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'Il~TRODUOT/IOl~ - -

One of th.6 most inlierestiue:; J..;rOiJl~a of ~he''p:htslcal 

s-ciences has ueen the inveati~Q.tio·h of th~ ch~l'.Lges. of fOl'W -- -- .. . .. 
" • 

and propertie-s which occur }When llJ.a.t1:e~:. :pa.~s.a~ f'l'om one stG4.te . . . . 
- •• 

o £ e.g greg a-t io n to ano th e r. • . -) r Of thee.;:; 't ransitio·ns, no\ th d le~ at 

fa sc ina,-t ing is tha t from 1 i -iui <i to g~ s·.· Fo-r-well civi;jr a ,. '. 
hundred yea.rs, the nature -and. Inech~n1sw of' the q,hl!n,~~a wh~o:p..~ 

: . , 

liquid underg-o as as its t'6111J:oerature is raised, l.!.aVe()(:)t;311.. 'the • 

, 
subj ect of much eXl:> 61' iwerJ. tat-ion a..l1.Q. COll tsmplb.t iun. • 'E,Vtil"J. nov ... 

• • t , 
the ~roblem is still a cOL~rovar~ial ona. There ar~ tw~ 

disti_nct sChvols of thought, "bot4 pr.e15enti .... g good. eviJ.~nce in 
4 • 

SU~};Io-rt _ot theil' op inione as ~o the na.tu,re ot the challgeSe_ 

It is hOl-ed tl.La.t this v.utotsis-wl11-be 1'0£ vs:.t;lue i.d, sllowing that 

the various opil.i.l-or:..a whicll. .u~ve oe~..:.i. .:.,jre~;j:".l.tec1. ~re llOt 

mutu~lly ex.clusive, and t~C;l.t tt cOLUlJination oL' the id.eas, 

championed. so at~ro ... :..gl'y ~'¥ both siu.es, leads to a reasolJ.Q.ole 

ex:planation of the qua.l.J.t_itative UJ.6aaurellle.LJ.ts which ha.ve been 

T~~ tirst record~d observbtio~s ot the Ch~llg6 from 

liquid to- gaseous states,~woj,-'e those of OC;i4.gniard de le. Tour in 

1822 (1).- He found tha.t when a, :pure 1 i"J.uic.., in e'i,uilibrium 

with its va})our, is hea.ted in- a closed tub~, thtJ vidible line 

of damar ca. t 10 n -b atwe en th eli..J.u 1d and v~:t,J 0 r , 

aome definite temperature. This telli~erature has ueen called 
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i - ~ ;:." - . 

-tlie cr'ftfc,e:l temp er.a.ture, 0 r ~th e temp era:t'ure of "Cag'niar d-

1a ~our. Shortly a,f't'erwards, the classical experiments of 

Andrews l2J, in 'which the pressure-volume relations of carbon 

dioxide" were determined for va.rious temperatures, reveale,d 

that the isotliermal "jJl,st oelow the critica.l temperature was 

contiguous to .. that just a.bove the crit'i~a.l tempera.ture'. This 

fact ·wa.s interpreted by Andrews to indica-toe, a oontinuity of 

state a.t the Critica..L temp'Srature. A .LiquiQ. a.nd a gas we,re 

conside"red by him to be widely sellart:l.ted forms of the same 

cond~tion or matter~ To add to tue strengtnor this tneory, 

the, famous equa.tion of stote due to Vall der Waa.ls l3) ,"was 

foun-d to -give fa.ir qUCl.ntitativ~ agreelJ.lent for :liq,uida as well 

a.sga-ses. ~lie simp11cit¥ ox' Lis -theol'¥, b.nd the wid~ utility 

or his 8':t,uat1on ill predictions o.t: tlL-e u"'.L.aviour or 11quid. 
\ 

sy st em e-, 1 eci -to t"b.e .wi de s,Pread ace e:fJ ta.nc e of the theor y of 

cont inui ty of st~t e. 

AlmostiwuLedia:te11, however, experimental evidence 

began' to be a.coumulated which pOil-lted to the possibili~y 'o_l 

more ""complex chan~gEls taking ~lace 'th~n the theories of 

Aiidrews "and. "Van der-' Wc:~:als would indicate. For instance, on 

the dlsa:J?P-earanae or the: meniscus at the criticaJ. temJ:ierature, 

it waathought t~at tne ~roper'1es OL DO~ll pnases, sueD as 

densit7, etc., had become ideiltical, and that a homogeneous 

ga:s ~siete:w had -bean crea ted. If this were so, the critical 

as it is found to do, over a range 01" Cl.ensltles. J:tamsa.1 ~Lf.) 
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and. JAIIlJ,:q. l5l .ere :r 1rat to po 8tulate that the liquid atate 

, • .xi.'. ab~ve the oril!:oal temperature, .a an explanation tor 

th-e d.ena1·, l' ranae over wh·ich the' cri tical phenomeDa were 

obaervable. 
, . ,£.C~,?I 

/' 

!hel,r dens'lj'l measurement. w.ere made b7 CalCul4-~on8 
" ~ 

./ 

~aae4 upon~the me~l.cua poaitlo~, a m.thod which ~ much to 

be deaired. !he7 conclucled, however, that the dena it lea of , 

liquid an'd vapor became equal at the critical temperature, and 

tAe phaae. became mutual17 miacible in all propor~iona. Bam sal' , 

tor examP:l.e, .ent 80 far a.a to au~geat t.hat llQ.uid and ga.eou. 

moleculea differl. in their number of atomic con.t1tue~ts, and 
, 

that even aboye the crltlcal temperature matter.might .e w~ol17 

liquid at hleh denait7, or wholl,. vapor at 1.0. clenait7, or a 

mixture ot Doth at intermediate clenaitiea. !he a7a'em waa oon-

aid.red to .e ph71ical17 homogeneoua and chemical17 hetero

geneou8~ Call1etet (6) obtained reaulta ln agreement with thoae 

of Bamla7 and Jamin, and defined the critical temperature as that 

at wh~Ch the liquid and vapor become miacible in all proportionl. 

YouDg (7) conclude' trom hi. denait7 meaaurementa that the 
I 

11quid and vapoX' had identical denaltle8 at the critical 

temperature, and that ln a qualit~tlve wa7. the evidence tavour-
, 

e4 the theor7 ot ~ontinuitl' of Itate. 

Wlth more accurate denaitl' determinations in the 

critioal region, a di8t1nct modiflcation of thia concept waa 

lntrodQced. Galit&ine (8) ~oun4 that in the caae of meth71 

ether a 4en8it7 41fterence aa great .a twent, percent 8%i.ts 
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-11ideflrflt;-el~ abov.8 anu oelow the position where the m~niscus 

disa1J1·ears, ~t_ a teml/erat,ure just auuve the critical. 

of it. he-t ero_g 6neou8 syst em was r epo r ted by him un til a. 

Eviu.el1.ce 

ha.d. been reached. -Th_6s-e results were at varia.nce, of course, 

,wi-th the ·theory of cOIllJ:llete miscioility, and were attributed 

by him t.o the preselic e of a.il' i~l .ili sS8JUpl~s.young (9) 

repeated the eXllerimellts of ·Gali·tzine with very ca.reful-l~ . 
... 

puri£ied-ma.te:cial, ano. could l.l.ut r~ltl·Uu.UC~ the density 

a. t t ri u u t ing th e r saul t v 0 imp1ltrit i,8";. Guoy (lO)~ mo~e6ver, 

ha.~ offereo. a.s an explanatio:.:.i. of e&. ut1i.i.sity di~coiitinuity ·the 
./ 

gravita.tione&.l effect 01' t.l.J.e weight ot tl.i.tt ~.l.ad·ium itself in 

e a \ia.b 1 i shi . .:.i.g Qd~llS it.; gr~di S.L.!. ~throu.gL.o.u:.t the s~·st~. Tb. e 

ca.l_cula.ted me-gui.tude of such an ilfiluenca 1'ell, however, far 

below the values 't~b.iah ha.c.L ueen observed. 8XJ:>arime.LJ.lii;;l.lly. The 

prese:.:.ceof an inel't gt;l,s in t.LJ.0 v~1''-ir Jth~se; even ill smea.ll 

concentration, could concaivb~lJ waguif¥ this effect to tke 

proper pro1'ortion, a,l.lu. ilW!.edica.tely strong SUl<~tOrt fo r the 

th.eo ry of causa~ ion uJ illi.1·urities w~s voiced. The ..,iorkers ill 

the field thsu beoa1ll3 ~rot&gollists of two- diffel'e ... lt theories. 

Those who believed in tile rea,lit~ of dellsit~1 UiSco1~tinuities 

d.evoted th~D.l.selves to the developme:'lt of ex-J:)erim0J.J.ts to 

aupportthe theory. of a persistence of th~ li':l,u1d state above 

the C~gniard-la. Tour t em}? era.ture. Their oppOnel.l.ts claimed 

to o.isprove such ex-yeriments boY showing the exiatence of 
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tempera.""1tire grCol.dients, or impurities, or other errors in the 

Strange to say, some of these 

critics, ,ha.vfng concluded. tha.t the thaOl\Y of liquid persistence 

was. il!-vc.lid for one rea.son or another, cO:"itillued themselves to 
. . 

etua.~ .. tL.e opa.les:~ance- 'ivhi'ch i·~ axhiiJited in this region, a.nd 

from these studies rvach the cOJ.J.clusion th~t "noLl molecula.r :... ..., - . 

aggregates ll continue to exist -above the cl'itl.ca.l' temperature • 
. "; 

For, .. 8~a.mpleJ Travers ~nd Usht::r (11) conclude tha.t siuce ~h.e 

critical~ tempera-tur e is no t dep endent u:£jon the ma.ss volume 

ratio that any theo.ry 0.£ an equi1~b·riUDl betwe.~n ga.s and liquid 

molecule.s, which sho~ld be dependent upon temperature;- is 

vit ~&ted. -':ft er s tuQ.v.ing the o.pal esc ence tl;a.ef conclude that 
./ 

lInon molecular aggregates" persist above the critiCal 

temperature, b~ gra~e of a positiversurfa.ce tension which is 

po ssibie for dropl ets of ve ry small radi/i.~ all suggest ed by . K 
Donnan (12). The localization. of opaletcence they find rel_ted 

to the mau V01Ulll" ratio. .:u:r;; the-m-ot1onof 1ihe-~~ni~~;;-:--- '7 
"--- ' 

This concept h""'8 uaen used to EutJ;;lain the reli;;l.t:ion of pha.se 

densit1' to mass volume ra.tio a.s descriu6u. i:l..i. the uod¥ o i.' this 

thesis. 

Since the discussion of o~a.leacence l:.Iermo~tes a.ll 

work oJ.J. th.e critica.l ret-ion, a d.escrip·liion of tl.:.e t~'J!e of 

~palescellce ana. the theories ~a.VQ,nceo. to eXltlg,in it is 

essentia.l. The exist-ei.l.ce of s/stems which are capaule of 

scattel'i:ug 1.ight is well established in the critica.l region. 
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-The opal escence which occurs is 1 1mi ted 

_ . t 

the s3stem tQ the c'ri tical tell.l.1'ex:ature. 

1ntensit~ in the disap~earing phase. If t~o system is kept at 

thi s t-emp erature long eno~gh, o.r is vd.o len t 1y s t irre eL, th is 
....... - -

~pa.lescence· gra.dual1V occupies the whole volume iJ..L which the 
-'. 

substb-IiCe is confined. On _heating well auove the critica.l 

reappea.rs a.gain 0:1.1 cooling, becomiL!.b ver-:; i.d,tease just ue£ore 

~ 

condensa.tion. T4e tl..eories develo~ed to ex):;la.iJ.J. it a.re two-

fold. Th'e OiJ.t:, devel0l-ed.- OJ Smolucll.0wski. '(1)} ~rom the 

Einstein· theory of density f-luctu'~tioi ... s, ana. tha.t oi,Kuster 

(14) wh-ich is essentiall", the sa.we, at.t riiJulie the effects to 

10 Cti.l co J..L~ ~ ... i1irQ. ~ io J..I.1:i C:i,i ... d rar eit..c i; io i18 o.s:.' "'eLlS i t ~( U:J.e to the 

dietr 1 wU t 10i16 of energJ wao ug e t tlle mo 1 ecul,;q;. ~he 0 ther "S"u1 tV'.~1 
_--------- }.I i • I . 1-

Schro er (16) 

to liquid group s 

T~~vera ~Ud.U~li~~, 
~ 

~-
- ~-

Cardoso (17) t rege;".rda the ol>~lesc~nce a.s 

~ 
floa.ti~:l.g in tho;; vca.J:'o~·. Ac~ordir.L~ to F. 

-z.,I"f r- (r -'-'" 

~t~~-~ 
du e ct.-. (,--1...,(1 f 

B. 

·lou;g.g, the slow decrease ill i .. :..te:"isi.ty of t.i:J.~ ollalesce.d.ce with 

rise of tempera.ture favors theKu~ter theorj, unletis the 

density tempeI'a.ture curve is 1,ea,k~d ilL form, rather than 

parabolic as geJ..I.era.ll~ :a.ccal/ted. As we sha.ll sed, th.e densitl 

tempera.ture curve is a.ctua.lly pea.ked, a.t least for ethy.i.ene, 

and th~ theory o,! Travers Q,:".I.U Uld.iler et a,llllUSt ue sUl--.lorted 

by th e au tho r.· Thi s \\'ho 1 e ''iue a t ion of o:val esc ene e has lJ e eLl. 

investigated by .. ,'Lason (18) a;ad furthel~ SU1iliort for tL.ii;t 

opal esc encs a.s due to 1 i '_.Luid if;; roup s has u een 0 u taine d. 
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.. 
Returning to ti.l.s work of those who directed their 

, r 
- . 

efforts toward- the establishment ot the realitJ oJ:' the densit.i' 

discontinuity, wefij,lu a new tech.lique developed b./ Trca.uiJe (19) 

and Teichner (20)', ana. hein (21) who daterlll;ined d~.u.aivies by 
: 

thd ~se of sIlla.ll gluss floats. i'hese measurements were mo re 

accurate than any previously lllade, and'"in good. agreeme:at with 

those of Galitzine. As a resuit ot ~is-me~surem6nts, Traube 

OeCt4.Ul6 the euiet proponenliof a diflere.J.ce 1.._J. chtl.racter 

betwe~:d, liquid and gas. True liquid molecules were termed 

"11~uidonsn by him ," and t-rue ~a s mo lecule S nga.so:u~". Thea e 

were assumed to exist in e~uiliorium with oJ..l.e anothsl', and 

.-
thd rat1oto ue fixed by the t-emperature. Thi·s co ... lcept was 

exte:Llded by de lisen (22) to include the influence of sp6cific-

volume u1:on the conceiltratioll. This view has race ived much 

8upJ?ort trOLl the studies of x-ray _~i:f'.r"raction by ~tewart (23) 

and his co -\vorkers l.ioll (24) and. ":)1Iallgl er (25). On11es (26) 

a.gain-, however, oould not duplica.te de Heen'~ results, and 

attr ibuted them to tempera.ture gradien~~ S C;i.J.ld to the 

gra.vitational effec-t as outlined l:Jy Guo~. 

Further evid.e:d.ce for the existeJ.4~e 0:;: li~uid. auove 

the critical tempera-turt;; wa. ... fou:I..I,a. i:l.J. aoluuilitl measurements. 

The l' ir~t of tllese ex)? ~rimt3J:J.ts was o.ue to Hanna1 and. hog~rth 

(21) on. the potC:&.ssium iodide - alcohol a.l~tew. Thall ;t'ound 

that the 6.issolved l:Jotassium iodide WCl.Q preCipitated if the 

liquid wa.S b.llowed to avapoL'ate, uelow the c~litic~l 

tem:per~turaJ out tha.t when the li\.j,uid was J.leb.ted sligl.l.t1l a,l.)ove 
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.the ori~cal t-emlJe.ra.tur~J the solute was not precipitated. 

This was not interpretted as po.intillg to a liquid persistence., 

however •. ·'The e~p l'anat ion wa.s that ga,seous alooho 1 under 

suoh conditions ha;d the p'0wer o£ solutipn. And thi sin, fa.o e >.- , 

of. the fact·, according t.o Bradley, Browne a.nd Hale (2S)-, that , .. . -: . 
• -' 'j.~ 

in.tense looa.l heating cause d prec ip itat ion in such regions as 

were subj eated to it·. 
{j. . 

Carille.tat a~d Haut'eteu_i:~le (29) investigated the 
~"Ir:. .l-., 

..... 

ca.rbon dioxi4a - iodine s$stem, and found it to ~ield the 

same sort 'of results as ~a.nna.y. and: Hogarth ha.d disoovered for 
;.. ';,/t; 

, 

the al'co~ol system. COllt~a,diotorl evidence was also .. found b~ 

Ca.ille~et aU.d his co-wo.rker Collardea.u (30), 'who fo~~d blue 0.11 

of galbanum wa.s preci!)ita.ted from. carbon dioxide at the 

critical t.mperatura. Mor.e su~yort1ng evidence was put for-
,- ',) ; '.: ~$ 

ward 'by ~icte~' (.31) tromhis. stud, of borneb-l a;nQ, a.liza.rin in 
. . , 

alcohol solutions. ~oth these suost~nces were insoluble in 
r' - -! .:..~ .. 

gaseous a.lcohol &lld soluole ilJ. lil.!uid alcoho.l, bu~ vvere not 
l 

;pr,cipita.ted when the liquid was heated aDove the or1tt0a.l.-~ 
, -.-;,., 

tempera.ture. He ~redicted that such lireci:Jtitation would 

oocur if the temJ:.lerature were ra.i_ed high ep.ou~h, .a.l·though . . .... ,. -, '-

this prediction was noti.suojeoted to experimental verification • 
. ~ 

Much other solubility data of a simi1.ar nat-q.re ~ .. ~ 
.(L.., tlatZ· 

some of ..;L.t' in Connection with salts ~n water, been obta.ined, 
~~;A- .. _abe a~ tha.t by Bertra.nd and Leoarme (32) with po tasaium 

chromat,e. An extrallolation of the tem);lerature coet~'~olent 

of the solubility of sodium ca.roona.te in wa.ter to the 
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cr>tt'ical-' region !"ro:ni a fe\vdegrees below it oJ Waldeck, Lynn 

and-'trftl (:3'3) '~u:p~()rt~ ..ithe olJ;'o~ite opflliou "0£ a. dfscoi1tillUi'liy 

of" soi~1/i.1J1~t'~ a,t·,f'th:~'cr'it~i"ca·'i temJ;el~~ture.: This workm:ust 
--7 

" { . -

carry less. wel'"gh_t' because of th:~ ex.=trapolat ion :toa reg-ion 
~-----, 

~ - , _ ~.:.' ~ r ,:", . .".:-'C :r:., , • 
where small t'emp era-tuX'e c"iiang a"s ca.use large dba'ng es in 

-..- .z.: 
.", .... 

pr-op er ties. 

S'till othe'r 'Pro~e'i·t:'les were ihvestfga:t'~d in 'Jth"e 
. - 1 

critical region, 8~ conductivity. Eva'reh'eim"s (34)" 
.~ '.~, ~ ~ ... '.'-' '-'#' ': ~ .-: o· ~- ".~. , ... _~_ :~ i.: ~" .. ..-p .. 

measurements 'of auunonia solutions indic""ted a. fJersistej,.i.ce of 
-, . ~. -, 

liquid. 
__ j .- -, £1 

ioulJ. d. di s t iuc t· ~v~fd.e· .. J.c e~ of 

'-'" ..:~ 1-;, :;;.'- ~ - -~ s:· 

Very strong su~port of thi~ "insisteilce on the 

:at era ist~'n~'e "0'£ 1 £ q~id wii h) .i;' r'o'vide d, by 'Oo,li endir (j'6) '~{~.:-19 28 
*' ~ ~ ,:. i ,$ . • ~,;.! .~_ ";. -~ ,.6. "'J .~ . ,."- -1;£ l~ h ... ~ 

He I'ounei that ou lieatii.l.g wa.ter in statiollar.v \j,uartz tubes, 
... _:. '_-. l:":.. .' l ., ~ ~ .,. 

la¥~rs of 'differ~llt de~ait~ we~e otaerv~~l~ as high a~ 60 0 
d. : _ ~ ~-l. ___ ~ :' ~ .. ~ ~,;.. .. \' ~ . ~ '" ~ .. t'· _. _.. _ i.Jj!. 

above the critical tew~er~ture of 3740 0 He also me~sured 
.< i' . ~~ ~ ~ ~J.. :J' -.-'{).'S..' - ..... v )~c ·;;'l:·~.' ~~:r ,,' ,- _ 

t.u~ sa.turation curve through this region and: J:·OUiJ.U the result 

..... '; ~- ":,... • ',;. ..,' ."', ow." :t~-. _ .. _ .... .:~. . - '. i ~, . 
r a'sul t s w er e 0 b ta. i.£.i.ed wi th ve ry cal'eiully l;)ur if ie d IUa tar ial s, 

-, 
.....' - . ~. . ~ 

a.nd contra.rl to ~ revious invest 19b-to rs, it was said. bl' 

been J:ir ev lousl y 

than th~t the: are 

Caus ad b'y lmpur it i as. 
.I •. , t": 

The whole subject was reopened by the dis90very of 
. - .. :; 

Sutherland and Waass (37) that the reaction velocity of the 
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h7~rogen Chlorid.e-prop7le~e a7-st8m clropped to aero above the 

cr1t.l.ca1 t881perature,'ln spite of the fact that the 

concentrat 10ns of' the reactants were as great or greater than 

the concentrations ln the llquid atate. fhie Itart1_lng result 

h.as>~ .. d to the t~o~ouSh ~nveatlgatlon 0.1 man7 properties of i 

~ . . . J -/'-_.. t -.~ /~-~" ~ - ./ 
(- ( .. (., • .:.:.,- .. ,_~-."~--;>,,- .... ,.~~J0 

• ~.th.71.ne, ethane, a-eth7l ether and~ 

!l1_e' propertles lnveatigated In' t~eae l~Qoratori.s have been 

the elenalt7, 41e1eotr .. lc constant, surface tenaion, apaciflc 

heat, adaorpt10-n and ao on. A br let aurve,1" of the .e:tho da 

andresult. obtalned will aerve to lntro-duce the lubJ ect 
. 

matter of thia theala ln a clearer manner. the denalt7 

m_eur.ementa made D7 tap}) and Maa •• (38) were obta~ned D7 the 
, 

uae ot a McBaln-Bakr (39) splral and a -amall .gla8s float. !hls 

method. gave a Ter7 great .enait ivit,. ln measurement, and 

proTed. conclualve17 that ell.continulti •• of denalt7 do exlat 

aDoTe the cr1tioal temperature. !he aplral and float 

arrang.ment could be moved to. varloue height. ln the tube,~and 

"h.e d.1.00nt1nu1t¥ was thua shown to be a sharp one t and not a 

'en.it7 gracllent. aa the explanatlon of GuOI' and la:ter Rueq 

(40) would. l'8q,uil'e. :87 1;he aame liIeana .echa~l au:~_~u;~_-, 

be effeo1;ed, and 11; wa.~:J.£~~'tObe ineffectual in 4,,1;l'07i~ 
~he denal~7 ditferenoe. In the l1ght ot the preaent knowledge 

of ~he subJec. 1t appears ~~at the mechanical stirr1ng waa not 

0.ont1nued tor long enough perlods, or waa not sutflo1ent17 
<. J J A'~ - -. _" • 

~fT(J ~ dr---L~:;? 
T10l8a. .ll wlll be apparent later, ~- s~lrr1ng .~4 

oaus. a conditlon ot unifor.m 4ena1'7_ !hla or1t1c~am 408S 
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~t-. however. invalidate the conelli.lon reaohed b7 thea. 

authora, that the liqu14 atate do ea p er.lst above the crlt 10al 

'eap erature. 

