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CHAPTER |

INTRODUCTION

1. Methods of temperature measurement between 10 K* and 100 K.
The methods to measure temperatures between 10 K and 100 K may be
divided in two categories:

a. Methods in which instruments are used for which the relation
between the measured quantity and the thermodynamic temperature
can be derived from theory (the primary thermometers).

b. Methods in which instruments are used for which the relation
between the measured quantity and the temperature must be deter-
mined experimentally (the secondary thermometers).

The instruments that can be used between 10 K and 100 K be-
longing to the first group are: the gas thermometer, the acoustic
thermometer, the magnetic thermometer and the vapour pressure
thermometer. The most widely used instruments belonging to the
second group are: the platinum resistance thermometer, thermo-
couples of copper versus constantan or of other combinations of
metals, the germanium resistance thermometer and the carbon re-
sistance thermometer.

The distinction between the two groups is in practice not
always very sharp, because for the use of all instruments of the
first group some pre-information concerning the properties of the
instrument must be known before accurate temperature measurements
are possible.

For a constant volume gas thermometer for example one needs a
reasonably accurate knowledge of the change of the volume of the

* The symho(! K for kelvin, the unit of temperature, is used in:
stead of K according to a recent recommendation of the Comiteée
Cr}nsultatif des Unités and the Comité Consultatif de Thermo-
metrie of the Bureau International des Poids et Mesures, It
was recommended not to change the symbol C because Cis already
in use for the coulomb, the unit of electric charge.




reservoir with temperature and even if the pressure of the gas in
the reservoir is rather low the deviations from the ideal gas
state are too large to obtain accurate results without informa-
tion on the virial coefficients of the gas.

Non-ideal gas is also used in the acoustic thermometer.

The use of the magnetic thermometer requires the knowledge of
at least two or three calibration temperatures. The magnetic
thermometer is expecially valuable at very low temperatures be-
cause the measured quantity is in first approximation proportio-
nal to the inverse of the thermodynamic temperature.

The vapour pressure thermometer was originally used as a
secondary thermometer. It was calibrated directly or indirectly
against a gas thermometer and the relation between the pressure
(p) of the saturated vapour above the condensed gas and the
temperature (T) was represented by more or less arbitrary func-
tions. But gradually the thermodynamic p,T relation became more
in use and the thermometer came closer to the qualifications of a
primary thermometer. To calculate the thermodynamic p,T relation
accurately, information on several properties of the gaseous and
condensed phases, one or two calibration temperatures and a pro-
visional p,T relation are required. This information was obtained
experimentally for several gases used in the low temperature
range. For 4He, 3He and H2 the p,T relations are known today
fairly accurately. Recently also p,T relations for nitrogen and
oxygen have been deduced on a thermodynamic basis. The vapour
pressure thermometer can be very useful in the temperature range
where the pressure is not too low for accurate measurements and
not inconveniently high. In the proper temperature range the
vapour pressure thermometer has the advantage over secondary
thermometers that the interpolation between calibration tempera-
tures, that are determined with a gas thermometer, is possible
with a well-defined function which is based on thermodynamics
instead of with a more or less arbitrary formula. Another advan-
tage of a vapour pressure thermometer is that any sample of the
gas, if sufficiently purified, may be used directly for tempera-
ture measurements. The vapour pressure thermometer can be smaller
than a gas thermometer. It can have a rather low heat capacity
and can be quick responding. In its proper temperature range it
is more sensitive and reproducible than a gas thermometer.

The main advantages of the best secondary thermometers over a




gas thermometer for practical temperature measurements are: the
convenience of easier thermometer readings, the higher sensitivity
and better reproducibility and the smaller size and smaller heat
capacity which makes it possible to reach rapidly equilibrium be-
tween the secondary thermometer and its surroundings. The main
disadvantage of secondary thermometers is the need of extensive
calibration, because the relation between the measured quantity
and the temperature is not accurately known from theory and be-
cause the properties of different thermometers of the same type
can differ considerably.

Among the secondary thermometers the platinum resistance
thermometer is the most important one in the temperature range
under consideration. The difficulties in relating with sufficient
accuracy the resistance ratio W(T) (=R(T)/R(0°C)) of a thermome-
ter to the thermodynamic temperature or to the resistance ratio
of another thermometer are now mainly surmounted by the use of
very pure platinum and proper formulae for W(T) and AW(T), the
difference in W(T) of two thermometers, which are based on accur-
ate calibrations against a gas thermometer and on theoretical
considerations. The use of pure platinum and of these formulae
has reduced considerably the number of calibrations required for
adequate temperature measurement.

A good aid to check the reproducibility of all thermometers
and to make the calibration of secondary thermometers easy is
found in the use of fixed points. In general these are reproduc-
ible temperatures realized as equilibrium states of two phases of
a pure substance under standard conditions or triple points. The
most important fixed points in the temperature range between 10 K
and 100 K are the normal boiling points and the triple points of
hydrogen, nitrogen and oxygen. Also the boiling points of neon,
argon and carbon monoxyde and the triple points of neon, argon,
carbon monoxyde, methane and propane and the transition points in
solid nitrogen, oxygen and carbon monoxyde are in this tempera-
ture range, but, because of the use of hydrogen, nitrogen and
oxygen as cooling liquids, the fixed points that are first men-
tioned are easier to realize and consequently better known.

The reproducibility of platinum resistance thermometers is an
order of magnitude better than the agreement between gas thermo-
meter measurements of different authors. This is one of the
reasons why practical temperature scales, which are not identical



with the thermodynamic scale, are used, Another reason is that
the definition of a practical scale provides a convenient system
for the calibration of thermometers. The definition of a practical
scale is intended to be such that, for most practical purposes,
the deviations from the thermodynamic scale may be neglected.

An example of a practical scalewhich can be used in a limited
temperature range is the T58 scale. This scale consists of a
table of T values and corresponding values of the vapour pressure
of liquid helium. With the helium vapour pressure thermometer
very reproducible results can be obtained and the table was made
in such a way that the agreement with the thermodynamic scale was
the best that could be obtained in 1958.

2. Developments in platinum thermometry between 10K and 100 K after 1900.

A resistance thermometer of which the resistance coil is made
from strainfree wound wire of very pure platinum has been known
for a long time already as a convenient instrument that can be
used for temperature measurements with high precision, It has a
high reproducibility even many years after it is calibrated. A
historical survey of the research on the calibration of platinum
thermometers below 100 K shows the gradual progress toa generally
acceptable practical temperature scale for the temperature range
between 10 K and 100 K.

In 1902 Meilink' !’ compared in Leiden a platinum thermometer
with the hydrogen gas thermometer at 8 temperatures between 0°c
and 63 K. Three calibration temperatures were below 100 K.

Kamerlingh Onnes and Clay 2) compared in 1905 and 1906 the
platinum thermometer Pt I with the hydrogen gas thermometer at 2
temperatures in the liquid hydrogen range, at 5 temperatures in
the liquid oxygen range and at 6 temperatures between 100 K and |
0°C.

In 1907 and 1908 calibrations at low temperatures of the
thermometer Pt’ I (the same wire as Pt I but wound anew) were
carried out by Kamerlingh Onnes and Clay %) and by Kamerlingh
Onnes and Braak *’.

At the Physikalisch Technische Reichsanstalt in Berlin
Henning 5) compared in 1912 four thermometers with the hydrogen
gas thermometer at 80 K and 90 K and between 120 K and 0°C. From
the results he computed a table for the thermometer Pt 32 in
which the resistance ratio W is given at integral values of the
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temperature between 80 K and 280 K and he discussed a method to
relate the W values of different thermometers to each other in
this temperature range.

Kamerlingh Onnes and Holst compared in 1913 the thermometer
Pt'I again with the hydrogen gas thermometer and with the helium
gas thermometer and, using all information about the thermometer
Pt’I, Holst ™ computed an interpolation table in which W is
given at intervals of one kelvin between 56 K and 91 K and at
intervals of five kelvins between 90 K and 0°C. Holst compared
the results of Henning with the table for Pt’I using Hennings
interpolation formula for differences in W values,

A table in which W values of a certain standard thermometer
are given at small intervals of temperature in fact establ ishes a
temperature scale which can be reproduced by calibration of other
thermometers against the standard thermometer.

In 1917 Cath, Kamerlingh Onnes and Burgers 9’ published re-
sults of comparisons of the thermometers Pt 21 and Pt 26 with the
helium gas thermometer at 30 temperatures between 14 K and 100 K
and at 9 temperatures between 100 K and 0°C. Fifteen of these
comparisons were carried out between 21 K and 56 K.

In 1926 the results of the calibration of the thermometer
Pt 29 against a gas thermometer by Henning at the P.T.R. were
collected in a table of W values at integral values of the tempe-
rature between -257°C and -252°C and between -200°C and 0°c 9,

In Leiden Tuyn 10) 4id the same in 1926 for the thermometers
Pt 23 and Pt 23’ on the basis of experimental information obtained
about ten years earlier. The table of Pt 23’ covers the whole
temperature range from -270°C to -80°C.

Henning and Otto gave in 1932 the results of the calibration
of four platinum thermometers against a gas thermometer between
14 K and 80 K to complete the scale for low temperatures of the
PR O

In 1938 the results of the comparison of four platinum ther-
mometers with a helium gas thermometer between -258°C and -190°C
were given by Keesom and Bijl 12) | This research was an extension
of the measurements of Keesom and Dammers between -183°C and 0°C.

In 1939 Hoge and Brickwedde at the National Bureau of Stan-
dards in Washington compared two platinum resistance thermometers
and a platinum-10%rhodium resistance thermometer with a helium
gas thermometer at many temperatures below the boiling point of
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oxygen and compared one of the platinum thermometers with four
other platinum thermometers 13) | The primary fixed point for
these measurements was the normal boiling point of oxygen.
According to results obtained at the P.T.R., 90.19 K was taken
for the temperature of this point. A table was deduced from the
results for the thermometer L6 in which smoothed values for the
resistance ratio of the thermometer were given at small intervals
of temperature between 10 K and 92 K. This temperature scale is
reproduced in many other thermometers and is still maintained at
the N.B.S. The scale is called the NBS-1939 scale. In 1955 the
scale of Hoge and Brickwedde was lowered over the whole range by
0.01 K to obtain a better agreement between the scale and the
best values known in 1955 for the boiling points of hydrogen and
oxygen. The revised scale is called the NBS-1955 scale.

At the Pennsylvania State University eight platinum thermo-
meters were calibrated against a helium gas thermometer by
Moessen, Aston and Ascah 14) jn 1952. These authors made an in-
dependent determination of the boiling point of oxygen starting
at the ice-point %) and measured also the temperature at the
boiling point of normal hydrogen. They did not give a smoothed
representation of their measured W and T values, but the results
could be used as a scale on which other thermometers were cali-
brated. This scale is called the PSU scale.

The establishment of the scale of the Physical and Radiotech-
nical Measurements Institute in Moscow (the PRMI scale), based on
four platinum thermometers, was published in 1954 by Borovik-
Romanov, Orlova and Strelkov 16) . Information concerning this
scale is also given in ref. 17 and ref. 18. In 1960 this scale
was changed due to the recalculation of the expansion of the
copper gas thermometer bulb used in the measurements in 1954 19) |

The last scale established in the same way is the scale of
the National Physical Laboratory in Teddington (G.B.) 20, 21)
This NPL scale is based on measurements of Barber in 1960. He
also measured the temperatures of the normal boiling points of
oxygen and 20.4 K-equilibrium hydrogen.

All these scales are convenient for the measurement of low
temperatures. However, the use of many different scales of this
type also has a few disadvantages. These scales can only be re-
produced as long as there are calibrated thermometers which are
in good condition. This disadvantage can be eliminated partly by
12




the determination of fixed points on the scale. Difficulties can
arise in relating the results of different authors to each other
when many slightly different temperature scales are in use, and
if the developments in tliermometry proceed in this way the number
of scales will still increase. For, institutes which do not have
their own scales are too strongly dependent on other institutes
for temperature measurements with high precision.

