix E.
The experimenter must determine his observational
error 8W t). The deviation AW{t) is represented
(in this temperature range and at 100 °C) by the
function
AW (£} =Aqa+ Cet3(t —100 °C), 37
and the constants of the deviation equation are
determined from the calibration measurements of
AW (t) at the oxygen NBP, triple point of water,
and the steam point. The deviation at 100 °C,
AW (100), may also be obtained from the calcu-
lated W (100) based on the calibration of the SPRT
at the triple point of water, the tin point, and the
zinc point. The differential coefhicients will be
derived for both cases.
For convenience, the symbols and terminologies
used in the text of the IPTS-68 have been abbre-

viated as follows:

t=tes, (38)
#(t) = Weeres (tas), 39)
W (1) = W(tes), (40)

and
AW (£) = AW (tas). (@1)

In addition, the temperature of the fixed points will
be indicated as:

1, = oxygen NBP,
ts= steam point,

t7= tin point {¢;= tos, — 0.038937 °C),



and
tz= zinc point

and the deviations AW/ (1) at the fixed points will
be indicated as

AW s=Wyo— W (deviation at the oxygzen NBP)
(42)

AW =W —W¥ (deviation at the steam point).

(43) -

When the deviations at the oxygen NBP and the
steam point are applied to eq (37), there results

AWo=Ate+ th%(td— 100)

AW s=Aus+ Cyt2(ts—100). (45)

(For simplification the °C unit after 100 and 75 wil

be deleted in some of the equations from 44 through
51.)

The expressions for A; and C4 become

_ AWt (10—100) — AW w3 (25 —100)

YT tst3(te—100) — 4¢3 (25— 100) “o
and
_ AW ots— AW sto
T B (1a—100) — (s —100) 7
AW (1)

The differential cocmciems(

aAW(r)) i 3 )
asW, /" ( aalVs
are obtained by differentiation after combining
eqs (46) and (47) with eq (387); there results

QAP (1) = 113(1,— 100) + 1,63(1 = 100)
9AW,  143(to— 100) — tof3(t, — 100)

. (48)

When 1,=100 °C is substituted in expression (48),
there is obtained

aAW (1) _ P(1—100)

(49)

3Al,  13(te—100)
For aAW (1) /0AWs,
0AW(1)= t3(to— 100) — tor3 (¢ — 100) 50
AW, Lt (ta— 100) — tur3 (1, — 100) 0

a‘nd. when 15=100 °C is substituted wherever
simplification can be made,

aAll (1) _ 1[5 (10~100) — r2(1 = 100) )
dAl, L3 (19— 100)

G1)]

(44) -
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Figure 17 shows the error the experimenter would
encounter for calibration errors of AW, or AW
corresponding to a unit positive error of tempera-
fure.

If the tin and zinc point calibrations are used, eqgs
(46) and (47) must be maodified. Expressing Wy and
W of eq (43) in the form of eq (8), there is obtained

AW = (A—A* s+ (B—B*)ii, (52)
where
A*=a*(1+6*100°C) (53)
and
B*=10-4a*5*°C-2, (59)

where a* (3.9259668 X 10-3/°C) and 8* (1.496334
°C) are the constants of the IPTS-68 reference
function above 0 °C. The constants A and B are
determined from calibration measurements at the
tin and zinc points. By introducing the expressions
for A and B from eqs (19 and (20) in eq (52), there
results -

wrt}f - w;:f-?-
trtz{tz—~tr)

AWS=[ —A*] iy

[wzt'r-wrtz —B*] 2, (55)
l1'lz(tz - l'r)

Equation (55) is then substituted for AW in eqs
(46) and (47). The eq (49) for the differential coefh-
cient of AAW(t)/aAW y remains unchanged. Because
the true value of AW is independent of whether the
calibration is at the steam point or at the tin and
zinc points, the error function @AW (AAW )BAIF s
for the case 2b will be the same as that for case 2a
with the steam-point calibration.

Instead of substituting eq (55) in egs (46) and (47)
and performing a long algel,raic process, the total
derivative of AW can be obtained in terms of wr
and wy, i.e.,

dAW, = (%;WTE) dor + .(a?Ws) dwr.  (56)

wyz

The expression (56) is employed to obtain AWy,
i.e.,

y a e -
SAW s = (%) 8w1'+( AW’) b, (57
dwr dewr
and the error function (‘;{:gy)&dlf"x is then evalu-
ated as
. AAW ()] (AW

AN (1)Y= ~——— | | — | Sy
A {r) oAl [( dwr ) @

+ ((_!____.AW\) Swz] (58)
dwz



')AW t
The coefficient ‘—-——(—lis given by eq (51) with eq (55)
AW s

substituted for AWs. The differential coefficients

Qé—% and AW are oblained from eq (55). Thus,
dwr .awz
WWs_ s M g
dwr trtz(tz — tr)  trtz(tz — tr)
which simplifies to
dAWs _ ts(tz —ts)
= . 60
dur tr(tz—tr) ©0)
ForaAWs ,eq (55) becomes
dwz
8AWs= —tUs trt? N
dwz  trtz(tz —tr)  trtz(tz—tr)
which simplifies to '
Ws tsts—t
AW _tslts—tr) | 62)

tz(tz — tr)

Combining eqs (60) and (62) with eq (58), there is
obtained

dwz

AW ()] ts(tz — ts)
W(t)=
oAl (1) AW [tr(tz—zr) Swr
i 02| 63

Figure 17 shows the error the experimenter would
encounter for errors of Swr or 8wz corresponding
to a positive unit error of temperature.
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APPENDIX H. Calibration of Mueller Bridges

1. The Mueller Bridge

The Mueller bridge is designed for measurement
of temperatures in conjunction with four-terminal
standard platinum resistance thermometers (SPRT).
This bridge is basically the equal arm Wheatstone
bridge but with important modifications. One of
these modifications permits the SPRT connections
to be commutated so that the lead resistances of
the SPRT can be canceled by averaging the two
bridge readings (see sec. 3.3). Other modifications
include a provision for adjusting the ratio arms to
equality and for reducing the uncertainties due to
variations in contact recistance. In the process of
determining the thermometer resistance the
bridge current is reversed so that the effect of any
steady spurious emf’s are eliminated. The current
reversal method also doubles the apparent null
detector sensitivity.

The Mueller bridges employed in the Platinum
Resistance Thermometer Laboratory of the NBS
have additional features including the simulta-
neous interchange of the ratio arms when the SPRT
connections are commutated. Any errors arising
from & small inequality of the ratio arms are thus

3

made negligible when the two bridge readings are
averaged. Thie schematic circuit diagram of this
form of Mueller bridge is shown in figure H-1.
For this discussion the upper two bridge arms
will be referred to as the ratio arms, the lower left
arm of the bridge plus the 0.1 and 1) decades as
the rheostat arm, and the lower right arm as the
thermometer or the SPRT arm of the bridge.

