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Physics. - "Isotltennals of di-atomie substanees and their binal'y 
rnixtU1'es. XIX. A p1'elimina1'y (lete1'mination of the c1'itical 
point of lt,vd1'ogen". B,v H. KAMERIJINGH ONNES, O. A. OROMlIIEUN 

and P. G. C"'TH (Commllnication N°. 151c from the Physieal 

Laboratory at Leiden). 

(Communicated in the meeting of June 24, 1916). 

1. bitrocluction. Apparatus ancl met/wd. 
The reslllts so far obtained by different ob servers in the determi­

DatioD of the critical data for hj'dl'ogen show a wide dlvergence. 
DEWAR 1) found Tk = 29° K, 30° K and 32° K l'espectively, Pk = 15 
atm., OLZEWSKI'S~) latest va[ues were Tk = 32°.3 K and pk = 13 atm , 
BULLE 8) found 11 = 31°.4 K and Pk = 11 _atm. It will appeal' from 
this commllmcahon that all these l'esults differ very f'onsiderably 4) 
from those whICh we cOl1sider to be the cOITect ones, yiz. 
Tk = 33°.2 K, pk = 12.8 atm. In view of the great dIiiicuIty of 
the prob[em this is not to be wondered at. 

'Ve ourselves had repeatedly been compelled to defel' the accurate 
investigation regarding the critical condition of hydrogen, because 
we were unable to get over the diffieulty of keeping temperatm'es 
sueh as those, at which the experiments had to be carried OlJt, 
s'ufficiently constant. As soon as this dtfficulty had been ronquered 
by the construction of our hydrogen-vapour Cf) obtat 6) we we re 
enabled to ayall ourselves of this material improvement in order to 
arrlve at a first determination of the critl(~al temperalure of neon ~) 
and a[so a more accurate measnrement of the rritical data of hydrogen. 

1) J. DEW.A.R. Inaug. Adress Brit. Ass. Adv. Sc Belfast 1902. 
~) K OLSZEWSKI, Ann. d. Phys. (4) 17 (1905) pg. 986, Ann. de chlmIe et de 

phys 8 (1906) pg. 193. 
S) F BULLE, Physik. ZS. 14 (1913) pg. 860. 
BULLE'S results dlffer a good deal more from ours than OLSZEWSKI'S much 

earlier results. 
4) Wlth the exception of DEWAR'S pk and ours (Note added iu the trans1atlOn). 

In fact the weaker point Jll OLSZEWSKI'S work WIII have been probably the determi­
nation of the temperature. 

6) H. KAMERLINGH ONNES, Proc. XIX (2) p. 1049. Comm. N°. 151a. 
6) H. KAMERLINGH ONNES, O. A. OROMMELIN and P. G OATH, Proc. XIX (2) p. 1058. 

1917. Comm. NU. 151b. 
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On the whole the same apparatus were _ used tor both substances ; 
as regards these we may therefore refer to the communication on 
neon just quoted. Only the pressUl'es were measured in a different 
way. The readings on the elosed manometer MBo, which was !lsed 
in the case of neon, do not begin before 20 atm. and the critical pressure 
of hydrogen being smaller than that, we had to use the open 
standal'd-gauge of the Iabor'atol'Y 1) for the pUl'pose. 

The hydl'ogen which had been pUl'ified by distIIIation was f't-ee 
from all ad mixture as shown by the heterogeneous parts of the 
isothermals in the pressllre-density diagram being straight hnes 
running parallel to the density-axjs (eomp. fig. 1). At the same time 
we wish OUl' results to be consldered as preliminary ones. In the 
first place because a larger number of observations than we ha, e 
made (eomp. fig. 1) wiII be needed to smooth out cel'tain small 
irregularities which our observations still show and thus draw with 
sufficient cet'tainty the set of, isotherm als w hieh have to serve the 
purpose of settling IJl a perfectly satlsfactory manner physical 
constants of so fundamental a chal'actel' as the critical data of hydrogen. 
But even more because In our opinion lt is necessal'y for definite 
detel'minations to be able to follow the critical phenomena by eye 
whieh we have not been able to do as yet, no more Ihan in the 
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1) H. K.A.MERLINGH ONNES, Proc. lp .. 213. Comm. NO. 44. 
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case of neon, although we hope befare long to be in a position to 
carry ou t tbis plll'pOse. 1) 
_ As regal'ds the methad of dedllcing the criticaI data from the 
observatiolls we have in our Oommunication- on the critical condition 
of neon refel'l'ed to tbe similar case of hydrogen, which is the 
subject of our/vresent commllnication. ln- this case we are able to 
illustrate our methad of procedure by mean's of a sllitabIe diagram ~). 

This fignre give& the main features of the pl'essure-density 
diagram, drawn _dming the observations to l{eep a gl'aphlCal record -
of the results all'eady obtained, in order to guide us, as we went 
along, in the choice of the conditions under which the next obsel'va­
tions had to be made. 

In l'epresenting an observation we nsed as abscissa the qllantit.y 
of gas 8) th at was at that moment present in Lhe part of the 
vapour-pressure apparatlls which was at the temperatl~re of the 
obsel'vation 4). 