In 1961 at an unofficial meeting of members of the Comité
Consultatif de Thermométrie at the Bureau International des Poids
et Mesures (C.C.T.) preceeding the third symposium on thermometry
held in Columbus, Ohio, the possibilities were discussed to com-
pare temperature scales below 90 K. AWorking Group of the C.C.T.,
which was formed in 1962 to study in particular the improvement
of the International Practical Temperature Scale below 0°C and
the extension of the IPTS below 90 K, agreed that, although the
quality of the thermometers used by Keesom and Bijl was of the
same order as the quality of the original thermometers of Hoge
and Brickwedde, the scale of Keesom and Bijl should not be com-
pared with the other four most recent scales because no capsule-
type thermometers were calibrated in this scale and the size of
the original thermometers was rather big. Each of the four labo-
ratories whose scales had to be compared would provide two cali-
brated capsule-type platinum thermometers with resistances at the
ice point of about 25 () to be compared with each other at the
N.P.L. and later on at the P.R.M.I. The results of the comparisons
were presented to the C.C.T. in 1964 22.23,24) and were published
in Metrologia in 1966 25),

Using the results of the comparison of the scales, four
tables were calculated at the P.R.M.I. in which the "smoothed
average reduced temperature" was given at small steps of the
weighted average of the W values of the thermometers 24). One of
these tables, the table Bl, was recommended for provisional use
as an interpolation table at the meeting of the C.C.T. in 1964.
The table was extended by Barber and Hayes 26) to 273.15 K using
recent data obtained for temperatures between 90 K and 273.15 K
by Barber and Horsford 27). The complete table was issued by the
P.R.M.I. as "Table moyenne normale CCT-64 pour le domaine de 12 &
273.15 K".

The table and the comparison data may be used to define a
temperature scale. This fact was realized by the C.C.T. in 1964,
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and from the data of the scale comparisons at the N.P.L. and the
P.R.M.I. we have calculated in 1965 the differences between this
CCT-64 scale and the four national scales (see ref. 28 and
section III-3). Details of the CCT-64 scale are given in section
III-1. This CCT-64 scale, however, is once more a scale based on
calibrated platinum resistance thermometerswith the disadvantages
mentioned above,

The C.C.T. stated some years ago that the next step in prac-
tical temperature measurement in the temperature range under
consideration should be the definition of a scale that can be
reproduced in every laboratory where a suitable equipment is
available. Such a scale may be based on fixed point calibrations
of platinum thermometers in conjunction with rules to interpolate
the differences in W values between individual thermometers and a
standard table between fixed points. The agreement between this
scale and the thermodynamic scale must be so good that the dif-
ferences are negligible for nearly every practical purpose.

Lovejoy at the National Research Council in Ottawa prepared
in 1965 a concrete proposal for a temperature scale 29) pased on
the CCT-64 table and fixed point calibrations. Unfortunately he
called this scale also "CCT-64 scale". A distinction between the
two scales was made by adding to the name CCT-64 the initials of
the authors. So the scale of which we calculated the differences
with the national scales is the CCT-64(MDD) scale and the scale
proposed by Lovejoy is the CCT-64(L) scale. For the representation
of the results of the research described in this thesis only the
CCT-64(MDD) scale is used.

Lovejoy revised his proposal a little in 196 and on the
basis of this revised proposal an extension and a revision of the
definition of the International Practical Temperature Scale
(IPTS) was prepared in 1967 by Barber in cooperation with Van
Dijk and Durieux, as agreed on the meeting of the Working Groups
of the C.C.T. in Moscow in 1966 3!, In 1966 the aim of the
C.C.T. was to come to an agreement about this text in 1967 so
that still in that year the new IPTS could be adopted. In the
meantime some opposition arose against the scale, but in Septem-
ber 1967 agreement about the principles of the new IPTS was
reached by the C.C.T. at a meeting at the N.R.C. in Ottawa. It
was decided that a final draft will be prepared by Barber,
Durieux and Preston-Thomas. It has to be ready in November 1968.

6 30)
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This draft for the new scale will be submitted to The Comiteé
International des Poids et Mesures. This committee got in Novem-
ber 1967 the consent of the Conférence Générale of the B.I.P.M.
to adopt the new scale as the official definition of the Inter-
national Practical Temperature. It is expected that the new IPTS
will be promulgated at the beginning of 1969,

To distinguish the new scale from the old IPTS of 1948 we
will call it "IPTS-1968" and temperatures on this scale will be
denoted Tea' Details of the recommendations for the IPTS-1968 are
given in section III-2.

3. Summary of this research.

The accurate determination of p,T relations of cryogenic
liquids is an important part of the research program of the ther-
mometry section of the Kamerlingh Onnes Laboratory in the last
twenty years. Also part of the program of research are investi-
gations on the behaviour of platinum thermometers at low tempera-
tures and on the extension of the IPTS below the boiling point of
oxygen.

This thesis deals with the p,T relation of liquid oxygen, the
comparison of the p,T relations of hydrogen and oxygen with i.a,
the CCT-64 scale, the comparison of methods for the calibration
of platinum thermometers below 90 K, and with the reproducibility
of platinum thermometers at liquid helium temperatures, Special
attention is paid to the measurements at the normal boiling
points of 20.4 K-equilibrium hydrogen (e-hydrogen or e-H2) and
oxygen, the triple points of e-hydrogen and oxygen and at the
transition points at 24 K and 44 K in solid oxygen. The results
obtained also provided a possibility to observe the behaviour of
platinum resistance thermometers between liquid helium and liquid
hydrogen temperatures.

The sequence in which the different subjects are presented is
as follows.

In chapter II a thermodynamic equation is given from which
the p,T relation of oxygen can be calculated and a choice is made
from the available experimental data for all thermodynamic quan-
tities involved in the calculation. The p,T relation resulting
from the thermodynamic calculation is compared with p,T data
obtained experimentally by other authors.

In chapter III details of the CCT-64 scale and the proposed
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IPTS-1968 are given together with the differences between the
principal temperature scales for temperatures below the boiling
point of oxygen.

In chapter IV the three slightly different methods of
measurements at thermal equilibrium of the resistances of a num-
ber of platinum thermometers and the pressures in a vapour
pressure thermometer containing helium or e-hydrogen or oxygen
that are used in this research are described and the direct re-
sults of the measurements are presented.

Chapter V deals with the comparison of the temperatures ob-
tained from the measured resistances of the platinum thermometers
with the temperatures obtained from the vapour pressure measure-
ments, and with the results of the measurements at the fixed
points.

In chapter VI several methods for the calibration of platinum
thermometers between 13.8 K and 90.2 K are compared, and the use
of platinum thermometers between 4.2 K and 14 K is discussed.

16




CHAPTER I

THE VAPOUR PRESSURE- TEMPERATURE RELATION
OF LIQUID OXYGEN

1. The thermodynamic p, T relation.

A thermodynamic equation which gives the relation between the
pressure of the saturated vapour above a liquid and the thermo-
dynamic temperature has been derived by Van Dijk 32). The deriva-
tion starts with the conditions for the equilibrium of two phases
of one component. The condition GG = G, is equivalent with
HG ShEES T(SG - S;) where G is the Gibbs function, H the heat
function and S the entropy. The subscripts G and L, refer to the gas
and liquid phases respectively. HG - H; and T(SG - S;) are both
expressions for the heat of vaporization L. These expressions can
be rewritten using the heat of vaporization at the normal boiling
point and the temperature at the normal boiling point as reference
data and using the equation of state of the gas. When the two
expressions for L are equated the following expression for the
p,T relation is obtained:

p L(T,) T T T. G- Cys
=== |==—leof- ] (2-==) i Jg—u "{ dT
D, RT, T e el
1 T‘A | dp
T (C,- C,.)dT + — \'/ (—) dT + €- € (II-1)
Ly L ‘ 1
RT T, g dr®

where: Cv1 is the molar heat capacity at constant volume of the
gas in the ideal gas state,
CL is the molar heat capacity of the liquid at saturation
pressure,
VL is the molar volume of the liquid at saturation pres-
sure,

17



(dp/d'l‘)s is the derivative of the pressure of the saturated
vapour considered as a function of T,
7) and € are corrections due to the non-ideality of the gas
and the index 1 refers to the value of the quantity at the
normal boiling point.
For the equation of state of oxygen gas is used: pVG==RT(1+B/VG).
where VG is the molar volume of the saturated vapour and B is the
second virial coefficient of the gas. In this case the corrections
due to the non-ideality of the gas are:
M = B/Vg = (T/V;) (dB/dT) and € = 1n(14B/V;) - 2B/V,. Fromeq. (II-1)
and the available experimental information for the quantities in
this equation it is possible to calculate the p,T relation of
oxygen with a reasonable degree of accuracy. In the next section
a survey of the experimental information which is required for the
calculation is given, a selection from the available data is made,
and a numerical formula for the p,T relation is given.

2. The calculation.
a, The heat of vaporization of oxygen
at the normal boiling point. The heat of
vaporization of oxygen was measured by several investigators.
When comparing the results one has to realize that, although the
heat is always supplied electrically and therefore the heat
input is measured in joules, the result is often given in ca-
lories. For the conversion of joules to calories different fac-
tors are used by different authors. If these conversion factors
are given there is no uncertainty, but when this is not the case
there remains in general an uncertainty of 0.05%.

In table II-A experimental values for the heat of vaporization
of oxygen at the normal boiling point are given. Alikhanov did
not mention a value for the conversion factor from calories to
joules., We have assumed that in this case 1 cal = 4,185 J. For
the calculation of the p,T relation the average of the experimen-
tal data for L is used. The maximum deviation from the average is
0.1%. If the value for the heat of vaporization at the normal
boiling point is changed by 0.1% the p,T relation calculated
from eq. (II-1) will change as is shown in fig. II-1, where tem-
perature changes at equal pressures versus temperature are plot-
ted.

18




TABLE II-A

Experimental data for the heat of vaporization of oxygen at the
normal boiling point.

Author Year L1 1 cal, LI(J/mo)e)

A1¢33) 1906  50.913 cal/g  4.188 J 6823. 1
pana®®)*) 1925 1631.7 cal/mole 4.185 J 6828. 7
Giauque and Johnston>®) 1929 1628.8 cal/mole 4,185 J 6816. 5
Frank and Clusius>9) 1939 1630.7 cal/mole 4.1842 J 6823. 2
Clusius and Konmertz®'' 1949 1630.0 cal/mole 4.1842 J 6820, 2
Furukawa and McCoskey>®) 1953 6824.8 J/mole —mmm 6824.8
Alikhanoy>?) 1956 1628.7 cal/mole 4.185 J**) 6816, 1

Average 6821.8

*) According to the recalculation of Dana’'s data by Giauque and
Johnston,

**) Assumed factor for the conversion of calories to joules.

A]taa), Furukawa and McCoskey 38) and Alikhanoy 3% gave also
results of measurements of L at other temperatures. These data
are not used for the calculation of the p,T relation, but they
have been used to prove the consistency of the data which are in-
volved in the calculation (see section II-4).

20
mK

AT

-20 1 1 | |
50 T 60 70 80 90 K 100
—

Fig. II-1

The change in the p,T relation for liquid oxygen calculated from
eq. (II-1) if the heat of vaporization at the normal boiling
point Ll is changed by 0.1%. AT is the change in temperature at
constant pressure,
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b. T h er s e ciomdiuviitird gl cioe ffilie Fent of
0OXygen g as. Experimental data for the second virial coef-
ficient of oxygen gas in the temperature range below 100 K are
scarce and their inaccuracy is large. Results obtained with a
double gas thermometer were given by Cath 40) and results deduced
from measurements of the velocity of sound were reported by Van
Itterbeek and Van Paemel *!’, by Van Itterbeek et.al. *2) and by
Van Lammeren %3). At higher temperatures there is more reliable
information in the results of the measurements of Cath °) and of
Nijhof and Keesom %%) below the ice-point and the values of
Kuypers and Kamerlingh Onnes 45) at higher temperatures. The
latter authors also corrected the results of Cath.

On the basis of this information several authors gave values
for the parameters €/k and b, used in the semi-empirical calcu-
lation of the second virial coefficient with a Lennard-Jones 6-12
intermol ecular potential. Hirschfelder, Curtiss and Bird %%’ gave
€/k = 118 K and b, = 52.26 cm’/mole, Woolley and Benedikt *7’
gave €/k = 116 K and b, = 54.7 em®/mole and Mullins, Ziegler and
Kirk 48) chose in 1962 for the calculation of the p,T relation
€/k = 112 K and b, = 60.84 cm®/mole. All these values for €/k and
b0 are adjusted to the measured value of B at the ice-point.

From the acoustical measurements one obtains a quantity S
which is equal to B+(RT/Cy;) (dB/dT)+(R®T?/2C,, (Cy,+R)) (d®B/dT?).
S values can be calculated using each of the three sets of para-
meters €/k and b0 given above. The S values calculated in this
way are all smaller then the S values derived from the acousti-
cal measurements below 90 K. Moreover, the calculated temperature
dependence of S does not agree with the slope of the observed
curves of S vs T in fig. 1I-2 as is shown in this figure for the
calculations with the parameters €/k and b, given by Mullins,
Ziegler and Kirk (MZK). We also calculated B below 0°C using an
intermolecular potential with an exponential repulsive part and a
sixth power attractive part (exponential-six potential) but also
in this case the values of S below 100 K were not in agreement
with the experimental data.