This bridge has seven twelve-position and one
four-position measuring dial switches; the 0.00001,
0.0001, 0.001, 0.01, and 0.1-Q dials have positions
-1,0,1,2,3,4,5,6,7,8,9,and X (10) and the 1 and
10-0) dials have positions 0,1, 2, 3,4,5,6,7,8,9,
X (10), and Y (11). The 10.0Q) dial hag the four poci-
tions 0, 1, 2, and 3. Thus, resistances between 0
and 422.1111 O can be measured with the bridge.
The 10 and 100-Q dial switches have mercury-wetted
contacts; the 0.00001, 0.0001, 0.001, and 0.01-dial
switches, which have “dry” wiping contacts, have
Waidner-Wolff resistance elements to reduce the
effect of variations in the switch contact resistance.
The 0.1 and 1) dial switches have dry wiping con-
tacts which are in series with the relatively high
resistance of the ratio-arm resistors to minimize the
effect of variations in the contact resistance. The
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0.1-0 dial switch operates ‘‘subtractively”. A
mercury-wetted, three-position switch permits the
selection -of 500 or 3000-Q ratio arms or the “‘off”
position, In the “off” position both ratio arm resistors
are disconnected from the lower sections of the
bridge. The operation of the bridge for adjustment of
the ratio arms, for determination of the bridge zero,
or for measurement of a SPRT resistance is selected
by means of a three-position, ratio-zero-measure
switch, which is a dry wiping contact switch for the
older models of this Mueller bridge but a mercury-
welted switch for the newer models. A mercury-
wetled switch (commutator switch) commutates the
SPRT connection and simultaneously interchanges
the ratio arms. The principal resistors of the bridge,
shown enclosed in the shaded portion of figure H-1
are thermostated at about 35 °C.

Terminals are provided for batteries and for a
current reversing switch, A milliammeter Jocated in
the battery circuit indicates the current through the
SPRT (one-half of the bridge current). Variable
resistors are incorporated in the bridge for adjusting
the current. Terminals and variable resistors for
damping are provided for the null detector. Special
terminals and an adjustable resistor permit the

equalization of the potential lead resistances of the
SPRT.

2. Auxiliary Equipment for Calibrating Mueller
Bridges

To calibrate the Mueller bridge, the following
special equipment (other than null detector, current
reversing switch, and batteries that are necessary
in regular resistance measurements) is required:

(1) Adjustable decade resistance box that is suff-
ciently stable during the time required to inter-
compare two combinations of resistances (dial
settings) of the Mueller bridge. At NBS a second
Mueller bridge serves as this auxiliary adjustable
resistor. {To avoid confusion the auxiliary Mueller
bridge will, henceforth, "be referred 16 as the
auxiliary adjustable resistor.) ‘

(2) Standard resistor of 10 Q (preferably) or
100 Q@ with a recent calibration to convert the
bridge resistance into terms of the national resist-
ance unit. Duplicate resistors will help reduce the
calibration uncertainties.

(3) A thermometer and an insulated enclosure or
thermostatted oil bath for the standard resistors.

3. Preliminary Preparation

3.1.

The bridge resistors should have been thermo-
statted at a constant temperalure at least one
week prior to calibration. Safety provisions should
be made to avoid any large deviation from the
thermostatied temperature; e.g, auxiliary control
and battery power should be provided to maintain
the bridge temperature whenever the main power

Bridge Thermostat

line is disrupted. The bridge should be recali-
brated ' periodically and whenever the tempera-
ture control fails.

3.2.  Switches

The old mercury should be removed from the
mercury-wetted switches and the studs and links
amalgamated with clean mercury. The studs of
the dry wiping contact switches should be cleaned
and lubricated with pure petroleum. The spaces
between the wiping switch blades should be freed
of accumulated dirt.

3.3. Bridge Ratio Arms

Either the ratio arm resistors of 500 or 3000 £}
may be selected; the equality of the ratio arms is
adjusted separately by means of the slide-wire
resistors ‘which have the resistance range of
about 0.02 percent of that of the ratio arm re-
sistors. The ‘“tap” (contact) on the slide wire
resistor. is in the battery circuit so that any varia-
tions in the contact rcsistance has no effect on the
bridge balance. The choice of either 500- or 3000-)
ratio arms is based upon the resistance of the SPRT
to be.determined, the voltage supply available, and
the insulation resistance between the voltage

"supply and the bridge components. (One is par-

ticularly concerned with leakage between the
voltage supply and the null detector or thermometer.)
The contact and lead resistances associated with
the 0.1- and 1-Q dials is in series with the ratio arm
resistors. For a given variation in the  contact

resistance of these switches, the uncertainty of a

bridge reading due to these switches and their
leads is greater for the 500-{) ratio armn resistors
than for the 3000 () resistors. Problems with insu-
Jation leakage, on the other hand, increasc with
both the value of the voltage supply and the resist-
ance of the ratio arms. _
To adjust the ratio arms to equality, the three-
position, ratio-zero-measure dial switch is placed
in the “ratio” position. In this position, two auxili-
ary resistors {each of about 98 () are each con-
nected tothe rheostat and SPRT arms of the bridge;
also, the 10- and 100-Q) resistors are ‘“by-passed.”

. The SPRT should be disconnected. The “tap™ of
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the slide-wire resistor is initially placed near the
midpoint. The bridge is balanced with the ratio
arms in one position and balanced again with the
ratio arms interchanged. The bridge dials are then
set on the average of the two balance readings and
the slide wire adjusted to balance the bridge. The
setting on the slide-wire resistor should be checked
by balancing the bridge again with the two posi-
tions of the ratioc arms. The ratio arms have been
adjusted 1o equality when the two bridge readings
are the same. (All bridge balance readings, unless
stated otherwise, are performed with current
reversal.)



3.4. Bridge Zero

A residual resistance exists in the rheostat armn
even with all measuring switches set on zero be-
cause of the resistances of the leads that connect
the resistor net work.and the resistances of the
switch contacts, The Waidner-Wollf elements con-
tribute also to the residual resistance. Therefore,
in the bridge design a resistor (about 0.98 ) is
placed in séries with the 0.1-Q} decade resistors to
balance the rheostat and SPRT arms of the bridge
when all dials are set to zero. The remaining devia-
tion from a perfect balance is the “‘bridge zero.”
The bridge zero must be subtracted algebraically
from the dial readings of all measurements.

To determine the bridge zero, the bridge ratio
arms are first equalized (see sec. 3.3) and the three-
position. ratio-zero-measure switch is then placed
on .the “zero”™ position. The bridge zero is the
average of the bridge balance readings obtained
with the commutator switch in normal (N) and
reverse (R) positions. I the contact resistance of
the three-position selector switch varies hetween the
N and R readings, the bridge zero will be in error.
If the selector switch is considered unreliable,
which it may be il a dry wiping contact switeh is
used for a selector switch, the bridge zero is deter-
mined by connecting a special shorting link made
by soldering three copper wires (about AWG 18)
into the form of an “H.” The *H” should be about
5 ¢m high and 10 em wide. One short vertical wire
of the “H” is connected between the terminals
C and T; the other short vertical wire of the “H”
is connected between the terminals ¢ and t. When
using this special shorting link to determine the
bridge zero the three-position selector switeh should
be in the “*measure” position. The bridge zero is
the average of the bridge balance readings obtained
with  the commutator in normal and reverse
positions.

