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Fo1' the pl'essure coefficient E. TJlSll:l,L 1) gi~es 
1=-1,4-1.10-5 at 1'=273° K. 

Fl'ol11 our meaStll'ements we find 
1 = - 2,25 .10-5 at 1'= 90° K. 

and y = -1,7 .10-5 at 'P=~ 20°.3 K. 
so that the pl'eSSlll'e coefficienL has become somewhat gl'eater at the 
10wel' tempel'atul'es. Thc incl'ease ol,ütined between 273° K. and 90° K. 
cha./lges agaill to a diminu lion. The accuracJ' of the meaflUl'ements ~ 
is still too small to allow us to attl'il.ll1te any signiflcance to ibis 
diminution at the lowest temperaLul'es. 

If we consider the decrease - /'::"W in tbe l'esistance fol' p = 100 atm., 
we find that it approximates to zero at the 10wel' tempel'atul'es. Thus 
we find fol' PbI : 

273° K. fol' P = 100 atm. - L. w = 0,017 .2 

90° K. " ." " -- L. w = 0,008 
20°.3 K. "" " - L. tV = 0,001. 

Physics. - "Isother7ns of monatomic sltbstancelJ and of t!tei]' binaJ'y 
mi.lJhtl'e:;. XIV. Calcltlation of some thennal quantities f01' 
argon". By H. KAlIlERLlNGH ONNES and O. A. OlWlIIlIlEUN. 

Oomm. N°. j 33c fl'om the Physical Laboratol'Y at Leiden. 

(Communicated in the meeting of November 30, 1912). 

Tbe empirical reduced equation of state fol' argon, VII. A. 3, 
published some time ago ~), enables us to calculate a numbel' of ther­
mal quantities wllic11 are essential tó a lmowledge of monatomic 
substances in genel'al and of argon in pal'ticulal'. These quantities 
ma:r also be obtained graphically. Oa1culation by means of an equa,­
tion whjdl iits the experimenta,l l'esulls over the whole region of 
obsel'vation a.llows, however, a ll1uch gl'eater acclll'acy to be attained. 

In t;le preóeHt paper ') we give valnes of (~.)" (:?.) .. 
(OYv) = '],(aa:~')' (aalt) ='l'(~11?')-P, (AlIIAGA'r'S pretlsion inté-

Uv '1' '1 2 
V v l' u v 

J) E. LISELL: Upsala Univ. Arsslo-ift 1\103. 
2) H. KAMERLINGH ONNES and C. A. CROMMELIN, Proc. June 1912, COlUm. 

N>. 128. 
S) AJready indicaled in Suppl Ni). 23, note 492, p. j 46. Preliminal'Y values 

obtainecl by C. A. UROMMELIN fol' same of the quantities here discl1ssed have 
already beeu pubIished by E. Ho AMAGA'l\ C. R 9 April, 1912. 



- 3 -

rieure 1)), and of REINGANUlIl'S a, al( = [7' (~;,)v - pJ v2
, calculated 

as fllIlctions of the tempel'aiul'e alld of the density from equation 
VII. A. 3 ~). The tempel'atl1l'e iH expl'essed in T{gT,\'lN degrees and 
is calcnlated fr om 0° C.; the _pl'eSSUl'e jo expressed in internatioual 
atmospheres 3). 

'rhe importance of a knowJcdge of these quantities especially as 
fllnctions of the tempel'atnre has all'eady been repeatedly il/sisted 
upon 4) so that we need say nothing fUl't}ler here npon th at point. 
We shall only say thaI. according Lo the chief VAN DER \VAAJ,S eqnaiion 

with constant a,,,, b", and Rw (!~,) v ' (!:) Tand aR shonld be inde-

( d
2P

) pendent of the temperatnre, and consequently d 1" should vanish, 

so fhat the deviaLions whieh they all show ma)' be taken as a 
measure of the degree to whicll argon deviateH from the simple 
assumptions regal'ding molecnles accepted by VAN DIm W AAI.S in cleve­
loping his principal eqllation. 