Therefore we decided not te use one of the well-known models
to calculate the second virial coefficient of oxygen but to use
the formula given by Van Lammeren 43) for the temperature range
below 150 K:

B = -0.2702+147.83T 1-311. 56x10°T %+244. 12x10*T3-71. 945x105T~*
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1/mole, where T is the numerical value of the temperature ex-
pressed in kelvins. This formula is derived from the experimental
S values obtained by Van Lammeren between 80 K and 90 K and from
the experimental data for B given by Nijhoff and Keesom between
120 K and 150 K but the agreement of the calculated values for B
with the experimental B values is still good at 200 K. The B
values calculated with this formula are between 80 K and 120 K
near to the MZK values.

In fig. II-2 the experimental S values from different authors
are plotted versus temperature together with the S values calcu-
lated from the formula of Van Lammeren and those calculated from
the formula for B given by MZK. Van Itterbeek et.al. gave their
measured S values only in a graph. The line that they drew
through their experimental points is given in fig. II-2. The
scattering of their experimental points is a few percent. CVi/R
was taken equal to 5/2 for the calculation of S.

Fig, II-2

The significant function S involved in measurements of the veloci-
ty of sound for oxygen as a function of the temperature.

O Van Lammeren 43)

O Van Itterbeek and Van Paemel 41)

— Van Itterbeek et al, 42)
-=-=- Formula of Van Lammeren

-+~ MZK values,

In the correction terms 7 and € in eq. (II-1) also VG appears.
VG was calculated by iterative solution of the equation of state
using values for p and T which were taken from a provisional p,T
relation. For this provisional p,T relation the representation of
the calculated p,T data from MZK given in ref. 49 was used, but
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the constant term was changed from 28.888394 to 28.887477 to ob-
tain p= 760 mm Hg at 0°C and at standard gravity for T = 90.188 K
(the value recommended for the boiling point of oxygen by the
C.C.T. in 1967).

The changes of the T values calculated from eq. (II-1) at
equal pressures, when the B values calculated with the parameters
given by MZK and by Hirschfelder et.al. are used instead of those
of Van Lammeren are shown in fig. II-3.

Hi

- 20 1 1 | |
50 T 60 70 80 90 K 100

Fig. 1I1-3

The change in the p,T relation calculated from eq.(II-1) if dif-

ferent B values are used. AT = Ty * Type
VL B values of Van Lammeren 43)

MZK B values of Mullins, Ziegler and Kirk 48)

Hi B values of Hirschfelder, Curtiss and Bird 46).

Van Itterbeek and Van Paemel gave also values for the third
virial coefficient of oxygen. The corrections on the p,T relation
due to this third virial coefficient, however, are much smaller
than the uncertainty in the corrections due to the second virial
coefficient and therefore no third virial coefficient has been
introduced in our calculations.

c. The heat capacities of the vapour
and of the 11iqguid. The molar heat capacity at
constant volume of oxygen gas in the ideal gas state, calculated
by Woolley 50) from spectroscopic data, were represented for the
temperature range between 50 K and 100 K by the formula:
Cy; = R(2.4958+0.0003 T+0.35 1, R = 8.3143 J/mole K.
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The heat capacity of liquid oxygen was measured in 1929 by
Giauque and Johnston 35) and by Clusius 51)  The results between
56 K and 73 K obtained by Clusius with two different vessels show
a scattering of 4%. The data of Giauque and Johnston between 56 K
and 90 K show a scattering of not more than 0.2%. In both papers
the measured quantity is called C_. but according to the method of
measurement one may assume that the measured quantity is the heat
capacity at saturation pressure CS. From thermodynamics it can be
derived that C_-C_=T(dV,/dT)(dp/dT)~T(3V,/3p),(dp/dT)?, where
s indicates saturation. Using ((lp/d'I‘)S from a provisional p,T
relation, (dVL/dT)S from V, at saturation (see section II-2d) and
(E)VL/'c)p),r according to the calculations of David and Harmann
52,53) for temperatures higher than 88 K, CD-CS was calculated.
The difference Cp-CS is below 83 K smaller than 0.1% of C,, at
90 K it is 0.2% of C, and at 100 K it is 0.6% of C.. Since the
heat capacity was measured only below 90 K it must be extra-
polated to 100 K. This extrapolation introduces such an uncer-
tainty that it is unimportant whether Cp or C_ was the really
measured quantity.

Jimoie K

‘JA‘F—
|

53 -
i )

Cy .

52 3 = | = | [

50 T e 60 70 80 90 K 100

Fig, II-4

The molar heat capacity of liquid oxygen at saturation.

O Giauque and Johnston 35)

=
o,\ Clusius 1)

Smoot hed representation.




We chose for the calculation of the p,T relation the follow-
ing representation of the data of Giauque and Johnston:
C, = R(5.280+0.01019 T+30.15 T°1).

The form of the formula for CS (or CL) was chosen in this way
in order to keep the change of the slope of the Cs versus T curve
small in the extrapolated part. The experimental data and the
smoothed values are shown in fig., II-4.

It is not easy to estimate the inaccuracy in the heat capaci-
ty of the liquid but it is probably less than 1%. The effect on
the calculated p,T relation of a change of 1% in the heat capaci-
ty of the liquid over the whole temperature range is shown in
fig. II-5.

Fig, II-5

The change in the p,T relation calculated from eq.(II-1) if the
heat capacity of the liquid CL is changed by 1%.

With the values for Cv1 and CL as given above the sum of the
two pertinent terms of eq. (II-1) becomes:

C,-Cy

1 i
[ ——— dT=15.908672 - 2.785InT - 0.00508T+
RT

RS C, -C dTT
RT T{ ( L Vi) Ti

+ 29.80T 'InT - 396.8502 T~ .

d. T.h.e myo didsr. viorliw me e ot e 1 g i de gl
saturation pressur e. The molar volume of the
liquid at saturation pressure v, was calculated for all integral
values of T between 55 K and 100 K from an empirical equation
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54). The results were represented by the second

given by Scott
degree polynominal:
VL = (23.290 - 0.0124 T + 0.000725 Tz) cm®/mole. Using this poly-

nominal for V., and a provisional p,T relation, the small steps
T+1 V (V,)
e (gg)sdT were approximated by — e T80 5
T R 4T
T=54KtoT =99 K. From these steps and from
((Vp)go.09 k/R)(Pgg. 188 k - Pgo x) the values of the term

(Ppyq~ Pg) from

T
(1/RT) IT v, (dp/dT)S dT were obtained for all integral values

of T from154 K to 100 K. This method of calculation is accurate
enough since the total influence of this term on ln p is, below
95 K, smaller than the equivalent of 25 m K (see fig. 11-6). It
is equivalent to 63 mK at 100 K.

40
mK
AT
0]
-40 1 | | |
S50 T 60 70 80 90 K 100
.

Fig., 1I-6

1

The effect of the term R_T fT VL(dp/dT)sdT on the p,T relation
T

1

calculated from eq.(II-1).

Ar = L [T yu(dp/daT) dT (dT/d 1n p)
s
RT T,

e. Representation of the p,T relation
Using the data which are specified above and R=8.3143 J/K mole
and taking Tl. at a pressure of 760 mm Hg at 0°C and standard
gravity, equal to 90.188 K according to the recommendation of the
C.C.T. of 1967 1n p/pl and 10]og p were calculated at all inte-
gral values of T from 54 K to 100 K. An abstract of this calcu-
lation is given in table II-B where:
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L B (05l idn
A:—l-1-7],-I+I = . L Vil gy (C,-C,.) dT and
RT, ‘ ol =i JTl RT RT +1 R Lues
Lop X
= dp
s e vV, (=) dT.
SURT T{ A
TABLE 1I-B

Abstract of the calculation of the p,T relation for liquid oxygen
from eq. (II-1).

T(K) | ACL-T,/T) | -I41, I . In(p/py) | 10700 o

55 -5.235002 | -0.575364 |-0.006036 | +0.000420 | -6.340915 | 0. 126989
60 -4, 116878 | -0.379521 | -0.005505 | +0.001036 | -4.938791 | 0.735924
65 -3.170774 | -0.238785 | -0.005006 | +0.002214 | -3.770232 | 1.243423
70 -2,359827 | -0. 139630 | -0.004474 | +0.004275 | +2.783428 | 1,671986
75 -1.657007 | -0.072384 | -0.003826 | +0. 007626 | -1.940371 | 2. 038122
80 -1.042039 | -0.029994 | -0.002960 | +0.012729 | -1.212505 | 2. 354230
85 -0.499420 | -0.007196 | -0.001755 | +0.020039 | -0.577948 | 2.629814
90 -0.017092 | -0.000010 |-0.000074 | +0.029942 | -0.019690 | 2. 872263
95 +0.414464 | -0.005368 | +0.002226 | +0. 042718 | +0.475650 | 3.087386
100 +0.802865 | -0.020887 | +0.005297 | +0.058523 | +0.918701 | 3. 279801
90.188 0 0 0 +0.030370 0 2.880814

The calculated values for 10]og p were represented by an equation
of the form:

1910 p = A+BT"! + c'%log T + DT + ET?

If p is expressed in mm Hg at 0°C and standard gravity and T

is the numerical value of the temperature expressed in kelvins.
The values for the constants are:
A = 9.191084, B = -449,94111, C = 0.126660, D = -0.02424499 and
E = 75.9321x10°%, The equation represents the calculated values
with a standard deviation of 0.18 mK and a maximum deviation of
0.36 mK. Temperatures that are calculated from vapour pressures
with this formula are denoted Tp«'
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3. Comparison of the calculated p,T relation with results of experiments
and with results of other calculations.

There are many measurements of the vapour pressure of liquid
oxygen as a function of temperature which can be compared with
the calculated p,T relation given in the foregoing section. In
fig. II-7 and fig. II-8 differences between temperatures Tpc and
temperatures measured during the last sixty years are plotted.
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Fig. II-7

Differences between temperatures Tpv deduced from measured vapour

pressures of liquid oxygen and temperatures Tm measured with cal i-

brated thermometers as obtained by different authors, AT= Tm- T”r

0 Kamerlingh Onnes and Braak 4)

A Von Siemens °°)

V cath 96)

Henning and Heuse 57)
58)

<

o]

Dodge and Davis



ness.

The distribution of the data over two figures is made for clear-

The results of Hoge 61) were recalculated from the NBS-1939
scale and the IPTS-1948 to the CCT-64 scale (see section 1-2) in
order to make a better comparison with our own experiments
possible (see section V-3a).

/A Henning and Otto

o Hoge 61)

28

Differences between temperatures Tpc

O Giauque, Johnston and Kelley
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deduced from measured vapour

pressures of liquid oxygen and temperatures Tm measured with cali-

brated thermometers as obtainedby different authors. Ar = Tm- Tpc'

59)

Very reproducible measurements of the vapour pressure of
oxygen as a function of temperature were performed by Mochizuki,
Sawada and Takahashi 62) for pressures between 660 mm Hg (89 K)




and 860 mm Hg (91.5 K). The temperature was measured with plati-
num thermometers on the IPTS-1948. The results were represented
in a formula giving t;n¢ as a function of (p-py).

The differences between the measured and the calculated
temperatures as given in fig. II-7 and fig. II-8, are probably
mainly due to errors in the calibration of the thermometers that
are used for the measurements, which, in turn, are mainly caused
by errors in the temperature measurements with the gas thermo-
meter. The scattering of the points is the largest for the older
measurements.

The comparison of the calculated p,T relation with our expe-
rimental data will be given in section V-3.

Fig. I11-9

Differences between temperatures Tpcand temperatures deduced from
p. T relations of different authors.

I TMZK(ref. 48) - TPC

11 T“MD(ref. 49, eq.(4))- Tpc

I11 TMST(rvf. 62, recalculated on the CCT-64 scale) - Tpc

In fig. II-9 our calculated p,T relation (T C) is compared
with the p,T relation calculated by Mullins, Ziegler and Kirk 46)
(TMZK), who collected the experimental data used in the calcu-
lation from nearly the same sources as we did but who used
90.168 K for the boiling point, with the p,T relation given in
table IX of our previous paper on the vapour pressure of liquid
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oxygen 49) (Tyup) and with the representation of the results of
Mochizuki, Sawada and Takahashi (TMST) recalculated to the CCT-64
scale.

The results of our calculation are in very good agreement
with the results of the calculation of MZK. The differences
between Tpc and temperatures calculated from the p,T relation of
our previous paper, which relation is, according to our measure-
ments, in close agreement with the CCT-64 scale, might be ex-
plained from the uncertainty in the thermodynamic data but these
differences may also be partly due to deviations of the CCT-64
scale from the thermodynamic temperature. The latter deviations
may be expected to be of the same order of magnitude as the
differences between the national scales and the CCT-64 scale 28)

4. Comparison of experimental and calculated heats of vaporization.

The temperature dependence of the heat of vaporization of
oxygen was calculated using the thermodynamic equation:

T T
L(T)=L(T,)+R(T-T,)~ IJ (C_~Cy,)dT- 1J V, (dp/dT) (AT+R(T7/T;7;).
1 1

(11-2)

The derivation of this formula was given by Van Dijk 32) in
his paper on the derivation of eq. (II-1). Values for the heat of
vaporizat ion which were calculated using eq. (II-2) are given in
table II-C at all integral values of T between 55 K and 100 K.