3.5. Resistance of Leads Between the 1- and 0.1-$}
Decade Resistors and the Ratio Arm Switch

The resistors of the 0.1- and 1-Q step decades are

enclosed, along with other principal resistors, in a
thermostatted aluminum block. The resistances of
the leads from these resistors to the dial switches
must be sufficiently close so that their differences
have negligible effect on the ratio of the ratio arms.
The double commutator that interchanges the ratio
arm resistors does not interchange the resistances
of the leads from the resistors of the 0.1- and 1-Q
step decades, the switeh contaet resistances of these
decades, nor the resistances of the leads from the
dial switches of these decades to the ratio arm
reversing switch (see  bridge circuit  diagram,
fig. 4-1). _

The design of the bridge permits the separate
determination of the degree of equality of the leads
from the 0.1- and 1-Q decade resistors to their dial
switches and of the leads from these switches to the
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ratio arm reversing switch. The “check™ terminals
are employed to test the degree of equality of the
resistor lead plus the switeh contaet resistances;
the resistances of the leads between the dial
switches and the ratio arm reversing switch is de-
termined by measurements using another bridge.
By introducing branch points at ‘locations a and ¢
of the ratio-arm reversing switch, the - degree of
equality of the combined leads may be determined
(see fig. H-2). The discussion to follow in this
section (3.5) will assume that a pair of wires from
points a and ¢ are available w special terminals on
the bridge. If the special wiring is not_ available,
an equivalent circuit may be achieved by removing
the double commutator and placing amalgamated
heavy copper links from a to b and ¢ to d. Wires
are attached to the links elose to the a and ¢ studs
of the switch and are then connected to a double-
pole, double-throw (DPDT) all copper knife switch
as shown schematically in figure H-2. Amalgamated
links for the SPRT and battery are also placed on
the double commutator studs corresponding to
resistance measurement in the N connection (see
fig. H-1). If the special wiring and terminals are
available on the bridge, the double commutator is
placed in the N position. The null detector is con-
nected to the Mueller bridge through the DPDT
switch so that the switch can be connected to the
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leads from positions a and ¢ of the ratio-arm re-
versing switch or to the bridge galvanometer posts
(see figs. H=1 and H-2). The ratio-zero-measure
dial switch is placed on the “measure” position and
the auxiliary adjustable resistor is connected as a
four-terminal resistor to the SPRT posts. (At NBS
the auxiliary Mueller bridge is prepared for this and
subsequent bridge calibration applications by short-
ing the “check”™ terminals and by placing its
commutator in the normal position, the galvanom-
eter damping resistors in the open positions, the
ratio-zero-measure  switch  in the ‘*‘measure”
position, and the ratio arm sclector switch in the
“ofl™ position. Three heavy gauge copper wires are
connected from the C and T posts and the shorted
“check” terminals of the auxiliary bridge to the
T, C, and ¢ posts, respectively, of the bridge to he
calibrated. In the above circuit, when the dials of
the auxiliary Mueller bridge are set to zero, approxi-
mately equal resistances are introduced into the
lower two arms of the Mueller bridge to be cali-
brated; the 0.1-Q0 decade operates subtractively
(see fig. H-1)0

Instead of testing all possible combinations of
the switch positions of the 0.1- and 1} decades,
the maximum difference between the lead re-
sistances is determined by comparing the 0 step
of the 0.1-Q decade with all steps of the 1-Q decade
and.0 step of the 1-Q decade with all steps of the

0.1-Q decade, totaling 22 comparisons, With 0.1-
and 1-Q decade dials on 0 and the DPDT switch
thrown to the a-c position, the bridge is balanced
(reading ‘1) employing the lower dials and the
auxiliary adjustable resistor. The DPDT switch
is then thrown to the galvanometer poust position
and the bridge -is balanced (reading 2) using the
lower dials only. The difference in the balance
readings is, for all practical purposes, the diflerence
in the lead resistance. The process is repeated with
the 1-€) decade on the 1 position. A sample of the
complete test data is summarized in table 1. (The
tabular values given are only for descriptive
purposes and do not represent any actual data.)
The maximum error in the bridge reading is, in
proportional paris, g%%x 10°¢ or E%)X 10-¢,
depending upon the choice of ratio arm resistors.
For this particular (fictitious) bridge the results
demonstrate that in the determination of high
resistances the 3000-Q ratio arms should be em-
ployed, also that significantly large error may occur
in the determination of small resistance differences
in which the 0.1- and 1-Q decade switches are
moved.

After determining the differences in the lead
resistances the auxiliary connections are removed
and the Mueller bridge is placed in the normal
operating condition. .

TABLE 1. Comparison and determination of the maximum difference in the lead resistance between the 0.1- and 1-ohm decades and
the ratio arm reversing switch

1-Q decade with the 0.1 decade on 0

0.1-0) decade with the 1-Q decade on 0

Dial Reading 1 Reading 2 Difference Dial Reading 1 Reading 2 Difference
Pusition ull nQd ufd Position ud ufd ] uQd
0 142 136 +6 0 237 247 —-10
| 521 508 +13 | 217 206 +11
2 506 500 +6 2 225 239 —-14
3 517 506 +11 3 273 259 + 21
4 51 501 +10 4 280 260 +20
5 496 502 -6 5 256 277 -2
[ 499 507 -8 6 247 263 - 16
7 501 498 -3 7 250 244 +15
8. 500 489 —-11 8 312 326 —-16
U} 497 511 -14 9 327 320 +7
X 504 488 -16 X 3n 311 +6
y 502 517 -15 -1 222 234 - 12

1 ohm decade

0.1 ohm decade

Maximum +13
Minimum - 16
Difference 29

Maximum +24
Minimum -2
Difference 15

Sum of difference=74

. . . 74 X
Error= Bridge Reading X 500 X 10 %€ or Bridge Reading x —;%‘—;—) X 10 4}

117



3.6. Calibration of the Mueller Bridge in Terms of
the National Unit of Resistance

To calibrate the Muceller bridge in terms of the
national unit of resistance the X position of the
10-5) decade andfor the X position of the 1-Q
decade are compared with recently calibrated
100-0) and/or 10-Q standard resistors, respectively.
The choice of the comparison depends upon the
stability of the standard resistors and the bridge
decades that are most used in the measurements.
On the basis of absolute resistance, resistors of
higher resistance are usually less stable. In the
NBS Platinum Resistance Thermometry Labora-
tory the Mueller bridge is usually compared with
10-0) standard resistors. (The bridge resistors may
all be expressed in terms of, for exgmple, the re-
sistance of 0.1y being exactly 1 bridge unit and, if
the SPRT resistance ratio R({)/R(0) is employed
in all temperature evaluations, the bridge unit is
satisfactory, The resistance in terms of the national
unit is, however, necessary for some comparisons,
.., comparison of the measured R(0 °C) of the
SPRT with that obtained at the National Bureau of
Standards.) :

The X position of the 1-Q decade is compared with
a 10-0) standard resistor by measuring the standard,
as a four-terminal resistor, directly with the Mueller
bridge. The following table 2 gives an example of
the results obtained. (One or two figures more than
are experimentally realized are carried in the
ealeulations for internal consistency.)