Winkler and Maaas (41) mealure' the surface tensloa 
-

of' Jrop71ene and'meth1-1 ether. !he result. lndicated that 

the 8urfa08 tenilloD., 'but not the sur1'aoe energl', became equal 

to .ero' at the critlcal temperature. .A.ccor4ing to Porter :.(42) 

thl. condlt'lon ma7 be reatlse4 when the ratio of the mol,c.ular 

diametera of-- the 8peoles 1s equal to the ratl0 of the 

'ens1tles~ 

Maraclen ~nd M&&'s8 (4,) .found that the dlelectr1c 

constant of • llquld and 1ts vapor do not bee,ome identioal 

at the 'o-r-lt 10al temperature, but become equiva.lenl at aome 

higher temperature. !he7 thus cont irmed a s1mllar dlaoover7 

olV.erain and. Everehe1m (44) by a more accurate method.. 

Morr1s aad lIa •• s '(4;). and Ed.ard.e and Maaa. (46) 

8tu418' the a4sorption of prop'l'lene and cl1methl'l ether upon 

aI_ina. !hel' found no discontinulty in adsorpt ion on 

passing from vapor to gas, but found. a marke' ai.continuity 

l·a :pasalng frOID 1i quid to ga.. ~ 
/Q I 

Broughton, Pall and Maaa8 (47) have observe' ~ 

by."ere.is 1a the .pac1fio heat curTa when the apeolfic heat 

1. 'eteromlne' aa the aub.tanoe in a he.erogeneoua atat. 1a 

lieate4 to temperatu~ea above the orit 10a1 temperature, aud. 

when the .pec1fio heat 1& 4etermined on heat ins the 

homo,eneou •• 78' .. throush the saae te.pera.ture range. !he 
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.pea-Uie heat was thua .een to be dependent upon the thermal 

hi.tor,. af t~e auDataTlCe. 

Bolder and Maaa. (48) have repeated and 8xteiuled the 

work ot luth'erland and Maaa., and Maraden and Maaa., upon t-he 

. I,~ 

retiae4 exper1aental method haa shown :that the ·critlcal 
" , . 

co.centratlon- or critical 'enaitl' haa ,a larger effect upon 

the reactlv1t7. whlch i. belleved related. to the pera1.te~ce 

of the liquld atruc,t~re, than has temperature. '!rhl. oiservat1oD 

f,1ta in 11'.11 wlth the meaaurementa of Ste.art, Boll and 

Spangler, whlch,have alrea47 Qeen mentioned, and the theor7 of 

Warren 'and Gingrlch (ij.9 ).~ !rhe importance of Ipec1.flc volume 1. 

again brought out ln thelr workj the lntluenc'e of pre.~ure and 

"_perature be1ng of secondar7 importance wlth regard to liquld 

extstence • 

•• son (18) h.1 lnveatlgate4 the vl.coalt7 of 

e1;h71en8 in thl. I'eglon -D7 a ver7 aenaitlve osclllating 4i8c 

methoel. Be has corifirme' the ver7 excellent work of Clark 

(,50) in .how1ng an h7.ter •• l's ln V18cos1t, on heatlng and. 

cooliDg. lie haa extended lt to ahow the pro babl. temperature 

of dlsappearance of the liquid phase for crltloal 'flll1ng • 

• s ,iniicated D7 the mlnim'Qlll of the vlaco.lty temperature 

eurv8. !he agr.ement wlth the n·e. crit leal temperature aa 

'etenaiae' fro. the lsothermale preaente' in thta theaia 1a 

.o04~ 

the work of Ge44e. and Maas. (51) has been of v8r7 
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.&reat lmp'o I'tanoe in the studT ot the critical region. The.e 

au~hora aa48 avery who rough and excellent atud,. of the 

denSitl', presaure and temperature relations of eth7lene 

~hroughout the orit1cal range. Of paramount intere.t in this 

work wa. the lnv.ltlgation of the ttae laga lnvolve& in \he 

•• tabll.shlllent ot equl1lbriUD1 clenait18. when the a78tem.W&. . . 

aubjected. '0 changing conditlons ot pre.aure, temperature 

and volume. the reaulta ahow an extended tlme lag ln passlng 

from vapor to 11qu1d denaltlea which haYe been lnterpreted 

aa lndloative of molecular orientatlon. 

the ma8S ot 4a,a whioh has been accumulate' 

ln thea. la~oratorlea haa
A 
all been auccel.ful17 explalned. 

UP9Jl thia baals. fhat la, a atructure haa been aa81gned. to 
;_:,.r- "' . tf " 

the .119-u1ci atate ot. asgl'egat ~oa. Thi. atructure ,,has been 

conceived &8 a 4~iC reglonal orientation, the extent or 

4egree ot orientation being depend.ent upon the temperature 

and 'enelt7_ !hi8 conoeption, clue to Dr. O. Maa •• , la not 

vaat17 different from that of Stewart who apeake ln teroaa of 

07Dotactlc groupa, and !raube who apeake in terae of liquid.oa8 

and gaeona. 

!he aathematical treatment of such 1dea8 haa not 

been lett neglected. !hue Ma7er and Rarrl~n (52) predicted 

from Itati.tical mechanioal treatmenta of conden8ing a7s tem8 

a behavlour remarltab17 .lal1ar to that obaervecl by Maa.l. 

One precl1ct 10n that had not previoual,. been ob88rvecl 

esper1aental17 waa the exl.tence of a region above the critioal 
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1Ieapera1lure WherelD($f),. O. 1I0re rlgoroua and a1lllpler 

treatmenta of condenalng a78t.ma b7 Born and Fuchl (53) and 

J'reDkel (54) reapectlYe17, have corroborated thea. 

mathemat lcal oaJ.culat lon8. Experimental verification of the 

prevlous17 uncontir.me4 prediction with regar4 to/d.L-\ is 
~tl, 

j'rom theae pr.saure volume 
. -~ 

t_perature relationa, and. from pre.aure temperature relation., 
'

," 

a aaw conception of the 11quld gas tranaformatlon has been 

torce' upon the author. !he tranaltlon plcture now includea 

the "Influence of apaciflc volume, t_perature, and p~eaaure, 

and' explaina quite plaualb17' the pOI.10111t7 ot amul.lfl~4 

other.-. the experl.ent. which- la4 to thl. concept, wh.lch i8 

tollowins aection •• 



~lw 

.... 

.. ~i; 

Three. tJPes of· apparatus were used in the inves-

tigationa described below. The first was copied exactly from 

the design dev~loped by G:eddes and Maass (5l). 
-: ~ ",' 

in its e.aeritial. of two p7re~ glass bomb_, ab~ut,35 cm. in 
.~ -:r.' 'J.' 

length, al1Pported upon bras,s' rods, and joined at the bottoms boy 
" ~ '-- ",: . ::~ 

,pyrex ca:pilla~l' tubing, -be·nt. to form a u-tube. The dimensions 
, ,~~ ...... - . ..., - ... : '..,- .1 . ..... , 

of the bom·be were approximatell' 11 mIn. insi,de diameter, w'ith 
- _. J:r • 

, '" 
walls of :5 mIn. thickness. !Db-e capillary tubing had an inside 

~.., f;:,.· 

diameter ot about 3 mIn. -and an external diameter of approx-

.The left-hand bomb contained a small nail enclosed , 
~ . 

in a gl&a. aheath, and a 8Jlu~ll electro-magne't, which c~uld be 

raised and lowered along the length of the bomb, wa,s arranged 

outside the tube' in order to stir the conte~ts. 

The right-hand bo~b contained a McBain-Bakr bala.,x;Lce 

and float for the determination of the denaitiea. The quartz 

.pir~l. had normal lengths varying from 3 cm. to 4 em. and 

.~nsitivities ranging f~om .OO} gm/mm. to .0045 gm/rom. The 
, . t ", 

floats were made of Pl'rex glass, with diameters of about .5 cm , 

and volumes ranging between 7 cc. and .9 co , While their 

we ights varied bet,!een .3 gm. and .4 gm. Relative· 4ansities 

were determined by measu~ing the elongation of the spiral by 



means o~,a oathetometer to ± .05 mm. and oould therefore be 

reproduced to within ±. .l~. The densities wer'e ca.lculated 

trom the equation 

where 

d =- W - (1:_:-: N)S • 
V 

d is the density 1n gm Icc. 
-.-

W 1s the weight of the float in gm. - .' 

E 1s the extended length of the sp ira.l in mm. 

II 1s the 4 norma'l le~gth of the spiral in mm., that is, 

the length when harigingunder 1ts own weight in air. 

S ia the sensit1vity ot the spiral in gm/mm. 

V iii the volume of - the float -in cc. + 112 volume of 

8piral. 
. .. 

A plot ot spiral length aga.inst density ga.ve a quick a.nd 

convenient method of evaluat-ing the densities. 

Absolute values of the density were dependent upon 
,-; -----
dt.~~ 

th-e-4.'b-&rmi-na..t1-e~ -&-t- the volume of the float, which waa osrpi-ed 

~- by means of a picnometer. The values of the volume were 

-f"ound to be reproducible to three parts in e1-ghi~ hundred. 

Tbe spiral was suspended in the bomb from a glass 

collar, which rested upon a coustriction blown in the gla.as wall 

0-£ the tube. In order 1;0 remove a possible cause of explosions, 

this arrangement' was later altered to that of a carefully bound 

stee1 .prlns~ which pushed strongly against the glass walls, 
, ,.. 

lila was"'p'tev$nted I-rom scratching the surfaces b~ a cotton 

co,eriAt. A cotton wound glass ring was inserted i~ the lower 



part of --the tube in- order to support the float and 'relieve 

the stra.in upon the, spiral when the tube wa.s empty. When 

these parte of .theapIJaratus had been plaoed in position, the 

top olthe tube was drawn down and.joined to a capillar7 lead, 

which in turn was seal-ed to the purification train and 'filling 
. -
,-,. 

system. The left-hand bomb was drawn down and joined bd the 

fill~ng system in the same way~ The methods used for filling 

the bomb assembly with me#cury and t~e gases ~ployed in the 

investigations ,were commoil also to th;e second form o.f 
I -, ,4i 

aPl>aratu8, and~are desori baa fully_ b~low- A scale was attach-ed 

to the side of the right-hand bomb, by 'whioh the difference in 

meroury level between the two bombs Was -evaluat ed, and used to 

correct the pr~ssure values. A diagram of this type of 
,--

apparatus is g~ven in Figure 1. 

The second type of-apparatus was adapted from that 

described above. It consisted again of two pyrex glass bombs, 

joined at the bottoms as before. The diameters of the bombs 

~e-reJ however, greatly reduced. The internal diameters were 

now a~out .5 cm. with .3 cm. walls. The spiral and float of 

the previoua design were not used. Instead, both aides of 

the apparatus were made exactly similar, a magnetiC stirring 

r 
arrangement being added to the righ·t bomb in order to determine 

the eff ect of mechanica.l stirr ing upon the sub-stance under 

inve st 19at1on. 
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The apparatus was filled with pure mercury to about 

the bal£~ay position';'in each bomb. This mercury acts as a 
.' 

p.istoit iIi the manlpulat'lon of- the ethylene gas which is con

fined in tlie right-hand tUQ6,' and also transmits the pressure 
. .' ...J ~ .: 

gener.ted by the carbon dioxide of the left-hand bomb. The 

norma.l mercurtlevel was determined by means of the cath

etometer.,': ·and~·the volume of the ethylene bomb from the surface 
. .' 

of the mercurt to the draw-~t! was calculated from the 

diameter of :t~e ,tube.. This diameter was measu);"ed by means of 

the cathetometer, and was shown to be constant throughout its 

length by measuring the height of known amounts of mercur7. 

The diameter ot"the carbon dioxide tube was determined and 

checked·tor cO'n"jtancy in the same manner. The volume o't the 

draw-off was cO'mputed ~1' geometric estimation. The total 

volume was then correct·ed tor the presence of the stirrer, the 

volume of which had 'b~en determined by means of a picnometer. 

The volume was 'later chec~ed by repeating a point upon a known 

isobar. The agreement was excellent. Volumes could then be 

~omputed tor any mercury level, and a plot ot mercury height 

against volume was used in the same manner as the plot ot 

spiral length against density tor aIJparatus #1. The necessary 

pressure co'rrection was given iDlIilediately by the rea.ding of 

the mercury height. 

This design possessed two distinct advantages over 

the-former a.ssembly. The absence ot the spiral a.nd floa.t 

permitted the use ot much narrower tubing. The considerable 
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~~.k o~--explo8ions, which was presen:t; in all the work, was 

~uch reduced. ,¥oreo.ver, mechanical stirring was now possible. 
,.~. ~ '.- . 

It ~ad~,. however J the i~eren~ disa.dvantage that heterogeIl:eous 

8¥stems could not be detected. This was not a serious dis

~dva.~ta.ge in the invest~igat19ns for which it was designed, 

be~au8e the oonditions under which su~h systems were kn9Wll to 
- . ; ". 

exi8t had been esta.bl~s~ed fro~ p~ev~ous wO,rk,~and the 

pressures of such systems were the point of int,rest, _~athe~ 

than the actu~l d~nsity differences themselves. 

Ins!£tion of !!rcurz 

The- .1mples~ and most conv~nient method '!..~ inserting 

the de.~red"amount of m~rcurl 1n~o the bol}ibs a.~d. the con.!lect ing 

1;l.-tube, wi,thoup tr~p:ping an". air in, the threa.d of ;mercury 

between the bombs, was that of distillation. 
~ .. ' .... '. 

A ~mall ~is~$lling flask was partially filled with 

pur.e mercury. The side-a~ of the flask was fitted with a 
~ - . '.,' 

emall,condenser ja.cket, and then sealed to the lead of the 

carbon dioxide bomb. The system and the fla.sk were then 

pumped, out, a.nd the mercury distilled into the carbon dioxide 

bomb. When suft io ient :qlercury h_a.d been distilled to fill the 
. ' .. ~ . . . : 

~"~i;t.larl .~ub,1ng and part of eaoh bomb, 'the stop-cock in the 

lead to the ethllene bomb was clo sed, and air slow17 allowed 

to eriter the carbon dioxide bomb. The differential pressure 

forced the mercury tlLrough the u-tul?e and into the ethylene 
. "'. .- _. ...: . • 'l . ~~ . ..- ~ 

bomb. As soon as the mercury showed in the et~ylene bom~t 
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the stop,,;,cock was opened and the p.res8ures equalized in order 

to prevent the merl3u·ry from rising too hig~ and damaging the 

float and sp iral. This proced.ure was repeated unt il the 

desired mercury height was 0 bt'alned in both bombs. The 

distilling flask was then disconnected, a.nd the apparatus \Vas 

ready to be filled with the gas samples. 

A diagram of this type of bomb a.ssembly is given in 

Figure 2. 

~PP.ARATUS til 

·The third typ e of exp er imenta.l. unit was des~gned 

l 
for the study of the effect of compression on the l.iq~id phase. 

It consisted of a single bomb, with quartz spira.l and float. 

A small glass co~denser jacket was made to fit over the top 

portlo~ of the bGmb~. This jacket was maide "water-tight against 

the bomb walls by means of a rubber gasket. Two leads were 

provided in the" glass jaoket itself, to allow a circulation 

of water through it. The temperature of the water to be 

passed through the jacket was control~ed from outside the 

protecting screen. Two streams ot water, one from a hot and 

the other from a cold water tap, were passed through a 

mixing chambe'r J and the temperature of the wa.ter issuing from 

this chamber was read upon a thermometer. This water oould 

then be passed through the jacket upon the bomb, and the 

temperature 'of the return stream was read from a second 

·thermometer, placed suitabl1 in the return line outside the 
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/ 
~, 

/ \ 
p~otecting screen.. As the c()ntrol and production o·f 

I 
./ 

/ 

temperature was not ~equired to be precise ;---the'temperature 

ot the water passing through the water jacket was assumed to 

be the mean of the temperatures of the input and outlet 

streams. 

After the bomb had been filled with ethylene and 

the to~ sealed off, the water Jacket was affixed .in proper 

position, ~he whole .. jacket and, a large section of the leads 

were bnmersed in the thermostat water. Thus, when no passage 

ot_ water was permitte.d through the jacket, the tempera.ture of ... 
the whole length of the bomb was equal to the t.emp~ra.ture of 

the thermostat. water. When water was passed through the jacket, 

a temperature gra~ient could be maintained along the bomb It 

was necessar1 to ensure that the water of th,.e jacket could 

return to the precise tem~erature o~ the thermostat. The 

only. source 9£ error was likel¥ to be the heat which could be '. . 

condu~ted through the leads of the water jacket, and which 

were exposed to the ~igher temperature of the air of the room. 

A calculation of the maximum temperature gradient which could 

be maintained in this Wa1 showed a possible value of' .0008 0 0. 

This 1s less than the fluctuations of the thermostat itself, 

and should not be important. However, to preclude the 

possibility of such conduction, sm~ll cop'per coils were 'placed 

in the bath, in series wi·th the jacket lebds. The ~importance 

of this precaution is brought out more clearly in the 

~ubsequent discussion of th.e compressional experiments. 
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.- A alight alteration of this arrangement waa used 

tor aDiolecular stirringa experiments. The glass jacket was 

replaced bl a small rubber coil. This substitution allowed 

more rapid .atabl ishm.ent of thermal equilibrium, but could 

only be used to cool tAe top of the bomb, and was useless for 

compressional manipulation. The reason was this. It W&s 

hoped to re-establish liquid structure by means of local 

[~ comprsasi* in an Origina~~lY homogeneous· s1stem.. If an7 por-
. ,. 

tion olthe bomb top were not completely covered, the 

temperature of the exposed portion would be unknown·, a.nd might 
, 

possibly be below the temperature of condensation. Thus the 

formation of liquid could not be attributed to oompression, 

and the value of the experiment would have been nullified. It 

was. however. a very convenient method ot bringing a~out 
I ,. 

wmolecula.r stirring" of the~ air-ethylene mixtures which were 

etudied_ A diagram of the water jacket assembly is given in 

Figure ,. A drawing of theruboer coil assembly is not 

inclu:ded, a.s the principle of construction was exactly t.he 

same. 

Purification.of Gases . rzz_ _ -

The gases which were used in the present work were 

carbon dioxide, ethylene. and mixtures of ethylene and dry 

air. The purity of the gases was of t~e grea.test importance, 

beca.use much of the criticiam of previous work done,., in the 
ff ~ ~/ L f} ~ l t...(...- ~_Jt.. -LCL-<,K·O 

criti'cal temperature region 'has been.~~- J.w. purity 
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. 9fthe s.ubstane'es investigated. For this reason, great care 

was taken in th$ purification of the gases and tn their 

intro·d'Q.ction lnto the system. 

The purification wa.s ca.rried out by fractional 

distillation. 'The souroe of supply of the ethylene or carbon 

diox~de gas was first sealed to the purification train a~ the 

pOint A of Figure 4. The source of the ethylene ga~ was the 

tank material supplied by the Ohio Chemical Company. It had 

a guarant$ed ethylene content of over 99~. The source of the 

carbo~ dio,x,id'e was o.lean powdered dry ice, which was placed 

in. a glass container, and then sealed to the ap~aratus. 

The apparatus was completely pumped doml by opening 

the stop-cock at B~ The stDp-cocks in the distil11ng -bulbs 

.C and D were then closed, and liquid air placed around one of 

them. The gas was then distilled from A. ·to D, the stop-cock 

B being opened·at frequent intervals and·a, portion of the gas 

drawn off through the pumps. When sufficient ga.s had been 

coll~cted in D, A was sealed oft and the system 

evacuated. The liquid air was then removed fro ,and about 
/' 

one-third of the sample allowed to distilY::6'ff. This f raet ion 

was used to flush the large calibrated volume E, and the 

------ppropriate bomb into which the ga.·s would ultimately be 

distilled. The remaining gas was then distilled into C J and 

the apparatus again pumped down. The sto~-cock in C was next 

opened, and the first third of the sa.mple again used to flush 

the large volume and the bomb. The cock was then closed, and 
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tb-e- appara.,tusagain evacua.ted'. Th~, stop-c~ck to th'e comb was 
• • 

'tl.t8h' ~losed, and, the la.rge cal'ibratad-· volume filled with the 

gas. The s·top-cock in C wa.s clo·sed, -and the bulb left sta.nd.ing 
-=---~ . 

/1 iqui d'&1,~~, .:he bomb assellJ.b1" whiclr hail pr e11'iouel, been 

~oole dby- a dri~ice ac atone ~ixtur·e, was now surround·edby <"/ .' . .--, 
liquid air"'and an amounto! gas conde:nsed'@'a.e"ci;;'ired, by 

o~'8nfng 'the "stpp-c,ocks G or H, 8.D;d. measuring the cha.nge in 

• 
pre·sau:re ,*.p~~ t;q.·e manome'te~r.·F. 

An i,dentical proc.edure was followed for the air-

ethTl"ene samp'les. In- this case, however, before the bomb 

ca.piliary· was sealed off, the stop-cocks to the large volume and 

to "the bomb- were closed; t·he system a.gain ~umpe·d dO-wn·, and the 

atop.-c'-ock from the calibrated 'volume L, wh"ich ·contained dry air, 

was opened. The cock ~~ the bomb was then slowly opened, and a 
," 

measured amount of air a.llowed into the bomb. The bomb was. then -. ',. . 

seal ad off· at the cap illary t lp. 

At all t !mes between runs the bombs must be kept 

immers"ed in a carbon. 'dioxide a.cetone freezing mixture to reduce 

t·he pressure in the system and eliminate the danger of a.n 

explo sion. 

The purity of the gas samples obta.ined in. this manner 

is believed to be very great. The behaviour of pure ethylene 

samples c.hecked exactly w~th that 6£ samples purif1ed by ca.re-

f'ul distilla.tion thx-ough a Podbielniak column. There are 

mcinut e discrepanc ies in behaviour betwe.en the samples used by 

the author and those employed by Geddes and Maass. It is 

believed that these differences are due to almost immeasurably 
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·small quan~itiesof air in the samples of the former workers, 

Which, we're completely removed, or a.t least greatly reduced in 

amount by thepartieu~ar care taken in ~re~aring the samples 

used in these illvestigations. The amount of gas was calculated 

from the gas lawj and the chQnge in ~ressure of the .large 

calibrated v·olumes. No account was taken of aberrations- from 

the ideal law, because it wa.s found to be unnecessary in the· 

types ofa~paratus used. In the first design the average 

dansity was kn~wn directly from the spiral reading. In the 

second, an approximate drop of 10 em. in pressure was all that 

wasr equir ed to fill the smaller aJ:olparatus. The possible 

erro·r from rea·ding the manometer wa.s 1%, which is of the same 

order of magnitude as the correction necessa.ry for the ideal 

law a.t a~mospheric pressure. 

·Care had to be taken to ensure tha.t the prop er 

amount of carbon dioxide was introduced into the system, so 

that under workiag conditions a two phase system wa.s always 

maint~i.l.led", desJ;lite the vo.lume changes and temperature cha.nges 

to which the carbon d.ioxide \'i~S subj ecte.d. 