The calculated heats of vaporization can be compared with the
measured values of Furukawa and McCoskey 38) and with those of
Alikhanov 39 and with the calculated values of MzK *®). In fig.
II-10 the differences are shown. Also the other experimental data
for L mentiones in section II-2a are plotted in fig. II-10.

The differences are nearly all within 0.1% except for the
data of Alikhanov for which the differences with the calculated L
values are beyond the estimated limits of accuracy.

The experimental data of Alt show a scattering of 1% but the
average of his results is in good agreement with the other data.
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The agreement of the calculated heats of vaporization with
the experimental values of Furukawa and McCoskey is within the
estimated limits of accuracy of the experimental points. This
shows the consistency of the data which are used in the calcu~-
lation,
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Fig. II-10

Differences between values for the heat of vaporization of liquid
oxygen calculated from eq. (I1I-2) (LC) and values for the heat of

vaporization obtained by other authors from experiments or calcu-

lationsaésx). AL = Lx - Lr'

T Al (exp.)
© Dpana 34%) (exp.)
O Giauque and Johnston 35) (exp.)
v Frank and Clusius 36) (exp.)
x Clusius and Konnertz 3T (exp.)
o Furukawa and McCoskey 38) (exp.)
A Alikhanov 39) (exp.)
- Mullins, Ziegler and Kirk 48) (calec,)
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TABLE II-C

The heat of vaporization of liquid oxygen between 55 K and 100 K

as calculated using eq. (II-2).

T(K) L(J/mole) T(K) L(J/mole) T(K) L(K/mole)
55 7747.7 71 7351.3 87 6917.3
56 7723.5 72 7325.17 88 6887.8
57 7699.2 73 7299.9 89 6857.9
58 7674.9 74 7273.9 90 6827.6
59 7650.5 75 7247.8 91 6796.8
60 7626.0 76 7221.5 92 6765.5
61 7601.5 77 7195.0 93 6733.8
62 7576.9 78 7168.3 94 6701.6
63 7552.2 79 7141.4 95 6668.9
64 7527.4 80 7114.3 96 6635.7
65 7502.5 81 7087.0 97 6602.0
66 7477.6 82 7059.5 98 6567.8
67 7452.6 83 7031.7 99 6533.1
68 7427.5 84 7003, 6 100 6497. 8
69 7402.2 85 69175. 2

7376.8 86 6946, 4




CHAPTER Il

RECENT TEMPERATURE SCALES FOR PLATINUM THERMOMETERS

1. The CCT—64 scale

In the CCT-64 table (see section I-2) the temperature is
given as a function of the resistance ratio of a hypothetical
"average thermometer". This reference table was obtained in the
following way: In 1962 and 1963 a comparison of four national
scales (the NBS scale, the PSU scale, the PRMI scale and the NPL scale,
see section I-2) was made at the N.P.L. and the P.R.M.I. 22:23
24, 25) py comparing the resistance ratios W(= R/R(0°C)) of ther-
mometers, calibrated on a national scale, at 66 temperatures
between 10 K and 91 K. At each temperature a value for the re-
sistance ratio W of each thermometer was obtained and a tempera-
ture value on the national scale on which the thermometer was
calibrated, Temperatures on the national scales were reduced in
order to obtain the recommended values for the temperatures at
the boiling points of oxygen and hydrogen. The reduction was made
by using the values for these boiling points given by each insti-
tute on its own scale (the so-called "declared values") and the
values for these points that were recommended provisionally by
the C.C.T. in 1962. These values are given in table III-A.

TABLE III-A

The boiling points of oxygen and hydrogen on the four national
scales and those recommended by the C.C.T. in 1962,

NBS (1939) PSU PRMI NPL CCT 1962
n—H2 20.3925 K 20,365 K 20.394 K 20.3875 K 20.384 K
02 90.190 K 90,151 K 90.199 K 90, 180 K 90,170 K




The reduction was linear between these fixed points and in the
extrapolated parts. In this way a better agreement between the
scales was obtained, The formulae from which the reduced tempera-
tures between 10 K and 92 K may be calculated are:

T =T - 0.00514 K - 0.0001648 T

NBS-1939, red. NBS-1939

Tpsu, red. = Tpsy + 0,01900. K

R = Tppy; - 0.00445 K - 0.0002723 T
TNPL,red. = TNPL - 0,00160 K - 0.0000931 T

After the reduction the results were expressed as W values
for the thermometers and corresponding reduced temperatures. The
reduced temperatures obtained for each of the four scales were
averaged at each of the 66 points. The equation giving the average
reduced temperature is: an:_%'(TNBs,rod.*'TPSU,red.’ TPRMI,rpd.+
TNPL.red.). The W values were averaged in such a way that the two
thermometers of P.S.U. and the one remaining thermometer of N.B.S.
together got the same weight as the two thermometers of N.P.L.
and as the one remaining thermometer of P.R.M.I. because both the
P.S.U. thermometers and the N.B.S. thermometer were made from
platinum from the same source. In this way each of the three kinds
of pure platinum was given the same weight. The equation giving
the %verage resistance ratio is:

W =35 osuz * Wesus + 2Wygsy + 2Wypra + 2Wnpyg + Hlpy).
The average reduced temperatures an were represented at the
P.R.M.I. by a smooth function of the average resistance ratio in

the following way: T _ = E;i) A (log W". The constants A could
[ o
' B
20 _Ho, 8 : =3 -
.
)
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Fig. 1II-1
ifferences betwee T p K.
Differences between TCCT—G4 and an from 10 K to 91
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be determined by a least squares analysis of the 66 data for W
and an. The va]ug; of T calculated from this equation differ
slightly from the an values obtained directly at the 66 experi-
mental points. These differences (the so-called "smoothing cor-
rections") were given by Orlova et al. 24) and are shown in fig. III-1.
A table, known as the Bl table, was calculated from the eguation.
In this table the temperature is given as a function of W. The
part of the CCT-64 table between 12 K and 90,24 K is taken from
the B1 table. At higher temperatures the CCT-64 table is a
smooth representation by Barber and Hayes 2%) of the results of
measurements with platinum thermometers and a gas thermometer of
Barber and Miss Horsford 27). The T(W) function of Barber and
Hayes and its first derivative join at 90.24 K continuously to
the data of the Bl table,

The W values of the thermometers which were used for the com-
parison of the scales are directly related to the values of W at
the 66 points. Values of W-W at intermediate temperatures may be
obtained by graphical interpolation with a smooth curve through
the measured points. At each temperature in the temperature range
under consideration the W values of a number of platinum thermo-
meters can be related in this way to a value of W and W is
related to a temperature value by the CCT-64 table. Thus these
platinum thermometers and the CCT-64 table constitute a tempera-
ture scale. This scale is called the CCT-64(MDD) scale and tem-
peratures on this scale are denoted Tocr-g4+ The reason for the
addition "(MDD)" is explained in section I-2 but the addition
will be omitted from now on because here only the CCT-64(MDD)
scale is used.

Each of the thermometers was calibrated previously on one of
the national scales. From these calibration data a value for W
of a thermometer could be obtained at any temperature on a na-
tional scale and, using the results of the scale comparions, also
a value for W and for Tecr-g4+ In this way we calculated ir 1965
the differences between the national scales and the CCT-64 scale.
The results of these calculations are given in ref. 28 and in
section III-3.

For the representation of the results of our experiments it
was possible to use the CCT-64 scale directly because we had the
opportunity to use in a part of our measurements the thermometers
that were used for the scale comparisons.
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2. The proposed IPTS-1968

According to the recommendations of the C.C.T. drafted in
September 1967 the International Practical Temperature Scale of
1968 (IPTS-1968, see section I-2) will be based below 273.15 K on
fixed points and on the use of platinum resistance thermometers.
The resistance ratio W of a platinum thermometer has to be de-
termined at a number of fixed points. To obtain temperature values
from measured resistance ratios at intermediate temperatures a
reference table of T as a function of W will be used together
with defined interpolation formulae for the difference between W
given in the reference table and W of the thermometer.

The formulae provisionally adopted by the C.C.T. in September
1967 for the interpolation of the differences between the W
values given in the reference table and the W values of a thermo-
meter are:

1. For the temperature range between 0°C and the boiling point of
oxygen: AW = at + blt3(t-100°C), where t = T -273.15 K. The
constants must be determined from the values of AW at the
steam-point (t=100°C) and at the boiling point of oxygen
(t= -182.962°C).

2. For the temperature range between the boiling point and the
triple point of oxygen: AW = ay + b2T . 02T2.
The constants must be determined from the values of AW at the
02 boiling point (T=90.188 K) and at the 0, triple point
(T=54.361 K) and from dAW/dT at 90.188 K as obtained from the
interpolation formula for the higher adjacent temperature

range.

3. For the temperature range between the boiling point and the
triple point of e-hydrogen: AW = ag + b3T + 03T2.
The constants must be determined from the values of AW at the
e-H, boiling point (T=20.280 K), at the point where the vapour
pre;sure of O-H2 is 25/76 atm (T=17.0422 K) and at the e-H,
triple point (T=13.810 K).

4. For the temperature range between the triple point of oxygen
and the boiling point of e-hydrogen: AW = a, + b,T 4 chz +
a1,

The constants must be determined from the values of AW at the

02 triple point (T=54.361 K) and at the e-H, boiling point

4
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(T=20.280 K) and from d/W/dT at 54.361 K and at 20,280 K as
obtained from the interpolation formulae for the higher and the
lower adjacent ranges,

This interpolation method is chosen by the C.C.T. from a
number of possibilities, partly on the basis of the results of
our comparison of different methods for the interpolation of W
differences These results are given in section VI-1,

In February 1968 Preston-Thomas of the N.R.C. proposed to use
also the neon boiling point (27 K) as a calibration point and to
change the interpolation procedure below 54 K., The addition of
this fixed point improves the reproducibility of the scale for
thermometers of different quality or origin.

In May 1968 at a meeting of a small committee of the C.C.T.,
the so-called editorial committee for the text of the IPTS-1968,
it was decided to adopt the neon boiling point as a primary fixed
point and to define the interpolation of AW values below 54 K as
follows.

For the temperature range between the triple point of oxygen
and the boiling point of e-hydrogen: AW = a3+b3T+c3T2+d3T3.

The constants must be determined from the values of AW at the 02

triple point (T=54.361 K), the Ne boiling point (T=27.102 K) and

the e-H2 boiling point (T=20.280 K) and from dAW/dT at 54.361 K

as obtained from the interpolation formula for the higher adjacent

range.

For the temperature range between the boiling point and the
triple point of e-hydrogen: AW= a4+b4T+c4T2+d4T3
The constants must be determined from the values of AW at the
e-H2 boiling point (T=20.280 K), at the point where the vapour
pressure of e-H, is 25/76 atm (T=17.0422 K) and at the e-H,
triple point (T=13.810 K) and from dAW/dT at 20.280 K as obtained
from the interpolation formula for the higher adjacent range.

The differences between the CCT-64 scale and the IPTS-1968
can be calculated when the values of the fixed points on the
CCT-64 scale are known and the reference table to be used for the
IPTS-1968 is available.

From information from different sources and from our own
measurements the "best values" for the fixed points on the CCT-64
scale could be chosen. In table III-B these values and the corres-
ponding values of W from the CCT-64 table are given together
with the values of Tﬁaat the fixed points according to the recom-
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mendations of the C.C.T. ®3) (for the neon boiling point T .=
27.102 K was recommended in May 1968).