Tanty 2. Comparison of X position of 1-Q dial with a 100
standard resistor’

(Standard resistor at 26.4 °C)

Ohms

Standard at 25 °C.coiviiiiiniiininnniiannne, 10.0002614
Temperature correction to 26.4 °C - 0.0000047
Standard a1 26,4 °C....oiiiiiiiiiinniininld 10.0002567
Hridge n-udiﬁg. aversge of N and R

readinEs .o X.0010491
Bridge zero tsubtract).co o 0.0001832
Bridge reading  corrected  for bridge

2T, sesnrenusessentovacsvasinesssarsoraossansesssn X0008659
Standard resistor minus bridge reading

corrected for bridge zero -~ 0.0006002
Resistance of 1y 10 —0.0006092

4. Calibration of the Mueller Bridgé Decade

Steps

The ratio arms of the Mueller bridge must be
adjusted to equality before calibrating the 0.1 or

1-0) decade steps. The double commutator is then
placed in the “normal” position and the auxiliary
adjustable resistor is connected as a four terminal
resistor to the SPRT posts. As previously stated,
all bridge balance readings are obtained with current
reversal.

In principle the resistance steps of the Mueller
bridge are calibrated internally by comparing cach
step of one decade with the X position of the next
lower decade. The differences between the resistors
can be obtained conveniently in terms of the lower
decades. If upon analyzing the calibration data
from the higher resistance decade down to the lower
resistance decades the latter decades should
show significant corrections, the differences ex-
pressed in terms of them could then be corrected
and the calibration data reanalyzed (see step (18)).

The procedure used at the NBS Thermometry
Laboratory for calibrating the Mueller bridge is as
follows:

(1) Set to 1 on the 1-Q decade of the bridge and 1o
0 on the 0.1} decade and use the lower decades
to balance an appropriate resistance in the auxiliary
adjustable resistor. Galvanometer (detector) de-
flections are interpolated to obtain fractions of the
0.00001-Q step.

(2) Without disturbing the external circuit, change
the bridge setting to 0 on the 14 decade and 1o
X on the 0.1-Q decade and again use the lower
decades to balance the bridge. The dials of the
auxiliary adjustable resistor should be adjusted so
that the lower decades are near zero for the lesser
of (1) or (2) bridge balances.

{3) Repeat (2) and then (1).

4) Set to 2 on the 1-Q decade of the bridge and 10
0 on the 0.1 decade and balance with a corre-
sponding resistance in the auxiliary adjustable
resistor, as in (1).

(5) Change the bridge setting to 1 on the 1}
decade and 10 X on the 0.1-Q decade and proceed
as in (2) and (3).

(6) Continue this process uniil each of the 1-Q
steps has been compared with the X' position of the
0.1} decade.

(7) The observations under (1), (2), and (3} yield
the relation:

1|+a|=0.lx+b|, (])

where the Arabic numeral index indicates reference
to the resistance change due io that individual
step in the decade, the Roman numeral .index X
indicates reference to the total resistance change
due to changing the decade switeh from position 0 to
position X (or 10), and where a, and b, are the
corrected averages of the respective lower decade
readings, including galvanometer interpolations,
which were obtained in the balancings of the bridge.
The relation (1), when transferred to

1,—=0.1x=b,—a,=cy, (2)



indicates the difference in resistance between
step 1 of 1) decade and X of the 0.1-Q2 decade.

Equations similar to (2) are obtained from (4),
(5), and (6) leading to the remainder of the set:

lz “"0.1)&'—"C2
13 “0.1x=Ca
14 -0.1x=C4
15 "0.1x=C5
15 —0.lx=Cs
]7""0.1)‘—_-01
1s "’0.1x=Cu
19 _0.1x=C9

Lo—0.1x=cp. (3)
Table 3 summarizes the results of such a comparison
between the 1-Q)} decade and 0.1x. In the two-
digit notation of the dial pairs that are given in
column 1, the first digit indicates the dial position
of the decade being compared and the second digit
the dial position of the next lower decade. The
values listed in the second column correspond to
the resistance differences, the ¢’s, of eqs (2) through
(3). ;
(8) Summing eqs {(2) and (3), there is obtained

10 ) 10
S 1=10x0.1x=3 ci (@)
i=1 i=1

but
(5)

The comparison of 1x with a 10-Q standard resistor
showed that

1x=10—0.0006092 Q. (6)
(See table 2, sec. 3.6). Combining egs (4-), (5), and
(6),

10

0.lx=(10—0.0006092— Ci)/lo. (7

10
From table3 E ci=—0.0003746 ) and, therefore,
i=1
0. lv—l—-O 00002346 Q1. The relation (7) is shown
evaluated at the bottom of table 3

(9) Each step of column 2 (table 3) is corrected
for the real value of 0.1x according to eqgs (2) and
{3) in terms of the national resistance unit. Column
3 lists the corrected values.

(10) The stepwise cumulative corrections of the
dial positions are listed in column 4 and rounded
to the nearest 0.1 uQ) in column 5. The last entry
of columns 4 and 5 must agree with the value of
lx obtained by comparison with the standard re-
sistor. This serves as a check on arithmetic opera-
tions.
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TasLE 3. Calibration of 1-Q decade by comparison with 0.1x

Dial - Differ- | Corrected  Nearest
pairs ence 0.1 u2 %,01 u0 0.1 p02
compared | 0.1 Q2
10-0X - 359 —593.6 —593.6 ~594
20—-1X —298 —532.6 —-1126.2 -1126
302X —408 —642.6 —1768.8 - 1769
40-3X —406 —640.6 —2409.4 —2409
50—-4X -385 —619.6 —-3029.0 — 3029
60-5X —368 —602.6 —3631.6 —3632
70—-6X -376 —610.6 —4242.2 —4242
80—-7X —386 —620.6 —4862.8 —4863
90—-8X —414 —648.6 —5511.4 —5511
X0—-9X —346 —580.6. —6092.0 — 6092

3, differences=~—3746

0.1x= (10— 0.0006092 — (—0.0003746) ) /10
=1-0.00002346 Q0.

(11) The 0.1} decade steps are compared with
0.01x of the next lower dial following the procedures
given in (1), (2), (3), (4), (5), and (6). A set of rela-
tions given by (2) and (3) is then obtained. Table 4
shows the results of a comparison.

(12) A relation similar to (4) is given by

10 10
2 0.11—10X0.01x= 2 Ciy

i=1

(8)

cd=1

where

10 .
S &1=—0.0000318 Q2 and
i=]

10 :
z 0.1;=0.1,=1—10.00002346 O
i=1 {see step (8) and table 3).

