Huygens Institute - Royal Netherlands Academy of Arts and Sciences (KNAW)

Citation:

H. Kamerlingh Onnes, Isotherms of monatomic gases and their binary mixtures. I. Isotherms of helium
between +100°C and -217°C, in:
KNAW, Proceedings, 10 Il, 1907-1908, Amsterdam, 1908, pp. 445-450

This PDF was made on 24 September 2010, from the 'Digital Library' of the Dutch History of Science Web Center (www.dwc.knaw.nl)
> 'Digital Library > Proceedings of the Royal Netherlands Academy of Arts and Sciences (KNAW), http://www.digitallibrary.nl'



-

| (445 )

7. Some [urther details coneerning the apparatus may finally be given.

The mounting and the plates of the 5 num. élalon are by Jomiv.
The inner surfaces of the plautes are accuralely flal. The outer sur-
faces need only ordinary flatness, they are inclined at an angle of 1’
to the inner ones. The plafes of the ¢lalon are vertical, and the
whole apparatus is capable of the necessary adjustmenis in azimu,
while also a horizontal sliding motion parallel to the plates of the
dtalon was provided for.

An image ol the vacuum tube was focussed upon the clalon by
means of an achromatic lens of 12 ¢m. focus, the enlargement being
four times. All optical picces were mounfed upon double Z-picces~
and therefore rigidly connected.

The figures clearly indicate (hal for the investigation of the magnelic
separalion of the yellow mercury lines, iv would be of no value
to use an ¢alon of greater oplical thickness of the plate of air. On
the contrary the ecffective width of the yellow mercury lines when
under magnetic iufluence is rather large, so that the limits ol the
method in this case arc being rapidly approached.

v

Physics. — “[sotherms of monalomic guses and thea binary mivtures.
L. Lsotherms of helium between 4 100" (. and — 217° C
Communication N°. 102« from the Physical Laboralory at
Leiden. By Prof. II. KamerrNci ONxws.

§ 1. On account of the imporiant rdle, which vax prr Waars’
(heory plays in many chapters of thermodynamics, experimental data
concerning ‘the equation of state of a subsiance are of ihe grealer
value as the interaction of the molecules of this subsiance conforms
the better to the hypotheses from which vax pur Waars started.
The kuowledge of the equalion of slale of the monalomic gases,
whose molecnles we must consider as the simplest for the present,
is of the greatest importance from this poini of view.

In Comm. N° 69 (April 1901) on {he isotherms of dialomic
gases and their binary mixtures it was already observed (hat the
investigation of the net of isotherms of argon and of helium promised
still more important resulls than the completion of the netl of iso-
therms of the gases formerly called permaneni, pavticulavly of
hydrogen, at low temperatures, on which subject my aitention had
been chiclly fixed since the cstablishmentl of the cryogen laboratory
(el. Comm. N. 14, Dec. 94). But the difficulty of obiaining argon and
helium in so pure a stale and in such quaniitics as are requirved for
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the determination of isotherms, relarded- the delermination of the
cquaticn of state of helium and argon for a long time after Comin.
N°. 69.

The investigations on the isotherms of hydrogen arc in progross,
and yielded already vesults laid down m communications N°. 78,
97«, 991 and 1007, which, I hope, will soon be followed by others.
In the mcantime, however, also the dillicully of oblaining pure Lelium
has been quite, that of oblaining pure argon nearly overcome. The
successful preparation of pure helium was chielly due to the hydrogen
circulation (Comm. N°. 947) yielding the vequired hguid hydrogen.
So the first measurcments from the series which will refer to the
monatomic gases and their binary mixtures, can already be com-
municaled.

They concern the 1sotherms of ‘helium, which have now taken
the place occupied by the isotherms of hydrogen before the hydrogen
was liquefied. Among others the 1sotherms must lead (o the
caleulation of the critical quantities for helium. From (he now com-
municated determinations of the compressibility along different isotherms
af densities which are compavatively small and differ only slightly,
the critical temperature can already be, calenlated by approximation.

§ 2. Survey of the determinations.

This investigation comprises some six delcrminations of isotherms.
The temperatures at which they were made, were kept constant and
determined in {he same way as in the determinations of isotherms
for hydrogen published in preceding Communications N°. 97¢ (April
1907), N°. 99e (Sept. 1907), N°. 100* (Jan. 1908). The readings of
the hydrogen thermometer were rednced to the absolule scale by
means of formula (4) of Comm. N°. 97" (Sept. 1907) with the new
coefficients of § 2 of Comm. N°. 1015 The six temperatures thus
reduced (o which the isotherms refer, ave:

+4-100°.35, 20°.00, 0°, — 103°.57, — 182°.75 and — 216°.56.

