


DEPOSITED BY THE FACULTY OF 

GRADUATE STUDIES AND RESEARCH 

M£GILL 
UNIVERSITY 

LIBRARY 





THE HEAT CAPACI'IY AND SURFACE TENSION 

OF ETHYLENE IN THE CRITICAL REniON 

A Thesis 

Submitted to the Faculty ot Graduate Studies and Re search 

of McGill University, iD partial fulfilment of the 

requirements for the degree of Doctor of Philosophy. 

by 

David Boris Pall 

McGill University May 1939 



ACKNOVvLEOOMENT 

To Dr. Otto Maass, for his help in guiding 

this work, for his patience in times of difficulty, 

for his suggestions in the stress of emergency, and 

for his impartial acceptance and consideration of 

new ideas whether his o-un or others, the author wishes 

to express his appreciation. 

Indebtedness is acknowledged to J.W.Broughton, 

who initiated the construction of the calorimeter, and 

~o R.B.Harvey, who has carried on part of the experim­

ental work for the last year. 

Final~y thanks is expressed to the National 

Research Council for the grant of a Bursary and Student­

ship. 



CONTRIBUTIONS TO KNOWLEroE AND SUMMA . .'ii.Y 

A new type of adiabatic electrical calorimeter has been 

designed for use at high pressuPes, by means of which the heat cap­

acities of gases at constant volume can be determined over short temp­

erature ranges with an accuracy of about 0. 2fo. The arrangements ara 

~eh that the lags occurring after a change in temperature in the crit­

ical region can be followed, and their effect as an error in the heat 

capacity measurement eliminated. 

A very efficient low temperature fraetionating unit has be~n 

constructed, in order to assurs the purity of the material used. 

The heat capacity of ethylene has been determined for three 

fil~ings near the critical density, and for a fourth filling somewhat 

removed from this value. These are the first heat measurements made 

on ethylene in the critical range, and the first measurements made on 

any material, :ln which the time lags which occur near the critical temp­

erature are taken into account, and their effect as an error in the 

heat capacity ne-a.suremant eliminated. 

For three of the fil~ings, the existence of a hysteresis in 

the heat capacity has been demonstrated. 

The occurrence of a maximum and a minimum in the heat capacity 

curve has been shown experimentally, and explained theoretically. 

The existence of molecular interaction in which is bound app­

reciable amounts of energy is indicated in both liquid and vapor below 



the critical temperature, and above this temperature as well. 

Time lags in the heat capacity have been observed and sys­

tematized for the first time, and these were successfully correlated 

with a lag in the liquid, (and probably vapor) density. It has been 

shown that this type of lag is indipendent of the- shape of the container. 

The surface tension of ethylene has been determined up to a 

temperature .06° below the critical, which is a higher corresponding 

temperature than any at which measurements have been hitherto made on 

any substance. For the first time it has been shown quite definitely 

that a surface energy persists when the meniscus vanishes. 

The disappearance and reappearance of the meniscus has been 

shown to be a reversible phenomenon to within .02°in the case or ethane 

and ethylene. 

A theory (the dispersion theory) has been developed, in terms 

of which all the hysteresis effects which have been observed in the 

critical region are explained. On the basis of this theory, and using 

experimental results presented in the thesis, it has been possible to 

calculate the sizes of the dispersed bubbles and droplets. 
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GENERAL INTRODUCTION 



INTRODUCTION. 

Within the last few years great strides have been made towards 

the solution of the problem presented by the critical phenomena. It is 

believed that our knowledge of the subject has now advanced sufficiently, 

to warrant adoption of the logical rather than the historical approach. 

Consequently it has been decided in this thesis to dispose of the histor­

ical side of the question in a single section. Then the various aspects 

of critical phenomena investigation and theory will be treated in an 

orderly fashion, without reference to the chronological sequence in 

which the ideas were developed. 