TABLE III-B
Values for the fixed points on the CCT-64 scale, corresponding

values for W from the CCT-64 table and the recommended values for
T

68"

Fixed point TCCT-M(K) W Tgg(K)
steam point 373. 15 1.392620 373. 15
"ice-point" 273. 15 1,0000000 273.15
02 b. p. 90, 1727 0.2438108 90, 188
0, tr.p. 54,352 0.0919686 54.361
N; b.p. 27.096 0.0122122 27.102
F-H2 b. p. 20, 275 0,0044846 20, 28
G-Hz p=25/76 atm 17.0399 0.0025337 17.0422
G-Hz tr.p. 13.825 0.0014118 13,81

The way in which TCCT_64 at the fixed points of oxygen and
hydrogen was obtained will be discussed in chapter V. The value
for ch7-64 at the neon boiling point was taken from the results
of measurements of Grilly % (T .o  0..=27.092 K) and Furukawa o)
(TNBS_1955:27.098 K). The average of these values corresponds to
Teop-g4=27.096 K (see section IITI-3). This value is within the
limits of accuracy also in agreement with the value 27.11 K
obtained by Haantjes 66)

As was shown in ref. 67 W at 100°C may be taken equal to
1.392620,

In September 1967 it was decided that a new reference table
should be calculated for the IPTS-1968, mainly because results of
accurate measurements with a helium gas thermometer and platinum
thermometers between 90 K and 100°C became available at the
N.R.C. %8)_ Below 90 K the results of the comparison of the
national scales had to be reduced to the new values for the
boiling points of oxygen and hydrogen and above 90 K the W values
of the thermometers which were calibrated at the N.R.C. had to be
reduced in order to obtain agreement with W at 90 K. On the basis

of the data thus obtained a smooth T(W) function for an "average
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thermometer"” had to be computed. Preston-Thomas and Bedford of
the N.R.C. offered to do this rather extensive work.

The outline of the computation given above leaves several
problems to be solved. The first is, that for all thermometers,
that were used to define the upper part of the table, only plati-
num from the same source was used, while for the lower part the W
values of thermometers from different sources were averaged. This
can give rise to difficulties in connecting the two parts of the
table and to somewhat odd-shaped AW curves above 90 K for thermo-
meters from other manufacturers. The second is, that the results
of the scale comparisons were reduced to the new values for the
boiling points of oxygen and hydrogen only and not to the new
values of the triple points. This can give rise to odd-shaped
AW curves for all real thermometers. Additional difficulties are,
that the "average reduced temperature scale" (see section III-1)
may have short range curvature changes since none of the four
national scales on which it is based is very well smoothed and
that the slope of the "average reduced scale"” at 90 K differs
from the slope of the N.R.C. gas thermometer scale.

Therefore it is not surprising that some inconveniences ex-
isted in the result of a first computation which was in very good
agreement with the experimental data. The most important incon-
venience was, that d2W/dT2 was not as smooth as desirable between
80 K and 120 K. Other points were, that the curves for the dif-
ferences between the W values of the table and W values of a real
thermometer were not in very good agreement with curves for the
W differences of real thermometers, and that this table gave rise
to a discontinuity in d?w/dT? at the ice point.

We computed by hand a skeleton table in which most of the
inconveniences were solved and also at the N.R.C. some alternative
tables were computed, but in May 1968, when the editorial com-
mittee had a meeting to complete the text of the IPTS-1968, a
final decision about the reference table could not yet be at-
tained.

In the text of the IPTS-1968 also the relations between the
vapour pressures of oxygen, neon and hydrogen and T68 must be
given. These relations are required because it is in general not
possible to realize an equilibrium state between two phases at
exactly the prescribed pressure and because it is convenient that
temperatures, determined by a vapour pressure thermometer, are
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in agreement with temperatures T68 as determined by a platinum
thermometer. For oxygen this p,T relation may be calculated from
the relation between p and TCCT_64 as given in section V-3a and
the differences between Tgg and Teor-g4 @5 Soon as the reference
table for the IPTS-1968 is ready. The p,T relation of liquid neon
may be based on the results of Grilly 64), For e—H2 is taken the

relation calculated by Ter Harmsel (see section V-2d).

3. Differences between temperature scales for platinum thermometers.

In this section a table is given for the differences between
the principal temperature scales for platinum thermometers for
the temperature range below the boiling point of oxygen.

The way in which the differences between the CCT-64 scale and
the temperature scales of the N.B.S., the P.S.U., the P.R.M.I.
and the N.P.L. were calculated is explained in section III-1. The
results of this calculation were reported earlier to the C.C.T.
28)

The differences between the scales are given in table III-C
and shown in fig. III-2.
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TABLE III-C
Scale differences Tn-T

15

11, 5

35.9

r 2 T:g; PSU |PrMr| NPL
10. 0 32 |s8.8|- 21.6
.1 56.0 |- 21.0
.2 .2 53.3|- 20.3
.3 .7 50.6 |- 19.5
1A 48.2|- 18.8
.5 .3|- 36 |46.1]- 18.1
.6 o d 44.4|- 17.4
. g 43.0|- 16.6
.8 18 41.9]- 15.9
.9 .4 41.0|- 15.1
11.0 .0]|- 39.5/40.4]- 14.4
<5 g 39.9|- 13.6
.2 .2 39.5|- 12.9
Al 39.5|- 12.1
.4|- 5.2 39.9(- 11.4
5|~ s5.8]- 40 |40.7]- 10.7
.6]- 6.3 41.4|- 10.2
.7} s.8 42.0|- 9.8
8- 7.2 42.2|- 9.5
9 7.7 42.0|- 9.2
12.0- 8.1]- 36 |41.5|- 9.0
A 8.8 40.8|- 8.8
.2|- 8.9 40.2|- 8.8
.3]- 9.3 39.6|- 8.6
.4} 9.8 39.0|- 8.5
.5|- 10.0]- 31 |38.5|- 8.6
.6]- 10.3 38.0|- 8.6
.7]- 10.5 37.6|- 8.8
.8]- 10.8 37.2|- 9.0
.9l- 110 36.9]- 9.2
13.0|- 11.2}- 28 |36.5|- 9.4
- 1.4 36.2|- 9.6

9.9

cer-g4 1N MK

™ . ngé PSU |PRMI| NPL

13.3] - 11.6 35.6|- 10.3
.4|- 11.86 35.3|- 10.6
.5[- 11.7|- 26 |35.0]- 11.0
.6]- 11.8 34,7|- 11.4
.7]- 11.86 34.4|- 11.7
.8l- 115 34.1|- 12,0
9[- 11.4 33.7| - 12.3

14.0/- 11.3]|- 24 |33.4|- 12.5
s 11 33.0|- 12.6
.2]- 1.0 32.6|- 12.6
.3|- 10.8 32.1|- 12.8
.4|- 10.6 31.7|- 12.6
.5|- 10.4|- 23 |31.2|- 12.5
.6|- 10.2 30.7|- 12.3
.7|- 10.0 30.2|- 12,0
.8|- 9.8 29.8]- 11.7
.8|- /9.5 29.3|- 11.3

15.0)- 9.2|- 21.6]/28.7|- 10.9
.1]- 9.0|- 21.4]28.3|- 10.4
.2|- 8.7|- 21.2|28.0]- 9.8
.3|- 8.4|- 21.0]27.6]- 9.2
.4|- 8.2|- 20.9]27.2|- 8.5
.5]- 17.9|- 20.8|26.9|- 7.7
.6]- 17.6|- 20.7|26.5/- 6.9
.7|- 7.3|- 20.5]26.2]- 6.0
.8/- 7.1|- 20.4]25.9|- 5.2
.9)- 6.9]- 20.2]25.7]- 4.3

16.0|- 6.7|- 20.1|25.4|- 3.6
.1]- 6.4|- 20.0]25.1 2.9
.2l- 6.2|- 19.9)|24.8]- 2.1
.3|- 6.0]- 19.8)24.5|- 1.4
.4|- 5.8]- 19.7]24.3]- o.8
s5l- 5.7 6 0.2




ToTeer-64
r ’ Tg:g psu |PrM1| NPL
16.6]- 5.5|- 19.5)23.7] 0.3
.7|- s5.4|- 19.4]23.5] o.8
.8l- s.2|- 19.4]23.3] 1.3
9l- s.1]- 19.3]23.0] 1.6
17.0]- s.0]- 19.2]22.8] 1.9
.1|- 4.9]- 19.1]22.6] 2.0
.2|- a.8]- 19.0]22.4] 2.0
.3|- 4.7]- 19.0]22.2] 2.0
.4]- 4.6 18.9122.0 2.0
.5]- 4.6|- 18.8|21.8] 1.8
.6|- 4.5]- 18.8]21.6| 1.5
.1|- 4.4]- 18.7]21.4 .2
.8|- 4.4]- 18.7]21.2] o0.8
.9|- 4.4]- 18.8|21.0] 0.3
18.0|- 4.4|- 18.6]20.8]- 0.2
.1|- 4.4]- 18.6|20.6]- 0.8
.2|- 4.4]- 18.5]20.5} 1.4
.3l- 4.a]- 18.5|20.3} 19
.al- 4.a]- 18.4]20.1|- 2.4
5|- 4.4|- 18.4]20.0} 2.8
.8l- 4.4]- 18.3|19.9} 3.3
.7l a.3|- 18.3|19.7} 3.7
.8|l- 4.3]- 18.3|19.6} 4.1
ol 4.2|- 18.2]19.4) 4.4
19.0]- 4.2|- 18.2|19.2|- 4.8
|- 4.2]- 18.2)19.1)- 4.8
2|- a.2]- 18.1]19.0} 5.0
.al- 4.1]- 18.1]18.8]- 5.2
.a|- 4.1]- 18.0|18.7]- 5.3
.5|- 4.1]- 18.0]18.6}- 5.3
.6|- 4.1]- 18.0]18.5]- 5.2
.7l- 4.0|- 18.0|18.4]- 5.1
.8l- a.0|- 17.9]18.3]- s.0

TABLE III-C (continued)

in mK
r n| NBS- | psu [pRur| NPL
19.9]- 4.0|- 17.9]18.2|- 4.9
20.0l- 4.0]- 17.9|18.0|- 4.7
l- s.9l- 17.817.9]- 45
2l- 3.8]- 17.8|17.8]- 4.3
.al- s.8l- 1n.8l177]- 4
.4l- 3.1]- 17.8|17.6]- 3.8
5l- 3.6|- 17.8/17.5]- 3.8
6l- 3.6]- 17.17|17.4]- 3.3
|- s8] 17.7)17.3]- 8.0
8l- a.s]- 1n.alin.2]- 2.7
ol- 3.4|- 17.6|17.2|- 2.4
21.0|- s.4|- 17.6|17.1|- 2.1
sl- s8.1]- 17.68|16.7]- 0.9
22.0|- 2.8|- 17.5]16.3] 0.2
sl- 2.6]- 17.4]16.0] 1.1
23.0|- 2.4|l- 17.4|15.6] 1.7
sl- 2.2|- 17.4]15.4] 2.0
2g.0|- 2.1|- 17.4|15.1] 2.2
sl- 1.9]- 17.4|14.7] 2.2
95.0l- 1.7|- 17.8]14.5] 2.1
sl- 1.8|- 17.3]14.2] 1.7
26.0]- 1.4]- 17.3|14.0] 1.3
sl- 1.3]- 17.3l13.9] 1.0
o7.0|- 1.1]- 17.4|13.8] 0.9
5l- o0.9]- 17.5]13.8] 1.0
sg.0l- o0.7]- 17.8/13.8] 1.0
.5|- o.6|- 18.1]14.0] 1.3
s0.0l- 0.4]- 18.5|14.2] 1.7
5|- o0.2|- 18.8]14.6] 2.1
s0.0] o.0l- 19.2|15.0] 2.8
sl o0.2|- 19.6]15.5] 3.5
31.0 3| - 19.9]15.9| 4.2
5 .4|l- 20.2)16.1] 5.0




TABLE III-C (continued)