There results similar to relation (7)
0.01x= (1—0.00002346 — (—0.0000318))/10

=0.1+0.00000083 2. (9

(13) Each dial step of column 2 (table 4) is cor-
rected for the real value of 0.01y in terms of the
national resistance unit. Column 3 lists the cor-
rected dial steps. Column 4 lists the stepwise
cumulative corrections and column 5 lists values of
column 4 rounded to the nearest 0.1 uf).

(14) The 0.01-Q decade steps are compared with
0.001x of the next lower decade following the same .
procedures given in (1), (2), (3), 4), (5) and (6). The
measurements are analyzed according to (7), (8),
(9}, (10), (13) and (14). The results of such a com-
parison are summarized in table 5. The 0.001-) and
0.001-Q decade steps are calibrated in the same
manner; the results are given in tables 6 and 7,
respectively.



TABLE 4. Calibration of 0.1-) decade by comparison with 0.01x

Dial Differ- | Corrected Nearest
pairs ence 0.1 Q2 5, 0.1 u) 0.1 u}
compared | 0.1 uQ)
10-0X -51 —42.7 —42.7 —43
201X —-07 +1.3 —41.4 —-41
30-2X -17 -8.7 —50.1 —50
40-3X —42 -33.7 —83.8 —84
50-4X —59 -50.7 —134.5 -134
60-5X —42 —33.7 —168.2 — 168
70—-6X -28 - =197 -187.9 —188
80-7X —34 —25.7 —213.6 -214
908X —28 -19.7 —233.3 -—233
X0-9X —-10 -1.7 —-235.0 —-235

2, differences=-—318

0.01,= (1 —0.00002346 — (— 0.0000318))/10
= 0.1+ 0.00000083 (1.

TasLe 5. Calibration of 0.01-Q) decade by comparison with

0.001
Dial Differ- Corrected Nearest
pairs ence 0.1 u0) 3,01 u0 0.1 Q)
compared | 0.1 u)
10-0X +7 +16.8 +16.8 +17
20-1X -19 -9.2 +17.6 +8
30-2X. +13 +22.8 +30.4 +30
40-3X -19 -9.2 +21.2 +21
50—-4X -30 —-20.2 +1.0 +1
60-5X —4 +5.8 “+6.8 +7
70-6X -5 +4.8 +11.6 +12
807X +6 +15.8 +27.4 427
90-—8X —27 -17.2 +10.2 +10
X0-9X —-12 —-2.2 +8.0 +8

2 differences=-—90

0.001y = (0.1 + 0.00000083 — (—0.0000090) )/10
0.01 -+ 0.00000098 {).

TABLE 6. Calibration of 0.001-5t decade by comparison with

0.000] x
Dial Differ- | Corrected Nearest
pairs cnce 0.1 1 =, 0.1 w02 0.1 u02
compared | 0.1 u)
10-0X +2 -0.4 -04 0
20-1X +4 +1.6 +1.2 +1]
302X +2 —~0.4 +0.8 +1
40-3X +4 +1.6 +2.4 +2
50-4X +1 -14 +1.0 +1
605X +4 +1.6 +2.6 +3
70-6X +3 +0.6 +3.2 +3
80—-7X +4 +1.6 +4.8 +5
90-8X +4 +1.6 +6.4 +6
X0-9X - “+6 +3.6 +10.0 +10

I differences =+ 34

0.0001x = (0.01 + 0.00000098 — 0.0000034)/10
0.001 —0.00000024 0.
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TaBLE 7. Calibration of 0.0001-Q) decade by comparison

with 0.00001x
Dial Differ- Corrected Nearest
pairs ence 0.1 uQ) 2,00 u2 0.1 uf)
compared | 0.1 uQ}
10-0X +1 +0.5 +0.5 +0
20-1X +1 -1.5 - 1.0 -1
30-2X -1 -1.5 -2.5 -2
40-3X 0 -0.5 -3.0 -3
504X +2 +1.5 ~1.5 -2
60—5X -1 —-1.5 —-3.0 -3
70—-6X +1 +0.5 -2.5 -2
80--7X +1 +0.5 -2.0 -2
908X 0 -0.5 -25 -2
X0-9X +1 +0.5 -2.0 -2

T differences=+3

0.00001y = (0.001 —0.00000024 — 0.0000003)/10
=0.0001 —0.00000005 Q.

TABLE 8. Calibration of 0.00001 2 decade

Dial Differ- Corrected Nearest
pairs ence 0.1 u02 ¥, 01 u0) 0.1 uf)
compared | 0.1 uQ}
10-0X +2 +1.6 +1.6 +2
201X +1 +0.6 +2.2 +2
302X 0 —-0.4 + 1.8 +2
40-3X 0 —-0.4 +1.4 +1
50-4X 0 -0.4 + 1.0 +1
60-—5X -2 —-2.4 -14 -1
70—-6X 0 —0.4 -1.8 -2
807X +2 4+ 1.6 —-0.2 0
908X +1 + 0.6 +0.4 0
X0--9X 0 —0.4 0 0

2 differences=++4

0.000001 = (0.0001 — 0.00000005 ~ 0.0000004)/10
= 0.0000] — 0.0000000+ (}.

(15) The 0.00001-£) dccade is calibrated by the
method of galvanometer deflection. Set the 0.00001-
€ dial on zero with the bridge nearly balanced by
appropriately setting the auxiliary adjustable re-
sistor. Step to position X and record the galvanom-
eter deflection. Assume 1/10 of the deflection to
correspond to 0.000001y which will be adjusted to
the true value in the mauner as the previous X's
were adjusted. Set the 0.00001-0) dial back 10 zero
position and step to the 1 pusition. Record the deflec-
tion difference with respect to the imaginary
0.000001y. Balance and repeat with other steps of
the dial. The results of a sample data are sum-
marized in table 8. The sum of the galvanometer
deflections corresponds to 0.0001 —0.00000005 ()
(see the bottom of table 7).



(16) The 10-Q decade is calibrated by comparison
with the X position of the 1-0) decade following the
procedures (1), (2),(3), (4), (5), (6), and (7). The results
of the comparison are summarized in column 2 of
table 9. The resistance of 1y is 10-0.0006092 ohms
(see table 2). Column 3 (table 9) lists the dial steps
corrected to the national resistance units. Column 4
lists the stepwise cumulative corrections.

(17) The 100} dial steps are calibrated by com-
parison with 10,. Column 2 to table 10 summarizes
the results. The resistance of 10,= 100-0,003717
(see table 9). The column 3 (table 10) lists the cor-
rected dial steps and column 4 lists the stepwise
cumulative corrections.

(18) All differences, i.e., ¢'s of eq (2), in the dial
readings should be examined to determine whether
they are changed significantly when the dial readings
are corrected according to the calibration. If the
correction is significant, then a second analysis
should he made employing the corrected differences.