History of the study of critical phenomena: The disappearance of the 

meniscus was first observed by Cagniard de la Tour in 1822 (72). The 

researches of Andrews (1,2) served to put the phenomenon on a quantitative 

basis. Andrews could measure the density of the phases to within a degree 

or two of the temperature of meniscus disappearance. It was natural to 

believe that at this temperature the density of the two phases had become 

equal. Consequently Andrews extrapolated his results to show the densities 

equal at the critical temperature, and obtained the familiar rather flat 

headed parabola to represent the density-temperature curve. When van der 

Waals proposed his simple, semi-empirical equation of state, which quali­

tatively showed the same behavior as Andrews• curves , and still represented 

very well the behavior away from the critical region, the theory had already 

received the foundation on which it rests today. 

In 1880 the first dissenting voice was raised. Ramsay (55,56) 

described experiments which tended to show that the liquid state existed 



above the temperature of' meniscus disappearance. (Hereatter this 

temperature will oa referred. to as the c,·iiiical teU1pera"&ure). How• 

ever his experimental arrangements were poor, and his conclusions 

loosely drawn. His paper was severely criticised. on this ground 

by Hannay ( 27} • 

Between 1881 and 1900 Cailletat (10,11), Batelli {3), 

Gallizine (24) and Wesendock (80) carried on &xperimental work wnich 

led them to postulate in common, that the temperature or meniscus 

disappearance does not mark the point at which the o.ensities of the 

phases become equal. Their work was critici~ed by Ramsay (57), 

Young (83) and Gouy (25) on the various grounds of impurities, poor 

temperature control, and gravity effect. The conclus1ons of the 

first set of investigators and. in part the objections OL the other 

group, re8tea largely on experimental eTidence obtained by visual 

observation o! the cri~ical phenomena in sealed glass tubes. 

In the next f'ifteen years, four investigators carried out 

experiments in which the density of· material in a closed glass tube 

was measured by placing in it glass floats or various known densities. 

These were Hein (30), de Heen {29), Kammerlingh Onnes and Fabius (49), 

and Teichner (71). Their results were concordant in moat respects. In 

particular it appeared that a density dif~erence did. exist above the 

cri"'ical temperature, but the t·irst three found that with time this 

density du·z-erence disappeared. From this data, Teichner {working with 

'l'ra.ube) de He en, anu He in concluded that the van der Waals -Andrews 

conception of the critical state did not hold, while Onne~ ana Fabius 

toot the opposite view. 



3. 

Traube and de Heen were the first to advance theories to explain 

the ooserved deviation from the classical ideas. According to de Heeh 

liquid molecules are more complex than vapor molecules. At the critical 

temperature it becomes possible for the two types to diffuse into each 

other, so that a region appears between the two phases in which partial 

diffusion has occurred, and no meniscus is seen. After a sw·ticiently 

long time diffusion is complete, and the phase density difference also 

disappears. Traube' s theory is similar, with the substitution or 

liquidons for the liquid complexes or de Heen, and gasons for the vapor 

of de Heen. Traube 's idea is drawn from the observation that van der 'Waal s' 

b is greater for gases than for liquids. Hence the two types of molecules 

are distinguished by their relative volumes. Traube has published papers 

advancing this and similar views at intervals from 1902 - 1935 (73). Most 

recently {74) Traube has endorsed the newer ideas advanced by :u:aas·s. arid 

coworkers. 

MUch of the evidence which had been dr.awn for the existence ot 

the two phases above the critical temperature was based on observation ot 

the critical opalescence. In 1906 - 1908, Smoluchouski (67) advanced a 

theory explaining the opalescence as being due to the sea ttering of light 

by statistical fluctuations in the density of the medium. This was later 

put to test with considerable success by Keesom (34}. 

Interest in this branch of research slackened somewhat after 

1914, and it was not until 1926 that new experimental work began to appear. 

Stariirlg at this date, Bennewit:. and coworkers published a series of papers 

on the thermal properties of materials in the critical r.ange (41 5,6). 

Schroer undertook to masure viscosity and solubility, and to trace the 

liquid vapor envelope more accurately than before (62 - 66). Callendar 
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was interested in water from the point of view of the power engineer. 