Treatment of Glass and Causes of 
~~~~~----------- ------. 

. Ex;e 10 sip!!!. 

The experimental units used in these investigations 

were ~equired to stand la.rge internal pressures of 50 atmospheres 

or greater. For this reason the construotion of the bombs 

required great care. 
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Despite all efforts which were made to remove causes 

of explosions, no surety of proper construction was ever 

aChieved. The bomb assemblies were tested before being placed 

in position,by means of a Oailletet water pump, to well above 

the pressures generated in norma.~ operation. III 8}1 it e 0 f th is, 

frequent explosions occurred. The e.xl>losions were of two types 

The f irs't was the complete collap se of the bomb walls them-

selves. -The second was the cracking of the u-tube. The effect 

of a.nnealing upon the glass was studied. The bombs were 

placed in an annealing oven at 550 0 0. for two hours, and were 

then slowly cooled ove rap erio d of twelve hours. This 

treatment had no apfarent influence uyon the bursting pressures 

as measured on the Cailletet wa.ter pump. 

The breaks in thel~u-tube were traced to tw-opossible . --' 

cause s. It Via.S found that if the bombs were clamped very 

firmly in pOSition, the u-tube frequently shattered. When the 

clamps upon the top of the carbon dioxide bomb were loosened, 

and a- certain small play allowed in the bomb, the number of 

breaks in the u-tube was grea.tly reduced. The second cause 

appeared to be the Bour-don effect of the bends in the tube when 

cooled or heated 

could be done to 

design. 

through large temperature ranges. NO~~ng () 

offset this inherent disadvantage of (the \-- /J ~ 
'''-----_.. v 

The glass was always carefully was~ed and then 
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ri'Jl,;aed tho;.roughly with distilled water. Wh~en the bombs were 

in po sitlonthey were thoroughly baked out under high vacuum at 
• 

a temperature of about 200·0. for periods of well over half an 

hour. 

The~ostat8 &n~ Lighling 

8.inc,8 a. temperature control·~of better than ±,.OloC • 

. was. desire·d, it was necessar, to construct thermostats in which 

the- temperature could be very accuratel,- regulat ed. Since the 

"emp.erature of Twas. in· .. the neigh bourhood of 9. 50oC., the 

. critical,tempera.ture of ethylene, and that in T., in the 

v1Qinlt,- o;t .. l5°C. a. the temperaturstat whichca.rbon~dioxide has 

a vapour pressure approx.1mate17 equal to· the c.ritioa1pres8ure 

o£ ethylene, w~t8r baths served the purpose~admirab~7. Each . . 

:thermostat conslstedot a c-;ylindr1cal pyrex j,ar 18 inches high 

e,.Bd. 10 l~ehes in diameter, well ln8u~a.ted 'with sheep's ·wool;;: 

A .long narrow p la.t~e glass w~ndow was cemented in the jar T, so 

that .when the latter wa.s placed ~n position the measurements 

of the sp iral ext ens io ns would no t·· be int luenc e4 by 

imp.erfections in the glass wall of the jar. Since the temper-

atureawere below room temperature, watersometimee condensed 

0.11 the glass and prohibited clea.r visic:sn. To eliminate this 

dif:t\icul t1' ,a doub lawindow was plaoed in the front of the 

thermostat and a curren·t of warm dr1 air passed between ""the 

windows. The eth1~ene bomb was illuminated trom~Dehind with 

?OO w ... -froste'", lamps which were water cO'oled-. The thermometers 
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were ""1:11uminat'ed by front :light:lng. Each ba.th contained a 

cooling coil P, mada.from sl~ feet of half-inch thin-walled 

copp er tubing. A two -gailon water tank supported at the 

ee1li'ng J and which had a. steady flow of cold water through 

it, eerved as a constant head source for the cooling coila. 

The rate of 'flow of water in the coils was adjusted by means 
.i> 

0.£ .large taps. A amallar subsiduary flow s1stem was added to 

this .~ystem .in order to ·increa.se the sensitivity of control 

fo.r·,..thepressure volume 1sotherma.ls reported below. Each bath 

was also au-pplied with a 500 w. a.nd a. 100 w. heater. All 
: 

heaters were manually controlled by means of r4.eoatats • 
. .... -- ' 

Stirring, was produced by m_ns of two stirrers,wlth. four blades 

each, for eae·h thermostat. All four stirrers were operated by a. 

~.i G.: ·.hunt wo'un~ motor Who S8 speed could be contro~l·ed.. 

~empera.tures were"determi·ned··with ~Beckmann thermometers and 
. t' 

'0 • 

standardized mercury thermometers divided into tenths. Thus 

absolute temperature readings could be made with an accuracy of 

+;02 0 0. and relative readings with a higher accuracy. -
~. ~~, All the apparatus contained in the thermostats was 

supported ·from above by the beam K. This allowed the 

thermostats to be moved ,up or down. ~y the use of a. system 

of corda and pullel's, the baths could be· raised fo'r a run a.nd 

lo.wered at its terminat ion, ·to permit the Dewar flasks to be 

piace4 in-position around the bombs, or r.moved therefrom. 

The explosion hazard has already been mentioned. To 

protect the operator from tlling glass in the event of an 
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e~loslo.11., a double wall of bea.ver board was built in front of 

th~- appa.ratus. -Ob sel'vat iona were ~ade through a -shatt erproof 

plate gla.ss window, and.all man:-ipulation during a run was per

to rmedb ehind this screen. Thermometers were observed through 
-. 

tele8cop~sJ an_a the readings of the mercury height or -sp iral 
, 

length were 'm$.de. by means of a cathetometer placed near the 

telescopes. After each -run, the Dewar flasks were lifted 

around. the bombs by meansot stri~g and pulley ho iets, being 

guid.ed into place by sticks which were atta.ched to them and 

manipulat.ed from behind the' wall. 

The 8eque~ce of operations involved 4uring an 

exper~ent was of great impor.tance and must be followed ri~idly 

.it breaks of the u-tube and. other tc'ause s of troubles are to be 

avo ided. 

The solid carbon dioxide in the fla.sks was first 

melted out with acetone so that the fla.sks could be removed 

without straining the glass assembly. Oare was taken that 

some solid carbon dioxide was alw&fS pr~sent so that the 

tempera.ture of theslueh remained at -78 0 0. The level of the 

cooling mixture in ·the centre De.wa.r wa.l mai~ta.ined a.t the 

high •• , possible level. This was done in order to increase 

the contraction of the mercury in the u-tube to a ma.ximum, a.nd 

80 increase the margin of saietl' for the expansion of the 

mercurY.in the bombs and.capillary when the ba.ths were hoisted 
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into position. The bath water was next cooled by adding ice. 

'!he temPE!rature of the ethl'le.nethermostat must b.a below goO., 

since the .behav~our of the system depends upon its .thermal 

h;istorl, i~ this t,em:p erature is muc~ exc eeded. The careon 

dioxide tb,ermostat was cooled to about 12°0. When thi.s was . .' . ~:: -. 

d~ne, an~ th ermome t er sand 1 igb. t s prop e rl y ar range ~J the 
. ~~ .. 

Dewar s were remove,d from the ethylene and. carbon dioxide b·ombe. 
~.- . . -

Th:ea8 ,we~e atlowe~ to, 'warm llP slight11 in the air for severa.l 

minutes~~~ the._b~ths then pulled up into place. The baths 

must .b e raised into posi.tion i~; such a manner that the frozen 

mercury 1 s comp 1 et ely 8ubmerg ed in as sho rt a t iDle in te rval as 
L. 

> 

It th is we re no t done t the mercurl in t~a~ part of 
. 

the capillary which is· submerged would ~elt, .. a.nd since the 

mercury above it in the bomb and lnthe cap~illaryis.no t 1et 

~91tenJ there would be no room for its e~a.nsiont and the 

tub es would be shattered although no p~essure had as ~et been 

develop'ed .py th.e. gases tlJ,emselves. The temperatures of t~e ~ 

ther~o stats were 'tAen a.djusted to b ringaoout an approximate 

balance of pressures between th$ two bombs. With ethylene 

th~se ~emperatures are well known, but for some substance whose 

vapor pressure curve has not been accurately determined, it is 

well to maintain:. a. pressure. in the carbon dioxide sid.ewh.ich 

exceeds the probable critical pressure of the substance, and to 

keep .the tempe.rature of tha.:t. substa.nce slightly below the 

cr~~ic~l. In this manner the mercur1will rise slo.wll' when 

~h.e .froz·en se.l in the u-tube is al~,owedto melt, a.nd will 



-17-

'i'o rce th-e l-iquid up against the top of the bomb. This liquid 

18 relatively" 'incompressible, and more time is available tor 

temperature a:dJustment than if the ca.rDon dloxi,de were being 

compressed,' because the carbon dioxide is present in such 

Quant-1ty as to gua.rantee a two-phases~stem throughout a.ny 

volume change caused by the mercury movement. 

Three types ot·· experiment are now pos~ible. These 

are constant- pre"ssure J oonsta.nt'volume and constant tamper-

a-ture runs. 'T)le first is performed by ma.intaining- the carbon 

·dioxide temperature consta.nt, ex.cept forsma.ll"-~ha;.ngesto 
.. ", ... ~--' 

counteract the variance of mercury level, while the temperature 

of -the ethylene or other substance is va.ried' as desir'ed. 

Constant volume runs may be-performed in, either ,of-

;two- ways. On the one hand., the mercur~in the centre u-tub e 
l 

may be kept -£rozenJ~- while -the ehange· in density with. temperature 

is ·followe·~. On the other hand. the volume Irlay 08 -kept cop-

stant by adjust ing the carbon· d1o~:1de preesure·-....;;to counteract 

tor the vo-lum-. change-. Such. e.xpetim.en't,s are the -ha.rdest to 

per-for~j and SUbject to the -greatest e~ror. -With practice, 

however, the ope:f&torcazi ma·ill.ta.ill the volume constant to 

mUGh less than lJi'l> 8lia.~ge. 

Iso thel'lllal s-una are-.ma4.e by making small c~angee in 

'ike ,temperature of the carbon dioxide thermosta.t. An increase 

in temperature, -for instance, causee an >increase in pressure 

upQn the ethylene, which is given b7 the va.por pressure curve 

of carbon dioxide minus the increaa8 in height of m-ercur7 
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caused by the,volume change. Great importance has been 

attached to certain runs of this t~:pe which are· described in 

the latter part of this thesis, and emphasis should be plaoed 

upon the care taken in their acquisition, and upon their 

repro ducibilitl. Pressure changes could be made with 

certainty to -01 atmosphere, while temperatures of the 
.' .... -

eth,lene were kept to :t.·002°C.. From day to day the estimation 
~ - .--. 

of the readi~g of the standard' thermometers ~aried by about 

.02-°0. ,hut in anyone run, pressures could be duplioated to 

±..005 atmosphere or better. T.wo sam1l1es co~ined in different 

'assemblies gave exactly similar results. 

The closing down of the allparatus is essentially 
-4, . 

·the rev-erse of the procedure outlined above. Th'e mercury is 
':-', ... 

brought to approximately the level position, and the. tip of 

the centre u-tube is frozen. The thermostats a.re then cooled 
. i - . 

to about 80C~ and lowered away. The Dewar holders are 

attached to the sticks, and a freezing mixture slowly raised 

about the bombs. Care should be taken to see that the mercur7 

,is frozen at the three tips first. This ensures a maximum. 
" 

con,traction and even spacing of the mercury. A.fter the bombs 
r '':"- -... <~ 

have been thoroughly cooled, the operator may go behind the 

protection, and replace the freezing mixture by solid oa.rbon 

410:r.148. 
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RESULTS 

The results . which a.re presented in the following 

sections were obtained from investigations o·f one and two-

pll:~se systems of ethylene, Q.nd from studies of a.ir-ethylene 

mixtures. Although a subdivision ot the work into sect~ons 

describing the results obtained from the one component system, 

and a second section describing those f~om the multi-

component system would be \luit'. na.t~ral, it is felt tha.t the 

rtWort will be somewha.t more stra.ightforward an'd, offer. better 

continuity if presen,ted in a. chronologica.l sequence, beca.use 
. . 

the early work in many ca.ses led directl;y to .the later, and 

the frequent changes of ideas in the interpretatlon of the 

results seem to lead quite naturally to the idea.s now held by 
( 

the writer. ~n ~a.rticular it is interestin~ to note the 

rather distinct changes between the interpretationS'~d;-~
~~he writer /WhiCh ,developed rather rap idly as an increase 

in knowledge permitted the performance of more and more 

informative experiments. For this reason, a survey of the 

work done by Geddes is presented here someWhat more ful~y 

than in the introduction. 

Geddes found tha.t time lags ill the esta.blishment 

of equ.l11brium densities, SUbsequent to pressure, tempera"tture 

or vol~e changes, were of an entirely different order than 

that required for thermal equilibrium. Mea.surements ma4e at 



c911stant.····p re ssure showed that: 

(l) t·~~. tim~ required for the density change to reach half 

val'Q.e,c~llced. the time to half value, is in general shorter 

wlth increasing temperature toward the critical temperature 

than ~w1 th dec.r easing temp era.tur e toward th e cr it iCol; 

(2) the transttion from "vapor" to "liquid" .densities showed 

an extended time lag, a.s long in some cases as six hours; 

(;) the influence of pressure upon the ti~e to half value is 

great, the time re~uired falling off rapidly with increase in 

p~essu·r e; 

(1+.) . the time tohal£ value is lessened the greater the 

~ifference between· the initial and final densities, although 

the t ~e to .. e \!uili or ium is gr eat er. 

Measurement S Ul.Qde at cons taj:l. t volume showed a. 

persistence 0,£ a heterogeneous slster.u until the temperature 

was aplJroximately four degrees above the critical. Cooling 

from this temperature caused no increase in density until 

condensation occurred, when a liquid of a lower density than 

the~.original.11quid appea.red. Once the density difference had 

Q;een destroyed, the homogeneous system was considered to be a 

true gas until th.e tempera.ture of condensation was reached. 

Pressurem.easurements of t)le homogen~ous and heterogeneous 

systems· showed that the pressures were identical within 

experimental error fO.r a.ny giv'en tem:peratu.re. 

Isothermal compression and ex~an8ion were found to 

destro:y.the h·eterogeneity a.nd t"his was considered to mean tha.t 



the two-pha.se character of the system had. been destroyed. 

Temperature fluctuations and nmolecul~r stirring" were found 

to have the s'sma effect. These results were interpreted on 

the basis of a difference in structure of li~uid and gas, with 

the conc.8lJt ~~. a d1n~ic structure or regional orienta.tion 

€~a~~..!tJ.~ the true liquid. This interpretation 

has now been extensively altered to the concept of a. simple 

two-phase system wit·hout specification as to the differential 
." -;-

characteristics of the separate phases for the explanation 

of muoh of the phenomena reported below. It fails, however, 

'to explain cert~i:p. very perti·nent .. ~experiments witho_ut· ·some 

further elaboration a.s to the physical aggregation ot the 

phs. s e s. Wh are th.e- '_-Blmp 1 er exp la.na t ion ha s been auf fi c i en t no 

mention is ma.de of ·the hypothesis of regional orien:tation, 

but where this explanation has failoed, the concept of a 

liquid which possesses some sort of structure of that nature 

has been us~d, a.nd has bean extremely useful. 

The unusual nature and interest of the r~sults of 

Geddes made the <1ues~ion of .reproducibil.ity an essential part 

of an1 subsequent work. Three typical isobars of samples of 

ethylene of satisfactory purity are given in Figure 5. The 

isobars are identic~l in sha.pe to those obtained by G~ddes, 

but show s. difference of .0100 gm/cco in the ab.solute value 

of the den.sitl' all a.long the curv'es. This is very clearll' 

lllustrated by th~ good agreement between the triangular 

po lnts (which are the values 0 btained by Geddes minus a 
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conatantiactor of .0100 gm..Jcc.) and the curves, which are 

observedvaluea. The cau~e of the discrepancy can be 

suggested, and the ~r~sent values are believed more nearly 

correct £or several rea~OllS. It is at once a~larent that the 

ca.rbon dioxide pressure cannot be the cause of the divergence, 

for the liquid. density at 9.00 0 C., under the vapor pressure 

of ethylene alone, and obta.ined by keeping the centre u-tube 
" ~I~.i* ~ 

frozen, is reported as .25~l gm/cc- b·y Geddes, which differs 

by ~he same faqtor .0100 gmlcc. f·rom the observed va.lues. 

The most likely source of error is therefore the calibration 

of the glass float. The volume consta.nt in the
~ 

was reproducible to 3 parts in SOO, the mean of 

lJ re sent wo rk 
~cl 

a. s er i e s Q. ing , 
~ "-

of course'l\more accurate. Moreover, duplication with entirely 

new apparatus, including a_.new sIJ iral a.nd float, gave va.lues 

agre·eing with each other ·to g parts' in 1000 on. a.bsolute values. 

Although two samples were used by Ged.des, ·none of his work 
• 

was repeate.d with a. different experiment&.l unit; in this 

investiga.tion work was repeated with several units. Table I 

shows the reproducibility of the liquid pha.se denSity for 

different liquid vapor ratios, as well as checks obtained with 

different units. Consequently, it ma.y be reasonable to assume 

that the absolute values of the data presented here are more 

near1 7 correct, and although no change is indicated in the 
~ 

r:.elative density measurements of Gedde8~ in the c.onclusions 

drawn therefrom the v~lues should be corrected. 
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TABLE I ---

Densities of Ethylene Liquid at 9.~OoC. fo;,: Various 

Fillings a.nd Experimental Units 

--===-==========~- -- ---===== '--=====-.=-.=--~-=------ .. . -------------- - - - -

Sample 
l~o 

-AveI'ag e 
density 

D en sit ..y 0 to 
liquid 

-------~----------~---------~---------------------

1 

3 

6 

9 

. 21 53 
221.0 
2253 

.212 7 

2166 

0 .• 2455 
2460 

.2460 

2450 
.2450 
2455 

.2445 

Densities of Sample 1 were measured by means of 

one experimental unit, of 6 and 9 oy two other units. 

Samples 3 and 6 ~ere distilled in a Podbielniak column (S6) 
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.. ~.. :Reproducibilily of Time La.s..!. 

\r .~--
Th~~:~ agreement of the time lags is all 

. ? 

that may reasonabl¥ be expected from the experimentb.l method. 

Very amall difference. ,111. aosolute temp eratures cause larg~ 
... "\..- ';"." " 

changes in densit¥, especially at those posit1~ns of the 

isobars where tim~ lags are moat sensitive. Moreover, the 

correction that must be a.pplied for the chang.ing mercury level 

involves a personal error; This is due to the fact that the 

temperature of the carbon dioxide has to be adjusted cont in-

uoualy- in such a wa¥ that the proper temperature change is 

achieved at the~desired time interval. Since the effect of 

pressure up0?J, time. lags and density is ma.rked, slight 

differences i~.pressure cause divergences in the time 

required for ey,uil·1brium. The correct orde~r~of magnitude is 

therefore all that should be expected along isobars, while 

much better a.greement should be obtained inconstant volume 

determinations where the u-tube is kept frozen. The results 

are given in Tables II and III. Following the ~ractice 

in:itiated bl Geddes, the results for isobars are expressed 

1n terms of the time required for the density change to reach 

th.e.~.half way mark, . while the e'iuilibrium till4ea are recorded 

for isochor e runs. 
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TABLE II 

Maximum time la.gs observed o.n hea.ting +0.20 0.0., pressures 
being kept eon.tant 

Geddes - Observed 
........ --------

P;r essure , 
atm. 

Pure ethylene 
1;1/2, ~.:-

J 

Pure ethylene 
~1/2J min. 

0.93% air 0.55% air 
t1/2& mine tl/~ ~in. 

12 
7·5 

12 
5 

-- --
4 

T ±me lags observed on cooling so a8to pro dues 8p ecif ied 
density changes (in ~ure ethylene) ~ressures being kept 
constant a.t 50.54 a.tm. -

Density ehan~e __ t!12, min. 

0.262 to 0.245· 
0.2.40 to 0.205 

2 
g 

Observed - -

0.265 to 0.254 
o 245 to 0.210 

Cooling Tim! Lags of p~! Ethllen!, 

Isobar at 50.54 Atmospheres 

Geddes - Observed -
Density change tl/2. min. Den,:Sity change. 

.215 to .272 .214 to .212 

IsObar at 51.44 Atmospheres 

.190 to .215 .192 to .215 

tl/2, min. 

2.8 
1 

t1/2, min. 

10-0 

52 



·TA:BLZ ':III 
l-~ 

Time Lags 9~_Isoo£~~!! 
" 

___ _ _ p.~~·'e .!!!lzl'en!J ~ • 
i 

S a.m~ 1. '!l.P .!.._ 6 
£.:.2.i!_~1:~ ~22% .. '·~i!: 

~~mple No. 3 

Tamp. oha.ng e, 00 9.20 to 9. 50· 9·30 to 9.50 9. 30 to 9. 55 9 • 30 t.o 9. 55 
Dens ity 'chang e 0.2354 to 0.2256 0.2325 to 0.'2241 0.2544 to 0.2517 0.2469 to 0.2386 
T 1me to equi1ib-

r'ium, min. 23 2; :5 :5 

Temp cha.ng e J 00' • 9·. 70 to 9.90 9.80 to 10.50 10.30 to 11.50 9.80 to 16.;0 
Dens it¥ cha.nge O. 2094 toO. 2073 o • 2,1 75 to. 0 • 21 3 6 0 . 21 7 5 toO. 213 6 0~2346 to 0.2277 
Time to equilib-

rium, min. 20 19 3 3
1 

Geddes a.nd Maa88--a~p~oximatel¥ 20 min. in all cases. 

Note-~Cooling time la.gs of air-ethl1ene isocho.res are of same duration 
as t~e'heating, i.e., :5 min. 

• I\) 

0"\ 

• 
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Fo r purpo see of a comparison to be made lat er, 

the time lags of ethylene-air mixtures are included in 

Tables II and III. 

~lthough these determinations are by no means com-

prehensive, the reproducibility of the da.t~ of Geda.es is 

well illustrat-ed. The sharp increase in time to half va.lue 

which occurs when densities are changed from the vapor region 

to the critical density, over-that when ch~nges are made , -

from the critical density to the true liquid density is 
" 

shown in the a~ove figures. 

The time lags of the isochores show excellent 

agreement, as -:was to ue __ ex:p6cted. It therefore appears that 

the time lag phenomenon, which was first discovered by Geddes, 

a.lthough not full-y reinvestigated, is reproducible within the 

11mi t s of e.x.p er imtln tal error. 

Phase Densities of the.C_ne Com-po~ent S;£stem 

The dependence of the pha.se density a.t the temper-

ature of meniscus disa.p~earance upon the mass volume ratio was 

next investigated. In order to do this, the mercury level 

was adjusted so that the liquid or va.por phase, as the ca.se 

might be, totally surrounded -the float. The equilibrium 

dens! tl at 9. 50·oq. was then determined, and a.lso the po ai t ion 

of disappearance of the meniscus by means of a scale at the 
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side of the bomb. The total volume a-t this mercury level 

coul-d be calcula.ted from the a.vera.ge densitr of the medium, 

and the weight of ethrlene. A plot of sca.le rea.ding against 

VO~llm:e gave the rela.tive volumes of liquid an~ vapor from the 

po·si£ion ·ot di~appea.ra.nce of the meniscus. The a.mount and 

4enai\y of the phase not directly measured could then be c~l-

culated by difference. This procedure assumes the homogeneit1 
~. ..., 

of. each phase, and is ther~fore not absolute, cut such an 

aS8~ption is the simplest-- a.nd most obvious. The results a.re 
;.... 

_g~ven in Table IV, and shown grap-bicalll' in ]1igure 6. 

It is interesting to note that the vapor ph~se at 

one average density may have a. grea.ter denSity than the 

~iquid at- ~ lower average denSity. Accord.ing to the class-

. i~.~ -theo ry ~he re should exist no difl ere:t:Lce, a.nd, from the 

definition o~-JequilibriumJ the nature of the two pha.ses 
"-

should oe independent of the relative amounts of each phase. 

One 1s therefore led to the co~clusion that either the 

densi tie sdet ermine d are not equilibrium va.l ue s, a point that 

cannot be directly settled, since time is of infinite durat·ion, 

or else some other factor besides the relative amo~nts of the 

pha;ses is being altered as the ma.ss volume ratio is cha.ng,sd. 

This factor may well be the regional oriellt~tlon) in the 

nomenclature OL Geddes and Maass (51), or the cybotactlc 

group 8 of Benz and at ewart (2~). 

On the other hand, this anomaly may also be 

explained by a. process of mixing of the two phases, which also 
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TABLE IV - - !I 

L~quld-vaEop Densities a. t ~:. 50 o£.. -
Weight Weight Total Volume 

Liquid Vapo r liquid vapo r volume liquid 
densit, dens!ty gm. gm..:.- . cc. ee. 

._.0. :J.88 0- 1193 1·35 2.805 22.86 - 7·21 

.191 .1806 1.55 2. 610 22·58 8.13 

• 210 3 .192 3·654 2·71 31 .78 11.38 

.211, .191 2.498 1.66 20.52 11.82 

.• 2154 .196 3·726 '2.09 31•01 17·26 

• 220 3 .194 3·965 2.46 30 .64 '17·99-

.2255 .196 4.380 2.04 29·82 19.42 

.2268 .201 4.490 1·93 29,·.40 19.80 

.228 3- .204 4.63~ 1.79 29·05 20.30 

.2310 .210 4 •. 610 1.",13 28.50 20.25 

.~. These values were ootained with a.n entirely 
new ap~aratuSt and the ethylene was puri;ied 
b.y means of a Podbielniak still.' 

Volume 
va.por 

ce. 

15.65 

14.45 

14.40 

8.70 

13·75 

12.65 

10.40 

9. 60 

8·.15 

8.25 
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explains· the definite maximwu difference of density between 

the phases at the c~as$ical critical dens it,. Fo~ this reason 

'the maximum d·ivergence is to be eX,fiected at that ·density. At 

the c'ritica,l densit.y the movement of the m.enisous should De a 

minimum, a.nd therefore dilution or one phase by the other should 

a.lso "be minilllW!i, and the greatest density difference should 

therefore oe ap:t-arent under suoh conditions. ~he fressure 

volume isothermals which are discussed oalow lend 8Uppo~t to 

this theory of mixing. They indicate that at least within the 

range ot avera.g~ density from. 204' gm/cc to. 232 gm/co.! the 

l1eterogeneou8 systems are truly equilibri~ s1'stem"s, a.nd are 

one stable form whieh the system mayp'o saSss. ~he o·the;r is- an 

.a.pparently homogen'eous system, which, however, still reta.ins 

a two-phase character, and which may apparently be obtained bl 

an expansion from the true liq:uid st.ate,. a. COIlllJre~sion from the 