Agreement, at least approximate, with the chief VAN D])R WAAI.S 
equation wonlcl first be expectecl in tlle monatomic substances, anct 
thel'efol'e the investigation of these quantities fol' argon as well as a 
cOll1parison of the resllits \vith (hose fOl' snbstances of more complex 
moleeular stl'llctl1l'e ib of the gl'eatest importanre. 

COllsidera(ion or the qnantit,y intl'oclneecl by RElNGANUM 5). 

aR = v 2 ['l,(dP ) - pJ = _ (alt) aT v ao T - ~ 

enables us to see that, as far as the mutual actions of the molecules 
is concel'ned, the assumptions upon which VAN DER 'iVA.\LS founded 
his ehief eq uation with constant al\', bw ! and lt\\. must nndergo some 
modification sneh as has recently been intl'odllcecl by VAN DER WAALS in 
the val'ious developments of the consiclel'ation of apparent association. If 
we retain fol' the moment the mOHt immecliaie assumptioll ~L1itable fol' 
monatornie subsLances sneh tUi argOll, that (,he atoms are incompl'essible, 
th en rhanges in alt wauld be wholly clne to cleviations of the moleeulal' 

1) E. H. AMAGA'.r, nl1lUCl'Ol1S papers in thc C. R. eolleeted in "Noles SUl' la 
physique et la thenuodyuul11iql1e". Pal'is 1912. 

2) l"o1' the nolaLiolls uscd in this papel' see Ene. matl!. Wiss. V. 10. Sl1ppl. Ntl. 23, 
3) Ene. math. Wir,s. V. 10. Einheiten. a. 
1) M. REINGANU!>r, Diss. Göttingcn 1899, Ann, d. Phys. (4), 18 (1905) p. 1008, 

Suppl. N°. 23, p. 140 sqq. 
0) M REINGANUM. Diss. Göltingen 1899. 

111 

II! 
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(~~) 
TABLE I. 

l~~),,· 
I + 200 '1 0° 1- 200 I - 40° I - 60° I -70° 

1 

_"80° I. - 90° I - 100° I ~ 110° I - 113° I - 116° I - 119° I - 122° !?N I 
I 

20 I +0.0764 +0.0766 +0.0768 I +0.0770 +0.0773 +0.0775 +0.0777 +0.0779 
I 

+0.0781. +0.0784 +0.0785 +0~0786 +0.0787 +0.0788 
40 1589 1595 1603 1612 1624 1630 : 1638 1646 f655 1665 . 1669 1672 1676 1680 

I 

60 . 2471 I 2485 2501 2521 2545 2559 2575 I 2593 2614., 2637 I 2644 2652 / 2660 2668 
80 3409' 3431 ·3457 3490 3531 3556 3584 3615 3650 

369°1 
3703 3717/ 3731 3745 

100 '4517 4578 4615 4657 4704 4759 4$21 4841 4861 4883 4904 
120 5790 5857 5934 ·6022 . 6051 I 6080 6110 6141 
140 7173 729.2 7331 7371 7411 7453' 
160 8473 8627 8678 8730 8783 8837 
180 1.0030 1.0093 1.0159 . 1.0227 .1.0296 
200 

I 

1580 1662 1747 1833 
;220 : 

1 
3142 3243 3348 3455 

240 ! 

I 

4913 5041 5172 i 
260 I 6683 - 6839 6998 

·1 
I 

8568 8757 8951 2.80 I .. 