Tn'TCCT-64
r n ng; Psu [PrRMI| NPL
32,0| o0.3|- 20.5|16.4] 5.8
.5 o0.2|- 20.8/16.6] 6.5
33.0f- o.1|- 21.0|16.7] 7.3
.5)- 0.5|- 21.1|16.8] 8.0
34.0]- 1ol|- 21.2|16.7] 8.5
5l- 1.7|- 21.2|16.6] 9.0
35.0 |- 2.4]- 21.2|16.5] 9.3
.5]- 8.1|- 21.2|16.3] 9.8
36.0[- 3.8]- 21.1|16.1] 9.8
.5|- 4.5|- 21.0/15.9] 9.8
37.0|- 5.1|- 21.0|15.9] 9.8
.5|- 5.6|- 20.9|15.8] 9.8
38.0|- 6.1|- 20.8/15.8] 9.8
.5(- 6.5]- 20.715.6] 9.7
39.0|- 6.8)- 20.5|15.6| 9.6
5|- 7.0|- 20.3/15.7] 9.5
40.0|- 7.2|- 20.1|15.7] 9.3
.5|- 7.3]- 19.9]15.8] 9.3
at.of- 7.3|- 19.7]15.9] 9.3
.5)- 7.2|- 19.4|/16.0] 9.3
a2.0|- 7.0]- 19.1]16.1] 9.4
.5|- 6.7]- 18.8]16.3] 9.5
43.0|- 6.4|- 18.4|16.5] 9.7
.5(- 6.1f- 18.0]16.7] 10.0
44.0|- s5.8|- 17.6/16.9] 10.3
.5|- s.5|- 17.1)17.0] 10.7
45.0|- 5.2|- 16.8/17.1] 11.1
5|- 4.9]- 16.1]17.2] 115
46.0|- 4.7|- 15.8}17.1] 12.0
.5|- 4a.4]- 15.2)17.1] 12.5
47.0|- 4.1]|- 14.8]17.0| 13.0
.5|- 3.8|- 14.3]16.9| 13.4
48.0|- 3.5|- 13.9|16.7| 13.8

in mK
r | Yoes | Psu |Prur| wer
48.5|- 3.3|- 13.4]|16.4| 14,2
49.0|- 3.0]- 13.0|16.2| 14.5
Sl 2.7|- 12.5[15.9| 14.7
50.0|- 2.5|- 12.1)15.6| 14.9
5| 2.3|- 11.8[15.2] 15.0
51.0|- 2.1|- 11.6|14.8| 15.0
5|- L9f- 11.4f14.4] 1409
52.0|- 1.6f- 11.3[14.0| 14.7
5|- 1.2f- 11.2[13.6] 14.4
53.0 |- 0.7|- 11.2[13.3] 14.1
.5|- 0.2[- 11.3[13.0] 13.6
54.0| 0.4]- 11.4]|12.6| 13.1
.5  1.of- 11.6f12.3] 12.5
55.0 | 1.6|- 11.7|12.1] 11.7
5| 2.3)- 11.8[11.9| 10.8
56.0 2.9]|- 11.9|11.8| 9.9
5|  38.6]- 11.9f11.8] 9.0
57.0| 4.3|- 12.0f12.0] 8.0
5| 4.9)- 119f12.2] 7.0
58.0| 5.6]|- 11.9[12.5] 6.0
5| 6.2|- 11.8[12.9] 5.0
59.0| 6.7]- 11.7]13.3] 4.1
5| 7.2|- 11.6]13.8] 3.1
60.0| 7.5|- 11.4f14.4] 2.2
5| 77)- 12150 1.3
61.0| 7.8~ 11.1f15.5] 0.4
.5 7.9]- 11.1]16.0]- 0.4
62.0| 7.8|- 11.1]16.6[- 1.2
5| 7.8]- 1.1f17.2]- 18
6.0 7.3[- 11.2[17.8]- 2.3
5 7.1]- 1.3f18.3]- 2.7
64.0| 6.8[- 11.6[18.8]- 3.1
.5| 6.5|- 12.0f19.3]- 3.4
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TABLE III-C (continued)

) ngs EVEL
65.0| 6.1 19.7- 3.5
5.8 20.0|- 3.4
66.0] 5.5 20.3|- 3.4
5.2 20.6|- 3.2
67.0] 5.1 20.9|- 2.9
8] s.0 21.1|- 2.6
68.0| 5.0 21.3]- 2.2
5| 5.2 21.4|- 1.6
69.0| 5.5 21.5|- 1.0
5] 5.8 21.5|- 0.3
70 6.3 21.6| 0.4
71 7.5 21.8| 1.7
72 9.0 22.0| 3.2
73 10.7 22.2| 4.6
4 12.4 22.5| 5.8
75 14.0 22.8| 6.8

ng; psu |prMr| NPL

15.6]|- 12.1}23.1] 7.5
17.0|- 12.0]23.4| 7.9
18.2|- 12.2]23.8| 8.

19.1]- 12.7]24.3] 7.8
19.5|- 13.5|24.9| 7.2
19.5|- 14.4]25.5] 6.5
19.1|- 15.5|26.1| 5.6
18.4|- 16.7]26.7] 4.7
17.3]- 17.9]27.1] 3.9
15.8|- 19.0)27.4| 3.4
13.9)- 19.7|27.6] 3.2
11.7|- 20.2]|27.6| 3.2
9.4|- 20.6|27.5] 3.8
7.3]- 20.7]|27.6| 4.8
5.6[- 20.5]27.9] 5.9
4.7]- 19.9]28.4| 7.7




CHAPTER 1V

EXPERIMENTS AND RESULTS

1. Low temperature equipment

a. Three slightly different apparatuses were used to measure
resistances of platinum thermometers and vapour pressures of
different cryogenic liquids at thermal equilibrium. Sketches of
the three apparatuses are given in the figures IV-1, IV-2 and
1V-3.

In apparatus A (fig.IV-1), which was designed by Van Dijk 69)
for the calibration of thermometers, four platinum thermometers
were placed in holes in a copper block that was suspended in a
can made of German silver. This can was also the reservoir of the
vapour pressure thermometer. The level of the liquid in the can
had to be below the top of the copperblock to avoid superheating
of the surface of the liquid by heat influx from above. The
volume of the liquid in the can was usual ly about 8 cm3, but the
results do not change significantly when the volume is varied be-
tween 5 cm® and 10 em®, The first can was surrounded by a second
one, made of brass, in which the gas pressure could be varied, In
this way the heat contact between the inner can and the cooling
liquid could be adjusted. Over a length of 25 cm the vapour
pressure capillary was surrounded by the tube leading from the
second can to the top of the cryostat in order to prevent con-
densation in the capillary. The whole apparatus was placed in a
cryostat in which the level of the cooling liquid was always kept
below the connection of the vapour pressure capillary to a wider
tube which had no jacket. In this apparatus measurements of the
triple points of oxygen, nitrogen and hydrogen with a long period
of constant temperature were possible because of the large amount
of liquid in the vapour pressure thermometer, although the period
of constant temperature was shortened by some heat input through
the tubes from the top of the cryostat. The replacement of ther-
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mometers in this apparatus was rather

thermometer.

Fig. IV-1 Fig.

Apparatus A for measurements
with platinum thermometers and with platinum
for vapour pressure measurements

at

vapour pressure thermometer without carrying

measurements apparatus B (fig. IV-2) was constru
copperblock has the small reservoir of a vapour
meter in its center. This reservoir is surrou
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direct contact with the cooling liquid. Two not entirely closed
copper shields are fitted to the block to prevent flow of liquid
around the block and to suppress temperature gradients in the
liquid around the block. In this apparatus the vapour pressure
capillary is surrounded up to the top of the cryostat by a vacuum
tube. The glass dewar in which apparatus B was placed was sur-
rounded by a closed metal cylinder which, in turn was surrounded
by a second dewar. This arrangement allows a bath pressure of
about three atmospheres which makes the temperature range in
which measurements can be performed larger. Because in this
apparatus the copperblock could not be isolated from the cooling
bath, it is not suitable for triple point measurements. In ap-
paratus B eight platinum thermometers were used.

Both apparatus A and B are also described briefly in ref. 49
and ref. 70 and were used by Moussa for measurements of the p,T
relation of liquid nitrogen and described in his thesis 715,

In 1964 apparatus C (fig. IV-3) was designed not only for
measurements at temperatures that could be reached with a cool ing
bath but also for measurements between these temperature ranges.
This apparatus was constructed to carry out better comparisons of
thermometers, to measure triple points, and to investigate the
possibility of the use of the transition points in solid oxygen
as fixed points. The copperblock is very similar to the one of
apparatus B. It is surrounded by two cans. The inner one is a
radiation shield which is not completely closed. The outer can is
immersed in the cooling liquid. The gas pressure in the cans can
be adjusted. The temperature of the copperblock and the shield
can be adjusted and kept constant by the heaters on the block
(H)) and on the shield (H,). Temperature differences can be
measured by means of the gold 0,03% iron against chromel thermo-
couples Th, to Th, (sensitivity 10 to 15 uV/K between 2 K and
100 K, manufactured by Johnson Matthey, London). Before a
measurement heater H, was always switched off. The thermometer
leads are glued to the top of the shield (A) for thermal contact.
The wires of the thermocouples are led through the vacuum tube
and brought in thermal contact (B) with the bath., The vapour pres-
sure capillary in which there is a radiation shield (R) is sur-
rounded by a vacuum tube, With this apparatus measurements with
five platinum thermometers were carried out in the same cryostat
as was used for apparatus B,
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TABLE IV-A

Information about the thermometerswhich are used for the measure-

ments.
o

Thermometer| Abbrev. Manufacturer Calibrated at Rgg E? Apparatus
LN 1137601 LN Leeds & Northrup|N.B.S. 25.5358|A, B, C
T4 T4 P.R.M. 1. P.R. M. I. 25,0349(A, B, C
NPL 153371 [NPL1(Bl)| Tinsley N.P.L. 25.3780{A
K.0.L. 143 |143 K.O0.L. —— 23,8088 |A

NBS 1575702 |NBS 2 Leeds & Northrup|N.B.S. 25.5597|B

PSU 1577533 |PSU 3 - - P.S. U, 25.5359|B

PSU 1577534 |PSU4 . - P.S.U, 25.5149|B

T2 T2 P.R.M. 1. P.R. M. I. 25.0894|B

NPL 153373 |NPL3 Tinsley N.P.L. 24,9830|B

NPL 164956 |B2 - N.P.L. 24.2724(B
K.O0.L. 143*|143 K.0.L. - 23.8308|C
K.O0.L., 145 |145 2 - 23.2417|C
K.0.L. 153 [153 = -—— 25, 3304|C

*Thermometer 143 was repared between the measurements in apparatus A and
in apparatus C,

b. A survey of the thermometers that were used for the
measurements is given in table IV-A., The resistances at the ice
point (R(0°C)) are those which are measured at the K.0.L, in
terms of the K.O.L. standard resistance. The changes in the re-
sistances at the ice point in the course of the measurements are
less than 2 x 1074() for all thermometers, The thermometers NBS2,
PSU4, T2 and NPL3 were also used for the comparison of the natio-
nal scales at the N.P.L. and the P.R.M.I. 22:23) The thermo-
meters 143, 145 and 153 were compared with thermometer LN at the
K.O0.L. in 1962,

c. The pure gases that were used in the vapour pressure
thermometers are, respectively:
Oxygen from the British Oxygen Company in apparatus A and B and
from the Philips Company in apparatus C. Both companies prepare
the oxygen by electrolysis of air-free water;
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20.4 K-equilibrium hydrogen was prepared in the way which is in
use at the K.0.L. for several years and which was described
recently by Ter Harmsel 72);

Helium was taken from the laboratory stock and led over charcoal
at liquid nitrogen temperature before it was condensed in the
vapour pressure thermometer.

2. The resistance measurement

In these measurements the potentiometer method is used for
the accurate determination of resistances. With a potentiometer
the voltage over an unknown resistance carrying a current is

compared with the voltage over a standard resistance carrying the
same current.

Fig. IV-4

Scheme of the main circuit of the four dial Vernier potentiometer

used for the resistance measurements.

The presision potentiometer with which the resistances of the
thermometers has been measured is a Vernier potentiometer manu-
factured by Tinsley in London in 1950, It is a four dial poten-




tiometer with a first dial consisting of 18 very nearly equal
resistances, a second dial and a third dial consisting of 100
very nearly equal resistances each and a fourth dial consisting
of 16 nearly equal steps. A scheme of the main circuit of the
potentiometer is given in fig. IV-4. The main branch of the
potentiometer contains the dials I and II. The dials III and
IV are in a second branch of the potentiometer., All separate re-
sistances of dial I are compared with each other at several
temperatures with the aid of a Diesselhorst potentiometer and
special contact pins. The resistances of the second dial are in
a shunt over two steps of the first dial. This construction is
called a Vernier shunt. It is the main source of corrections of
the potentiometer because the contacts carry a part of the po-
tentiometer current and the contact resistances are in general
not the same for the different steps and change slightly with
time. Therefore the corrections due to the contact resistances
have to be determined every one or two years, The fourth dial
consists of two resistances with variable shunts in the same
branch of the potentiometer as the third dial.

The resistances are all made of manganin wire., The voltage
over each step of the potentiometer is expressed in terms of the
voltage over the tenth step of the first dial by intercomparisons
of the steps. The accuracy reached with this potentiometer in the
comparison of resistances is estimated to be better than the
equivalent of one step of the last dial. That means that, when

i

m
~
N 71
17 N\

%

Fig. IV-5

Circuit for the current supply of the potentiometer or of the
resistance thermometers,
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the first dial is on 10 or higher, the accuracy is better than 1
in 10%, The galvanometer allows a zero setting within 10" 8y (1 mm
deflection on the scale at a distance of 4 m from the galvano-
meter corresponds to 2x107%V).

The direct currents in the potentiometer circuit and in the
platinum thermometer circuit are stabilized using two stabilizing
circuits such as shown in fig. IV-5. In these circuits the main
current which comes from battery EI, is adjusted with resistance
R, and can be measured with the milliammeter when the switches 8,
and 82 are open. The resistance R2 must be adjusted in such a way
that the battery E, of which the voltage is nearly one third of
that of battery E,, gives no current. This can be checked with
the mil liammeter when S, is open and S, is closed. During the
measurements both switches are closed, If the voltage of E,
changes, the current in the potentiometer circuit or in the re-
sistance thermometer circuit is kept constant by the battery Ez'
All batteries are placed in a thermally insulated box. In the two
circuits the currents still can change but the changes will be
very slow and continuous.