He observed the persistence of the density difference above the critical 

temperature ot water, and determined some of its properties through the 

critical range (13). 

About 1931, certain observations in this laboratory on the 

rate of the reaction between propylene and hydrogen chloride in the 

critical range le~d to the institution of a series of researches, which 

are still being continued. Reaction rates, adsorption, surtace tension• 

dielectric constants, heat capacity and pressure -volume- temperature 

relationships have been studied. Most recently, opalescence, viscosity 

and solubility in the critical range have been included on the program. 

In 1937 - 1938, a series or articles appeared by Yayer and eo• 

workers (37,38 1 39) in which a mathematical treatment, based on very 

general grounds, predicts the result that the temperature at which the 

surface tension becomes zero, is below the highest temperature at which 

the pressure-volume coefficient has a zero value. The conclusions drawn 

by the authors have been very helpful in interpreting the data recent!y 

obtained in this laboratory. 

The works mentioned are those which have had the greatest influ­

ence on this sUbject. The results of these and other investigators will 

be referred to in the development which follows. 

llolecular interaction in the critical rangea Various authors have desig­

nated such molecular interaction as association. It is found convenient 

to use the word association in discussing 11he effects o:f interactions on 

the macroscopic properties of the ·system. In titi.s treatment, however, 

use or the wora ~s not mean~ to carry any a priori notion regarding the 
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nature of wolecuiar interact1ons. •£bus wn~~her we dec1de !ater ~hat 

these are molecular aggregates ~th continued existence, or evanescent 

~teract1ons, or or1entation efrects, the word associat1on can be used 

for thEj tJ.Jne being. The nature o1· "thQ iiiul~cuia.r groupings is beat 

considered oniy when all the avaiJ.ab.le eviaence ba.s bean 1·e ~iewed. 

A p~ot o:t' tne pressure-vo.Lume ~sothermalB x·or any 1·1uid lll 

the cr1"'ieal region yie.l.ds the gen\Jral picture first shown by Andrews 

(i,2) ~o ho~d for CQa. Above th~ criticaL ~~mperature, the isotbermals 

the temperature J.Dcreases the miJ..ection 1s .&.ess marked, and finally a 

point is reached where the curvature sbowa no appreciab.Le mjnjmum any-
0 where. Thus in a temperature J.nterval whic;h ror COa extene1s about 10 -

15° above tne cr~~1a~, there ~s a pa~~~u~ar vo~uma region in w~o~ 

~he change of pressure with volume is less than in neighboring volume 

regions. Because ot the proximity or this region to the point at which 

liquid last exists, it is natural to seek the cause of the inflection 

in the association or molecules. As this region is approached from a 

greater volume, association occurs decreasing the number of molecules 

effectively available for kinetic collision, and thus giving rise to a 

lower pressure-volume coefficient than might otherwise be expected. 

The measurement and calculation or energy relationships have 

proved to be a fruitful source of information in this section ot the 

subject. 

Heat capacities in the critical region have been measured by 

a number of workers. De Heen was the first to discover that if the heat 

capacity or a pure liquid and its vapor in a closed container be measured 

through the critical temperature, the value obtained below this tempera-

ture is much higher than the value obtained above (85). 



This observation was put on a more quantitative basis by 

Teichner, who measured the heat content or ether from room temperature 

to temperatures greater than the critical (71). It appeared that the 

heat capacity rises steadily to reach a maximum value just below the 

critical temperature, then drops sharply to a curve showing decreasihg 

heat capacity with temperature increasing above the critical. Teichner•e 

data are inaccurate, and the temperature intervals too large to permit ot 

drawing the curve with certainty in the critical region. 

The heat capacity at constant volume ot C0
2 

for two difrerent 

mass volume ratios was measured through the critical region by Bennewitz 

and Spittleberger in 1926 (5). These workera found a heat capacity 

temperature curve with the general characteristics described for that ot 

Teichner. From the point o£ view of our present considerations, the im• 

portant fact is that above the critical temperature, Cv continues to de• 
0 

crease, and does not level out even 15 above the temperature at which 

the system becomes homogeneous. 