Jesides (he measuremen{s at the two standard teinperatuves 0° C.
and 100° C.') and those at low femperatures a deiermination was
made al 20° C. to oblain data for the caleulation of the guantity of
gas in the stem of the piezomeler and in the other parts, which
Tremain at the ordinary (emperature during the measurements.

For all these isotherms the densities, at which the pressure was

- observed, lic about between the same limils which were set by the

7/
1) The 1esulls al 07 G, and 100° C. are incompalible with those of Ramsay and
TRrRAVERS, which, indeed, show strange deviations,
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dimensions of the piezometer and by the manometer. The utmost
limits of the densily are 25 and 34 times the normal one. The
piezomefer and [urther auxiliary apparaius were perfectly the same
as have served for the determinations of C. Braax and me (see Comm.
N°. 100% Jan. 1908) with hydrogen at 0° C. and 100° €. The salis-
factory results obiained then, enhance at the same time the relia-
bility of the measurements considered now.

§ 3. Results for pvg. .

The subjoined table contains the results of the determinations. The
first column gives the number of observation, the second the lempe-
patnre measured above 0 C. on the absolute scale, the third the
pressure i atmospheres, the two following ones the produet prvy,
and the density «y. in which the volume of the gas v4is expressed
m the normal volume (that at 0° C. and 1 atmosphere) and the
density dy in the normal density (that at 0° C. and 1 almosphere).
(Compare. the corresponding tables of the above mentioned delermi-
nations of isotherms of hydrogen).

The calculation of these results was made as follows:

First the points of the isotherm of 20° C. were calculated, (cf.
also §8 of Comm. N". 79 (April 1902)) and the coefficients Ay and
B of the curve
By .+ gﬁ‘_ '

por=dg4+ — -
- v_q v A"

1)
wore determined by the 3 points by the aid of the method of least
squares. Ifor ({ a definifec value was assumed, the densities being
too small for (his coefficient to be determined with suflicient certainty. If
we wrile VAN DEr WaaLs' equafion with the second correction for
ihe size of {he molecules in the form:

o gy LI B RTY
. pr= ' v 8
where » is the volume ol the gas under the pressurc p af the abso-
Jute temperature 7, expressed in the {heoretical normal volume (see
Comm. N 71 § 3) and if we put the value of A at 0°, 44, =1,
which approximation is allowed for our purpose, we find (cf. Comm.
Ne. 71 § 3) for the valne CA']‘ of Cyat 7 -

1

C.p= "/ RT B2,

where £ = 0.003661Y9. The value of 0 was first eslimaled af 0.0005

(¢f. the mnote to § 6 of Comm. N'. 967 Jan. 1907), afterwards at

0,000432, scc § 4. With the cocfficients A and B4 obtained for 20°
30
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TABLE 1. He. Values of pv L

Nb. 4 ? ; p’v 4 dy

I | 4 100°.35 | 42574 | 138725 | 30.689

9 54450 | 130314 | $9.091

3 66 590 | 1399929 | 47.389

4 | 4 20000 | 97.539 | 1.0866% | 25.343

5 36,303 | 1.00028 | 33.297
6 53.708 | 1.09918 | 48 862

7 0° 96,634 ] 1.01392 | 926.968 |
8 38.365 | 101851 | 37 864

9 50 240 | 102521 | 49 004
10 | — 103057 | 20.580 | 063135 | 32 397
11 924,100 | 063206 | 38.075
12 ) 90185 | 0.63307 | 45.81 s
13 <3333 | 003845 | 52 988
14 | — 180075 | 13751 | 0.33787 | 40 0699
15 16 019 | 0.33898 | 47.957
16 18.189 | 034025 | 53.457
17 | —216°356 | 9364 | 0.21182 | 45 939
18 10,302 | 021171 | 49.606 -
19 1.448 | 091219 | 53.951

in this way, the reductions to 0% for the gas which is oulside the
reservoir al a temperature of 20° and for a small part at the tem-
perature of the room, were carried out in first approximation. With
the three, points which were thus found on the isotherm of 0°, the
virial coefficients A, and B4 were then calealated also for this
temperature.