-true vapor state, or a cooling from the true vapor state at 

sowe tamp erature axe eeding 10.5 0 0., to some lower temp erature 

greater than 9.20°0. Mason, Naldrett, and Maass (57) have 
." 

ap:pa.~ently oiJtained such systems by sha.king a.bove 9.20 0 0., when 

a. 8¥stem which :resembles a dispersion of liquid in vapor is 

formed. These"·ooi:.-ervations all lend strong support to the 

dilution theor1 outlined above, which was offered before the 

~atter evidence had been obtained, as an alternative explanation 
,-

ot the relationship between phase density' and mass volume ratio, 

and which makes no mention of the regiollal orienta.tion or 

molecular structure theor~. 
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:Oomplete Hysteresis. Curve_9fLi9zu-id De~8itz 

at ConatantVolume .- . ------~ 

The compl-ete 
~7t.~ A-~ 

~.a( t_emp eratur as A.~elow t"he 

h1steresis curve ot- l~quid ethylene, 

critical 

det ermine d~ A. tyP ical isocho 1'e i~ sho'wn in ]1 igure 7 -The 

f"irst real discrepancy between the viork 'of Geddes and the 
r-

au'~or is ~ow revealed. Isocho res deter.mine-d' by Geddes had a 
.,!. _. 

larger area of in~etermi~ate ~ensitiea -tha~ thoa. observed by 

In t~e first place, the temperature at 

-wh.ich the aver~ge dens! ty is attained is lowered by &llproJt.l

mate:J.:Y- 3°, being 1-0.5°0 • in the ca.se of the pres-~nt' s~p~les, 
,t -. - .. -' 

-and of a.bout 140 0. in the case of the samples atudie_d by 

Geddes. Moreover,,--the beha.viour on cooling from -temperatures 
b.-w.,~~ tJ, 

above the critica~~.Q.d yet --aiii-Y oelow the temJ;lera.ture at 

which a homogeneous ,ys-tem is obtaiiled is ~uite d.ifferent. In 

the studies made by Ge.ddes, the dens~ty alwa.ys increased on 

cooling, ~nd the lower the tem~era.ture the more nearly did the 

cooling curve follow the original hea.ting curve,. which is 

represented by t~e upJ:ier curve of Figure 7. This behaviour wa.s 

inter,preted as some sort of cumulative effect which the 

presence of liquid had u:pon the reforming of more liquid. - It 

was no t dupl ioat ed b1 this wo rke r. In all cases in the present 

investigation, when cooling was performed from the critical 

temperature or temperatures higher th~n the critical ~et below 

the temperature at which the system attains its averag~ density, 
~-

no lncreas~ in densit, was obser~ed ~n the lower part of the 
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tube unt 11... ver y alo se to th'e temp erature 0.£ condensat ion. 

The triangularpo~nts in Figure 7 indicate the etfect of cooling 

from 10.5°0. Further evidence is given in Table V. The 

~robable reason for these divergent· findings is now consid~red 

to be the presence of v·ery small quantities of some inert 

impurit¥, such as air, in the samples use·d by Geddes. The 

a.mount of ~ir" must ha.ve been so minute, however, tha·t the 

qualitative b.eha'Viour o~ Geddes' systems must be considered. to 

be typical of pure _~thiVle~~!nd the value of his ~'ork Jos very 

Slightl;YChanged.<:g .at~.A clearer understallding of this 

expla.nation will be a,p.fJarent ~s soon as the data u~on a~r

eth:ylene mixtures ha.s been presented. 

TABLE V 
I 

T amp era tu re 00 pensi ty g7!l2£.. 

9. 60 .2270 

'9'·50. .2270 

9.40 .2270 

9.30 .2299 
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£on~tancy o!.Ppeasure wit~~~ins Volum-! 

!-boy~ the_Critical Temper~ture 

Mayer' and Ha.rr ieon (S~)" ha.ve r ecantly made some 

interesting calc'Q,lationa based ulJon statistical mechanics as 

to what may be expected in the critical 'pressure - critical 
)0 

talnj?erature region ,0£ a. one component system. Specifically 

they p'redict that abov-e the critical tem:perature as classicaI'ly 

deffned,the pressure vorume~ isothermals shall eXhibit a 

region "in which (8~)T" O. This region shall h..,ve an upper 

1 1mi t at wh ich (~\) T ... 0 for one po int only. Th.e 1.so thern:al s 

of Gedd.es and Maass, which were with one exception, that at 

9.·~'SOOC·., evaluated from the iso ba.rs, showed no such region. 

However J the exp erimental points were not close enough togetheJ;' 

to settte this question deffnitely. The ex};)erimental 

iso'th'ermal at 9.,80,00. t which was determined in connection with 
•. I ~ 

the effe·ct of expansion and compression upon the heterogeneous 

systew, also showed no such region. It did, however, show 

clearli that the pressure of the- heterogeneous system was the 

same as that of the system at the same temperatuxee when 

homogeneous. If now the pressure OJ:' such a heterogeneous system 

coul d be shown to be independent of the mass volwne ratio, the 

re8uJ.~8·-to 08 c-onco-rdanto should show a region upon the 

homogeneous isothermals wherein (~~)T .. O. The evidence given 

in'Table VI shows that the pressure is independent of the mass 

volu.n:ie ratio within experimental error. Owing to the import-

anoe of the experiment the teohnique is fully described. 



The mercury was adjusted so that the float would 

be comp~etely iullllersed in l1quid ethylene. The temperature 

of t~e carbon dioxide and ethylene was then carefully raised,. 

care being taken to maintain the mercury at a constant level. 
- - . 

The ethylene temperature was raised to 9.80 0 0., and the 

equilibrium 4ensi ty det ermine.d. Thi s densi ty mea.surement 

showed that the system had remained ~et erogeneous, for it waa 

an. equilibriUm value, and differed from the average density 
.-

a.t· that volume. The carbon dioxide temperature was read',_~ and 

the pressure corrected for the difference in mercury leve~s 
), 

between the two bombs. Th-e system wa.s then cha.nged to 

another vo 1 Wll e -.p.y a dj u s t ingth e 'ca r 00 n dioxide t amp era. tur e, 

the centre u-tube frozen, the ethylene cooled to below goO. , 

and reheated to 9.80 0 0. The mercury was then melted, and a 

denSity and pressure reading obtained at the new volWlle. 

It therefore appeared ·that a major discrepancy 

between the work of Geddes and the author had been discovered. 

This c-ould again be due to the presence of a small quantity 

of air in the samples used by the former, or also explicable 

on the a.ssumption that the expe.t>imental pOints of his isotherm 

were taken at too wide in tervals. The second fo rm of ap:paratu8 

described a.bove was therefore -contemplated, in which the 

correction for ~ercury level would be more precise, and this 

and oth~r predictions of Mayer were planned as the subject 

for further investigation. 
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TABLE.VI -
Da1a Show1ng_Co~stancl of' Pre!sur!_with Oh~pging 

yo lume. at 9! 8900. 

Specifio 
Merc,ury Average vo lume, Equil1br ium Pressure 

level ---------- dens!li!: oc. _~on!1tl ' . . 

~ 

125 0.2 178 4·591 0.2214 50·35 

113 .2094 4·775 .2148 50 36 

1"30 .2214 4.514- 2247 50·36 

108 2070 4.830 .2112 ~ 50. 35 

TABLE VII 

!thl1ep.e T~p. 00, Pressure 9,b!.!!£ved DensiU -
8.00 48.76 26$8 

, 

8 00 49 06 27 27 

8.00 49.19 ~772 

8.00 49 25 2790 

9.00 49. 88 2484-

9 00 50.08 .2574 

9·00 50.23 2619 

9.00' 50.21 2640 



~1r=!i~len!.Mixtures 

Oue sample of ethylene of supposedly very great 

-purity gave a.nomalous results wit'h respec~ to the hysteresis 

curve a.t constant v-olums. In order to trace the cause of this 

behav·iour, isothermals at 8.00 0 0., and 9.00 0 0. J at which 

temperatures - ·the ethylene -sh-o-u.ld follow the behaviour of a. two-

phc..se one component system, were determined. The results are 

givep i~Table VII, page -35, and indicate the presence of an 

inert gas. 

Moreover, at a pressure of 50-23 atmosphere, whieh 

is well a.bove the critical··pressure of 49.98 atmosphere, 

repo~ted by Geddes, two phases were still clearly visible. The 

most likely impurity being air, two systems of .55% and .93% 

air by weight were .introduced into t-he bomb and studied. 

18ob~rs of Air-Ethl!!ne Mixtures 

Two isobars of eaoh sample are given in Figure 8 

and the va.lues tabulated in Ta.ble VIII. The time la.gs -for both 

heating and oool~ng have already been recorded in Table iI • 
.. , 

The times to half value ag~ee, within the sensitivity of the 
.. -

method, with the values obtained for pure ethylene. In 

addition, the shapes of the isobars are similar to those of 

the curves 0 b taine-d with pure ethylene. These facts indicate 

th~t the inflections ooserved in isobar runs with pure 
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ethylene a,·re not noticea.bly affected by the presence of a.ir in 

these c~ncentra.tions. This is not the cas. with determinations 

at constant 'volume. 
, 

Another pOint of interest in these curves is the 

increase in deneit¥ V(ith :decrea.sing air C'ontent The reason 

for this 1s that t~e isooar systems, although at pressures 
". 

well a.bove the critical in both ca.ses, a.re nQW not ·.homogeneous 

systems (they would be if e thy-lene alone were pre'.sent) but 

conS,ist of two);·p~·sea. The· a"ir is appa.rently·la.rgel~ insolub le 

in .,the liquLii eth,le~e. Th.le causes 6.n i'norea-se in pre"sure, a 
~- ',-

corresponding~increase in t.otal volUme, and a. consequent 
. . 

.!.. •• _.. - - ~ -

decrea.se in the density. 

These curves, of which t·yp"'1ca.l examples are shown in 

Figure 9, a.nd recorded in Table ~J exhiQit a behaviour vastl, 

different from th·a.t of pure eth,lene. The grea.test difference 

is the increa.se of density with decrease in temperature when 
r 

the cooling is started above the c~itical, a phenomenon that 

has been noted for the first time. 

In order to understand the complete signifi~a.nce of 
, 

what is to follow,. a brief review of previous work a.nd theories 

is given. 

The classical temperature density curve has long been 

a8sumed parabolic in shape with a smooth vertex. li:xperimental 
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TABLE VIII 
. -

till T em;p. 00. Pres s •. At-m. ~sill gmlcc. 
~ -

.55 9'.00 50. 5>+ . • 2755 

·55 9.20 50 .54 .27°0 

·55 9.40 50.54 .263-6 

·55 9. 60 50.54 - . · 25-33 

·55 9.80 50;:54 .2245 

·55 10.00 50·.54 .1767 
. - - .- - - - - .... ... - - - - - - - - - - - - - - - - - - - ... -

.55 9. ;0 5l.44 .2808 

.55 9·50 51.44 · 2772 

.55 9.70 51.44 .27 18 

.55 9.90 51.>+4 .2661 

.55 10.10 51.44 • 2575 

·55 10·30 51 .44 · 2430 

• 55 10.50 51.44 .2259 

.55 10.60 51.11-4 .2055 

·55 10·70 51.11-4 • 1906 

• 55- 10.80 51.44 .1788 

- - - - - - - - - - - - - - - - - - - - -- - - - - - - - -
• 9, 8.80 50-54 .2781 

·9; 9·02 50·54 .2733 

• 93 9·20 50.54 .2700 

· 9; 9·40 50·54 .2610 

• 9; 9.60 50.54 .2481 

·9; 9·75 50·54 • 22 LI-O 
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TABLE VIII - continued . -- -------------

T em;e. 00, Preas. Atm. --...;.,,;,;..,;;;;----

.93 8·70 51.44 .2907 
'"-

'-93 9 20 51 .44 • 2823 

.93 9.40 51.44 2784 

• 9 3 9. 65 51.44 . 2721 

• 93 9·95 51.44 262 3 

• 93 10 27 5.1.·44 .2525 

. ;93 10·50 51 .44 2181 
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evidence had oean obtained 

to -the critica.l J but never quite to it. The form of the curve 

was therefore extra.polated by means of' the Cailletet-I"iiathias 

rule regarding the critical density- Traube (/~, Galitzine 

(8) a.nd Teichner (~O) were the first to iluestion this 

procedure a.nd recorded the 0 uservation of a. density discon-

tinuity above and below th~ ~osition of disap~earance of the 

meniscus, and that the meniscus rea.p~eared a.t a tem~erature 

other than the critical. Young (~) and others failed to 

reproduce these results, and attempted to explain them by the 
-, 

theory that impurities hindered ~he esta.blishment of 

equilibrium 'oJ' slowiug- u'p of diffusion. hiaass alld his-

collaborators ('N) have traced the densit1 teml'erature curve 

through the entire critical region wi~h vary carefully 

purified materials, ~nd have confirmed the first results of 

Gal it z ine et al. 

It is now be~ieved by the writ~r tha.~, if this 

behaviour is caused by impurities;.v and this is regarded as 

-impro baole6~; a mechanism other than that- proposed by Young must 

be a.ssumed. Moreover, it seems douutful that substances may 

be obtained pure enough for this phenomenon to disap~ear 

r~,~ entirel~. in the light of the work of Clark (fO). and that 

r > 
) described here. 

Turning to the time lags of the isochore runs in 

Table III, we see that the order of magnitude in the 

establishment of eq"Q,iliorium de.£J.sity is no Vi quite different 
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\ u a.nd much smalle r. 

different type of 

This in itself indicates a.n entirell' .';'~ 
t ~ ~ ._~ 

t.,,) ./' . ,.: -.-"~ -,::...~ .' ~. 

phenomenon to-ee occurring. ~{-i$t;'r'-either 
\ v >. , 

'- ,... --- ,-_.- ..... ~-, 

the liquid phase is destro~ed and reformed, and that much C.· ' 
.' ~·tJ r--'---, ,,~ . 

mO:T:e q~ick1y in the .presence of air; or fsecond.'~-" the-a.ir ca.uses 
" .. / 

._..-" 

the, liquid sta.te to persist, since it apJ:;arently is not 

dissolved to any great extent, 01 increasing the pressure on 

th~t pha.se. In this case, the changes ot densitl' ~a~ e8.8ill' 

be eXl'lla.ined by a.n expa.nsion or con·traction of the liquid. 
I 

A rough cal.cula.tion for t.he .93% air mixture gives, 

~:Q,e assumption that the meniscus is in the middls ot the 

'tiUbr! and. that the air. is iIUl.O.iscible wi th liquid e.thl1ene,· an 

excess .pressure .QI' three atmospheres. Oertain. "molecula.r 

stirr~J;lgn eXlJeriments per±:o~med in the following manner 

support this theor¥. 

A cooling coil was wound around the .upLJer portion of 

~~e bomb. This coil could be ma.intained at 5°0. by the 

pa,8sage of tap water thro,ugh it. The tempera.ture of the bomb 

~.traised to 10.0 0 0., the sliding thermostat partll' lowered, 

and the upper portion of the bomb cooled. Vio.lent distillation 

occurred, and _iter several treatments of this kind and 

.1.;l.bsequent heatin~ to. U:.,~5°C., the sample had a densitl' of 
~._/~.l,.{~ ··t!t-··-.---

.21,60 gm Icc. a;:i"~_~bl_e IX~. The 81'st em is now })ro bab-ll' 

homo g a.neous, and 0 n Co 01 ing a.c t. s much 1 ike pur e ethyl ene, ~-. 

is ahown in Figura lO,excapt that the tempera.ture of 

condensa.tion is now.lowered. As shown aoove in Ta.ble V a.nd 

Figure 7, wh.en the liquid .phase of pure eth¥lene ·ha.s. been 
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even ~arti~lly destroyed, ~r dispersed, as the case may be, 

no increa.sein density occurs on cooling. Moreover, the 

visual effects b£ an al~-ethylene mixture with respect to 

disa.lill ea,'rance a.nd rea.:[Jpe-arance of the llleniscua are qulte

dift"erent- from those c~a~acterlstic of pure ethylene. With 

air present the meniscus first b"acomes diffuse, a ~rown ring 
. . - . , . 

next a,];J]?ears, and this th-en disalJJ:-'ears on furthertem:perature 

increa.se. The phenomena on cooling is the reverse of th-ls, 

a.nd oiic e the meniscuB has reapf ea,re~-, further coo ling Causes 
. , 

a notic~a.ble contra.ction of_ the liquid, without aUf a:pl,arept 

interchange oetwe~n the p~ases by condensation and effervescence, 

which would be at· once r ema.rked wi th pure ethyl ene. "From this 

and __ the above exp er"im~nts, one is led to the cono"lusion that 

the liquid pha.se had perSisted ma.ny degrees a.bove the critical, 

owing to the pressure caused by the inert gas. Ip.d~ed, as the 

t~gures1ri Table X indicate, this ~ersist.nce is possible even 

above ,-4.5°0., whi"ch is twenty five degrees above the classical 

critical temperature. These f~gures were never repeated, 

p"robably because before this pa.rticula.r run was ma.de, the 

~thtlene ha.d been imllJ.ersed in liquid air, the a.ir allowed in, 

and the bomb sealed off. Since no apj;lreciable length of 'time 

was allowed for the a. ir to dissolve in the ethylene a.t _80°C. J 

before the run was per~ormedJ the dens1t~ values are somewhat 

hl.gh'er tha.n- found on repeating the lower part of the curve. 

However; runs made up to 24°0. with this same sample were 

re~ro d.ucible. -These figures are referred to in the next 



section, iil conjunctio-n ~ith_ the data on compressional 

experiments. 

- . 
To sum up ,the data wi th' air-eth~{lene mixtures 

indicated quite definite11 that the persistence of the l·iquid 

st"ate of aggregation could: be ~xtellded for ma.n¥ degr-ees a.bove 

th:.~ )~r+ticat by pressure on tllat pha.se. This sug6ested the 

possib~lity of a reiorming of the liquid state, of- aggregation, 

by the aplJlication of a pressure gradient along the tube. The 

results of the investig~tions along this line are presented in 

the fo~lowing section. 
) -. 

The critical temJ:Jera.ture of air-ethylene mixtures 

.' 
ha.s Dean the point of -Illuch discussioIJ. 01 various ex.perimenters 
-.. , 

in' this laoorator1. ,The critica.l tem:perature_ of pure 

eth,l ene samples haa baen a.~reed upon within several hundredths 

of 'a';degree by-the various observers.- However, the meniscus 

~fan air-ethylene mixture is a~~arently ~uch mO'ie diffuse, and 
'.J.. flu -~.'\_£ ~~-.-I. 1 . . 

""gre eme;g.t a W tb e c ri ticg,l temp erature W41-h-i-n--· a"'-"'enth- of -a. 
'- . • ." _ ~ IJ __ .1~~ ,,}' _ 1- J -,' '" / '-r -'" / 

d:g;e-e~ htNs~ea1~ :;':n"~h~·~1.~:;';~r~~l~/~·t.~,~, if-iL ~">-!'-~'~-4 I 

It seems safe to sa.y that, in a stationarl .. ~owb of' 
- - .... ~~-

le~g~h 8uf.ficient to llrovide wall a.reCil.s whose shapes a.re not 
... ~ ~~ 

distorted ol the oending of light caused 01 tht;} wo'rking of 

the glass a.t the' draw-offs, the limito! visual discontinuit¥ 

1s within several hundredths of a degr8 .. e a.nd, independent of 

~h~ ob8e~v~r, ~he sawe as tha.t Lor pur~ ethylene. The 

tem:peraturea re}Jorted from observations of bombs which a.re 

rotat.ed a.re quite different, cur, the experimental treatment 
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TABLE .IX -
Mol ecula r S t 11' r Ln&. 

Intermittent at! ~~ing nea.r1l com~lete1y destroys liquid. 

Time of 
Dens1.tl at ir1' ing, Temp. °C. No. of 

min. B~ irr ings -
0.2.379 0 10.00 0 

.2215 25 10.00 1 

• 219 3 21 10.00 2 

.2172 15 10.00 3 

• 21 72 12 10.00 4 

Slstem was cooled to 9. 60 oC.The density increa.sed al.ie;htly to 
...... 

0.2111 gm/cc. If he~tdd to 13.5°0 ., after such stirring the 

density ~alla to 0.2160 gm/cc. OU coo1i~g from 13 r 5°C• J the 

dens1tl changes &$ f~11owa: 

Denaitl. Temp. 00. Dens!iz Temp. °C. . -
0.2160 12.50 0.2211 9. 1+0 

• 216·6 11.00 .2227 9-10 

.2182 10.00 .2355 g~90 

.2197 9.60 

- - - - - ~ - - ~ - - ~ - ~ ~ ~ - - - ~ - -

00 ndenaa t 1.0 n occur sat a;p}:l ro x ima. tel y 9. 0 ·00 • 
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TilLE X 

Ethy1ene~ir Sa.mple 

Unknown air content estimated to be about 1.5% 

T amp era. tUF e 00. 
.-

Density gm/c2.:-

8. 60 .2740 

8·90 .2722 

9.2-0 • 27 15 

9.50 · 2699 

9·S0 .268S 

10·30 .2659 

12·30 .2546 

13. 80 .2486 

15·3° .2432 

16. SO .2392 

18·3° • 2355 

19 _80 .2334 

21.30 .2314 

24.30 .2280 

21· 30 .2260 

JO - -30 .2247 

34.50 .2230 

28.00 .2251 

22.00 · 228 3 

16·50 .2352 

12.00 · 2530 
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is a:p1-arent11 the cause·. With stat1ona.r~ bom?s the 

temllera.tureo.~ di·stl.ppearance as defined aoove may not ·be used 

as a criterion of the purity of the gas. Table XI gives 

!igur.es .which. show th.ie conclusively_ 

Sample No. 1 2 3 4 5 6 

100% Unknown 100% 0.93% 0.55% 100% 
Purit1 C'· H 

2 4 air content °2H4 air ai·r C2~4 
... 

Tc' 00. 9.50 9.50 9.50 9.49 9.50 9·50 



The_ wo rk descri oed in thi s and the ~.following sec t ion 

was done in conJo_unction -ut_
4 th ;"l"r J R Dc.l'ae v .. .,I; .. ~... • • ~v tI. The writer 

wi_shes to e.x.:pre'ss .his sincere thanks for the helpful 

00 llaborat ion during a very pleasant as aoc iet ion. 

One £ompo~ent System, Etpilene 

In many previous reports from this laboratory, the 

existence of a persistent heterogeneity of denSity has oeen 

recorded ill one compone-nt systems at and above -the.critical 

temperature as defined by that temperature at which the 

meniscus d:isapllears, ('II). 

This heterog eneity was found to 06 destroyed- by 

ftmolecular stirringft, by expansion and compression to the 

proper density va.lues, by temyerature f .luctuatio:u.s, e:..nd by 

heat-ing to tempera.tures we.ll above the critical. UJt until 

now, no method of reversing this ~henomenon, that is, 
- , 

I 

reforming a heterogeneous s~rstem from a hOll~ogeneou·s one, 

except '01 a condensation below the critica.l t-elllper~tul"e, has 

been found successful. A method of ~roducillg a. hataroganaous .:' 

s ~ s t EIII1 a Do ve th e c r i tic a1 t emp e ra. ~u r e ha.';n.J De en i' 0 un d.-{:-' ~,' (,-<;- <t.> ,A""" jl '] 

applying pressure to the lower }Jortion of the I4edium in the 
-. 

tub a,by application or a tem]terature gradient along the bomb. 

The experimenta.l arrang emeut used fo r the 

inv~8~igat~ons has already been described. Two sam]? 1 as of 
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pure ethlylene were 'used, an average den-sity of .1994 gm/cc. ,---..------. ~----

was .tudied)in th~ first_ filling, and a higher average ,--------------j--

densi ty of • 2166 gm/cc in the second. A dens i ty temp era-turs 

curve was taken for each filling, and used as a. reference 

curve to which to re-late -the densi ties 0 btained subsey,uent to 

the various manipulations. In ma.kirJ.g a denai t~· maasure{ilen t 

of the effect' of com~res$ion, the top of the uomb was heated, 

then the whole -o6mb cooled to the tem~erature of the thermo-

stat. Time d~J.lsitY readings were tC::i.ken until the dej,lsity 

became COL.i.stEtnt. All cotnpre~sion~l data vvert: obtained upo_~ 

83stems which war e 0 rigil.J.b.lly in a state relJre s6.L ... ted by curve 

B in the dia.gra.ms (Figures 11 and 12). The results were in 

excellent agreement, a-n9. maif well be SUillllit1.rired before 

discussing the individual exp-eriments. 

(1) Above the critical tem~erature, compression of a 

homogeneous system recreates heterogeneity 

(2) Below the temperature of reappearance of the meniscus, 

a less dense form of li'-!uid, which s,p};lears on cOJ.ldensation, is 

changed into a. denser form, an.d its amount is increased by 

'. 

the compre ssion. 

(3) Just above the temperature of rea~~earance of a 

meniscus, i.e., .0300. higher, condensation is brought about, 

and a liquid 8epar~tes subsequent t.o compr'ession. 

(4) The rate ot re-establishment of uniform temperature 

along theiength of the bQwb, after application of the 

press'ure gradient, determines the amount of densit1 increase; 
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tha.t is, a.oove the critical teuiperature', heterogeneity 

persi$ts only after a slow removal of the pressure gradient, 

while below the critical temperature, the amount of the 

density increase is enlarged by slow return to uniform 

condl ti.ons. 

(5) The amount of heterogeneit,y which is r·eformed on 

comJ;lression apf'ears ~o be i:;:1dependent of the magnitude of 

the temperature gra.dient, and the length of time during 

which it is ap1-lied. Th'is is the case wit'h pure ethJ1lene, 

but ~ study of an air-ethylene mixture showed a definite 

increase with time. 

(6) The branching of the density temperature curves for 

various mass volume ratios occurs for mean densities below 

.200 gm/cc. at some temperature oelow 9 00°0. For this reason, 

compression of the reformed liquid ot- the first sa.mllle (mean 

density .1994 gm/cc.) could create a, liquid of a higher density 

than the origina.l liquid. This could not be done with the 

.ample of higher mean density (.2166 gm/cc.). 

(7) Man~ of the experiments were repeated, and the re-

created heterogeneity was found to be exactly reproduced. 

(8) One experiment was performed in order to show that 

the heterogeneity did not tend to disap~ear. Density readings 

subsequent to compression iieca.me constant a.fter abou·t ~hirty 

minute s. In .this particular case, observations were made for 

an hour and three quarters atter the density had become 

constant. No change could be detected during this period. 
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The density data for these eXlle~iments ·has been 

compiled .. inth~.~ollowing .tables. T.able XII gives the results 

for the sa.mples of" mea.n ,dens.itiee.1994 gm/cc .. and.2166 gill/CC • 
.. 

above the critical temperature. Measu~ements followed by a 

"T" were ·made b1 compress·ing the medium by mea.ns of the water 

·j·aoket. The ·other· o~lll:pressj.olle were ma.de without the j-acket, 

b7 lower:ing the sliding ·thermo sta.tuntil somewha.t over a. third 

of the bomb- was· exposed to the air at room tem:pera.ture. After 

. such ·compression th.e. sliding thermostat was ra.ised, a.nd the 

bomo aga.~n (rQm~~etely submerged. 

The intet~retation· of these results is difficult. 

For convenience the experiments have been divided into the 

three categories, (1) comlJression above t4e.classical critioal 

t empera.ture, (2) cOIIll'ression below the critic.~l a.ll.d aoove the 

tempera.ture of condensa.tion, and (3) compression of reformed 

1 iquld. 

For reasons that will be given fully in th~ next 

section, all ethylene systems between the mean densities of 

.230 gm./Qc. and ~2l4 gm/cc., at temperatures as high as 9.70 0 0., 

and whet~er represented by points along curve A or curve B of a 

t,pical isochore, must be considered to be two·-phase systems. 

In the case of the macrosoopica.l1, heterogeneous system., the 

major po~~ion qf the liquid.phase is considered to be in the 

lower part of the tube. In the systems represented by curve B., 

the liquid. phase is consider·ed to ·be disl'ersed throughout the 

system, somewha.t in the form of a.n emulsion of liquid and va:por. 
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Any ex:planation offered for the a.bove experiment·s must take 

into account this baokground. Moreover, the compressibility of 

the system a.s a whole, although perhaps not for each phase 

.se:p.arately, is infinite. 

TABr~E XII - Part .1 --------- ----

Dens i ty temp era. ture ref er ene e curve 

Mean density .1994 gm/cc. 

~em~era.ture~. Bensi.11 gm /c£,. 

8.00 • 2658 

8.50 .2554 

9·00 .2385 