The observatiom, relating to one isothel'mal are each time indicated 
hy one al1d the same of the signs 0, 0, X and 1:::.. The determination 
of the points of beginning and completed condensation had beèn 
preceded by tentative l'eadings in the neigbbourhood of the obser­
vations recorded in the' diagram. The fact that the beterogeneons 

1) Compare) besid<>s the paper al ready quoted on the hydrogen·vapour cryostat 
(151a), particularly H. KAMERLINGH ONNES, Proc. XVIII, pg. 507. Comm Nn.147c, 
where a cryostat is discussed working with neon boilmg under enhanced pressure 
to be used amongst others for this object. 

2) The corresponding diagram of neon being somewhat modified owing to 
impurities would necessitate an eJaborate discussion. 

S) The quanhly is given in cc. of gas measured in the normal condJtion. 
4) The volume of this part is approximately l.OJ cc. Our apparatus, being a 

simple vapour-pressure apparatus, was not suitable either for the accurate measu­
remenl of this. volume or of Ihe quantity of substance whlCh enters this volume. 
In consequence of this the uncertainty as regards the accurate value of the volume 
which is at the observational temperalure as also the value of the temperature 
of certain other parts of the appalatus whose volume cannot be neglected is 
such that the accuracy of the density·determinations cannot be guaranteed 
beyond a limit of a few percentagés. ' 

Owing to the ~ncertainty of the c01'l'eetion rOl' the "waste" space) the figure -
may deviate in a systematic man nel' from the correct pressure-density diagram to 
the same degree: in order to obtain the correct figure the chords of the boundary 
curve i. e. the hetel'ogeneous parts of the isolhermals will have to be shifted 
without any change in length, each by an amount about proporlional to the 
pl'essure; the uncertainly ab out the part of the volume which has tbe Iow obser­
vational tempel'ature causes the value of the unit of density whieh is assumed 
in setting oft' the density on the axis of abscissae in fig. 1 to he on1y approxi-~ 
mately known. 

• L 



- 5 -

181 

parts of the isothermals are accurately parallel to the axis \ of 
abscissae pro\'es on the one hand that the hydrogen was absolutely 
pure and on the olher that the temperatnre could be kept constant 
to .01 of a degl'ee 1). It proved possible to connect the points which 
give the beginning and the completion of the liquefaction by means 
of an ol'dinal'Y pal'abola, The pl'eSsUl'e corresponding to the top of 
this parabola was taken as the critical pressure. The temperatnre 
corresponding to the critical preSSUl'e thus found was obtained by 
extrapolation fl'om the measurement~ of the vapour-pressure at the 
temperatlll'es immediately' below the cl'ltical temperatures. 

Beside the observations just mentioned on the isothermals which 
show a _hete)'ogeneous part, an isothermal will be found plotted in 
the figure wbich was determmed at a slightly jllgher temperature 
and where a slmilal' part parallel to the density-axis (heterogeneous 
condition) is 110 longer found. The tangent to the point of inflexion 
is inclined to the axis of densities and tbis isothel'lnal th US appears 
10 belong 10 a temperature higher than the rl'itical tempel'ature. It 
iS clear, that by means of this figure an uppel' and a 10 wel' hmit 
may be fixed for the critical pl'essure and a probabie val UE\. of the 
critIcal pressUl'e may be established, from which in their turn fol/ow 
an upper and a lower limit and a probable value of Lhe critical 
temperature. The degl'ee of rertainty wltb which the latter deter­
mination may be etfected is fairly satisfactory. For hydrogen tbe 
two limiting \Talues just mentioned as regards the tempel'ature ditfer 
by less than .4 of a degree. The figure fui,ther shows that in the 
manner described the temperatm'e itself may be considered to be' 
detel'minable with a certainty of ,i of a degree. 

~ 2. Results. 
In the following table of vapour-pl'essures the absolute temperature 

as weIl as that on the centigt'ade scale have been corl'ected to the 
KELvIN-scale by means of the table of corrections published on 
fOl'mer ocrasions '). 

'The pl'essure is given in international~) cms mercury and in 

1) To make this result possible the distJ'ibution of the temperature must also 
have been a very uniform one throughout the experimental space. Wè are glad 
to express once more our thanks to ML'. J. M. BURGERS, phil. cand. fol' his careful 
assistance in U{e regulation of the tempel'atures. 

2) H. KAMERLINGH ONNES, Prae, X, p. 589. Comm. NO. l02b, and H. KAMERLINGH 

ONNES and G. HOLST, Proc, XVII, 1, pg. 501. Comm. NO. UIa, 

S) In the original paper the pressUl'es were given in local cms mercury and in 
international atmospheres. [Note added in thc translation] . 
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international atmospheres, the international atmosphere being taken­
equaI to a mercury column of 75.9488 ems at Leiden. 

I. 
I 

I~ TAB LEL Vapour.pressures of hydrogen. 

I -

7 
I 

8 
I 

P koex. (int. cm.) : Pkoex. (int. atm.) 