I 
I , 

300 
" I 2.0589 2.C~17 2.1053 

I, 

I 
3201 , 

2769 . 3044 33::9 
340 I I 

I 
I 5136 ·5467 5810 ! I --
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T,A RL E Il, 

(O'P) 
~ 01'2 C 

QN I +20
0 1 00 _I -200 \ -400 I -'--000' I -700 I. -800 .1 -.900.1-1000 1-1100.1-1130 ! -1160 1-1190 1-1221 

. 20 -0', ~OOOI - 0,000011-0,00002 -0,00001 - 0,00002 -0,00001 - 0,000031-0,00002 - 0: 00002 -0, 000031

1

-0, 00002 - 0,000031-0, 00003! -0, ooe 
40 . 3 3 4 3 0 6 8 9 10' 11 11 121 d 

1 1 . 1 : 60 6 7 9 10 14 15 . 17 19 21 . 24 . 26 261 27' 

SO 10 121 15. 18 24 . 25\ 30 ' 35 37 43.' 43 46\ . 47 1 

100 Z7 35 . 39 44 51 : 58 66 . 68 691 72! 
. I 

120 , 63 73. 82 _ 93 97 . 1001 102
1 

. 1 

140 111 126 130 135 138' 1 

160 144 165 171' 1751 179i1 

180 I 2.10' 216 223 228
1 

2 

200 .. 271 279 2851 2 
I 

220 334
1 

344 3531 3 

. 240 . 420 _ 4321 4 

260 512 5261 5 

280 I . 620 6401. 6 

300 748 7751 7 

320 899 9351 9 
1 

340 _ _ 1079 11251 11 

I 
3f 
31 
sl 
SI 
4

1 

I 

2! 

2 

88j 
S!' 

1 38,. 
6r 
3f 

I 

51 
1 

31 

51: 
1 
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TABLE III 
I (Olt) _ " (OP) - _7 - -p Ov T 01' 0 

QN 1 + 10° 1 0° I - 20° 1 - 40° I - 60° I - 70° I - 80° I - 90° 1- 100° I - 110° I - 113° I - 116° I - 119° I - 122° 

20 + 1.150 + 1.198 + 1.2541 + 1.314 -t 1.381 + 1.417 + 1.454 + 1.494 + 1.533 + 1.579 + 1.593 + 1.6041+ 1.620 + 1.635 
I 

40 4.525 4.703 4.905 5.134 5.388 5.523 5.670 5.826 5.990 6.163 6.218 6. 273
1 

6.331 6.387 

60 I 9 996 10.37 1 10.79 11.27 11.82 12.12 12.43 12.77 13.14 13.52 13.64 13.76 13.89 14.01 

80 17.44 18.05 18.75 19.55 20.46 20 98 21.53 22.11 22 74 23.42 23.63 U.84 24.06 24.27 

100 29.79 31.15 31.92 32.75 33.65 34.62 35.65 35.98 36.31 36.64 36.97 

120 45.91 47.18 48.55 50.03 50'<91 50 95 51.42 I 51.90 

140 64.38 66.38 67.00 67.63 68.27 68.90 

160 81.94 84.54 85.35 86.18 87.00 87.83 

180 104.4 1lJ5.4 106.5 107.6 108.6 

I 
200 127 2 128 5 129.8 131.1 

220 150.5 152.2 153.8 155.4 

1 

I 
240 I 177.4 179.4 181.4 I I 

260 ~ 204.4 206.9 209.3 

280 

I 
233.2 236.1 239.1 

300 I - 263.8 267.4 270.9 

320 296.5 300.7 305.1 

,340 I - 331.3 336.4 341. 7 
---
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I 
f TAB L E IV. 

I alm = I T (~l~,),,_ P ( r'N 

I!?J + 20° I 0° - 20° - 40° - 60° - 70° - 80° 1 \ - 900 - 1000 - 1100 - 1130 - 1160 - lElO 

1= 
201+0.0028751+0.0029961+0.0031341+ 0.0032851 + 0 0034531+0.0035411+0.0036361+0.0037351+ 0.0038331+0.0039461+0.0039831+ 0.0040111+ O. 004050I+U. UU4U~~ 
40 2828 2940 3066 3208 3367 3452 3543 3641 3743 3852 3886 3921 3957 3992 