9. 17 . 2263 

9· 37 .2158 

9·57 .2085 

9·87 .20;6 

10.47 .2010 

10·97 .1994 

11.27 .1994 

9:95 .1994 

9·50 .1994 

9.40 .1997 

S·50 .254; 
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TABLE XII - Part 1 ---
(continued) 

Density te~perature reference ourve • 
.. 

'" 

Mean densit~ .2166 gm/cce 

~ emps ratur e 00-. Dens it yam/co. 

s.oo .2665 

8. 60 .2554 

8.80 · 2495 

9:00 .2445 

9. 10 .2416 

9. 30 .2327 

9·50 • 2277' 

~o. 00 .2206 

~l. 50 .2166 

9·50 .2166 

9.40 .2169 

9. 30 .2200 

9. 10 .2331 

9.00 .2395 

8.80 .2476 



-,53-

TA~LE XII - Part 2 - -
·Summarv of re su1t s of oom·nr ession b f1 .J:' a ove 

the or it ioal t amp era. tur e. 

Average densiti .1994 gm/6o • 
. 

-.', Dura-t ion of 
.~ 8m;E!ra. tur e 00. Densitl. 

' .. Vim/oo. Coml? r e~ s iO!!; 
. . 

9·50 • 2060 -- .. ~-
9·-50 .2'060 30 -niins. 

9·50 .2060 5 n 

9·50 .. 1994 30 n 

9.60 .2048 5 It 

9.60 .2048 5- n 

9·70 • 20 30 ' .. -- ....... 

9·70 • 199 lI- 10 mins. 

!.ABLE XII - Part .3. 

~ary of results of oompression above 

~,!Dlperature 00. 

9.70 

9·50 

the oritioal temperature. 

Average density .2166 gm/cc. 

• 2220 

.2230 

. ... 
. Eurat ion of 
comR::.!ssion 

7 mins • 

7 n 

T 

T 

T 

-
T 

T 

T 

-
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TABLE XIII -----------

'ummary of results or compression oelow the critical temper-

ature a.nd a.bove tempera-tux's of real'pearanoe ot meniscus. 

Average density .1991+ gm/co. 

Part· 1 -
T·em~erature !c. Densi t y imi£9...=... 

9.40 .2074 

9. 30' .2081 

*" 9.20 .22 1 7 

~ . 
Meniscus reforms, subsequent to 
compr ess ion. 

Part 2 --------
Average density .2166 gm/cc. 

.2270 

.2314 

~ Meniscus r elorms, sub sequent to 
compression. 

Durat ion ot 
Com;eressi0E-

10 mins. T 

lQ n T 

10 n T 

10 mins. T 

10 n 



-T-iirning to th-e data ot 'the first divi's!on, two 

distinct fea.tures are at onoe apparent. Compression by means 

~i ~-the ~wa.ter j'a.C>ket oauses a refor~ing of a heterogeneous 

- " ., 

system, while compression with the t,op exposed doe8 not. This 
' .. 
cannot be explained away by supposing the oontinuanoe of a 

tamp erature gra.dient, when the' jacket 'is in posit ion, beca.use 
,- -

of ~llL-Oare taken' to avoid tliis po":ssibilit'j in 'the 8Jq)erimental 
--

arrangement. The ~arianoe mu~t therefore be due to the 
:...., r " ~"".A.,. .... • • 

difference in rate of re-establishment ~f p~essure ~nitormity. 

If,a reformation oi:", more 'llqui"d has takell plaoe, and any ~\, 

e~ansion destroys this li~uid, a possible explanation has 
" ~ 

been off ered. The writer, howevei, is ~noer~a.tn as to th~ 

effect Q! suCh~ 8xj?ansion. The work' done by"Geddes upon 1;he 

~ . -
e~f ect of expansion was of th1s nature. A heterogeneous 

, , . ~ -
system was 0 btained, a.nd allowed to expand. The mea.sured 

" , 

density eventually oecame equal to the density of a known 
. . ,~ 

homogeneous system at the same temperature. This, however, did 
-, 

not occur u-ntil' the true< "vapor" region of densities had been 
. , 

rea.che d. 
, 'r 

This type of expansion does not seem comparable 'to 

_that occuring 'i-n° the experime~t under discussion. ~he be'st 

explana:tion which t,he w'ri tar can off'er is that, unci"er the 
-' .... -' - - . 

conditions of very great density caused by the 'compression, 
; 

, 
...... ~_ ;.....i. ... . ... ~_ ... 

a.dditiOnal liquid is formed and tends to settle to' th-e bottom 
-. ~-

of the tube. If the subsequent expansion is slow, it is not 
. -~ 

.. . " ~ ,t" 

ant irely redistriouted, a.nd a heterogeneity persis't~. On 
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rapid expan-sion the heterogeneit¥ is aga.in d.estroyed. On the 

other hand, the grea.t oom})ressibl1ity- may permit the 

forwa~ion of a large ~ensity gradient which, on slow e~ansion, 

persists to a measurable extent oecause of the small 

resiliency of the system. 

As the tem]?erature is lowered below the critical, 

conditions su~taole to the spoat~neous r~formation of 
• 

a.dditional liquid are mo~e nearly aj:i ... roached. At 9.20 0 0., 
.. :t:_ 

- - . 

-conditions are such that oompression can cause la.rge enough 

nu.mb-er so£ liquid molecules to group together for settling 
'-

out to be possi~le, and oonderisation occurs. 

The liquid which condenses out spontaneously at 

9.1 roc. ·1s of a dilt erent nature than the visi ble liquid tha.t 
. 

was present at 9.l7°C. ~n the original heating curve, if the 

density measurement is truly of the l~quid })h~se alone. 

Compressign changes the charaoteristic density and 

the amount of liquid a.s Table XIV shows. There are two 

poss ib:( e explana.tions for ~his behaviour- The first does not 

~t; ~ise the existence of va.rious fo'rms of liquid, with a 

froZ6U equilibrium between the I'orms. It merely assumes that 
I 

below the tem})erature of cOlJ.densation, a disl,Jersion-of va:por 

in the li'quid ca.usea a. decrease i:"l the apparent densit1. Upon 

cOl.!'pression, vapor groups ill the liquid are largely tra.nsformed 

-'to liquid. In addition, li~~id which is still dispersed in 

the vapor phase rains out, and ooth tne denSity and the amount 

of the liquid is increa.sed. This expla.nation is concordant 
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TULle XIV - Part 1 -- - -~--

S1lIIllllary of results of' oompression below the 

9·10 

9·10 

9·0P 

9·00 

8.80 

S·50 

9.00 

8.80 

8.80 

tempera.,:ture of meniscus reap:r;:earance. 

Mean density .1994 gm/cc • 

.. 

Densiu 

• 2335--

.2335 

.2426 
. --... 

• 239 1 
-, 

• 21+72 

.2564 

Mean densi~y .2166 gm/cc • 

• 2406 : 

• 24-92 

.2486 

Dur a. t io n 0 f 
Coxn~ ress,iop 

5 mine. 

.... -~-
---~- .. 
--., .. .-

--~~-

-........... 

.---~ ... 

,.. _ ... _-

T 

T 

T 

-
-
-

T 

T 
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r TA] LE;··Xrt ,-'Part 2 . 
~------""----------,- --- ~', 

Compress iona.l Expe r'iment s 
. . 

Mean density 1994'gm/cc 

Density lVIenisc\1.s 
at ter Densit, Density Meniscus Meniscus a.ft er 

Temp. 0 0. Com:pr ess ion Curve,A. Ourve:a Curve.A '. C·a.rv~: Comp,ression 
------.... -.- --------..--~ --- _____ '. I i ------------.... 

8··50 • 25 6l1- 2554 .254; 20.8 20·3 20.8 

• 8.80 .2472 2l1-66 21.1 19· 7 20.,8 \J1 
-~- .. <Xl 

I 

9 00 .2426 • 2 385 .......... 21.) ,1'8·9 20·1 

9 -'10 233Q ~ .... -.. gl.4 18.0 20. 7 • 

Mean dens 1ty • 2166 gm Icc 

8.80 .2486 .2495 .,2476 .. -.- ... 2'6. 3 2 7.0 
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with the phase rule, which does. not permit 

f 
"the existence of 

two liquid phases of different densities at the same teIIJ.-

pe~ature and ptessure. Moreover, the lower density of the 

liquid 1-hase at 9.00 0 0. on llel;4.tirig u1' for the tilling ofme~n. 
t 

denSity.1994 gm/c.c. ," compared to the constancy of li~uid 

density at this tem)tel:ature fox' fillings of higher average 

~eIJ.sitiea (see Table .I), is eXJ:llained by the greater alllount 

of penetration of vapor into the li~uid phC:i.se. Compression 
:.'4. 

'-

of the reforllied liquio. at this·· low averQ,6e d.ensity at 9.00 0 0. 

on the curve B causes a.l.J. iJ.J.crea~e iH der.Lsity above tha.t of 

the original heating curve, but never in excess of the 

density .245 gill/CC. whiCh is c~~r&cteristic of the fillings 

,?f higher mean density. This c~n be explained by the 

assumption that at the low mean density unde·r discussion, the 

mechanism of ~ompression does not pEfrmit as great an a.rtificial 

densit, to be developed, a.nd soU.e of ,the vaporia left in the 

li.quid u·nch~nged, with. a. consequent lower liquid density even 

after compression. 

The alterrJ.t;.,te explanation whioh may be put forward 

is tha.t there a.re two ty'pes of liquic1}jossible, one highl, 

orientated, a.nd one with much less orientation, which we 

sha.ll call liquid nAn and liquid nBu res~ectivel,. On heat

ing at constant volume, liqUid nAn is gradually destroyed 

until at 10-5°0. a true gas system is formed. On cooling 

down, liquid ":an is 'formed, and the two -phase cha.racter of 

the s¥,stem is aga.in &J:l~arent. At 9. 1 7°0. liquid ,,:sn 
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condenses out. Com'pression of liquid "B" oa.use~ a reoon

version to liquid nAu. This 8x;pla.nation involves the 

a.dditional a.ssumption of-an 8\.j,uilioriWll between the two types 

of liquid, whioh is not 8uf£icientlymolJile ,tior the ethylene 

to a.ct as a. one 'component system. The first explana.tion is 

therefore ~refe~red, p.rticularly since surface tension 

measurements" in this region upon other substa.nces, made by 

Winkler' and Maa.ss (1//), show a very real ~ossio;lity of 

dispersed va~or~liquid systews ap~earing to be staole 

equilibrium systems. 

-
Compressional experiments performed upon an air-

ethylene mixture which was subjected to nmolecular 8tir~ingn, 

shows the same sort of behaviour. The results are given in 

Ta.ble 'XV and shown iil Figure 13. 

The only difierence which was observed between the 

b,ehaviour of eth¥lene alone, anu. air-ethylene mixtures aft er 

"molecular sti;rring", after these systems had oeen subjected 

to a compression, was that the ~mount of recreated 

heterogeneity wa.s inde~endent of time ot compresdion in the 

rirat case, bu~ was increased i~ the second case with 

incr easing time. 

An air-ethylene sys,tem at 9.50 0 0., which ha.s been 

subjected to ~molecular stirring", is cODsidered to be 

macro,scopically homogeneous, but to have present both 1 iquid 

a~d vapor ethylene, while the air is now no longer concen-

trated in the up~er section of the bomb, but is distributed 



TABLE XV - Part 1 -.--.-----........ ----

A1£=~:t~y~~!!e. M1x·t~ 
.~ ._ 0·' .. 

DensitY-,tempera.ture relation after standing 

at .78 0 0. for 12 hours or longer-

8.60 .270 3 

9·00 .2678 

9.50 .2644 

10.00 .2604 

11.00 .2543 

12.00 .2492 

14.00 .2405 

17·00 • 2338 

20.00 .2294 

17·00 .232 4 

15·00 .2365 

12·50 .24-42 

11.00 • 2530 

9·50 .26'29 

8.60 .2695 

8.00 .2767 
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TABLE XV - Part 2 - -.-..- -
"" .. ~. 

CompreSSiOll of' Air-Eth¥lene Wixture 

Temp eratur e 00. -
"9. 5{) 

8.80 

9·50 

12.00 

Mea.n deusitl-:a .2l08 gm/ca. 

Dens·ity before 
?oml? res s ion 

• 2189 

• 2557 

.2189 

.2108 

Densitl a.tt er 
=.om;Vress io!! 

.2214 

.2570 

.2254 

.2121 

10 mins • 

lO 1f 

60 If 

10 tf 



~ 

evenly th~~ughout. The system, then, is simllar" to pure 

ethylene on curge B, but has air dispersed or dissolved in 

it. The increase of heterogeneity ,withcoal~resslonal time 

may be explained in either of two ways. The dilution 

caused by the air ma.y slow 'down the formation of th.e liquid; 

or second, the effect of the a.ir upon the surface tension 

is such as 'to decrease the tendenc¥ ot"li'i.,uid format·ion • 
. .. 

Si~ce the proportion uf ·air is small, i.e., less 

th.n l.5~J t~a eftect ot dilution should be very small • 
.. ~. ., "* '. 

A~:f,a.rentl¥·, ·then, 'the second possibility is more reasonable, 

a. conolusion which is auPl'o rted' by the evidence that the 

te~~~r~ture of"~e~iscus rea~~ea~~rice 'is'ap~reci~biy altered. 

At a conoentra.tion of .93% air, it ha.s airec..d¥ been po,lIlted 
, ... . ' .'t 

out that condensa.tion o'ocurred at a..bout 9.0°0_, which is over 
-. 'looe. lower than that .. for pure ethilene. It the condensation 

,; , 

:"l·,f~ 

of' a pure ethylene sample is cQ,us'ed bJ the increase of the 
, -

liqUid-vapor interfacial tension to a limiting value too 

large for complete dispersion to be possible, it would appear 
, . 

tha"t the et'fect of air' in an air-ethylene sample must oe to 

lower ·the ii1.tertacia.l tension quite a1Jpreciably. Thus, on 

compression 'of such a syatem, the tendency fo~ liquid to 
, 

form being somewhat ~educed, the heterogeneity created might 

quite conceivably be influenced in a.mount by the time of 

- .. 

COalJ:lr es sion. 
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Pres~ure Volume Jsother~~ls of On!-Qomponeni 

System Ethyle!!!. 

The'discover1t which was outlined above, of the 

con8tanc~ of ~ressure of ~ heterogeneous system with 

chang ing mass vo lume rat io, a.nd the maj or discrepanc~ wh'ioh 

this ex:periment indicated between the work of Geddes a.nd the 
, 

writer, neoessitated a very careful investiga.tion of pressure 

volume relations at constant temperature. By mea.ns ot the 

second fonn of ap~aratus already descrioe~, very ~recise 

measurements of these relations have been obtained uetween 

8.92°C. and 10.000C. The results have led to a much clearer 

understanding oi.' the phenomena alread, olJseryed in the 

critical region, and are of ~~rtiQular value as tests of 

.certain }Jredictions of lYla~er l;i.nd Har:L'ison (52..). The 

experimenta.l results will first oe completel~ presented, and 

:: ·then their interpretation with respect to eXj?eriw.ental 

y~v€~o:£ this a.nd other workers. Direct cOIll],la.rison 

between experimental result and prediotions of Mayer a.nd 

Harrison will then be made~ 

Summarising, the experimental results show 

(1) Pressure isothermals above and below the temperature 

of di8a~~ea.r&nce of the meuiscus showed regions of density 

wherein (St)T .. O. This region could no longer be observed 
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upon the isothermal at 10.000C. 

(2) The com~lete envelope of this region above To has 

been de t ermined. 

-
The isotherulal at 9.60 0 0. was studied and found to 

be the equilibr1um curve a.t this temperature. Moreover, a 

h7stere&is wa.s observed on reversing the direction of measure-

ment, i.e., from "vaJ:l9r f1 to compres$ed "liquid". This 

hysteresis was found to be caused by ·the time lags which a.re 

observed iJ.l .,Itasaing i: rOil!. the "valJortt region of an isotherma.l to 

regions o-f high densi ty ~ 

(4)" The pressure of heterogeneous systems whose mean 

density is represented by" a pOint within this envelope, 

corres~onds exactly to the ~ressure of the horizontal portion 

of the macroscopically homogeneous isothermal. 

(5) The J?ressure of such heterogeneous syaterus is thus 

seen to be independent of mass volwne ra.tio within such 

1 im i ~ S 0 f dens it y. 

(6) The pressure of such heterogeneous systems was 

found to correspond exactly to the ~ressure of the 

homogeneous system obtained by heating at constant volume 

to 10.5°C. or higher and cooling to the teru~erature at which 

the pressure of the heterogeneous syste~ wae measured. 

(7) The region of tem~era,ture and density throughout 

which the homogeneous systems and he terogeneous syst"ems have 

identical pressures was found to correspo~d to the envelope 

of the rsgion for which (S~)T~ 0-



N d ., '" ., 
TOw..' ,.. '1/1 :unrr:>fI 

-; ,. l 



-66-

(8) A discrepanc1 between the value of the pressure at 

9.50 0 0. obtained 01 Geddes and b¥ the ~uthor ~as discovered. 

Moreover, the J?ressure temllerature curves of Geddes varied, 

irrespective of temperature above 9.2 0 0., with mass volume ratio 

a. behaviour which was not found to be duplicated by the author. 

The pressure tew~erature curves here given were illdepen~ent 

of mass volume ratio, so long as the mean density of the system 

1&1 within the envelope of the region for whioh {~~T .. o. 

() 9. The pressure temperature curves were found to be-

rever sible. 

The ex}? erimental isothermals are 6iven in Table XVI 

a.nd represented 1:..1 FiguI'e 14. The envelope of the region 

wherein ($~)T ... 0 is also shown and. should rel'resent the 

true form of densit1 temperature curve. This density temper-

ature curve does not coincide with ~h~t deter~ined by Naldrett, 

in the oj? inion of the author, because of ef lects due to 

dispersion oJ shaki:':J.g i.i.1 the latter c~se. This 1'Oillt is mora 

fully discussed later. For the momen.t it is sufficient to 

:voint out tha.t iil this region (i~)T" 0, and the s,)'stelll 

eth1lene therefore behGl.ves as ~ true two-1-h C;i,se system although 

above the classical critical tem~erature. Since the deduction 

of the existence of a two"phase system frow the observation of 

Eo region wherein (S~)T" 0 is open to the objeotion that a 

one_phase system, if the compressibility is grea.t enough, ma.~ 

simulate the behaviour of Q two-phase system, and since the 

compressibility of liquids near the critical point i8 admittedly 



,!lP. y~l. 

2·59° 
2.613 
2.655 
2.7 15 
2.794 
2.830 
2.97° 
J.28ij. 
3. 666 
3. 876 
4.006 
4.114 
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TABLE XVI -

Isothermal at 8.92 0 0. 

Amount of 
Et'hy1 e:!s I ram • 

.7 1 6 
• 71 6 
• 71 6 
.716 
.71 6 
.716 
.7 1 6 
.11·6 

Spec!f ic Yo!. 

;.56; 
;.61; 
3· 731 
4.040 
4·568 
5. 141 
6.009 
6.029 

Isothermal at 9.22°0. 

.7 16 3. 617" 

.116 3. 649 
• 716 3·7°8 
.716 3.79 1 
.71 6 3.'~9 02 
.716 3·952 
.716 4.148 
.716 4.586 
· 71 6 5. 120 
.116 5.410 
.7 1 6 5.594 
.716 5. 831 

Press. At~. 

49.92 
49· 73 
49·54 
49. 45 
49. 45 
49. 46 
*9 · ;8 
49. 34 

50.18 
50.06 
49.96 
49.87 
49.83 
49.80 
49- 75 
49. 75 
45. 73 
49.72 
49. 68 
49.65 
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Isothermal ~t 9.42 0 0. 

Exp. Vo 1. Amt. of Ga.s 8~eaitic Vol. Press. Atm. . -

2·710 .116 3·11° 50.26 
"2. 135 .1 1 6 3. 819 50- 15 
2.838 .716 3· S 63 50.06 
2·950 .116 4.120 50.02 
,.116 ·716 4.437 49.99 

·3. 300 .1 1 6 4.609 49.99 
3.550 .7 16 4.958 49 ·97 
3· 72 3 .1 16 5. 199 49.94 
~.910 .116 5.446 49·90 

.104 .7 1 6 5.731 49. 85 

Isothermal at 9.50°0. 

2·105 ·116 ;·111 50.44 
2·122 .7 1 6 ;-.801 50.;4 
2.162 .1 16 3. 851 50.24 
2·789 .7 1 6 3. 895 50.21 
2.829 . 116 ~.951 50.19 
2·908 .1 16 .041 50.14 

·2·970 .116 4.148 50.12 
3. 235 .7 1 6 lJ.·519 50.08 

- 3. 455 .116 4.826 50.01 
'" 3. 624 .116 5.061 50.05 
,.8 57 . 116 5.386 49. 98 
.• 191 .7 1 6 5.861 49.92 
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~ABLE XVL=-.1continu!.~) 

Iso thermal a.t 9. 60°0. 

Amount of 
Ex;p • Vol. Ethy1enL BRae if ic Vo 1. Pr assure - -------.. 

2.695 .116 3.1 63 50·52 
2.1 13 • 716 3·175 50.45 
2·756 .116 3. 849 50·34 
2.8514- · 716 3.9 86 50.27 
3. 1 35 .71 6 4.37 8 50. 1S 
3·360 .716 4.692 50 • 17 
3.5 1 2 .7 16 4.89 1 50.l5 
3·607 • 716 5. 0 37 50.14 
3.710 • 716 5. 181 50.13 
,.S59 .716 5·3S9 50.09 
4.020 .1 16 5.614 50.05 

Isothermal at 9.10°0. 

2. 823 .722 3·909 50.42 
2. S84 ·722 3·99\ 50. 35 
2.953 ·722 4 .. 090 50.30 
3. 109 ·722 4. ,06 50.28 
3. 187 ·722 4. 14 50.28 
3.,18 ·122 4. 605 50.27 

, 3. 14 .722 4.7 29 50.25 
3. 640 ·722 5.041 50.22 
,. SS5 ·722 5.381 50 .. 18 

.004 ·722 5.546 50.17 
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TABL~ XV~ - (oonlinued) 

Isothermal at 9.80 0 0. 

!in. Vol. Amt. of 02[4 81'1 e c if io Vol. Pressure - - --
2·1-6.1 • 722 ;.824 50. 65 
2. 776 · 722 3. 8*4 50. 61 
2.808 ·122 3. 889 50.56 
2. 863 ·722 , 3··965 50·50 
2·902 .722 4. u19 5u·i+7 
2·954 722 4.09 1 50 .440 
3. 025 ·722 4.189 50.42 
3. 066 · 722 1+.246 50.400 
3.- 108 .1 22 4·304 50. 39 
3. 197 ·122 4.429 50 .39 -
3·262 ·722 40.518 .50. 38 
3.,28 ·722 4.609 50. 37 
;. 64 .722 4.192 50.34 
3· 635 .122 5.030 50 .32 

Isothermal at 5.90 0 0. 

2·710 .122 3: 831 50.74 
2.807 ·722 3·890 50.69 
2.854 .122 ;.953 50.65 
2.9 23 • 722 4.048 50.60 
2.961 · 722 4.101 50·57 
3. 030 ·122 4.197" 50.54 
;.072 ·122 4.255 50·52 
3. 132 • 722 4.~38 50 .51 
;.224 ·122 lj.. 66 50·50 
3·;02 ·122 4.514 50 .4og 
·3 •. 512 .1 22 4.864 50.45 
}·737 • 722 5·178 50.42 

Iaother.mal at 10.00 0 C. 

2.820 ·722 3.9 05 50·79 
2.9 1 ; .1 22 4.034 50.72 

3. 005 .722 4.162 50.67 
;.045 .7 22 4.217 50.66 
;. OS; .122 4.270 50.64 
;.155 ·122 4.310 50.63 
3. 236 ·122 4.482 50.61 
3·396 .122 4.70 3 50·57 
3·150 ·122 5. 194 50.51 
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enormous, the direotion of measurement along the isotherma.l 

at 9.60 0 0. was-reversed. That is, when the substallce had been 

expanded to the la.st pOint on the iaotherwal, the ]treasure 
.~.~ 

.- " 

wa.s increased. As soon as temperature e~uilibrium had been 

esta.blished, the :pressure was maiJ.ltained CO.l~stC;i. ... lt for 10 

minutes. By following th~a pr_oc-edure the ulJper curve of 

Figur e 15 wa.s 0 uta-iliad. (The vo lume s her e h~v-'e not been 

convert-ad to speciiic volumes) See Ta~le XVII. This showed 

the compressioility of the Slstelll- to uS delJendent upon its 

previous history. Th~t the poiata ot tlle lower curve are- not 

dependent upon the previous conditio:"l of the system, provided 

onl~ that e~allsion into the true "gaseous" regioll/has not 

r' 

occul·-ted, was shown bc:; repe&.til.l.g a. pOi:"lt UpOll the flat 

portion several da-ys la.ter, simply by adjusting the :pressure 

----directly to the desired valuE:. Expansiondirectl¥ to this 
~ . 

poirlt from the hi~h density regiou took place, and no change 

wa.s remarked after 15 mi;nutes. The pressux'e was then 

adjusted in order~ ·to re)?eat. the la.st "va-po r" po int shown upon 

the 'diagram. This point wa.s also exactly reproduced, and the 

system Showed no t eildency to underg~ cha.nge. 

The question a.s to whether the pressure on the 

higher curve would fall spontca.neousl~- to the va.lue of the 

lower curve was then i.i.J.veatigated. After eXliansion to the 

ngaseo'-usn region of density the pressure on the sY'stem was 

a.djusted to give the tria.ngula.l~ j;ioi.l..I.t on the uJ:':t- 6r curve. 

When this poi:u.t had ueen reached, t~l.e voluwe was maintCi.ined 
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TABLE XVII -

Isothermal at 9.60 0 0. 

EX);Jansion froIll "liquid" and cOlIlllr ession 

2.695 

2.7 1 3 

2.156 

2.854 

3. 1 35 

3. 360 

3.512 

3. 607 

3.7 10 

3. 859 

4.020 

4-.000 

3·958 

3.9 0 3 

3.7 82 

3·586 

3. 14-8 

2.858 

2·753 

f _r~ III " v ca.}) 0 r 11 • 

Thermal aqui1iurium on1l 
e s ta. b1 ishe d. 

50·52 

50.45 

50 .34 

50.27 

50.18 

50. 17 

50. 15 

50.14 

50.13 

50.09 

50.05 

50.10 

50-16 

50.20 

50.23 

50.29 

50·34 

50 .36 

50.42 
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as constant as,possible, and a pres~ure time curve obtained. 

It was found that the pressure fell quite ra.lJidly to the 

value of the original curve, where it remained constant. The 

difficulty of keeping the volume constant was very great, but 

it WQ.S maintained suffioiently constant to show clear11 the 

true trend of the ~ressure wi~h ti~e. The tigufea are given 

below in Table XVIII. 

TABLE XVIII -....--- --

Ex.:p. Vol. P re s s • A tlLL • - Time 

3·59. 9 .. 60 50 a 28 0 

3· 55 9.60 50.27 7 

3· 55 9.60 50.24 13 

3·55 9.60 50.22 20 

3· 57 9.60 50.20 26 

3·57 9.60 50.18 34 

3· 57 9.60 50 a 18 40 

Note: Zero time was taken at about 12 minutes 

atter the original ~ressure adjustment. 



~r·essures 2,£ lie!e££~el:leOU8~stems.a.t, 9.51°0. J ~n~ 

Homogeneous, Systems Pro~ced bl Hea.ting tL10.~. J 

and Subs!quent Cooling. to 9.5loC. 

The question of relative stability of the heating 

and coo ling curves of a typical iao cho re J a.s measured by the 

pressure of the , system J was then studie d by measuring the 
,~~ 
-'''1-'': 

·pressure of the heating curve (curve A) and of the coo ling , 

curve (curve B) at 9 •. 51 0 0. The volume of the system was fixed 

by free~ing the ~ercury in the centre u-tube, at a value -of 

the a-verage densi ty wh'ere a het erogeneous syst em was knOW-A to 

exist from j;;revious work. The ethylene tem1'srature wa.s then 

fixed.t 9.51 0 0., the mercury malted, and the ~reesure of the 

system, which corresponds to a. lfoint on the heating curve of 
, . 

",,-'. 

an isochQre, wa.s determi!J.ed. The marcurj was a.g~in frozen, 

the temj;ierature ra.ised. to 11.5°0 , where tlle dEnJ.sity of the 

syst em ha.s caen ShOW.i.l to oe uniforlU. Aft er ~llowiLlg twenty 

minutes for the medium to reach equilibrium, the tem~erature 
{,-

was again lowere u to 9.5100 , and the pre ssure de te rmined. 

Over the range of ~ellsities studied the ~ressures 

of curve A and curve B are identical, and, moreover, are 

lndependej,lt of ma.ss volume ratio. ThecY agree, further, with 

the pressure which the flat portion of an isothermal must 

possess at 9.5100., from the pressure temperature curve of 

these horizontal regions. 
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TABLE XIX -

Averaie Density Pr ~ssure;A P ressur!.B Tempera.ture 00 • 

• 1990 50.08 50.08 9·51 

.2040 50.08 50.08 9·51 

.2090 50.08 50.08 9·51 

• 2173 50.08 50.08 ~.51 

.2287 50.08 50.08 9·51 

Pressure of £l~t portion of llomoge~eous isother-

mal at j.5000 . is 50.07 atmos~heres. 

reg ions is 50.51 
9·90 

.44 -

. 40 = 

- 5. 0 .01 
- 9. 50 

1.1 atm/oC . 

for ho rizonta.l 

Range of density of horizonta.l region of 

isothermal at 9.50 0 0. is .231 g~/cc- to .198 gm/cc. I 

ap l' r 0 x illI.a. tel '¥ • 

j1rom these experiments then, it is at once obvious 

that, 

(1) p ressure~ of homogeneous and het erogenaous systems 

are e~ual, and equal to fressure of flat ~ortion of 

homogeneous isothermal; 

(2) P~essure of homogeneous a~d heterogeneous systems 

are Duth inde~endent of ~aS8 volume ratio over a large denSity 

range. 
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The~e facts indicate very" defi.i.li tely, tha.t 

(1) The .heterogene~us and homogeneous systems of an 

ieochore are equally st~ble, a.nd a.lso ha.ve the same 

staoil.lty as the .known homogeneous and sta.ble s~stem of the 

leo therm at the same tamp era.tur e; 

(2) The cooling curve:S of. a.n ieochore cannot be any 

longer consi de~ed to represent a true gas s~etem, as was 
.. 

_believed up to th·e conclusion of this experiment, for such 

a syst~m would ha.ve a pressure independent of volume over a 

wlde ra.nge. This homogeneous system, like those presen~ in 

the region wherein (1i~)T~ 0 on an isotherm, must be a two-

phase system. 
". 

Further evidence which has largely clarified the 
~ 

phenomena of the critical region wa.s then~te~i~ with a 

new sample of ethylene and a new e.ip'erimental a.ssembly which 
~ 
w.e-re nee e s s ita. t·ed by an eXJ:> 10 e io n. 

The four ieothermals at the higher temperatures were 

determined with this new assembly. The rej;iro ducibility of t.he 

data is~, shown by the 
~~~~ excellej,1t contigui ty of the curves j .."hJ:~ . 