An exactly similar result was later obtained by Eucken and 

Hauck, tor the heat capacity measured under similar conditions, or the 

systems air and argon (20). 

These results have since been duplicated and extended by the 

writer for the system ethylene. It will appear from the discussion that 

that the decrease in heat capacity is due to molecular association, 

gradually decreasing as the temperature ie raised from the critical. 

The form of the specific heat curve can also be arrived at by 

calculation if sufficiently accurate p-V -T data are available. Such 

data has recently been obtained by Yichels, Blaisse, and Miehels for 

CO a {43) • In this way it is possible to compute the variation or c 
V 
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not only with temperatur~, ou~ also With volume. The Cv-T curve ob~ained 

abov6 the critical temperature ~s s~iar to that already deacrib~a. 

Along an ~sotnermal, the speci!~c heat snows ~n every case a maximUm at 

the cr~tical vo!uwe. The nighest of the~o wax~ occurs at the cr~tical 

tempera~ura. Below th1.s temperature, o1· course, where ..L1qu~Q. ana vapor 

are u~alt wi tn, tnere is a. break in the curve at tno::-s~ volumes wtu.ch Cab• 

not be experimental.iy roal~~ed. Outsia.e of th1s ..Liquid -vapor region, 

the heat capacity shows an increase as ~he voLume move::; towartts the satu-

ration ~l.ll&, with the temperature constant. 

Miche~s, Bij1 anu Mi~ne~s show tna~ on tna cr~tical ~so~nermal, 

the s~cond pressure te~erature coef~c1en~ ~s .ero on~y at ~no ~r~tical 

volume (44) • This is a f'act pranously known. Now it has been pointed 

out by Clark and Katz (18) that since 

( 
&, Cv ) •T(- et P ) 
lV'/,. ~ T• 11 

then ~n the critical isothermal, Cv must show a maximum at the critical 

volume. 

The Joule effect as a measure of the internal energy has been 

measured for 002 by Bennewitz and .Andreewa. (4), and calculated by Michala, 

Bijl and Michels, also for 002 • It appears t~at for the critical and 

higher isothermals, the deviations from linearity of the internal energy 

plotted against the volume are greatest near the critical volume. This is 

indeed a consequence of the Cv data quoted above. 

Bennewitz and Andreewa also worked with A, N~, 0
2

, and CH4 and 

found that the internal energies on the critical isothermal of these gases 

were the same, when plotted against the reduced volume, up to densities 

twice the critical. Since these gases have respectively zero, 2, 2 and 
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three rotational degrees of freedom, they concluded that the rotation of 

these molecules was not effected even at the highest density reached. 

Heat capacities at constant pressure are also recorded in the 

literature. These data are not as susceptible to interpretation in terms 

of energy effect as are the heat capacity data at constant volume. This is 

because in the constant pressure case, the external work done in expansion 

is meaSured, in addition to the change in internal energy. Such data w~~l 

be referrea to ~n other parts 01 ~he work. 

Perhaps tn~ wost airect ev1~enca ~or the existence of association 

in the cr~1iical range is 1io be t·uund ~n the X-ray diffract~on data of Noll 

(48), Spang.Ler (68), anu Ben. ana ~tewart {7). The "Cybotactic groupsu 

postu.Lateo. by Stewar~ lio ent;t ~n J.iquios have been tounu to persist above 

the cri"Gical temperature. ExperJJ!iQntally, "Gno dXl.stt:tn~e v.£. ,;.ne groups is 

shown by the occurrence o£ a maximum in the plot of the amount against the 

angle of scattering. Thie effect was shown to exist for ether and isopentane 
0 

at temperatures more than 6 above the critical, at densities near the 

critical density. 