(19) The decade steps of the sample data have
been compared with the X of the next lower decade
in terms of the lower decade steps (see column 2 of
tables 3 to 10). The decades from 0.00001- to 1-0
are compared in terms of the 0.00001-Q decade dial
positions; the 10-Q decade and the three 100-0
steps are compared in terms of the 0.00001- and
0.0001-€) steps. The 0.001-Q decade dial was used at
one occasion with the 100-Q) dials -(see table 10). In
as much as the lower dials have very small correc-
tions, the bridge resistors including the auxiliary
adjustable resistor should be adjusted sothat the
comparison measurements would involve changes in
dial positions of the less significant dials wherever
possible (see step (2)). By following this procedure
the calibration correction to the differences (c’s of

(20) The results of calibration given in tables 3 to
10 are summarized in table 11 for rapid reference in
making bridge dial corrections. Corrections of less
than onc ) may be taken as zero without signifi-
cantly increasing the uncertainty of the resistance
measurements.

(21) For further information reference may be
made to the following:

(a) Brooks, P. P. B., Calibration procedures for
direct-current resistance apparatus, Nat. Bur.
Stand. (U.S.), Monogr. 39, 53 pages (March 1, 1962).

(b) Brooks, P. P. B., Calibration of Mueller Ther-
mometer bridges, 39 pages (October 1965), from
the National Bureau of Standards List of Publica-
tions LP38 (August 1966), Calibration Procedures
of the NBS, Electrical Reference Standards
Section.

TasLe Q. Calibration of 10.0) decade by comparison with 1y

Dial pairs Difference Corrected X, ul)
. compared L uf ufl ’

10— 0X + 289 — 320 —320
20~1X + 227 —382 - 702
30—-2X + 287 -322 —1024
40 —3X +015 -594 —-1618
50 —4X + 167 —442 - 2060
60 —5X - 009 -618 - 2678
70—-6X +272 -337 —3015

"80-7X +576 -033 — 3048
90 —-8X +267 ~342 - 3390
X0-9X + 282 -~327 -3717

" 1y=10—0.0006092 0.

TABLE 10. Calibration of 100-Q2 dial steps oy comparison

1 with 10,
¢q (2)) can be made small or negligible and a second x
analysis (step (18)) of the calibration data based on Dial pairs Difference Corrected I, u0
the corrected values of c’'s may be avoided. In the compared iy ufd
sample calibration data the corrections to the lower T ~on e
dials are in the range of interpolated valies of the 20—1X —1710 4662 4662
least significant dial (0.00001-}). The corrections to 171 =427 — 10089
1 -00UU1-2). 30—-2X +973 -2744 —12633
'
the differences (c's) are negligible.
10y = 100~0.003717 Q.
TABLE 11. Summary of Mueller bridge calibration
Bridge corrections in micro-ohms
Dial Bridge decades
posi- 100 10 i 6.001 0.0001 0.00001
tion 0.1 0.0]
1 - 4662 - 320 - 594 — 43 +1.7 [} 0 +0.2
2 — 10089 -—= 702 —-112.6 - 4.1 +0.8 + 0.1 -0.1 +0.2
3 - 12833 - 1024_ —-176.9 - 5.0 +3.0 +0.1 -0.2 +0.2
4 ~ 1618 —240.9 — 8.4 +2.1 +0.2 -0.3 +0.1
5 - 2060 —302.9 —13.4 +0.1 +0.1 —-0.2 +0.1
6 — 2678 -363.2 -—16.8 +0.7 +0.3 -03 -—0.1
7 — 3015 —424.2 —18.8 +1.2 +0.3 -0.2 -0.2
8 ~3048 —486.3 —21.4 +2.7 +0.5 —0.2 0
9’ —33%0 —551.1 —233 +1.0 +0.6 —0.2 (4]
X -3717 —609.2 —23.5 +0.8 + 1.0 —~0.2 0

121



APPENDIX 1.

The equipment required for calibrating the
linearity of a potentiometer is:

(a) A source of adjustable stable voltage, e.g.,
a second potentiometer or an adjustable well regu-
lated electronic voltage supply.

() A detector of sufficient sensitivity. (For the
resolution of 1 u) a1 1 ma in the SPRT a sensitivity
of one nanovolt is needed.)

The calibration procedure, analogous to that of
the Mueller bridge (see Appendix H), is the com-
parison of successive voltage steps of one decade
against the X position of the next lower decade.
The sensitivilty of the detector sliould be sufficient
to permit interpolation of the last dial of the po-

tentiometer. The current reversal procedure will

double the detector sensitivity and cancel any
steady extraneous emf’s,

1. Calibration of the Decade Switches

Let jA; be the difference in nanovolts between the
ith step of decade j and the X position of j+1
(next lower) decade, i.e.,

Vi @
where Vs the voltage associated with the dial posi-
tion. (The decade j=1 is the most significant dec-

ade.) The average difference between each of the
steps of decade § and X of decade j+1 is:

) =¥,

to

2 A= (Ve =105} /10,

- I
A= @

The difference between each observed ;A; and ;A is

_ 1 1
BimA=hi= e S =58

i=1

= (j,",' ——_;V,‘_l ) —JV\/] 0. (3)

Equation (3) shows that the calibration process re-
duces to the comparison of each step of the decade
with the average step of the decade. The deviations
from linearity ;D, at the nth step of decade j is the
algebraic sum of ‘the deviations from the average
difference of the 1st to nth steps inclusive, i.e.,

@)

>

10

1
[;A;*" T '2 D

it

] —'—'—_'V,,'—' lljl":\'/](). (S)

In eys (1) and (5), j/ha=0. Table 1 shows an ex-
ample of calibration data and calculations of linearity
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Calibration of the Linearity of a Potentiometer

corrections on “‘decade 1,” the most significant dial
with steps nominally 0.01 V| of a six-dial potentiom-
eter. The record of the differences between dial posi-
tions and X of the next lower decade is given in nano-
volts, but the actual laboratory record is recorded as
galvanometer deflections and the sensitivity.

The procedure for determining the linearity of
the lower decades is the same as that for decade
1, i.e., the dial positions of decade 2 are compared
with the X position of decade 3 and so forth. Tables
of differences ;Ai, differences B; from the mean
jA, and the deviations from linearity ;D, are con-
structed as shown in table 1 for decade 1.

The linearity of the least significant decade is
determined from galvanometer deflections. The
galvanometer deflection eorresponding to each
step is compared with the average deflection for
the decade (see eq (3)). Since the least significant
decade can tolerate relatively large deviations in
the resistance elements, usually its linearity is
found to be adequate for most measurcinents.

The above calibration data yield the deviation
from linearity of a dial position in terms of the aver-
age step of the decade (see eq (5)). The overall lin-
earity.of the measuring decades is determined in
terms of the linearity of the dial positions of a decade
and the relation of its X position with the average
step of the next higher decade {eq (2)), i.e., A or
6.7 nV (see table 1 for the deviation of the average
step of decade 1 from X position of decade 2). The
X position of decade 2 is 6.7 nV smaller than the
average step of decade 1; each step or the average
step of decade 2 is, therefore, 6.7/10 nV smaller.
The total deviation from linearity of the nth step of
decade 2 is the sum of the deviations from linearity
within the decade (as determined from comparison

TABLE 1. Example of calibration of potentiometer dial 1
steps=nominally 0.01 V
Position { WA 18, NN
dial 1 nanovolis nanovolis nanovolts
1 2] 14.3 14
2 33 26.3 41
3 —47 —53.7 ~-13
4 - 52 —~58.7 -T72
5 34 27.3 —44
6 43 36.3 -8
7 62 55.3 47
8 -1 -17.7 29
9 27 20.3 50
X - 43 -—49.7 0

1
2 WBAr=67 aV.