was .hown to be real and not accident~l by repeating the 

lao the rmal a. t 9 .• 2200. The ag re emant was exact 

Pressure-temperature curves ~t constant volume were 

determined for three different mean denSities, both on 

heating and 000 ling. 

The data are given in Table XX. 

The purpose of these experiments was two-fold. 



A disagreement in the value of the critical pressure of 

ethylene, as measured by Geddes, and that observed by the 

author, had be'en found. Geddes (60) reported two values of 
<! 

the pressure at 9.50oC., of 49.98 and 50.0~ at~ospheres at 

the average densities of .2956'gm/cc. ~nd .2302gm/cc; res-
--

pectively. Tl;.e.':present observations, which have beeA>checked 

by two samples .in two different a.ssembliealgive a. critical . . 
pressure of 50-07 ~tmospheres over a density range of .198 gm/cc. 

to • 2'1~·,gm/ce. :The il1.depen~ence of pressure with volume ha.d 

therefore to be' more fi~mly established. 

Seco.ndly, although the agreement in pressure 

between curve A and curve B of an is~chore had been established 

at .9.5~,~C., it was considered possible that a. disparity might 
\... ,,' -

appear at temper.~tur~s either above or below this point. 

Com~ar,ing the data of Tabi.e XX witht'he isothermale 

of Figure 14', ',we see first tha.t 

(1) so long as the mean density and tem~era.ture of the 

system are such as to be represented by a ·point within the 

shaded area, the pressure of the system is independent of the 

ma.ss-volume rat io j 

(~) this pressure corresponds to the pressure of the 

flat region of the isothermal a.t the same tem~erature, and 

thus all three systems, eitp.er represented by a. point on 

curve A or curv$ B ot an isochore, or by a pOint on the 
. -~ ~ 

ho~izontal region of an isothermal, a~e e~ually stable, and 

since the isothermals have been shown to represent 



I].A:B LE XX· 
i -

• 
tE.!.!.sure, Measur!.!!!E:i!-E.!.. £1et~r0i.!!!.eous s~iYilt ~! 

P resaure Atm. Pre saure Atm. Pressure Atm. 
Temp. 00. den e1ty • dens1t1 • density. Pressure of 
R eat!!l.i ~46 1"f!l/C2..:.,. .:.210~ gm/co:.._ :..227 0-i!!ill:.. '. Isothermals - --

9.00 49.50 49. 51 49. 50 

9.20 ij,9 • 14 49. 75 U,9.74 49.'7l4 

9. 50 50.06 50.01 50.06 50.07 I 
-.I 

9.80 50. ;8 50·39 50.40 50·39 
OQ 
I 

10.50 51 • 13 51 • 15 51 .22 Limit of 

51 .66 
) 

flat 11~OO 51. 69 51.84 

OooliEi, 
port ion of 

10.50 51. 12 51. 15 51.22 
1so therma.l 

• co rr esponding 
9.80 50·39 50. 4.0 

9.50 50.06 '50.06 
to limit ,of 

50.07 
( 

~(}P~ ~ 0 9.20 49.14 49. 75 49. 74 ~T 
9.00 49.50 ~9'. 51 ~9. 50 at 10.00 
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e~~l;ibr,ium systems, the other system's must also be truli" 

stab le s¥stemsj-

<j) o-nce the temperature-has been attai.ned at which 

~tlie mean density_ ~ie~~: outside the shaded region, the pressure 

does beC~ine a function of the· volum'e.. Thus, at -'9.80.0 0., the 

pressure . sho~s an increase with greater density. The chang's 

of.O'~ atmosphere which is shown is believed not to be 

esper.1menta.l erro rbe'cause, ,a.t 10.50 0 0'., the dilf.erencss in 
""~.",. 

pressur.8 are now outside the, ra.nge Qfe-.perime'ntal error a'nd-' 
. '. :'!' • .c:- ::r '.'~. ..-:"" 

the tr'end i's concordant 'in a.ll three casas. Theret'ore,. the 

reoorded differences at 9.80 0 0 are·t,-elieved to be s~snifica.nt, 

while ~below thi~ t~mperature the .01' atmosphere differences 

muet be attr ibu~.ed. to ex,p er_imenta.~, er ro r; 

Ci) thep*"8ssure temperature curves are reversible. 

This iamost sig·nifica.nt:j:,·for it shows clearl~ that on cooling 

downtlie two phases a.re reformed,a.s shown by the independence 

of preasure and mass-volume ratio, although no sepa.ra.tion of 

phases o'r mea.surement of densit~ diecontinui~y i. :poesi ble 

until well oelow t~e critical tem~erature. 

Itis for this reason th~t in discussing the 

h~8teresis e~f e'ct a.t cOilstant volume the dispersion or 

emulsion of g~s in -liquid and liquid ·iil gas was em:phall,ized. 

A comparison of predi~tions of Mayer and Harrison 

and. the exp erimental r-ssu1ts of the ,a.uthor will now be made. 



t 
Pres.s ure 

Figure 16 
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~redioti2.EA of Mayer anLHarri.!on a'nd 
. 

pompar!son_wlth Ex~er!I!ent. 

made 

critica.l pre .. ssure region. Figure 16 shows ~ reproduction of 

Fi&.Ul;'6 1 of the-'ir l>aper, page 101 of the Journal of Chemica.l 
.~;. ~: .. ,.t <- .-... _ 

, ~-

They describe this diagram 
- ... '>~;. • 

a.fo.llo.ws:· "PressU.re is plotted as a funotion of volume a.t 
".-

various -temperatures: th.e ·Aeavy solid lines.. The curves at 

two oharacteristic temperatures T andT are espeoiall~ . . . .. -. ..." .' . ." .,;..' ..... .m ~. 0 : . 

m.arked.The .ap.aded a.rea. envelop ed by the da.shed line is the 

~eg~o;.n il} wh.i~h the ~~nes .are horizo~ta+, ~hat is.,_ where 

~~) .. 0-. ~he r ilJ;b,t h,and bound£r~~ V t is, the. volume ot the' 
.T 

c~il?-c1en8ed.ph.&.se. . The dott ed lines insid~ the ~haded. a.r~a 

represent the extrap.ola~.ed lJressure ~f the supersaturated 
.' _.. '. r " • , ;.. 

vapor. The dot-das~ l~ne on the lef~ hand side of the shaded 

are~ a~ Tm ~e~r.ese~~s a diSQontinuous tra.nsition in,the 

p;t'(),per~;i~s ,of the condensed pha~e. 

The l?ar~ of the diagram to the right of V c was 

4ednced atr~ot11 from their wo~k. 
. i . " 

-
·Th~ portion to the left of 

- - w-- . - ' -• -..I:.. ,- -." .' .. 

'!e.~8r~~ below To l'e~resents ~ logioal guess ~rom. th~ nature of 
r~ ~ 

the .k~Xl~etio.~~~~ur~ deduced from tliese equations". 