These authors also show results indicating that along an isochore, 

the association is independent of the temperature. This conclusion is how-

ever contrary to those drawn from specific heat data. The answer to the 

contradiction is easily found: All of stawart and coworkers' isotherms are 

far removed from the critical volume. One of the isopentane isochores is on 

a volume of lOfo greater than the critical and a closer examination of the 

results sho\~that in this case the maximum is greatest for the temperature 

nearest the critical. It seems probable that the two types of evidence 

would correlate if X-ray diffraction data were obtained on a critical isochore. 

Adsorption of propylene on alumina has been measured in the critical 

range by Morris and 1~ss (45), and by Edwards and Maass (17). Here the data 



is not to be as readily interpreted, but it appears that under conditiohs 

where the variation of density with temperature would not contribute to the 

result, that the adsorption rises to a maximum above the critical tempera• 

ture, and begins to fall on a regular adsorption isotherm only several de• 

grees above the critical temperature. This effect is probably due to a 

decreased tendency for adsorption from an associated gas, compared with the 

gas at the same volume in a non-associated condition. 

Several investigators have measured conductivity in various systems 

through the critical temperature {22,23,78}. Neglecting the last reference 

on the basis of poor technique, it is found that the conductivity of a system 

decreases in a regular fashion through the critical, and becomes asymptotic 

to a line parallel to the temperature axis only considerably above the crit­

ical temperature. Above the critical temperature, then, the state of affairs 

is that in a single homogeneous phase at constant volume, the conductivity 

decreases through a range of increasing temperature. Again the results are 

best explained in terms of decreasing solvent association in this range. 

The dielectric constant too shows a curve steadily decreasing 

through the critical temperature, and levelling out only several degrees 

above the critical {22). The interval between the critical temperature and 

the point at which the curves become horizontal is for ether 14°C., for 

H2s, 6°C, and for Cl2 , about 5°C. A change in the dielectric constant o£ a 

single phase system can be due only to one cause& A changing degree o£ mole­

cular association. 

Tyrer has measured the solubility of inorganic salts in methyl and 

ethyl alcohols (86}. Plotting the solubility against temperature, in the 

region above the critical, he found tor an isochore of density 0.1 the 
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solubility remained constant when the temperature increased. On an iso-

chore of density o.s, the solubility decreased with increasing temperature. 

Since the decreasing association is to be found only near the critical volame, 

it appears that these results are best explained in such terms. 

In the same way the observed results of Holder and Maass (32) oh 

the velocity of the reaction between HCl and propylene in the critical region 

can be explained. Probably the most significant result of these authors is 

summarized in the following statements At densities in the critical range, 

the reaction velocity- temperature curve on an isochore shows a minimum 

near the critical temperature. At higher densities the temperature coetti-

cient of reaction is never negative, and this is probably true at lower densi-

ties as well. It appears then that structural association decreases ~uch ~ore 

rapidly very near to the critical temperature than elsewhere. Consequently 

the temperature effect is more than compensated for in this region, resulting 

in an overall decrease in reaction velocity. Thus a minimum appears in the 

curve. 

Deviations from van der Waals' and other equations of state have 

often been attributed to association. Qlllendar (12,13) has included in hie 

theory "coaggregation terms" to allow for this effect. Attempts have been 

made to calculate the degree of association. For instance, Walker (79) has 

on the basis of empirical gas laws, and kinetic considerations, found degrees 

of association into double molecules, varying between 1 and 1.5. For CO he .. 
calculates 1.012. On the other hand, Bennewitz and Andreewa {4) have derived 

this quantity from experimental data on Joule effect, and find 1.07. It seems 

that such calculations are not to be given great weight. 

For the energy involved in the association or eo~, Bennewitt and 
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Andreewa calculate 9000 calories per mol. This is the right order ot 

magnitude tor an in~ermolecular energy. 

None of the data quoted has as yet helped to throw any light oh 

the nature or the associat~on. Do the associated groups merely represent 

fluctuations in the density, or are they definite aggregations of two or 

more molecules? If they are the latter, do they have more than a transi­

tory existence? 