A=6.7 nV,



of the 2d decade steps with the X position of the
3d decade) and the deviation between decades 1
and 2, ie.,
2€2=:Dn—n:A/10 ©)
€, is the total deviation from linearity of the nth
step of decade 2.
The total deviation from linearity of the mth
step of decade 3 is:
3€m= an -m E25/10+ 15/100] . (7)
The total deviation from linearity of the kth step
of decade 4 is: )

sex= 1D — k[;8/10+,A/100+ ,A/1000].  (8)

" For the pth step of decade 5 the total deviation
from linearity is:

s€p=sDp— p[LAN10+ ;4/100+ ,A/1000 + ,A4/10000].
)

The term containing 4/10000 or even »,A/1000 may
be insignificant, The deviations {rom linearity of
even lower decades are caleulated as an extension
of the above.

2. Calibration of the Range Switches

In contrast 10 the Mueller bridge, potentiometers
have range switches with x1, x0.1, or even x0.01
factors. Any deviations from the nominal factors are
determined by comparing the X position of decade
1 on the x0.1 range and 1 position of decade 1 on the
x1 range corrected for linearity. The x0.01 range is
compared in the same manner with x0.1 range.

2.1.-To Check the x0.1 Range Factor

With the range switch set on x1 position, adjust
the external voltage source until it is balanced
agdinst the step 1 of the first (j=1) decade. When
a balance is achieved, change the range switch to
x0.1 position and the first decade to step X. Since
the step 1 of the first decade is 1 ppm too high
(from the calibration given in table 1), the dial set-
tings should be X00001 on the six-dial potentiometer
being employed in the example given here. This
gives an accurate 10 1o | ratio for the dial settings.
If the potentiometer current with the range switch
set on x0.1 position is too high, then (using current
reversals) the galvanometer deflections will have
the same sense with the increase in the dial setting.
If the current is too low, then the galvanometer de-
flection will have the opposite sense with the in-
crease in the dial setting. If, e.g., galvanometer
deflection is equivalent to + 10 nanovolts, the range
factor correction becomes + 1 X 10-4,
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2.2.-To check the x0.01 Range Factor

The x0.01 range is compared with the x0.1 range
in the same manner as above between x0.1 and x1
ranges. The range factor correction for the x0.0]
range relative to the x1 range is then the combined
correction factors (very nearly the sum of the cor-
rection factors) for the x0.1 range and the x0.01
range relative to the x0.1 range.

3. Combined Decade Switch and Range Switch
Corrections

The potentiometer voltage equation with calibra-
tion.correction is: ’

V=F(]+K) (E|+E2+E3+E.|+E5+Ea
where
+€1+€3+€3+€4+€5+66)

F = range factor x1, x0.1, or x0.01
K = range factor currection for 0.1 or x0.01 ranges,
zero for x1 range - :
E, through E¢=nominal dial readings for the decades
€ through €5 = total deviations from linearity of the
dial settings.

The above calibration procedure is suitable for a
“simple” potentiometer with one working battery.
When the battery current is branched (split-circuit),
for example in the Wenner voltage-difference poten-
tiometer [1], the ratio of the currents in the two
branches must ‘be precisely adjusted before com-
paring a decade in one branch with a decade in the
other and checked periodically during this inter-
comparison.

Instruments with more than one potentiometer in
tandem, for example the White potentiometer {4,
5, 6] and other more recent designs [3], require pre-
cise standardization of the currents when the dec-
ades between two potentiometers are compared.

For application of universal ratio sets to potentiom-
eter calibration see NBS Monograph 39 by Brooks[2].
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APPENDIX J. Guide for Obtaining the Calibration of Standard Platinum Re-
sistance Thermometers at the National Bureau of Standards

The following guides are intended for users and
those immediately connected with the application
of SPRT's who are interested in obtaining calibra-
tion services at the NBS or who are planning to
purchase SPPRT’s.

The SPRT calibration equipment and procedures
employed by NBS are for four-terminal thermome-
ters that meet the IPTS—-68 specification of quality
(see sec. 2) and that are constructed within certain
external physical dimensions and immersion require-
ments. To obtain calibration services within the reg-
ular time schedule, the SPRT’s must conform to
these specifications. Any deviations from these spec-
ifications will result in additional cost, time, or re-
jection from calibration, e.g., the calibration of an
over-sized SPRT is prohibitively expensive.

1. Inquiries and Purchase Orders fdr the SPRT

Calibration Service

1.1. Inquiries and purchase orders shall be di-
rected to the attention of:

“Temperature Section, Heat Division
BO4 Physics Building

National Bureau of Standards
Washington, D.C. 20234

1.2. Attention is called to paragraphs (d), (e), and
(f) of Section 200.100 in NBS Special Publication
250, Calibration and Test Services of the National
Burcau of Standards (1970 edition) which deal with
shipping, insurance, and risk of loss or damage of
instruments sent to NBS for calibration and test.
These three paragraphs are quoted below for con-
venience of reference.

(d) Shipping and insurance coverage instructions should be
clearly and legibly shawn on the purchase order {or the calibration
or test. The customer must pay shipping charges to and from NBS;
shipments from NBS will be made collect. The method of return
transportation should be stated and it is recommended that
return shipments be insured, since NBS will not assume liability
for their loss or damage. For long-distance shipping it is found
that air express and air freight provide an advantage in reduction
of time in transit, If return shipment by parcel post is requested
or is a suituble mode of transportation, shipments will be prepaid
by NBS but without covering insurance. When no shipping or
insurgnce instructions are furpished, return shipment will be
made by common carrier collect and uninsured.

(e) NBS will not be responsible for the risk of loss or damage
tn any item during shipment to or from the Bureau. Any arrange-
ments for insurance covering this risk must be made by the
customer, Return shipment will be made by the Bureau as indi-
cauted in paragraph (d) of this Section. The purchase order should
always show the value of the equipment and if transit insurance is
curried by the customer this fact should be stated.

t The risk of loss or damage in handling or testing of any
item by NBS must he assumed by the customer, except when it
is determined by the Bureau that such loss or damage was
occasinned solely by the negligence of bureau personnel.

1.3. The user of the SPRT shall assume the re-
sponsibility 1o provide the following information
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either direetly or through his procurement group.
If any one item of the requested information is
lacking, the calibration will be delayed. To mini-
mize the “‘paper work,” all necessary information
should be forwarded in a single communication.

1.3.1. Manufacturer, model number, and serial
number of the SPRT.

1.3.2. The temperature range in, which the
SPRT will be employed.

1.3.3. Specific calibration desired. (See under
section 4 the list of test services that are available.)

1.3.4. Specify the type and quantity of ther-
mometer calibration tables desired. (See under
section 4.3 the list of 1ables that are¢ available.)