~ompar1ns this 4ia.gram to tha.t of ~~e exper imental 

.isothermal. ot Figure' 14, we note a. sta.r~~.ing similar~ty as 
~ , ~~ 
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,tog"n.eral character. The cont inuance of the region above 

,Tin wh,ere'in IdP), ;:i 0 is completel~ veri£ied by experiment. 
Wv'T 

the sugges~ed.s1IJlI!letry of this region abou,t' Va is, however, 

,~t ,&pparent. The experimental isotherms show a. nearly 

p~.rpenc1.icular boundary tOo r V f' wh ile V s slop es very not ic eab 11 

t-owa.rdthe higher dens,ities a.s the tempe'rature is raised. 

A second-difference between prediction and behaviour .. . 
a;~ises £rom the sta.tement of Ma.yer a.nd Harrison tha.t, "below 

Tm' Q.ompression of the system through the volume region, 

between V sand V f" will. be a.ccompanied by 

t:wo d'ist inct phas es of densi ty Vl and 
f 

the separat ion 

1 -V • s 
The 

of 

lIlic.ro scop ic densi ty co rr esponding to a vo lume b·etween V sand 

Vt . .1s unstable. This is :indicated on the dia.gram by the 

,dott.ed lines ahowing 'the higher presaure of the super .. 

aaturats,d vapor. As is well known,::.: this phenomenon is 

a88~eiated with the fact that the surfa.ce tension increa.ses 'the 

vapor pr essure of very small dropl et s of 1 iqu~d. 

"Between T and T , however, the denser phase has no 
m c 

surface t ens ion, and corr eepond,ing too this, the isothermals 

P&S8 smoothly through the condensing region, allowing no 

extrapolation to a. higher pressure for the supersaturated 

vapor'. Indeed, all microscopic densities in the sha.ded region 

be'ween Tm and To will corre.pond to the same pressure (at the 

.ame temperature) and to the same Gibbs' free energy. Com-

pression ot the sl'stem,at constant temperature T, with 
'. 

'm -T To' will be accompanied by a. uniform increase in density 
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througL:0ut.the whole system, the pressure rema.ining unohanged 
• 

between Va and Vf ". 

Reversa.l of the direotion of mea.surement upon the 

isotherma.l at 9.60 0 0. does not coinoide with this picture A 

pro~ounoed hysteresis has been observed, although more tha.n 

suf f ic i en t t ime~ for tamp era. tur e e quil i b rium to bee eta. b lieh e d 
---./ 

as· allowed •. Turning to the dia.gram of this isothermal, 

Figure 15, we see that even in the "va.por" region of the 

isothermal, where any evidenoe ot a second pb.ase,with or without 

aurface tension, is missing, it is obvious that a deoided time 

lag is involved in producing a ohang~ to higher density. Such 

a time lag pointe strongly to the existenoe of some sort of 

struoture o~ association of the moleoular species under these 

conditions of tempera.ture and density. It is for this rea.son, 

and because of the large a.mount of tlvidence a.ooumulated by 

Geddes upon time la.gs, tha.t the concept d.ue to Maa.ss of the 

A great dea.l of the evidenoe a.lready gi ven in this 

theei s is very simp11 a.nd olearly explained by the assumption 

of a two·-pha.s e sy,st em, either .wi thout a surface tens ion fo r 

the denser pha.se, .or with that pha.se possessing such a small 

surfa.ce tension that emulsification of the two pha.ses is 

possible, a.nd that, suoh emulsions exist for very extended 

perio ds of time. The retention of this theory, with the 

elaboration that the denser or both phases are subjeot to 

var ious degrees of orienta.tion, is far from impossible as the 
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i~eas are b¥ no means contradictory. 

A di~crepancy in the observed ,temperature of 

reap~ea.rance of the IJleniscus betWee,n Geddes -and the present 

~ .. uthor •. i.e'. 9~34~C; tn_the first'p±~e.· and9.17oC. in the 

latter, may perhaps also be eXlllained by a statement of Mayer 

and Harrison. "Cooling of such a s¥stem", tha~ is a system 
",,-.- , .. 

between V sand V
f 

a.nd. above Tm' "should be ex:pected to result 

in the formation of a meniscus at some temperature lower than 

Till' a typical super-coolilig effect. The extent of the sup~r

cooling would be -E,x'p-ecte'd"to be greater~ the further the 

densities in va.rious :parts of the syste:m w~re f~om the 'values 

corresponding to the volume V
t 

and V at T. A system with 
m em m 

; : - 1 
approximately midway between --- a.nd 

Vfm 

~ 1 
uniform density -V-' 

show the greatest su~er-cooling." 
1 . c V . J would be expected to 
em 

Investigation of this and other PQints with resl;ect to time 

lags is being continued oy lY.l.r J. R. Dacey-

Vapor Pressure of Ethllene betw~~ 

The isothermals of ethylene given a.bove have been 

used to determine,.the vapor pressure curve of ethylene in the 
.,-

critical region. --The va.lues a.re gi·ven in Table XXI, a.nd 

r~resented in Figure 17. The pressure tor any temperature 

was taken as the average of the pressures of the determinations 

made in tlle reglan for' whicll (~~) .. 0 Although pressures 
T 

are given in Ta.ble XVI:: to .01 a.tmosphere only, the avera.ge of 



the pressure readings should be somewhat better than this 

value, and the last figure of the pressure in Tabte XXI: has 
t~V: 

been included.for this reason, although~some doubt of its 

signif'ica.nce,~. As is to be s:r.pecte't> over SUCh...a--J 

narrow ra.nge of tempera.ture, the va.por pressure as a funct ion 

of teIllperature1s 8xcellellt11 represente-d by a. straight line. 

TABLE XXI. . - ----

ra.por Pressure ~f~thl!~ 

~emperature Ave:ag~~~~ 

g·92 49. 45; 

9.22 49. 74
3 

9.42 49.9 8
3
, 

9·50 50 •066 

9·60 50 166 

9··70 50 276 
9.80 50. 38 6 

9·90 50 51
0 

From Figure 17 

~ 1.150 atm/oC. ~ 1.13 atm/oC 
r 1.015 3 
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fieat of Va~orizatio!! of Ethz1en!, 

!E:.th e C r it ica.l Reg io!! 

The la.tent heat of vaporiz~t ion ma,l' be calcula.ted 

f!~m the Cl&uSius-Olape~ro~ equation 

where 

a.nd the 

. 
.' 

~ signifies the latent hea.t of vaporization 

'2 II II volume of the sa.turated vapor 

V1 
ft 11 n " " 1 iquid,~·~J:· 

other symbols have their usual s ignif icance. 

The value of ~ was evalua.ted gra.:phical11 from 

the figures of Table XXI, while the specific volumes of the 

saturated liquid a.nd vapor were evaluated from the saturation 

curve o~ Figure 14. The values chosen for '2' V1 etc. are 

given with the caiculated values of ~ in Table XXII~~ .. 
A plot of latei1t hea.t agtltinst temperature is 

given in Figure 18 It is seen that;the la.tent heat does 

not reach a zero value at the c1assieal critical temperature, 

but at 9.9 00., that is .4°0 higher • 
.... 



TABLE XXII:: 

T 

-
5.448 1t.OOO 282.1 1. 13 11.19 1.448 

3 
5. 116 4 -072 . .- 282.4 1.13

3 
8.53 1.104 

4.896 4.224- 282.6 Of 1.13 5·20 • 672 
: .. : 3 

4.800 4.256 282·7 1.13
3 

4.21 .544 

4. 688 4.256 282. g 1.13
3 3·34 .• 432 

4.596 4.256 282·9 1.1.33 
2. 63 ·340 

4.520 4.280 28 3. 0 1.13
3 

1.86 .240 

4.400 4.400 28 3. 1 1.13
3 

O. 0 
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Pre S s1:l;t' e:;'y e1np e ra. t-qr ~ C'ur~ 
'tliroilgho'u t' the'Cr it tical; < Reiian a.nSi t'h~ 

Formula of Mills -

In>addition 't"o,the' -vapor'pressure,,'eurve of ethylene 

given in Figure 17 j the pressure tempera.ture curves for nine 
" 

d1tter~nt isochores are g{ve'n' inF·igure'19. These curv'es were . 
evaluat edfrom t,he iso ba.r s o-fCledde sand Ma.ass (5"/)"'-, and are 

. ; ,~. 

The absolute densities of these 
,,~ ~ ~ ~. ,. -' j ~ !I.. -: • _ _ ..; ~~ -

c~rves ha.ve '-been correo,ted to correspond to th-e absolute. ,den-

a1't¥ values ob'ta.inedby· the a.uthor, and which are 'bel"'ieved 

more nearly correct. 

Slncethe pressure temperature curves are straight 

J:'i'nes J ' 'it t"ollowa'-tha.~ equ~'tiona of state,' such as Van d~r Waals' J" 

are: valfd in this region. 
. r· 

Beca.use '~t this tao t, an est imat ion 

Info.rmat1on as-to the, c-hanges in naft ,itself throug-hout 

tb,1areg ion wa.s des,ire d,. in the hope that an 1ndicat,1on of 

pr:ogzess'l,ve orientation or cluste-r formation wou.ld be revealed. 

Hoi-fucll ~nformatio,n wa.s ob'tained, '·however, and the f'1gures are 

no t inc,ludea..-in 0 rder, to save spa.c e. The slOp e of the' "or itical n 

i.sochor e 'ha.s be,&n 'Uts-ad- to-test,Mills I formula (5'8), which 1s 

that 2-R -

tm.~~,~, B. ~.s itS. usua.l fiigni~ica.nca, and V c is the cla.SSiCa.~ 

or 1tical V,O lUlU •• 
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·~h e cal"Culat e·d va.lue o-f 

.while the Corrected experimental 

~ for ethylene ·is 1. 26 atw /oe .. 
V'c 
value gives 1. 21 ~tm 1°C. 

The Effect pf Mechanical Stirri~ 

on·,tb,e -aete".-og eueoua Syat em.a~ ~ .5~. 

In' the des ig~ of appa.ratus us ed in t~is illve at iga.t,ion 

-
it wa.s possib.le to include a. magnet~c stirring, ar.fangement in 

the eth~lene side of the system. This was done in order to 

see if mechanica.l stirring, which ha.s been emphasized as 

n.ces·sarl in criticisms of work done in this labora.tory, would 

.affect the phellomen~ which are 0 bserved. 

A heterogeneous systew was therefore obtained at 

.9.5,1 0 0., and its pressure recorded. This system wa.s ,then 

vio l_sntly at irred .b·y· movement o.! ·the ma.gnet up a.nd down the 
----

length of the tub efor a period of twent~ seconds. Severa.l 

minutes were a.llowed to'ela.pse, a.nd the pressure a.ga.in, 

observed. This treat~ent wa.s repea.ted four .... times. No .cha.nge 

in press~re could be detected. Although no mass movement of 

mater,ial could be seen during the stirring, the stirring was 

.of _suffiqient v.iolenoe to ca.use la.rge visibletra,nsfers of~ 

1.1.qu.1d short .distances into the vapor phase when :the 

t·emperature was oel.owthe critica.l. Moreover t the faot that 

.the phenomena. reported 4ere, andwhioh is similar to that 

rep.-or.ted. by pr.vious workers, w.es observed1n a. t.ube which 

conta;1ned. no spir.al, .. comp let e11 r et·u te s the argument of 

Rued~ (1(0) tha.t the presence of a. spiral a.cts as a. deterrent 



to the proper mi~1ng and diffusing of the system, and is the 

reaa.on for tlle anomalous observa.tions whioh h'ave been made 

in the ori ti cal reg ion. 

Clai!ns from theJ!2.tharms 2.i_,C02 

BL 

~ 

ti~ ROl- S2..£:._16oJ .. ~l9li) ~-(59) _ 
1- -(vv;::;t;-. 

_~a:-~ 

SinCe ,the completion of< the work deSC~d.< a.bove, 

&. paper upon the isotherms of ca.rbon dioxid~~ A. Miche"ls, 
./ 

. / 
:8,-. Bla_isse, and O. Michels has ~nt-o~. The work 1s 

dlrec.tly oomparable to that just described for ethylene. The 

measurements of both pressure and temperature were extremelr 

precis.e. The results do no t agree with those for ethylene 

which have been tabulated above. (The temperature was con-

trolled to Detter than .005°0. t and pressure difte·rences of 

.001 atmosphere could be detected by means of a dead weight 

gauge). No region wherein ($) T .. 0 wa.s found a.bove the 

critical temperature. The reason for this disagreement ~s 

not clear •. and- great weight must be attached to' the measure

ments of these authors because of the preCision of the 

metho d and. the great pur ity of the ga.s invest igated. There 

a~e, in addit ion to the po ss ib ilitJ" that a-maximum sens it ivity 

of ±.-,.005 atmosphe-re, which is cla.imed for the present 

inve at ias. t idn"'- o~ ethyl ene, is no t suff io ien t to dif t er en t ia. t e 
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between a true two-phase system and a ve,r3' compressible one-
U '''-.r _... -. - -~. - -'. ~ ~ ~ ., __ 

J?~a.se system, two possible expianations tor the disagreement 
--. " 

~A~ ~irst, is the Gare taken in experimentation D1 Michels and 

;,.h"is co-woX'~ers. For example, th~c.isotherUJ. at 25'.07000 , 

n.~arl,1 ,6 0 0 b.a,low the or itical temperature where the system 

~oul}i, be a t~ly two-pha.se system, shows a gradual increase . . 

,of, p,res'sure' of nearly. 02 atmosphere in the region wherein 

(jt,) = O. On -the otherha.nd, certa.in of his iso.thermals 
T 

sh?w a yery constant pressure throughout this region. For 

::instance, ,the isotherm at 29•92
9

°0 reveals a maximum 
, . 

dev~ation, ot only .006 atmosphere trom the mean value of the 

pressure throughout the range. No doubt greater Care was 

taken in determining the po ints as the critical temperature 
, -

was apl'roa.ched, and the _degree ot precision claimed wa.s more 

nearll' atta. ined. 

The second possibility is that the two substances "'. :U~ ;(i~t 

under stud¥ ~ng:~~,-a.~; ge{l:;:'liza.tion a.a to the 

behaviour of liquid-gas systems ~s a whole is unjustified. 

Moreover, as will be pOinted out more clearly later, 

the classical critical tempera.ture appea.rs to depend upon 

the point at which the surface tension drops to a value where 

the phases become miscible in all proportions. In some cases 

this temperature may actually coincide with that temperature 

at which liquid, under its own vapor pressure, may be unable 

to exist. In such a case the temperature which is the upper 

lim:;;:tlt%~ zero, will be the same a.s the 
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tempera.ture where the visible meniscus di.a.ppears. This might 

well be the case for carbon dioxide, while for ethylene the . 
temperature of. complete miscibil,ity is below that temperature 

at which liquid cea.ses to ex.ist, and thus a p,ersistence of 

liquid above :th'ecritical tellll:lerature as normally defined is 

observed. In, any case, no men,tion is ma.de by Michels of -the 

tWoe'rature at which the meniSc1J.s is seen to disaPl'ear in a 

st.a.tio~ary bomb_, which is after a.ll, the Cagniard-L'a. Tour 

temp,erature which haa alwa.ys been identified in~ th,8 classical 

theory as the same temp~rature at which liquid can no longer 

exist under its own va.por pressure. Miche'ls determines his 

ci'~t~cal temperature by extrapolating the minimum values of 

{~)T for temperatures above the critical back to the point 

of intersection with, the temperatul"e axis. This mayor ma.y 

not be the critica.l tem:perature as defined/above. 

'Th~ author feels, Jlh.l1~fore, that the data given aoove 

for et~Jlene cannot be li~ht17 dismissed, and the original 

i~te.rpre~at ion of these results is given in a '·following 

sect ~on. 
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Th'e Co-existence Line obtained from the Isothermals ----. _______ aze ____ .-....... _ _ ___ _ 

of Nal drat t 

'The saturation line of l'iquid a.nd vapor as obta.ined 

from the envelope of the region of the isothermals wherein 

~)T. 0 has been plotted as a, function· of temperature in 

Figure 20 This curve should represent -the sa.turation or 

solubility curve of liqui'd in vapor' and val:> ° I' in liquid. The 

isothermals have oeen ~hOWll to oe equ,ililJrium cur.ves, a.nd 
.-.1 

therefore the satura.tion curve must be the true representa.tion 

of liquid and va~or behaviour throughout the critical region. 

Th.e form of the curve, which is reltresented 01' the hatched 

Circles of the figure, does not abree with the form of the 

cu.rve determined by j,:Jaldrett C:;I,!J.d Ma.ass (57) by a.nother 

method. This curve is re~resellted by the pl~in circles of 

th.e figure, a.nd axc e:p t at the lowest r eco rded temp e ratur e 

lies everywhere within the saturation area ·as determined 

from the isothermals. Thfa.t such a discrepancy exists is 

i:alportant. and an analysis of the po ssible cause<3iiiins o)iJb r 
@. giveS' excellent support to the dispersion or emulsification 

theor1' which has been used to ex:p;Lain many of the results 

o,utl ined above. 

Na.ldrett's experimental method must first be 

outlined in order that the criticism of it m~y be clear17 

understoo d. 
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J . . i· pJ~~1t. tif~ ~~ wi? ! i£ ~ ~~ v -9.,},. . ~V' d . 

Th/ experimental arrangement was brief ly as follows. 

Ve~l caref~tlY ~urified ethllene was onfined in amall ~lass 
bombs._~,~Jh_ bomb was :t'il;e~ withE~~.amounts. an~ t:e 

mean density was determined very a.ccura.tely by. a. gravimetric 

lIla tho d. -, A bom.b_when filled was placed in a ther.mostat upon 
., 

a wheel of short ra.dius, a.nd the wheel revolved quite ra.pidlr. 

This provided violent stirring of the medium. As the 

temperature of the bat'h wa.s raised, a bomb ot density higher 

than the m~d-po int O.X: the curve was found .to f il~ gradually 
"- • J' . .-- ~, 

wi th 11qu~d. The precise teml,Jerature at which ~he li.9.uid 

Just fille~ the bomo was recorded, a.nd the densitr of the 

bomb was assumed to be the density of the liquid at that 

temperature. When a bomb of low density was similarly treated, 
r'O: • "" .-... 

vapo ~ gra.dua:~ly occup ied the entire space, and the 

temperature and density for such an occurrence was a.ssumed to 

give the true vapor density tor that tempera.ture. Eombs filled 

to densities correspoIidi.ng to the flat a.pex of the curve gave 

opalescent mixtures, and showed a. definite range of density 

over which an apparently two~ph~se, but physically homogeneous, 
.. ,.... _ . • ".'~ r 

s¥stem could b, obtained. This temperature was 9.20 0 0 , and 
-

'las called the lIshaking cr~ .. ~ica.l. teml?eraturell beca.use at 
-' 

thi~ ~emperature the meniscus disappeared on shaking. These 
-\ -' 

are the experimental facts, and the author wishes to explain 
~ '." 

~hem so as to bring them into agreement with the saturation 

OUf-v-e • 

The inter~retation·of the flat a~ex, which gave .. 
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liighly- opalescent s~stems, was thatdisp-ersion or emulsifi-
.- -

cat ion .of one pha.se in the 0 ther 0 ccurr ad. These emulsions 

W13re a:PlJ~ren~ly stable, for no restratification into layers 

oocurred. Such an expla.nat ion is simple and r-easoriable, a.nd 

from it 'the true signir-icance of the other points may be 

deve lope d. -

It i·s -a -fo reign concept that condi t ions for 

emulsification shoul-d be attained suddenll' a.t some discrete 

temperature. A continuous approach to such condi·tions seems 

preferable. It therefore ap~ea.rs ltlausible that a certain 

degree of emulsifica.tion occurs a.t lower temperatures, sit-her 

of vapoT in the liquid at hi'gh average densities, 'or liquid 

in vapor for l-ow average densities. The a.rnount of such 

etnuls~fication is. depen-dent upon ths value of the inter-

facial tension, Ci,.Lld inoreases with rise in tem]?erature. At 

9.20 0 0 , the exteut h~s attained suoh magnitude that it 

beoomes manifest by visual means, and the phenomena of the 
i 

"shaking critioa.l tempera.ture" become ap:J:Iarent. At lower 

temperatures the emulsification is not a.p~arent to the eye, 

and a homogeneous s1stam of either liquid or vapor is seen 

to fill the ~ube. In rea.lity, these system.s are probabl~ 

supersaturated solutions of the two phases,- and have an 

apparent stability because of the low value of the inter-

facial tension at these temperatures. This conce~t explains 

neat 11 wh1 the curve always lies within the saturation' curve 

of the isothermals. Thus, at some apparent "liquid" denSity, 



a. supersaturated solution of vapor in liquid is obta.ined, 

and th~re£ore h~s a lower. density than th'e true liquid 

density a.t that tempera.ture. For aplJa,rent "vapor" densities 

the reverse has happened, and a. 8upersa.turatedsolution of 

liquid in vapor-is ootained, with a. consequently higher vapor 

de~sit7-than that of the sa.turation curve. As the 

temperature is lowered, the degree of supersa.tura.tion which 

ia-possible is lessened, and ultimate~y will become 

negliglble .. ~- This expla.ins the agreement by the two methods 

.at· a temp era.ture of g. 92°0 

It is seen, therefore, tha.t 1ihe appere.nt disagree

ment of results is ill. reality ;t'ictitious, and tha.t strong 

support ot the emulsion theor~ is presented by these two 

curves when properl:1 interpreted. 



.DISCOSSION - -

~he phenomena. reported abo:ve and the explanations 

wh.~Q~.lla.ve been offered lea.~ to a rat~er interest,i,ng and 

.IIQmewhat nove~ p~c~u:tte- of the 'changes which occu.;t' whe.n 

-ejhl1~n. is subjected to chFl-pging ,.co>;lditions 1n the critical 

re.giop.. _As this 'Q1l;a.lita.tlve d.escription ma¥ well have .. 4~~ 
, ~ 

1I2ld;:;:&JiiW.a1llU '11'1 •• 5 •• '!.'. 1G a.ll liqui~ gas s1's.tems, a 

review of' t.he experimental behaviour and its interpreta.tion 

ma.:/ be of value. 

The. fl,ret pOint of iut~re.st was the :prol.1.ounced 

p-,yster.es.,"s of liquid and va:por densities w:p.en.the s~bsta.nce 

w&·s he~ted a.b,9ve the critical tem~erature,as defined b¥ the 

meniscus Q.isall~ea.ra.nce, a.nd sUbsequentll' cooled. ,l: It wa.s found 

tlla~ a heterogeneous system.persisted for a.oout one degt'ee above 

.the critica.l tem~erature, 6\lld tha.t the density ot.~ condensed 

liquid did not coil}ci4e.·, with the densit3' of the origin~l.liquid 

u,nt'il 0001e4. to goO. The amount: of }l.eterogeneit:/,.but not ,the 

critic~~tem.perature, was found to be a. .~unction of the mass 

.volume ratio. 

The amount of heter·og~neit¥ was foun~ to be greatl, 

i~~,-lue,nc.~ ~.¥ _~:p.e presence of. small amounts of air' (1% or. less) J 

~~ . 

. and..,l\tll,a.t w'!-th.,:8-uch qua,nt.ities of air l>resent, liquid could 

persist for. a.s much as. 25°0 a.bov_e t-he critic~l temperature. 

8.t~rr1ngn showed .t:1::lEl same sort of hysteresis wh.ell density 1s 



p·lo tted ·as 8, .. funct ion of t.eIQIlerature a.s pure ath1'lene" except 

tha.t; the temperature of c'on4ensati:on was lower ad. 