60 2777 2880 2991 3131 3282 3366 3454 
, 

3548 3649 3756 3789 3823 38571 38°3 
80 2725 2821 2930 3054 3197 3278 3363 3455 3554 3659 3692 3725 3759 3793 

100 2979 3115 3192 3275 3365 3462 3565 3598 3631 36641 3697 
I 

120 3188

1 

3276 3372 3474 3506r 3539 3571 3604 
1 

3516t 140 3285 3387 3418 3451 3483 
160 3201 3302 3334 3366 33991 3431

1 

180 3223 3255 3287 3319
1 3352( 

200 3180 3212 3245

1 

3278 

220 3110 3144 3177 3211 
1 240 3081 3115
1 

3150 
260 3024 3060

1 

3096 

280 2914 3012 3050 
"300 2931 2971 3011 
320 2895 2937 2979 
340 2866 2910 2956 

'"'~-"""""=== 
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(ÛI') r, (Û J}!) 
ÛP- T 1 ûT' <, 

TAB LEV. 

()N I +20::> I 0° I -20? I -400 I -600 1 -70::> I -80° 1 -90° I -100::> I _110° I -113) I -116° -119° -122° ;'"i 

20 - 0.092931_0.00273\1_0.00506 -0.002331-0.004261\-0.002031-0.005791-0.003661_0. 00346 -0.00489
1
-0.003201

1

-0 "004711- 0.00462 - 0'.00453 

40 879 819 1012 699 1279, 12191 ~543 1648 1731 1']94 1761 1885 1849 1964 

60 1759 19,12 22/8
1 

2331 29831 30461 3283: 3479 3535 3914 41621 40841
1 41601 423 

80 2931 3277 3796 4196 5114\ 5077 5793/ 6408 64041 7013 6884' 7226 72421 7252 

1
100 I 6293 7458' 7921 8496

1 

9338 0.100391 0.10764 0.10886; 0.108391 0.11094\ 0.1118 

1120 0.12165 0.13366 14193 15167 155291 15709 157171 16016 

1 140 . 192131

1 

20549 208121 21207 21264

1

1 21304 

160 24925
1 

26910 27375t 27491

1 

27582 27498 

180 , 34249 34579~ 35031 35133
1 

35053 

200 . , 433841 43828 43916 43514 

220 53470
1 

54039 54394 54090 

240 ' I 65978 66567 66177 

260 80430 810511 80984 

280 1 1 97396 98618 98662 

300 \ I I

1 

1.1'150 11.1942 I 1.2012 

310 1 1.4122 1.44071 1.4550 

i 340, I I I 1. 6950 I' 1. 7335 I 1. 7602 
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fOL'ces fL'olll tlm :simple initial aSSlllBption~ lllade by VAN m:R 'WAAI &. 

Such changes in al~ mighL ol'iginate fL'om three causes: change in)he 
(I"., in i he b" OL' in I be R". of the chief equation, as a l'esult of t11e 
radills of the splleL'e of aetion being bnt slight.ly g'l'eateL' than that 
of the molecule, a cil'climstanee 1) revealed in apparent association. 

Since 

T 2 = ~ (a") (a) aT2 v au '1' 

the qt;estiun as to wheLIJel' (~~,)v is independent of the tempel'atnre 

~'tnd t,hel'efol'e - = 0 Ü" most intimatei,)' connectcd with the (à~p) . à 1'2 V ' 

question as ia WheLhel' (a yv
) - 0 Ol' not. Fol' a long time tbis 

àv '1'-

que:;tion l'emaineel uncleciclecl on account of tbe lack of expel'imental 
data. VVe 110W lmo\V that, at least for a num1)er of substances, 

(ap ). . 1 f' . ~ f' I t t cl tI l I[ f' al' v lb 111 genera a unctlOn 0 t le empera me, an 1êt Llel'e are 

(a2p
) . aT' v does not vams!J. 

If we now compal'e Ihe bebaviol1l' of argon with respect to 

(~l~,) v with tl~a(, of isopentane \Ve find cOI'l'esponcience in man)' l'espects. 