1.3.5. If more than one type of calibration serv-
ice, e.g., the calibration of standard resistors is also
being purchased from NBS on the same purchase
order, enough copies of purchase orders should
be prepared so that one copy can accompany
cach type of instrument to be tested,

1.3.6. If insurance of the return shipment is
desired it must be requested. Such insurance is
recommended.

2. Shipment of SPRT to'NBS for the Calibration
Service

2.1. Direct shipments of

SPRT by
carrier to the attention of:

comimon

Temperature Section, Heat Division
BO4 Physics Building

National Burcau of Standards

Route 70S and Quince Orehavd Road
Gaithershurg, Maryland 20760

2.2. Precautions should he exercised to proteet
the SPRT from mechanical shoek that would alier
its calibration. In shipment, the SPRT must be
softly supported within a rigid case but must not be
free to “‘rattle” within the case. The packing material
must, therefore, be resilient and not become com-
pacted. An outer case must be sufficiently rigid and
strong to withstand the treatment usually given by
shippers. Styrofoam is not sufficiently rigid to be used
as an outer case. The SPRT's will not be returned in
containers that are obviously unsuitable, such as
those closed by nailing: a wooden hox should be
closed with serews. Suitable containers will be
provided, for a fee, whenever the SPRT shipping
container is not'satisfactory for re-use. The user shall
assume the responsibility of instructing his shipping
department concerning puackaging and the -desired
carrier for shipping his SPRT.

Twao methods suitable for packaging the SPRT
for shipment are illustrated in figures 4 and 5 of
section 4.7,



3. Requirements o Qualify for Regular Calibration
Schedule

3.1, Quality:

The SPRT must be a four-terminal resistor that
conforms with the 1PTS=-68 specifications for con-
struetion practice and quality (see Appendix A).

3.2. Dimenstons:

3.2.1. Longstem type SPRT

3.2.1.1. The maximum length of the resis-
tance clement shall be 5 em. The entire element
must he located near one end of the SPRT.

3.2.1.2. The maximum oulside dimension of
the SPRT sheath shall be 7.52 mm (0.296") for a
minimun length of 46 cm (18").

3.2.1.3. The maximum overall length of
plass-sheathed SPRT’s shall be 1 meter. The maxi-
mum overall length of SPRT’s that have sheaths of
thin metal is_limited by the height to the ceiling of
ihe NBS calibration laboratory: SPRT’s up to 4
meters can be accommodated,

3.2.1.4. The suitability of the SPRT for
calibration at NBS also depends upon the immersion
characteristics of the thermometer. Although the
thermometer may meet the preeeding requirements
of dimension, the immersion characteristies of the
thermameter may he too poor for calibrations that
employ the existing equipment at NBS.

3.2.2. Capsule type SPRT

3.2.2.1. The maximum length of the resist-
ance element shall be 5 em. The element must be
located at one end of the SPRT.
3.2.2.2. The maximum over-all length of the
SPRT shall be 8 em,

3.2.2.3. The sheath, at the end that containg
the resistant element, shall be reasonably uniform
and shall not exceed 5.72 mm (0.225") outside
diameter for a minimum length of 5 em and maximum
length of 6 e

3.2.2.4. The outside diameter of any part of
the SPRT, including the head where the four leads
emerge through a hermetic scal, shall not exceed
9.6 mm (0.387); the length of the enlarged section
shall not exceed 2 em.

4, Calibration Services

4.1, Long stem SPRT

4.1.1. Calibration at the triple point of water, tin
point, and zine point. A 1able will be furnished with
entries at l-degree intervals between —50 and
+500.°C. -

4.1.2. Calibration at the triple point of water,
1in point, zine point, and oxygen normai boiling
point. A table will be furnished with entries at
I-degree intervals between —183 and 4500 °C. )

4.1.3. Thermometers  which  will - withstand
temperatures above H00 °C, sueh as quartz sheathed
thermometers, calibrated under 4.1.1 or 4.1.2 will
be furnished tables to 631 °C.

4.2. Capsule type SPRT

The capsule type SPRT's are not generally
calibrated above the tin-point temperature at the
NBS. Because of the uncertain electrical insulation
characteristics between the leads at the zine point,
any calibration performed with the capsule type
SPRT’s at the zine point will not be of as high a
quality as is obtained with the long stem SPRT’s,
Instead, the thermometer constant B is assumed
on the basis of the values of B for other SPRT’s
calibrated at NBS during the past few years.

4.2.1. Calibration at the triple point of water
and tin puint. A table will be furnished with entrics
at 1-degree intervals between — 50 and + 250 °C.

4.2.2. Calibration at the triple point of water,
tin point, and oxygen normal boiling point. A table
will be furnished with entries at 1-degree intervals
between —183 and +-250 °C.

4.2.3. Calibration at the triple point of water,
the tin point and a comparison calibration between
13 and 90 K. A table will be furnished with entries
at 0.1-degrec intervals between 13 and Y0 K and at
1-degree intervals between 90 and 600 K.

4.3, Tables

The user has the choice, as a part of the calibra-
tion service, as (o the form of table for his ther-
mmneter.

4.3.1. The argument {(the temperature) cun be
°(., °F, or K. )

4.3.2. The funetion can be the resistance ratio
R()/R(0), the resistance  R{t), or the resistance
difference R() —R(0). For most applications the
resistance ration K(2)/R(0) versus temperature is
recommended.

4.3.3. If no specifiec request is made, the table
furnishied for the long stem SPRT will be the resist-
ance ratio R (1) /R (0) versus temperature in °C. The
table furnished for the capsule type SPRT will be
the resistance versus temperature in- K whenever
the comparison calibration between 13 and 90K is
requested; otherwise the table furnished will he
the resistance ratio R{¢)/R (0) versus temperature
in °C.,

5. Non-Standard Platinum Resistance
Thermometers '

A very special configuration of platinum resistance
thermoneter may be desired for certain applica-
tions. For the calibration of such thermometers
the user may contact the NBS (see 1.1) concerning
the possibility of a calibration at NBS or advice on
the calibration of the thermometer in the user’s
laboratory employing a SPRT that has been eali-
brated at the NBS. The information on dimensions
1D Lo Curnished with

and wiring conbguration shouk! be furnished with
the inquiry, H the calibration can be performed at
NBS, the fee for the special calibration will be
furnished,

Caloripevic iype platinum resistance thermoms
eters, which have the resistance element wound on
a flar mica sheet and sandwiched between two



mica sheets and then inserted into a flattened tube,
do not mieet the specifications of the IPTS-68. A
calibration of these thermometers may be furnished
by NBS through special arrangement. ,
Inquiries concerning the calibration of other resist-
ance thermometers, such as germanium resistance
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thermometers, are welcomed. The NBS will at-
tempt, whenever possible, to meet reasonable
calibration requests of services; the cost of such
services will be negotiated. Appropriate discussion
should take place directly between the user and the
NBS technical staff.