An indication of the answer is aftorded by the time lags en­

countered when certain changes are made in the temperature and volume ot 

systems in the critical region. These lags will be treated in a separate 

section. The results would lead one to believe that these aggregates have 

more than a temporary existence. 

There ic without doubt a correlation between the polarization of 

molecules and the association in the critical range. Especially in the 

case or dipoles consideration of the time lags would probably bring in the 

question of orientation in the molecular complexes. It has been suggested 

by Kaass and eo-workers that all the phenomena, and particularly the time 

lags, point towards the existence or molecular orientation. 

Persistence of the phases above the critical temperatures 

In this section evidence will be discussed which points towards 

the persistence of a phase density difrerence above the temperature at 

which the meniscus has disappeared. 

This density difierence has been measured experimentally. The 

earliest researches o£ this kind involved th~ use Oi glass floats of known 

density. A number of these floats were placed inbide of a glass bomb, 

filled with the material to be tested and the temperature observed at which 

the floats occupied various levels in the bomb. 



12. 

In this way, Teichner (71) working with very pure CCL4 , and 

under conditions favorable for good temperature control, found denaity 

differences in CC14 which persisted until a temperature 4° above the 

critical had been attained. Work of a similar nature was carried out 

by Hein (30) on cc14 , so2, and oo2• The difference in density between 

the phases was 21;( for c~, 13% for co2• Onne s and Fabius ( 49) obtaihed 

similar results for CO • De He en apparently carried out similar experi-
~ 

ments, but his publications have not been available here for comparison. 

Hein, and Onnes and Fabius, reported that the density difference was not 

stable, and vanished after several hours. In the light of data to be 

presented it will appear that this lack or stability was probably due to 

poor temperature control. 

MOst recently the measurement of the density dit"ference has 

been accomplished by means or the 14cBain -Bakr quartz spring balance, n1ea-

suring the bouyant effect on an attached float. In this way Tapp, Steacie 

and Maass {70) and Winkler and Maass {90) have examined the systems 

methyl ether and propylene. Their apparatus provided for measurement ot 

the density at various heights in the containing vessel, and made possible 

also gentle stirring of the contents or the bomb. Their results show the 

persistence or the two phases, with a sharp break in density at the point 

where the meniscus had disappeared. The possibility of lack of equili-

brium due to slowness or di£1us1on was answered by the observation of un-

changed density on stirring. Their results for different fillings agree 

sufficiently well, except i"ot· a single case in which no density difference 

was observed {70). The cause or thi~ discrepancy still remains a mystery; 

under the same cond.i tions, Winkler and. Maass obtained a result in accord 

with the persistence first noted. These last autnors cou~d reproduce 



results quantitatively. 

Kaass and Geddes (35) have used the quartz spring balance 

float method to investigate the aensity of the system ethylen~ ~ the 

cr1tical region. Resu+ts wars obtained in coni'ormity with those ot TaPPt 

Steacie and Maass. 

Mcintosh and Maass (41) and Mcintosh, Dacey and Maass {42) 
~ 

have continueQ this phase ol~work, also on ethylene. Thes~ investi~ators 

have succeeded in perfecting the eAPerimental technique so that for the 

greater part their resu~te are reproaucible wi~b quantitative agreemdnt. 

Examination of the ~iter.ature tor contradictory rasuit~ has not 

ueen fruitful. No report has ~ver been made of a direct measurement of 

the phase density just above the er~tical temperature in ~hich these ware 

round to be equal {excepting the one anomalous result or Tapp, Steacie, 

and Maass). 

It has bean pointed out that if it were true that the densities 

of the two phases become equal at the critical temperature, the critical 

phenomena could be observed in a tube filled at only one mass-volume 

ratio, namely the one corresponding to the critical density. (It is in-

taresting to note no mathematical figure can ever be obtained experimentally. 