0 0 
32.02 K. - 241.07 C. 822.7 10.825 I 

I 

32.60 - 240.49 893.2 11.752 J 1 

32.93 - 240.16 936.5 12.322 

A.bove (Jk the following point was measured: 

~====l====~=====(J==========~p==(i~nt=.=cn~l.=)~===p~(i=nt=.=at=m=.)===1 
o o 

33.28 K - 239.81 C. 999.5 13.151 

The CI'iticai quantities derived from the above figures are as fol1ows : 

TABLE II. Critical constants of hydrogen. J 
Tk I (Jk I Pk (int. cm.) I Pk (int. atm.). 

I r 

0 

I· 
0 

I I ~ 33.18 K. -239.91 C. 973 12.80 

I 

The deviation of BULTJE'S resnlt from ours may, as we think, be 
partly expIained from his having used a resistance-thermometer which 
was only calibrated by means of hydrogen- and oxygen·temperatures 
and on the other hand perhaps also from the arrangement of his 
apparatus. Possibly owing to the rapidity with which he had to 
conduct the experiment the flask in which the hydrogen was corn­
pressed had not yet assumed the temperatm·e· of the resistance· 
thermometer when the measurement was made. 

§ 3. Estirnation of the c1'itical density. 

By rneans of the above vaille of the critical ternperature, of the 

:. 
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liqttid-densities 1) and vapour-pressures~) published on formet· occasions 
and finally of the values of the constant B 3), it is now p05sible to 
make a calculation of the critical density of hydt'ogen assuming the 
diameter of OAII.LETET and MATHIAS to be a straight line fol' hydrogen j 

there is all the. more reason for the latter supposition as according J 

to the Jigure the inclination of the diameter in the neighbourhood 
of the critical point cannot deviate much from that at the lower 
temperatUl'es where the expansion of the liquid has been determined. 

FOl' this purpose, using the vapour-pressures and the value of B, 

by means of the relation 4) dA = :A 11 - :; p ~ _the vapour deusi­

ties are ealculaterl at the same tempel'atm'es at which the dem;ity 
of the liquid has been measured. The constant AAo is taken equal 
to .9993~. 

In this manner the ordinates of the diameter are obtained and 
by means of these the equation of the diameter. In the following 
table Qrvap and Qrliq denote the densities of the satnrated vapour 
and the Jiquid respectively in gr. per cm3 ~and y the ordinate of the 
diameter. The two points thl'ough which the diameter is laid are 
indicated by an asterisk. 

TABLE I 1. v h apour- and hquid densIties of ydrogen. 

8. I Q r/tq I Qrvap. -I y (W). I y (R). I W-R 

- 252.68 .ü7OSI .00135 .03608 .03604 + .00004 

-253.24 7137 116 3627 3626 + I 

• -253.76 7192 101 3647 3647 0 

- 255.19 7344 0.00064 3704 3704 0 

-255.99 7421 49 3736 3735 -r 1 

• -256.75 7494 38 3766 3766 0 

-251.23 1538 31 3784 3785 - 1 

-258.27 7631 
I 

20 3826 3826 0 

. 
I 1) H. KAMERLINGH ONNES and C. A. CROMMELIN, Proc. XVI, 1, pg. 245, 
Comm. N0. 137a. 

2, H. KA:r.r'ERLTNGH ONNES and W. H. KEESOM, Proc. XVI, 1, pg. 440, Comm. 
NO. 137d . 

. l) H. KAMERLINGH ONNES and W. J. DE HAAS, Proc. XV, 1, p. 405, Comm. 
NO. 127c. The values of B were smoothed in the mannel' as given in this paper. 

4) BA was found by graphical interpolation; GA does not come into account. 

.... ......... ;;s:;;._ 

eS!AilM 
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The equation of the diameter becomes 

y = - .06453 - .00039~ 8. 

or in the more usual form 

y = + .04416 - .000398 _T. 
Substituting in th is equation our value for the critical tempel'ature 

() = - 239.910 O. the critical density is found to be 

Qr'k = .0310. 
In 1904 DEWAR ') pubhshed an ef,timate óf the density viz .. 033, 

calculated from a couple of liquid densities as determined by 
tumseJf. 2

) 

I) J. DEWAR, Proc. R. S. 73 (1904) pg. 251-
2) If tbe cfitICal density is derived using the qURlltltieb dry in tbe small flask as 

read from fig. 1, the weight of a cc. of hydra gen measured under norm al 
condItIOns :md the volume of lhe flask as given in note 4 on page 180 the result 
is (lrK = .033. If the diameter is truly a straight Jine and thus !!rK = .031 
as glven m the text, a companson of Ij' from the figure and Ij from the diameter 
would provH.le a means of correctmg fig. 1 for the systematic deviation (see the 
note mentlOned) from lbe true pressure denslly diagram. It is found that tbe 
direct IOn of the diameter in the netghbourhood of the critical point in the cor­
rected figure stIll cOIllCldes withm tbe Jimits of accuracy witb tbe dtrection bolding 
for lower temperatures accordmg to the above tabIe. 

f 

.-