YOUNG 2) 3) c1ecluced fi'om his nbsel'vations upon isopentane that 

(~~,)v decl'eases \ViLh faliing temperatme fol' vr < ·!.G e.c. ; at greatel' 

volumes up to 1)1'= 400 C.C, it incl'eases witl! falling temperatnre, 
while it remains practica,lly constant at still gl'eateL' volumes. Fol' 
argon, tor whirh the volumes are expressecl in terIlIs of the normal 
volume as unit, if the la\V of cOL'l'esponding stales wel'e accurately 
obeyccl these volumes would cOl'l'esponcl to V,N = 0.00377 anel 
VN = 0.328 Ol' QN = 265 and QN = 3.05. 

The argon obsel'vations embmcecl by VII. A. :3 lie elltirely wÎthin 
these limit&, anel froll1 Tnblc I we see that at'gon agl'ee:, \Vitll 
isopentane within tbe region of obsel'VaLÏoll. Over the enth'e region 

G~l falls \VUil incl'casing tempcratnre. At the l~west nl'gon density 

1) 'l'bis cit'cul11&tance causes a change in bw also, cf. H. KAbfCRLINGH ÜNNCS :lud 
W. H. KCESOM, Suppl. N0 23, Nr. 47. 

2) 1\>1. n.l~ISGANUlII, Diss. GÜllungen. 1899, pg. 4.2. 
3) S. YOUNG, Pl'OC, p!Jys, soc. Londen 13 (l805),. p. 602. 
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QN= 20 the cJimil111tion becomcs exLL'emcly smalI, pointing to con­
stanc)' at still lawel' cJellsities. Argon differs fL'om isopentane, how- " 
ever, in thiR l'espect tlw,t with argon at llighet, cJonsities fal' above 
I,JN = 265, the incl'case becollles still more rapid, while the behavioUl' ~ 

of isopentane woulcJ lead one to expect a c~minntion in the rate of 
increase. 

From bis observations llpon isûpentane YOUNG1
) deduced the following 

rule tOl' the behaviour of - . (
02P ) 
a 1'2 Q' 

(~~2) > 0 l 
v < ±Vk , 

(~~2) < 0 \ V>±Vk 
Tl1is rule has ah'eady been cOl\lÎl'med for a variety of substances, 

anel is, as far as' i ts sec0I1cl part is concerneel, a180 obeyeel by argon. 
For eat'boll dioxide, ethylene anel i8opentane, RRINGANUlIl toun~ 

thai (he quanti1.y aR = [T (~l~,l- pJ v2 is a minimnm f~l~ vabont 

3 
- Vk and at lemperatul'es about 10° above tk. If the law of COl're-
4 

spon ding states were strictly true this minimum fol' argon sbonlel be 
at QN = 380, and therefore outside the l'egion of experiment. Nothing 
can be done eonsequently beyond trying to judge fl'olll'extrapolation, 
if, anel whel'e, i,he minimum exists. If fol' this pUl'pose we gmph 
al\ as a fUl1ction of QN at -122° and -116°, then extra]Jolatiol} 
towarels higher den si ties shows th at it is probable th at these curves 

3 
wonlel also exhibit a minimum for al'gon at v = 4' Vk • 

Physics. - "On t!te }Oectilinea1' diamete}' /07' al:qon." By E. MATHTAS, 

H. RAMIUU.INGH ONNms, and C. A. CRoMMmLIN. Comm. 131rt 
fl'om the phy~ical l .. üboratol'Y at Leiden, (Continueel). 

(Communicated in the meeting of November H1l2). 

§ 5. Results. 'fhe l'ealllts obtainod are g'iven in the following 
table 2) (p. 961): 

The calculated values of the ol'dinates of the eliameter gÏ\'en 'in 
this table have been obtaineel fl'om the equation 

Dpr = 0.20956 - 0.00 26235 tl)(). 

J) 1. c. 
S) For the notations, see Suppl. No. 23. 