Hence on the classical point of view, the disappearance or the meniscus 

away from the top or bottom or the tube could never be observed experiment­

ally!) It is the experience of those who have worked in the field of 

critical phenomena, that the disappearance of the meniscus can be observed 

over a range of densities. A number of investigators have reported the 

ranges over which they observed the meniscus could still be seen away from 
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the ends of tha containing vessel when the critical temperature had 

been reached. 

Substance Range Reference 

Carbon dioxide 0.44 - 0.47 Kuenen {87} 
0.29 - 0.64 de Heen (88) 
0.34 - 0.59 He in {30) 

Ether 0.22 - 0.29 Gallizina (24) 
0.23 - 0.29 Schroer (63) 
0.25 - 0.43 And ant (89) 
0.3 - 0.4 Travers and Usher (75) 

Water 0.28 - 0.39 Schroer (62) 
0.26 - 0.44 Ca.llander (13) 

0.3 - 0.4 Travers and Usher (75) 
20% range Centnerszwer (15) 

0.3 - 0.37 Centnerszwer (15) 
0.3 - 0.4 '!'ravers and Usher (75) 

Good agreement is not to be expected for the following reasons: 

Soma of the results are not limits of the ranges, but merely observed 

ranges; doubtless too some of the earlier investigators used impure 

materials;·finally as we shall see, different values are obtained depending 

on whether the experimental vessel is shaken or not, and the results can 

even be affected by the rate of heating. 

The range of densities has been observed by Naldrett, Mason and 

Maass (47), who subjected the ethylene they used to violent stirring. 

Results obtained without stirring are less consistent, and lie outside of 

the range obtained with stirring. 

A number or investigators have concluded that the phases persist 

above the critical temperature simply by visual observation. The phase 

boundary above the critical temperature has bean observed by Callendar, 

who says: ·~ith improved apparatus, and on a larger scale, using very pure 

water free from air, it was observed that the densities or liquid and 
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vapor did not become equal at 374°0 when the meniscus vanished, but 

that a visible difference in density persisted beyond this point up to 

380°C under favorable conditions". By filling quartz tubas with different 

amounts of water, Callendar was actually able to trace the density of the 

liquid phase to temperatures six degrees above the critical. Schroer (62) 

reports seeing ripples on moving a horizontal capillary containing water 

above the critical temperature. 

Bradley, Brown, and Hale produced fog in carbon dioxide near the 

critical temperature by rapid periodic expansions and contractions (9). 

They found that this phenomenon occurred both above and below the critical 

temperature. They reasoned that the fog was due to the formation of 

liquid droplets by cooling in the expansion process. In this way they 

were lad to the conclusion that liquid and vapor coexisted to a temperature 

7° above the critical. 

A number of investigators have made the observation, that it a 

material containing a colored solute is heated through the critical 

temperature, the color will persist in the space previously occupied by 

liquid, even though the meniscus has disappeared. The claim that these 

observations indicate the persistence of the two phases has been criticized 

on the basis of lack of equilibrium. The systems which have been invest­

igated are sulphur in ammonia (23), alizarine in alcohol (54), iodine in 

carbon dioxide (10,77), and potassium dicHromate in water (8). 

The conclusion that the phases ~xist above the critical temper­

ature was arrived at also by Wesen~ck (80), who observed opalescence 

phenomena which occurred on shaking carbon dioxide above its critical 

temperature. 
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Hagenbach has determined the conductivity of iodides in sulphur 

dioxide for both phases, through the critical temperature (26). Ev~rsheim 

has carried out similar measurements for inorganic salts in ammonia (22). 

They found that the conductivities had not become the same for the two 

phases far above the critical temperature. 

Eversheim found that the dielectric constant ot liquid ammQnia 

also showed a difference when measured at the top or bottom of a tubat in• 

dicating thus the presence of the phases above the critical temperature. 