During the measurements the potentiometer current and the
current through the thermometers could be reversed to eliminate
effects of thermal voltages in the circuits.

The current in the platinum thermometers was for the measure-
ments at helium temperatures 10 mA, for the measurements at
hydrogen temperatures 5 mA and for the measurements at oxygen
temperatures 2 mA in apparatus A and apparatus B and usually 1 mA
in apparatus C. The ice point resistances were determined with a
current of 1 mA.

The resistances at the ice point and at other temperatures
were all expressed in terms of the resistance of the same stan-
dard ten ohm resistor, although a one ohm resistor has been used
as a secondary standard for the measurements below 23.5 K.

3. The pressure measurement

Pressures between 5 cm Hg and 95 cm Hg were measured with a
mercury manometer. The tubes of the manometer have an inner dia-
meter of 18 mm. In a tube of this diameter effects of capillary
depression are usually negligible. A standard scale is placed
beside the manometer. The position of a mercury meniscus could be
determined by comparison of the flat top of the meniscus with the
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nearest millimeter divisions on the standard scale by means of
the telescope-micrometer of a cathetometer. With this measuring
system the distance between two mercury levels may be determined
with an accuracy of 0,02 mm. The manometer was placed in an
aluminium box in order to diminish the temperature gradients in
the mercury. The temperature of the manometer was measured with
three mercury thermometers at three levels in the aluminium box,
One leg of the manometer was connected to the vapour pressure
thermometer, the other to a high vacuum pump.

For pressures above 95 cm Hg the manometer was used with the
"vacuum side" open to the atmosphere. The atmospheric pressure
was measured with a second manometer system.

Pressures below 5 cm Hg were measured with an oil manometer
placed beside the mercury manometer. The thermal expansion co-
efficient of the Octoil-S in the manometer was determined pre-
viously between 18°C and 27°C. Comparisons of pressure readings
with the oil manometer with pressure readings with the mercury
manometer showed for the density of the oil no systematic de-
viations from the density as given by the supplier (0.9103 g/cm3
at 25°C). The accuracy of the determination of the distance
between two oil levels is 0,03 mm. Before each set of measure-
ments the oil manometer was pumped to high vacuum for a few hours
and heated to about 50°C to get rid of the gas dissolved in the
oil,

Pressures at the surface of the liquid in the vapour pressure
thermometer were calculated from the measured level differences
and expressed in mm Hg at 0°C and at standard gravity. The various
correct ions that have been applied in this calculation are:

a. A correction for the thermal expansion of the mercury or
the Octoil-S and of the standard scale. For the mean difference
in expansion coefficient of the mercury and the standard scale
between room temperature and 0°C 181 x 1078 °c"! was taken in the
case of an invar standard scale which was used for the measure-
ments with apparatus A and 163 x 10°% °c™! in the case of a brass
standard scale which was used for the measurements with apparatus
B and apparatus C. The level differences measured with the oil
manometer were reduced to mm 0il at 20°C using 7.8 x 10°% °¢~!
for the thermal expansion coefficient of Octoil-S and were then
multiplied by the factor 0.06722 to obtain pressures in mm Hg at
0°c.




b. A correction for the deviation of the local acceleration
due to gravity (gl) from the standard acceleration due to gravity
(gn). Cath %) used for g, the value 981.276 cm/s? and this value
is in good agreement with the value that may be calculated from
the local latitude and altitude with the use of the formula given
in ref. 73. With g, according to Cath 62 x 1075 p has to be added
to the measured pressure,

¢c. A correction for the pressure difference due to the
difference in weight of the gas columns above the mercury level
and above the liquid in the vapour pressure thermometer. This
aerostatic head correction is about the equivalent of 1.5 mK for
the oxygen vapour pressures and even smaller for the hydrogen
vapour pressures. Therefore it can be calculated with sufficient
accuracy from an assumed temperature gradient along the vapour
pressure capillary.

d. A correction for the thermomolecular pressure difference.
This correction is negligible except for the measurements of the
pressure at the triple point of oxygen. In this case the pressure
at the low temperature side of the vapour pressure capillary is
about 0.002 mm Hg lower than the measured pressure.

The total inaccuracy of these corrections is of the same
order of magnitude as the inaccuracy of the pressure readings.

4. Procedure of the measurements

A description of the procedure of the measurements with
apparatus C includes also the main points of the procedures of
the measurements with apparatus A and apparatus B.

Pure gas was condensed in the vapour pressure thermometer at
the beginning of each set of measurements while the outer can
contained some gas for heat exchange.

For measurements at temperatures that could be reached with
the cooling bath the exchange gas was left in the outer can. To
cool the heavy copper block mainly by gas conduction required a
rather long time. The measurements were usually started at the
lowest temperature after which the temperature of the apparatus
could be adjusted at a higher value in a reasonable time using
the heaters H1 and ”2‘ During a measurement the temperature of
the bath was adjusted as good as possible to the temperature of
the block and maintained at that temperature by means of a mano-
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stat or, for pressures below 5 cm Hg, by hand. A heater in the
bath served to establish and to maintain the normal hydrostatic
temperature gradient. In oxygen below 60 K, however, the normal
hydrostatic temperature gradient is very large because of the
very small value of dp/dT and this is probably the reason why it
was nearly impossible to obtain reproducible measurements of the
vapour pressure of oxygen below 60 K. The shield was also brought
to the same temperature as the block. Tc come sufficiently close
to a complete temperature equilibrium was then a matter of time.
The measurements were started when the temperature drift was
smaller than 1 mK per minute during ten minutes. One complete
measurement consisted of the comparison of each thermometer with
one chosen standard thermometer and of measurements of the vapour
pressures during the complete series of thermometer comparisons
lasting for at least half an hour.

For measurements in which the temperature of the bath had to
e different from the temperature of the block and for triple
point measurements the outer can was evacuated to a pressure
lower than 10'4 mm Hg. For the triple point measurements the
temperature of the block was brought below the triple point
before the evacuation of the outer can. Then the temperature of
the bath was raised a little above the triple point and the
temperature change of the block was observed by measuring the
thermometer resistance. The pressure was determined when the
temperature was constant during the passage of the triple point.
For the measurements at the transition points in solid oxygen the
vapour pressure thermometer was filled at liquid nitrogen tempe-
rature. After this the nitrogen was boiled out of the cryostat
which was then filled with liquid hydrogen. At 20 K some helium
gas was admitted to the vapour pressure thermometer for heat
contact between the solid oxygen and the copper block. The
temperature of the block was adjusted some hundredths kelvin
below the transition temperature and the temperature of the
shield a few tenths kelvin above the transition temperature and
then the temperature change of the block was observed by measu-
ring the thermometer resistance while the temperature of the
shield was kept constant as good as possible.

5. Data obtained from the experiments
The direct results of the measurements (the corrected vapour
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pressures, the corresponding W values for the standard thermo-
meter and the differences between the W values of the standard
thermometer and the W values of the other thermometers) are
presented in the tables IV-B to IV-D. To indicate in these tables
the temperatures at which the measurements were performed the
temperatures that can be calculated from the vapour pressure
measurements are given.,

These temperatures were derived from the T58 scale for the
helium measurements, from the TLﬁo scale 7 79)*  ghich has been
used in Leiden for several years, for the hydrogen measurements
and from the p,T relation which is derived in chapter II for the
oxygen measurements. All measurements got a number to which will
be referred in the following chapters.

* The relation between the vapour pressure of e-H, and T is:
2674 v L60

1010g p = 4.635384 - 22:2672 , 4 921669 T -0.000021 T2, where p

is expressed in mm Hg at 0°C and T is the numerical value of the

temperature expressed in kelvins.




TABLE IV-B

Resistance ratios W for platinum thermometers and vapour pressures
p measured in apparatus A.

Preamire| W, LN Yn~¥NpL1 Tp
mm gg at -8 2 -6
0cC x10 x10 x10 K
Helium temperatures T58
1 4,093 640,66 96. 132.09 1.527
2 36.28 644, 16 97. 132,13 2,156
3 117.95 648.27 986. 131,74 2.729
4 361.88 655. 40 96. 131,01 3.514
5 773. 66 664,77 96. 130.48 4,234
6 2.517 639. 46 95 - 1. 429
R 15.838 641,73 96. - 1,870
8 34.65 643,29 96, - 2.137
9 100. 49 646. 75 96, -——— 2.638
10 213.74 650,74 96 - 3.110
11 402, 05 655, 78 96. —-- 3.603
12 772,173 663. 73 95, --- 4,233
rogen temperatures TL60
.05 1651.8 104.5 130.3 14, 2207
.5 2655, 2 1 109.0 132,3 17.0017
. 83 4736.0 5 115.7 132.8 20,4165
.69 1626, 6 .2 104.5 130.5 14,1281
.24 1894.5 .6 106, 2 131.3 15.0429
. 88 2225,0 3 107. 6 132.1 15.9820
77 4718.4 T2 115.3 132.7 20,3904
58 2659.7 .4 109.5 132.7 17.0100
12 3766.5 - 113.2 133.0 19,0333
18 4230.6 .4 113.4 132. 1 19.7296
68 3355.4 L) 111.2 132.2 18.3567
97 2851.5 .6 109, 8 132. 1 17.6112
50 2428,.8 .9 108, 1 132. 4 16.4879
.92 2054.6 0 106.6 131.5 15.5166
.38 1725.0 .0 105.0 130.8 14, 4843
1366.5 5 102, 2 129. 4 -
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TABLE IV-B (continued)

e - :;egz“;f wLN-G wLN::T4 WLN::143 wLN::NPLl Tp
0cC x10 x10 x10 x10 K
Hydrogen temperatures (continued) TLGO
29 | 10-6-"63 - 1185.5| 288.0 100.5 128.0 -——-
30 » - 1030.8| 285.0 99.1 127. 2 -
31 = -——— 909.6| 281.8 97.3 126.1 ———
32 | 11-6-"63 52,173 1541.4| 293.0 103.5 130.1 13.7977
33 | 12-6-"63 -—— 853.5| 280.0 95.8 126.5 -
34 b 63.71 1626.3| 293.3 104.5 130.1 14, 1287
35 = 794,18 4730.2| 289.8 115.5 132.1 20.4094
Oxygen temperatures Tpc
36 | 28-8-"63 18,475 136501.5) 251.3 135.2 131.1 65.2498
37 | 29-8-'63 48.008 157156.5| 245.8 132.6 126, 2 70.1184
38 - 225.37 199658.4 | 235.2 128.3 127.1 79.9769
39 - 431.13 221846.1| 231.1 130.2 124.9 85.0926
40 - 780.67 245064.2| 234.3 132.9 131.0 00,4454
41 2-9-"63 | 774.03 244716,7| 236.1 136.5 137.0 90,3638
42 . 771,47 244565.3| 229.0 129.6 - 90.3315
43 | 14-9-' 63 1. 097 92099, 7| 263.3 137.3 135.3 54,3597
44 | 24-9-"63 1.098 92086.8| 255.4 135.3 130.3 54,3626
45 | 15-10~"63| 178.08 192316.6| 239.6 131.5 128.3 78, 2820
46 ™ 345,13 213894, 7| 234.5 136.4 134.1 83,2589
47 3 620,98 235757.6| 234.2 134,0 129.6 88. 2981
48 | 16-10-'63| 13,809 130873.1| 250.3 132.5 128.0 63,9094
49 = 85.52 171557.5| 239.4 134, 8 127.3 73.4721
50 | 29-1-" 64 | 234,54 200952.6| 238.8 140.3 - 80. 2718
51 2 296,50 208681, 2| 243.9 137.0 .- 82.0560
52 - 476. 83 225582.5| 242.3 140. 9 - 85.9522
53 > 599.79 234388.8| 242.7 138.5 -——— 87.9820
54 = 748. 67 243334.4| 241.6 138.3 - 90, 0445
55 |30-1-'64 | 768, 28 244399,.4| 227.1 127.3 - 90,2916
56 . 665.01 238498.4| 238.8 138, 2 - 88.9293
57 | 24-3-" 64 11,550 127568.9| 258.5 - -—— 63, 1165
58 | 25-3-"64 |768.96 | 244450.0| 237.3 - -—— 90,3001




Resistance ratios W for platinum thermometers and vapour pressures p measured in apparatus B.