From this follows A4, the value of pw, for d=0 by means of
the formula:

Agy=1— Bagy— Cy,

With the pressure coefficient from 0> C. for the state of AvogaDro,

0.0036619 (cf. § 1 of Comm. N°.101%) follows for 20°:
Aggo== Ay, (1 + 0.0036619 X 20),
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so that on the isotherm of 20° a fourth point is acquired, which
renders (he slope of the puy line a great deal morve certain (cf. the
conclusion of § 1 of Comm. N°. 10L%). Then the calculation of 44 and
B was repeated, and by the aid of these correcied coelfficients the
isotherm of 0°C. was again calculated, and this calculation by
approximation was continued till it caused no longer any change.
In this way we found for 20°C. (for 6=0.000432):

pot, = 1.07278 4 0.0005337 d,, + 0.000000125 ¢,,* . . (8)

With this formula the corrections have been calculated for the
determinations of isotherms. For the rest the latter were {reated as
in the preceding communications.

§ +. Individual virial coafjicients.

We may avail ourselves of the data of table T in order to devive
the coefficients A ¢ and B by the aid of the method of least squares.
C( was assumed according to formula (2) of the preceding §. For
every isotherm pv.y,d=o Was caleulated, and this valne was added
to the others as if it concerned a new observed poini. This calcula-
tion was ellected Dby the aid of the value A, = 0.99949, which
may be derived from the value for the coefficients B and C for
0° finally obtained in the calealation by approximation from the
conelusion of the preceding §. Table IL contains the virial coefficients
and at the same (ime the differences between the given pr-t’s and
the calculated ones. These differences are arranged according to the
ascending densities. So the first column of dilferences refers to
pu.t,da=0, the others lo the data of tabie I in the above succession.

The caleulation of the By’s is slill uncertain, because for C
estimated values have been assuned. Deferminations of pr g at greater
densities, which will render an independent determination of C
possible, are in preparation. -

That the estimations of C ¢ ave not too inaccurate, may be made pro-
bable as follows. For 100 follows from table IL B (99> == 0.000673.
On the supposi(ioné on which van pir Waars’ equalion rests, the value
of & may be derived from the value for iwo temperatares of
B=RTb— « with B= By (4.4) and then »=0.000432 is found,
which does not differ much from the value 0.0005, which was first
assumed by way of estimation on other grounds. Though the caleu-
lation followed here is very uncertain, yet the found value was
preferred (o the first estimated one, and for his reason the calcu-
lations which were first made with 0,0005, have been repeated with
this new estimation. "The differences of the resulis lic within the
limit of errors of observation.




( 450) -
! TABLE II. He. Individual virial coefficients,
Deviations of the pv 4 from the calculated ones.
i | A | 108 g | 166C 105 (0—C)
| A4 | IMBy |1,
| ‘
41000 85 | 1.26667 ] 40 673 1 4116 | 10 | —2t 0| 492 ;
20000 | 1.1 -{»0»)34,-}01‘ 431 -36) 4+ 8!
ne 0 99970 \ +0 512 | 40,12~ =20 F 480 —T75 | 15 E
‘ i
—1030.57 | 0 62026 ' 40 337 | -0 07 | 411 p— T3 0149
—182° 75 | 0.33006 +0 176 i 40 04 bp—1 —8 |48
—916° 36 | 0.20693 | 4-0.096 . 4002] o f +1 =3l {
l i

§ 5 J)et(nnmmfzon of the eritical wmpuazme of helium.

From the

data of

table 1I we may

arrive at a first estimation

concerning the eritical temperature of helinm, which will be found

from
of temperatur

determinations of

e5.

isotherms within the

now accessible region

Extrapoiation proves that the Bovix-poini will lie in the neigh-
bourhood of — 250° C. For hydrogen — 166°
Comm. N°. 1007). If we assume 30° K. for the critical temperalure
of h)leOen then follows from this for helium

Tripe = 6° KA.

was found for this. (cf.

If this value of 71’ is adopted, the region of (emperature — 217°
to — 183° for lelium corresponds with that of 0> to - 200° for

hydrogen.

By applying the law of (he corresponding stales to tnc

slopes of the pw glines for the two substances in the neighbourhood
of these cquivalent limits of {emperature, we arrive at a slightly
lower value of the critical temperature viz

Ty, = 5°.3 K.

This value too 1 think 1 may still consider as a highest limit for
the critical {emperature of He, as it seems probablc (o me, that He
to H, will deviate from the law of the corresponding
states in this sense that the critical temperature will be found lower
than would follow from the applicalion of this Jaw (o corresponding
states for values of the reduced temperatures many times larger than 1.

with respect

Now there can only
determinations of isotherms.

— 253° and

— 259°,

10 a more reliable estimation.

In concli

ision I gladly

express my thanks

his assistance in {his investigation.

(January 23, 1908).

be question of a first estimation based on
The determination of the isotherms .of
which is in progress; will, T hope, soon lead

fo Mr. C. Braax for

wear