~ime lags measured upon isobars and is~herms shQwed 

a pronounced ~,i'rlcreas a in time r eq~ired to estab 1 ish 

o4ara.ct.aristlc "l~qui"d;" densities by cooling or oompression 

from. ~he "va.por" ragion" a.bove that requ~rad to p'roduce 

nvaporn densities "b.y .hea.ting orexpa.llsion from the "-liquid" .; .. 

~egion. Reversing of the direction of measurement of the 

ieo tllerlDJ\,l at9. 600c~ showed la.rge time legs incompressil.1g 

a, tru e 1!v.a.p 0 r n to a small er vo 1 ume • 

Pressure g.ra.d.ients ,produced by heating the top of the 

bomb we~e found to~r~crea.te a stable heterogenelt7 even above 

th.e c r1 tical temp erature Th.e amount of ,this heterogeneity 

1ncr~a.se·d as :th~e temp era.ture wa.s lowered toward the conden-

~tion point. At .03°C above this tempera.ture, a meniscus 

could be reiormed by s'Q,ch cQmpresaion. 

Compression of·, the liquid which conden'ses out at 

9·. 11 ~C. ,increased both the de:nsi ty· and amount of 1 iqu·i,d~ At 

v.ery low m'ean den.sities the denait;, of this liquid could be 

raised above that of the original heating curve bJ such 

compression. Wi~h"i"illings of mea.n density of .200 gm/ec. or 

higher" .. the density -of. the liquid -phase was never raised above 

that ot the~heating curve. 

Accuratepreasure volume relations at constant 

temper"t.ures ahoweda persistence of a, second~pha.se above the 

cr~t~Qal tEtmperature. This was indicated by a. very' definite 



~.g:\.on ,1ib.roughowli \YhJ~h~)T .. 0-. The compl.ete envelopeoi 

~l8 ,region was ~e~ermlned·and the point of inflection for 

t~e ieo therm~ found, to be· at, 9;.90 0 Q. . The pore ssu.re of 

4.eterogeneoU8 systems was me'asure4- in this regio'n, a.nd found 

to ·be ·unohanged by meQhanical stirr.ing, to be independent 

C)f:QlCi.sS volume ratio, to oe t-he same a.s that of the homo-

geneo~s sys~em obtained by heating above 10.5°0. a.nd cooling, 

and. to be ~he same as the .lJressure of t~e h~rizontal portion 

of ~.the 1,oj;hermal at the same temp.eratures. The ... homogeneous 

S'ystem o.~tained by hea.ting a.nd subsequent coolil}g was shown 

tQ haye' a pressure ind.ependent of volume within the limi~.s 

of' de_~s;ty (\efinedby .the co-existence curve of the 

~e.othermal,. Pressure measurements at consta.nt volume showed 

th,&t c.urves A a.nd B of a. t~ical. isochorebad 1dent ~oa.l 

p~essur es. 

The leads given by the above pressure mea.surements 

al.lo .. wed of_a much b,ett er ex:pla.l).ation of the hysteresis aurve 

at constant volume, .the equiva.lence of pressures along curves 

A and B of such all isochore,the appa.rent sta.bil~ty o~2~ e('A:t-c.. ; 
.. ' ~ ~/~~'-« 

~eterogeneous an4ho~ogeneous systems, &n~~_ The 

explana.tio~s her,etofo~. given will be briefly repea.ted • . a.nd a. 

g~neral q~al.itative t,heo,ry of the beha.viour i:q. the Gritical 

reg ~on develop ~d. f~o!Ji them. 

T,he pressure-volume mea.surem~n~s made atoonstant 

tempera.ture. a.llowe4 Qut one .~~a.sQnab1.e interpretation. 



e~~8t.1;lCe of a. two-];)hase sy_stem between oerta.in well defined 

.. ~g. e1 ther,form ~,a8tab le.The :.D.eterog eneQu8 sytf~ em Will 
.... ~,.,. .. .:. ... -.... - ~. ~ ., ..~; •• -t- ~. ., :c~ . ' . ., j$.._ '" _ .... : .' :"".;': -.~__ _~': 

~H~<.~i ~,~ ;!:ed~~n-ft ~~Y i~ ~m ixtri~ ~~,~~ _,~~ ~ '~' Q~u~~d, ~~t. f.~ +,o,~~~lY.~l 

~,f~~t~ica.t ; s~ fr~ ins. ,g rJ a~r ing!, ,!~ 8U~-~:t. ~ f~a. tm'ent . _ ~s ~ apl? ~~ ed 

-t~ a .het,el'ogeneoUS8¥s~em, ~he. density d:1.-t£ere~~e ap9ve and 
'? r' '-<'. ~',-', '> "" , , -, -. - .,,... - - " '~ " '. " -

~w ~he pos~tt0J:l of •. ~is~p~e~ranceQC t,h~ msftisc'\ts is iJ'o~~~ 

, ~~(V?" b¥,',a. };Q.i~ip.~ ,or.- euru.~sif~C~~to~ o~l one-p~a.se ~~::tie :othe~., 

~B': a s~Gt.Ff~naFl bq,ma _~- o_ert~i~ amou~t, o:f',;~R-f~~~~xillg ~~y be 

e:r:QU~~~ :,~~ouf~ ~Yt ~.~~ sls~e~ _~tsel~, ~e9Q,1l~~ 0' '\ih,~" tend~p,oy, of 
- .~ 

th~ meniscus to move .. up qr"dow:t:l.c_in the tube Q.eO~llS~l_ot the 
',' __ - • _.. _ ~ .. ' ."_ Of, ~ ~ ,..... .:. ~ • _ _ ..... ~ • _ ~~ _ _ _ .0< • _. ~ 

~~~~, de~sitl of the filling The phase densitv relationship 
• - r • ... •• ..:. -::, ..... -; ~ 1\.' 

;t ~ is_I 0 * ~' . 
• ~ "itlt" .: . _ - ', ........ 

~q~~s,e, ,np.~ a.,.~pu~.~h~~e (;ie~,sit¥, _~s ,~~~ e~~_~rimep:-,~,~l arr",~g.

~enJ~ re~l~~ m,e~surea t~e de_ilsit~,:otJ_j~e one:p~,\~e ~t~S a. 

'i~rt'~ff\' ~~ iJt~:ttF e ,C!-t ~ ~h ~'.c o·t~er. 

!.Cp.o ,?"p.rsCit of .. , ev~nt~ 0f',.~ea.tin~: 'a.~ con,sta.n~~ vo~~.~; 

is ~~p~~~ll.e;(\, ~s ~ ~9~lqws.. The ,~~i,~u,i~ J:;~.~e, !I:b,icll: l'e;o,sf:st,s _.-
'. .~ : . - .' 

~,arge.Yt,+l)~ th~_ ,.99ttGOlIlr~ot4' th~: t-.u.b~'J. fS gr~du~;Lll:: de~tf~:r:ed" a. 

P-' ~) ~ emp,~;r: titur;e-: ~,s ra-~ s~~_d..Some'l?: er e i~: ~fe;~ v i,o;in i ~ l':.~ o,~ t1 

&+0 90 .. ,"; .t~e' 8ff1i,~~' ha',illi.b~e9,9~.~ ,-a t ru,,6;, vapor ,#s.l~.t em, wi t~:: a. 

l1~r~e..s~:r.~~:p'&:p~.p.d.~~:~ u~o n" ;:1 t.,s ;vo l~e. -' ':;~ (~h~:_ .~x.a.~t __ ~ empe_:r~ tu,re 

4.:~:soxn_w)l, .. t1 .do'Q.bt:tu.l- J)~ec~us-8!: :jhe-,sene.1t-~vitf. o~, t.lil,e, 



alal. -at 1Q °0. J while wi th the pre.sure-yolume arrangement, no 

~inUe indication of a ho:r:Uontal porUonof an iaothe:r:mal_J 
Can be 4.teo-ted. above 9.90~C). On cooling ~rOBl thl. 

temperature, llquld 1. torm.~J but ~_ now dlspereed unlforml,. 
r 

- ' '"' --

thnugho'Uy,t the tUDe. A. the temp erature 1_ lo.ered the lnter-
~ "- :.. ,. . . , 

iao1&l teneion ie increased, and concianeation occur. at 9.17°0. 

Yapor 1. atlll retained in thia liquid, andllquid atlll 

remains in the v .. po-r aboTe it. Co_pre_slon cau ••• the foreign 

phaae to aeparate out of the one ln which it i. au_pendeel, anel 

'oth cleneitl' and amount of the phaae 18 changeel. Without 

compre.slon the temperature aust be 10were4 to 8.0°0 t before 

the amount of onephaee 4i8P.rs8d in the other becomea 

~.gliglDle. 

!he aS8umption of a V8r7 amall interfacial tension in 
.-

thl. region tmmediate17 explaina the pre.sure agree.ent between 

homogeneoua and heterogeneoua a7stem., anel the apparent 

at&Dl1it7- of the .mulaions of one phase in the other. 

!he effecta cau •• 4 b7 the pre.ence o~ air are explain

ed b7 the tact that the a1~ t_nda to remain in the upper portion 

o~ the tube, causing an artlficial17 great pre8aure upon the 

11quid· phaae, whlch 1a thua caused to per.lat aan,. 'egreea 

above the critical tamperature. Whenthi_ all' 1. mixe4 
- .. ~ 

throuahout the .7atem, thie effect ie Vitiated., and the ·onl,. 
~:-. 

41t~erence in iehayiour ie that cauaed b7 ~he lowering of the 
;.; - -
interfac1al ~ enaioD. b7 the a1l". 

All ~he pheno .... oba.rve' are therefore •• 11 



.10l-. ' 

~~p1a~ned by the assumption o{ a. two-phase s¥stem pe'rsisting 

above th~ temlJerature at which the meniscus disa.ppears" without 
..' • y"" 

an¥ des91'iption of the nature of the two phases, excellt the 
-.- -: .. 

phenomena of time fags. These time la.gs are well established 

lx-om the wor~of, Geddes and Ma.a.ss ('>"/),;, Pall, ~roug1.ton a.nd 

Me-asa ('7'>, a.nd the p res-ant investigation. The¥ indicate 
"',- -," ..... 

at rongly that som.e form of orienta.tion exists -in the liquid 

sta.te of aggregat,io'n. Evidence tha.t extended time +ags exist 

even in the ,true vapor reg ion 'indicates tha.t here, too, some 

degree of orienta.~ionis being b~ou~ht about by the ~han8e of 

conditions. Studies by Stewa.rt a.nd his co-workers indica.te 
. -. . ..,-

a change of nature of the medium which is marked, onlv for 
4~ , - ~ ~ • -~-., 

vo lume change s ~3>. Rea.ction ra tes, studied b¥ Ho ~der and 

Maass (98), ~~dicate again ~hat density changes are ver., - - ~ -

1mp~rtant, and that this importance is not due merely ~o the 

concentration ef'tect. of the reacta.nts. All these exp erime,nta.l 

facta lend strong'sup1to,rt to 'the description of the ch.ange 

occurt'ing as a.. liquid, cha.n~es to the vapor etate, which wa.e 

given in 1908, by Bra.dley, Browne and Hale (~). The se~~ence 
- . 

of occurrences is so well stated in. this excellent pa.per that 

much Qfwhat is to folJ..ow is direct11 quoted frol.U their .' " ~-'., ;., 

writ ing e. ·~~e author Linde it diff1cul,t to understa.nd the 
~, ~:: -_. 

lack of,emphasis which haa been placed upon this work, unless 

the qualitative nature of the experiments made their value 

,8em small to other workers in the field. 

Bradle1, Browne and Hale follow Traube in his 



.. 102 .• 

41st inct10n between real l1quid (11quidons) and real gas (gas~ns) 
";.:J "~. ~ 1 -- ~.: .. '~ ~i.d:L:.Q .~-;'_:,,' _. . . ,," .• , . " t; .;;," :':,. r 

an'd betWeen the liq,uid phase and the vapor phase. 
"J.~." .. ~ .~""-~ '. .~'- . ~ ....... ~. '>3.' • - • 

• ' ..... " ,; .. :'.' r~;~~" .J. : -,;. .'~ -: ... ~ ':'"~£ .... :) ... "~' ~ - . .;'. 

phase is to b"a oon'sidered as true liquid co.ntaining true gas 1n 

liquid in solu.tion in true gas. 

" " 

molecular unit, o'r a.t least is made up of few molecules. On 
. ,::- -t ..,." " 

'". . ~ ... - -
• -. ",-. . r -<". _". '. _ ........ " •• 

compression, orientation and clustering occurs at random 
jll':;~ '.. .:.~;. "." .• -'~ ..... --- i. ;~. -. ... .... ,_ ." ,..... . ,., ?" - ~.~ ~ .' .'. ,i>, ~ ~ ' .. 

throughout the ga.s and s~'all g~~Up S ot mo lecule s ·'f~orm and 
-. "' - .,',' :. ~ ~ . ''';' .. " .. 

~. '. ...;I ~ ,~~ ",: 

break up a_s the kinet io theory demands • That is, the lif e o·t 
.:~. . . ~ . -,' }~. ~ -:; 1 . 

,.4 __ 

anyone group is· limited, but such groups are always present. 

~~t'U;;her "compre:s'ion, below the c:;lic~'l };~~'~ra":urs; the 
-" 

,.,.' -", i ,,- . ~. ,-!'I <. 
':!--....• '"" !i-.. _-~. 

number of such groups increases until at great enough densities 
• ~ ._. 0'" "". F 

.". .... JJ; I.. • ~ • 
,... .- ~, -

satura.tion has· b.een atta1ned, a.nd precipita.tion of the liquid 
.. ' -. y-
.' + ... ~ ,. ,.,. 

'\r , 

. '.i ~. . :-_ 

pha.se occur s. Th 1s phase, ~ s po inte d out abo va '" co nta ins a. 
. , -. .... ~. - "- . , "'i: '. -., ", 

saturation value of ga.lons. To quote directly from the above 
., ":. 
-.-, .... j ....... . 

, .- '-

• I .A, - ." 

. , 
.~ !.: .. 

authors, 'This v1ew transforms the "area of liquefao'tion" on 
... - -...... ' ". '" ... .';' . - .: ~' ... ", <::. ~.,'. ' . 

a diagram of isothermals to an "area of saturation". Outside 
/. - ,; . 
~ i. _ t... " •• y • _.~ 

this area of saturat10n, on the side op~os1te the pressure 

axis, liquidons may exist, less or mOre according to volume, 
%. .~ e,;.: 

but never to the. extent of saturating the gasons in which they 

are dissolved' The opposite, with regard to ga.lons in the 

liquid phase is the case on the side of the saturation area. 

next to the pressure axis. 

'Above the critioal temperature, true l1quid and 

true gas may exist side by side in any proportion, according 



,,~ TolUIIL8, but there can neYer be phaa8a except 1n the looe. 

aenae ot t.porar7 .'ra'lt1o&t;1011. Outalde the area ot 

aat.;ratlon, there il perfect contlnuit,. 1n aT'er7 d1rection. 

the area of .a~urat1on, 1ndead. 1e after all onll an ex08p

""loul caae in aao'bherwiae seneral continuity-b.t.een the 

':11quld and. saa·80ua cond.itione ot matter. hdrewa' 411tinet10n 

i.' •••. 11 saa and yapor 1n terma of the oritlca-l temperature 

.. , still ba retailied., It. the capac it, tor cont1nuit7 1e mad.e 

fundamental, 'but 'DOt otherwiae. An aeroform Bubatance is -sas

aDoye the critical t .. perature and ·yapor· below that 

-'.perature. Whether a. -sas- or -y&por· 1t mal' be chanae' 

to liquid. )7 p~easura alone -- aa -sas- .1th pertect, continult,.. 

-- •• '!yapor·, onll by a discontinuoua proce •• 1nyo1Y1na 

,.'juration l • 

!hl. oontiault7 of atate conc8J)t foraa an adequate 

)aokground forth. phenomena which have been observed. D-7 the 

author" an4 i·" ,. hopa4-that more •• 1ght w1ll be attached. to 

·.uch a eonel •• aad. aatlataot01'7 'e.cr1ptloA, now that 

~ntitatlv •• eaau~ ... nta .hich aupport it so conC1U81ye17 

haye been aade. 
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GENERAL SUMMARY 
-~-

A rep et it ion of var ious curve S 0 btaille d by Geddes 

and Maass Sho~~:eat®~gen;'al' n~tu~e: ~ their results ~k.IL, 
r~roducible. ~~ existence and nature of the extended 

time la.gs i-nvolved 1n the estaollshmal'.l.t of eq~ilibrium 

densities has oeen cOl~irmed. The persistence of heterogeneous 

syste~s above.the Cagniard-la Tour temperature and the 
", . " 

equ~valence of ~ressu.res of heterogeneous a.nd hOlUogSi.leQuS 

systems was re-estab~ished. The aosolute values of the 

dei.1.sities a.nd l'ressures recorded by Geddes and i.vIaa.ss were found 

to be in error, and the causal:) have been deterw;ined. 

The work has be~n exteaded to t~e investig~tioll of 

a1r- eth;y 1 ene SI>II11' 1 e s. and th", 110 vel b el:iaviour of ~UCl8;YSt ems 

has been studied.. !viea.surewe.i.J.ti::l maCle with lJure ethylene ha.ve 

given the re~ation.shi:p betwe~.u J?haae densitJ ~nd mass-volume 

ratio at theclf:;l.ssic&.l critica.l tamJ:ierature. The complete 

de.l.lsity-tem~erature hysteresis.,.curve of the li'-l,uid phase h~s 

been determined for the first time. 

Compressio:..1al measur·6m6J.lts, made by establishing a. 

highs r teIUJ;erature. ~long the uJ;.'j;Jer port ion of the bomb, have 

reveal.d the possibility of refor~i~g heterogeneo~s systems 

from homogeneo~s ones acove the tem:perature of condensa.tion. 

Moreover J a. meniscus ha.·a been ShOWJ.l to be reformed at a. 

tempera.ture +.03°Chigher tha.n the temperature of s:pontaneous 



-105-

condensa.t,ion,' b1 suoh compression. 

Pre.sura-volume iso'therma.ls of the By,stem ethylene 

have be~n ~eter~ined throughout the critical region. They 

have shown" that, a two ,-phase' system exists to a. teio.~era.~ure of 
-" ... .> ,,::i , ','" '.,' , ' , " 

9 ... 9°0. The true form of th"e d.ensity temperature curve :i:.'or 

both liquid and
4

'vapor'-h:'as been obta.ined £ rom them. Pre'ssure

tem)?er&.ture relations at cOJ.lstallt volwne h~ve ShOW-J:l tha.t the . ' 

..... ' .... -~ -

heterogeneous and, homogeneous sistema of'an iso6ho~e have 
!;i 

e,xactl'l' similar pressures, a.t the same tem:perature, within the 
,\ .. 

- ~~ 

density range defIned b¥ the envelope of the region of the 

isothermals Wherein ~})'r .. 0 Moreover, these eystems' have 

both been shown to possess the same GiiJus' free energy, a,'nd 
~~ .~ 

to ha.ve the Sa-Ille fr,~e energy as the homogeneous systeru which 

is o.btained by iso'thermal expansion or compression to the 

deneity region Wh~rein~)'r • O. 

This data. has been explained by the assUUlption of a. 

two -pha.se system which becoUle s hom.ogeneous above theCagniard-

1& Tour temperatu~e bJ grace of a zero surface tension. A 

generb.l theory of the co~ti~luity of ga.seous a.~d liqui"ds states, 
- - -

due to B~adley, Browne and Hale; has been extended to inclu~e 

- ,-. + 

the conce}!t of regional orientation due to Dr- O~- Ma8;ss. This 
. ..: h . • ". 

theory is~ut forward to 8X1Jlain the behaviour of ,the critical 
- -, 

region including the ver., im:portant factor of time lags, 

or 19'ill~;11y- in~est1gat"e'd bi'lVla.a.ss and 'Ged'des. 
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CLAIMS TO· ORIGINAL WORK AHD COHTRI:BUTIONS ---- _.... - . - -

TO Kl\IO WLEDG E ----------

Two new f.o rms Qf appa.ratus fo r the studY' of the 

critica.l region ,'Vere develop ad. :Both were based upon the 

principles of design due to Geddes and Maa.ss, a.nd incorpar-

ated the use of the ftbalanced ~ressuren principle for 

determining pressure values ·iIl. ~he o~e case, and of a. McBa.in-
... , .... -l"" 

I 

:Bur sp iral and floa.t for density determina.tions in the 

second case. 

In the first design a more precise method of 

determi~ing. the :aecessar¥ mercury level correction, b¥ the use 

of a ca.the~ome1;er , .. was employed. T:Q,.e totQl volume of the 
.- . ... .... . .. ~-

s¥stem was given by ~he sawe reading of th~ mercury level. 

Mecha.nical s.tifrir.l.g;of the medium W&spossiol~ in this form of 
. -

&lJpa.ratus. iVlo reoyer. an improv6111en t in the lllallu~l thermo stat 

1~g. of t4e s¥stem was Q.evelo~ed b¥ mea.ns of a subsi . 

flow unit • 

. In the secon~ desig~l a wa.ter ~I:l.~ket wa..s employed for 

tha production of a. t;emliel .. ~ture gra.dient alon~ the bomb. By 

means.Q,f .~his arrangement t~e effect of corn:pression u:pon the 

medium.in ,the lower part of the tuiJe was studied • 
.. 

;tt.~ Contributions st tae ielloWlfig rmtuu to the 

knowledge of the tra.nsition from li9.uid t~._~:~~a.ve. ~_~e~ ~a.~ __ . /1 
(l? The cause of the h.ysteresis :~t constant volume 0< 

and the persistence of heterogeneous systems above the 
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Cagniard.la Tour or classical critical temp erature. 

The relation of phase densities to mass volume ratio 
~ 

- t the cla;ssical critical temlJerature. 

The sf-fect of, small __ quantities C?f air impurity upon 

th_s persisteJ.lce of the liy.uid state above the same t-em-pera.ture. 

(4) Pressure-volume 'lsotllerma,ls ot a high degree of 

pl1eci sion- .thro:ughout_- the or1 t i-cal region .. :-

(5) -The -true -form ot: the, density;: temperature curve for 

bo-th li<J.ui4 and. vapor pha.ses: -tllrollghout th-s critical region. 

t6-)-_;;>"D i seo ve r.yl.' ot the -r as 1011 a 1;)0 ve th e . cr it i o~l t eml? era. tur. 

w1thin.'tWhieh, heterogeneo1ls systt:lWS a.re -st,""ble. 

(l.)·-~;~he -relative- J.'ree allergies of 'heterogeneous and 

hom~gen-eous S1s;t~. as measured by-their vapor :pressures, and 
• 

the ef-feet of ;mechanieal sti:rring ·on the v~por presirareof 

heterogeneolls- ayst ems. 

(8) Evidence ofJmoleculir orieritation~in a gas system 

akveI~tl!e ~'eritlcal. t-eml>erat-ure. 

"9)"c.~he "true", critical COi'lstants 0-£ ethylene, a.s 

(~O)O .. -_<'l'he ef:tect of ':'looalao:d'lpresslon -:U})Oll. both pure -
- ~ 

.-oay 1'-ne>-' and'-a i~ - e thl1 ena samp-l e 8. 

{lll"': -Jtll expla-na.ti~.n -:'01 the. a. bovs. ; phenomena as due to a

two-phase system, the :phases ,of ViJ:lic:q. becolU8 complete1r 

miscible a.t- a te.wperature 3°e below <~1?-e temperature a.t which 

the meniscus is seen t'? di.sa.:pj;)e~r ... ,,!he~ observed in the 

convention~l manner. 
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