5 5 C— z;egzugf WT4-G wpsyé‘wT4 wNB?:-wT4 WBZ::T4 "psyg'wr4 sz::T4 wLN::T4 wNP%g-qu T
0°C x10 x10 x10 x10 x10 x10 x10 x10 K
Helium temperatures T58
59 | 23-6-'64| 766, 586 384.3 346.8 332.9 141.3 343. 6 +0.2 280.5 126.6 4.2241
60 - 1,267| 357.3 349.9 336.0 141, 2 346, 7 40,2 283.1 127.4 1, 3082
61 = 5.382| 358.5 349.8 336.0 141.5 346.6 +0.1 283.2 127.4 1.5872
62 A 31,139| 361.4 349.6 335.7 141.4 346.3 +0.1 283. 1 127.3 2,0966
63 5 134.39 367.0 348.8 335.0 141.4 345.5 +0,1 282.4 126.9 2. 8065
64 | 24-6-'64| 359.58 | 374.4 347.9 334.1 141.4 344, 7 +0.1 281.8 126.9 3.5087
65 b 766. 20 384.3 346.8 333.0 141.2 343.5 4+0.3 280.7 126.5 4.2237
66 = 1168, 94 382.5 346.0 332.0 141,2 342.8 +0.3 279.9 126.4 4,7048
87 » 1585,.58 | 400.0 345.5 331.5 141,2 342.2 +0.5 279.3 126, 2 5.0918
Hydrogen temperatures TLGO
68 | 17-6-'64 70,05 | 1380, 8 367.8 349.8 155.4 364.7 +1.4 290.9 131.9 14,3003
69 . 135,01 |1789.0 370.3 351.9 158.4 367.9 +1.0 291.9 130.9 15,5986
70 - 378,39 |2928.6 373.17 350.8 156.8 371.0 +1.0 290, 1 124.3 18,1189
71 - 523,03 |3491.7 374.4 348.8 155.3 370.5 +1.1 291.6 121.6 19.0620
72 . 779,10 |4391,6 372.6 345.5 154,1 369.1 +1.1 286.8 116.8 20. 3441
73 | 18-6-"'64 47.89 |1215.0 367.2 349.6 155, 2 362.9 +1.8 291,17 133.8 ~e-
74 & 10,.809| 846.0 359.0 342.8 150.4 356, 1 +0.9 285.1 133.5 -
75 > -—— 690, 1 351.8 337.0 145.0 348.6 +1,2 281, 1 130.6 s
76 o - 541.8 347.0 332.2 142.5 343.0 +0.5 278.4 128.86 -
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| :
Pressure isu4"T4 WPSUS'“T4
Date mm Hg at
9 6 x10”°

0°c x10~

Hydrogen temperatures (continued) Tueo

19-6-'64| 235.92 | 2307.0 373.5 . 16,8804
774.09 | 4374.7 - 20,3221
1237, 72 | 5825.6 371.5 22,0253
1586.50 | 6823.0 368.9 23.0235
1027.22 | 5189.3 372.1 21,3215

(penurjuod) D-AT HIEVL

Oxygen temperatures Tpc

12-5- 64| 51.97 | 158808 10.5602
13-5-" 64| 771.40 | 244339 90.3307
" 771.65 | 244348 90. 3340
14-5-' 64| 541,96 | 230198 87.0725
: 344,99 | 213631 83. 2558
" 233.16 | 200500 80. 2290
. 117.50 | 179925 15,4745
26-5-'64|  9.245| 123332 62.1578
L 5.371| 114217 59,9466
28-5-'64| 771.19 | 244318 90.3281
928.52 | 252229 92.1495
1123.63 | 260702 94, 1041
1356.78 | 269446 | - 96. 1252
--- | 276211 s
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Resistance ratios W for platinum thermometers and vapour pressures p measured in apparatus C.

No. Date E;egzugg qu_ﬁ wLN::T4 “14?GWT4 W14?6WT4 WXS?S“T4 Tp Remarks
0°cC x10 x10 x10 x10 x10 K
Helium temperatures T58
96 28-6-'66 9.62 363.3 276.9 168.5 228.9 141.5 1.729
97 5 105,61 369.7 276, 6 168, 1 228.6 141, 1 2.666
98 < 362.20 378.4 275. 7 167.6 227.9 140.5 3.514
99 - 753.77 388.0 274.17 167. 2 2217.3 139.8 4,208
Hydrogen temperatures 'l‘L60
100 8-6-"66 803, 48 4482.5 281.0 160.4 230.3 141.0 20.4483
101 a 801,99 4477.8 281, 2 159.7 230.2 141.0 20,4429 | 4mA
102 - 246,13 2361.1 286,86 169. 7 236,17 143.8 16,9853
103 ~ 363,89 2876.9 285.9 167, 2 235.2 143, 1 18.0105
104 15-6-" 66 4 & B by | 1398.0 285,17 172.9 236.8 143, 7 14, 3448
105 4 116.40 1686, 4 286,5 172.1 237.7 144.0 15. 2869
106 16-6-"66 52.75 1255.3 285.3 173.0 236. 1 143.4 13,7984 tr. point
107 17-6-' 66 781, 97 4408.9 281.8 159.9 230.5 140,86 20, 3566 jacket vaec,
108 “ 1295, 63 6008, 6 277.4 153.0 225,17 138.7 22,2038 <
109 = 1586, 27 6830, 5 275.1 151.0 222.8 137.5 23.0228 "
Oxygen temperatures Tpc
110 28-4-' 66 799.56 245814 226 88 167 111 90.6760 2mA, gas
111 29-4-' 66 804, 61 246094 218 91 161 112 90,7370 1mA, vac,

d-AI F19VL



pressure
mm gg at
0C

Wia57V1q
x10~8

Remarks

Oxygen temperatures (continued)

7-12-* 66
8-12-' 66
26-1- 67
13-3-2 67
19-5-" 67
24-5-" 67
25-5-" 67
13-6-"'67

Transi

4-3-'67
8-3-'B7
9-3-'67
7-6-"' 67
8-6-'67
13-6-" 67

163.51
163, 56
159. 90
159.87
764.70

1,101

189506
189520
188835
188833
243963
91839.5
91840.4
131690
91850. 4
243391
91855, 1

7730.
7736,
535017.
77286,
53518.
53530.

243
243

tion points in solid oxygen

Tpc

77.6868
77.6889
77.5326
77.5313
90.2469

54,3710

90,1158

2mA, gas
2mA, vac.
1mA, gas
1mA, vac,
1mA, gas
tr.p., 02
tr.p., 02
tra s 02
1mA, gas
tr.p., H2

(panurjuod) (g-AI H18VL




CHAPTER V

THE COMPARISON OF TEMPERATURES ON THE CCT-64 SCALE
WITH TEMPERATURES DEDUCED FROM p,T RELATIONS.
THE REALIZATION OF FIXED POINTS

1. The reproducibility of the platinum thermometers

The accuracy of the results of measurements with calibrated
thermometers depends considerably on the reproducibility of these
thermometers. In this section therefore attention is paid to this
point.

For the thermometers that were used in more than one apparatus
the different determinations of the resistances at liquid helium
temperatures can give the best information on the reproducibility
because at these low temperatures dR/dT is so small that errors
introduced by uncertainties in the temperature of the thermometers
are smaller than any significant change in the residual resistance
ratio W, (= R(0K)/R(0°C)) of a resistance thermometer itself. For
the thermometers LN and T4, which were used in all experiments,
the results of the measurements at the lowest temperatures are
shown in fig. V-1 and fig. V-2. The changes in the resistance
ratios of these thermometers were not negligible but, since
changes of the resistance ratios of thermometers are, in first
approximation, not temperature dependent, corrections could be
applied for these changes. In this way the results obtained with
different apparatuses could be compared with improved accuracy.

The reproducibility of the thermometers which were used for
the comparison of the national scales was checked by comparing
the differences between the W values of different thermometers,
which were obtained at temperatures in the liquid hydrogen range
at the N.P.L., at the P.R.M.I. and in our experiments. It can be
seen from fig., V-3 to fig. V-5 that only the thermometer T2
changed considerably after the measurements at the P.R.M.I. From
these figures one may also get an impression of the precision of
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the scale comparisons in this temperature range. The scattering
of the points is of the order of magnitude of 1x10~% in AW and
this is the equivalent of 1 mK at 23 K and 4 mK at 14 K.

660 T ] T l T [ 375
655 370
650 365
645 360
640 355 ¢~ =1
to"w? 10°'w
635 350 1 1 Il 1 1
o 12 K?
-
Fig. V-1: Thermometer LN Fig. V-2: Thermometer T4

W values at liquid helium temperatures as obtained in different
series of measurements showing the change of the residual re-

sistance between different series.

The resistances of the thermometers 143, 145 and 153 at
liquid helium temperatures were previously determined in 1962.
The differences between the resistance ratios obtained in 1962
and those obtained with apparatus A for the thermometer 143 and
with apparatus C for the thermometers 145 and 153 are smaller
than 1x10°5,

A conclusion that can be drawn from these data is that the
reproducibil ity of platinum thermometers over a period of several
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years is in general within 1x10-% in W. However, there are ex-
ceptions which require the checking of the constancy of a thermo-
meter from time to time.

FIG. V-3
WN882 - wNPLa at liquid hydrogen temperatures.

x measured at the N,P.L,
x measured at the P, R. M. I.

X measured with apparatus B,

FIG. V-4

wNPLS - “TB at liquid hydrogen temperatures.

x measured at the N.P.L,
x measured at the P,R. M. I,

X measured with apparatus B,
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wPSU:} - wNPLS and WPSU4 - wNPLS at liquid hydrogen temperatures,
PSU3: (O measured at the N.P.L,
A measured at the P,R. M, I,

O measured with apparatus B

PSU4: m measured at the N.P.L.
A measured at the P.R.M, I,

® measured with apparatus B,

2. The measurements with the hydrogen vapour pressure thermometer
a. Comparison of TCCT_64 With Tigp*

From the measured W values of the thermometers NBS2, PSUS3,
PSU4 and NPL3 in apparatus B values for W were obtained using the
results for W-W from the scale comparisons at the N.P.L. and the
P.R.M.I. The results for the thermometer T2, which changed con-
siderably (see section V-1), were omitted. The differences between
W and the W values for the thermometers LN and T4 obtained in
apparatus B were used as calibration data for these thermometers.

* A provisional analysis of the measurements in apparatus A and

apparatus B was given earlier 76).
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Corrections were applied for the changes of the resistances at
liquid helium temperatures and the W-W data obtained for appa-
ratus B were used to obtain the W values for the measurements
with the thermometers LN and T4 in apparatus A and apparatus C.
The differences between the W values of the thermometers NPL1 and
NPL3 were taken from the original calibration data of the N.P.L.
and thus W values could be obtained from the measurements with
the thermometer NPL1 in apparatus A.

The agreement between the W values obtained for the three
thermometers LN, T4 and NPL1 in apparatus A was satisfactory. The
values for W obtained for the thermometers LN and T4 in apparatus
C differed about 2x10°%, Because we could not determine when the
change of the thermometers occurred, the W values were changed by
a constant amount in such a way that the difference between
Tocp-gq 20d Tpgo at 17 K was nearly the same as obtained with
apparatus B.

In table V-A the mean values for W, the corresponding values

for Toop.gq and the differences between Toop_gq 2nd Tpgo are
given for our measurements between 13.8K and 23 K and in fig. V-6
these differences are plotted as a function of temperature. The
spread of the points is, at temperatures above 17 K, a little
larger than could be expected from the reproducibility of the
thermometers and from the differences between W values calculated
from the results with different thermometers. At these tempera-
tures the spread of the points may be due to errors in the tem-
perature measurements with the vapour pressure thermometer. In
fig. V-6 the differences between Tooqp.gq 80d TL60 according to
the measurements of Hoge and Arnold 77) and according to those of
Barber and Miss Horsford '®) are also plotted. The temperatures,
which were measured by these authors on the NBS-1939 scale and
the NPL scale respectively, were recalculated to the CCT-64 scale
by using the differences between the CCT-64 scale and the nation-
al scales (see section III-3).
The curve in fig. V-6 gives a smoothed average of the differences
between the CCT-64 scale and the L60 scale., For nearly all points
the deviations from this curve are smaller than 4 mK and the
average deviation from the curve is about 2 mK.

b. The boiling point of e—-hydrogen.
The differences in the realizations of the normal boiling
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TABLE V-A

W and Tocr-64 for the measurements between 13,8 K and 23 K.

AT = Teor-g4 - TrLgo
L Teer-64  OT ) v Teer-ge AT
No. 28 No. -6
x10 K mK x10 mK
Apparatus A
13 1520.9 14, 2461 25,4 22 4097.7 19. 7440 14.4
14 2523.0 17.0168 15,1 23 3222.8 18,3712 14.5
15 4602, 4 20.4295 13.0 24 2819.0 17. 6263 15.1
16 1496,0 14, 1534 25.3 25 2296, 8 16.5044 16.5
17 1763.3 15,0648 21,9 26 1922.9 15.5381 21,0
18 2093.0 15.9992 17.2 27 1594.0 14,50