In the case of liquid ammonia these values become equal only 17° above the 

critical temperature. Marsden and llaass have carried out measurements on 

propylene and methyl ethe-r (36). Their results for the dielectric con­

stant -temperature curve of the phases at saturation re semble in appear• 

ance the density temperature curve or Tapp, Staacia and Maass (70), the 

liquid dielectric constant curve being however above the vapor curve. The 

phase dielectric constant difference is traced 5°- 7° above the critical 

temperature. 

llcintosh and Maa.ss (41) have round that for a region of volume 

variation of 7%, the pressure of the system ethylene is constant, at a 

temperature o.3° above the critical. The constancy of pressure over a 

range or volumes on an isothermal indicates the presence of two phases 

for all volumes in this range. More recently Mcintosh, Dacey and Maass 

(42) have traced the pressure--volume--temperature curves in the criti­

cal region. It appears from their results that the liquid phase exists 

at least 0.4 ° above the critical temperature. 

On the other hand, Maass and Geddes hava not found dp/dv = 0 

for any volume of ethylene at 9.80°0 (35}. This and other disparities 



17. 

seem to indicate that Maass and Geddes had a small percentage of air or 

other i.mpuri ty in their ethylene. One other set or measurements has been 

made with extreme accuracy in this region, those of Michels, Blaisse and 

Michels for co8(43). These investigators found no zero slope for the 

pressure -volume isotherma.ls above the critical temperature. However, 

their work is open to cri tici am on the grounds that a slope appears also 

in their liquid vapor ieother.mals below the critical temperature, amount-

ing to an increase or .cl- .02 atm. in the transition vap.- liq. The 

deviation of their curves from the horizontal above the critical tempera-

ture is of the same order or magnitude. The presence of an impurity 

(probably air} is to be suspected. 

Mayer and eo-workers have developed a statistical me-chanical 

treatment for condensing systems. It is a consequence of their theory 

when applied to the critical region, that the temperature for which the 

surface tension becomes zero is below the highest temperature for which 

dJ/dV is zero. Thus a two phase system would persist at a temperature 

-above that at which the meniscus had disappeared. This is in accord 

with the experimental results. As their discusaion forms a very ilfortant 

part of the foundation for the conclusions to be drawn later, it will be 

described in a separate section. 

On the basis of what appears to be a semi-empirical "thermo-

dynamic" equation or state, Jacyna. shows that a. "critical region" should 

exist rather than a critical point. On the boundaries of this region, 

dp/dVsO. The extent of the region is calculated to be .oa0 and .04 a.tm. 
0 0 0 

for helium. The temperature range for CCl4 is 2- 4 , for SO a• o. 7- 2.4 



for eo. o.u~ The significance of the "region" is not clear. 

Callendar worked out a semi-empirical equation to represent the 

thermodynamic properties of steam up to pressures of about 1000 lbs.jsq. 

inch. When he triad to extend these equations to the critical point, it 

appeared that no fit could be obtained. He then determined the following 

properties of water in the critical region (12, 13)a 

The specific heat at constant pressure. 

'!he absolute total heats. 

Variation of the total heat with pressure at constant 

temp era ture. 

The envelope of the liquid- vapor curve. 

We have already referred to his measurement of the liquid densities 
above the critical temperature. In his new conception of the critical state, 

the liquid and vapor densities approach each other slowly rather than precip­

itously, near the critical temperature. His equation obtained at lower den­

sities now fitted this new data.. 

Bennewitz and Andreewa have arrived at the conclusion that liquid 

and vapor coexist at the critical temperature, reasoning from their experi­

mental values for the Joule effect (4). They found that the internal energy 

has a negative value at the classical critical point. They show that from 

a kinetic point of view, the internal energy should be ~ro at this tempera­

ture. To explain the discrepancy, they postulate a range over which groups 

ot molecules have a transitory existence (causing opalescence) so that 

liquid and vapor coexist in this region. Their conclusions appear to be in 

the right direction. 



The experimental detection of the density difference has been at­

tributed to the affect of gravity. Because dp/dV becomes smal~ gravitation 

affects can cause a marked variation of density with height. In a separate 

section evidence will be put forward which shows that these observed differ-

ences are not due to gravity. 

Still another criticism that has been made is that the observed 

effects are due to impurities. This too will be discussed later. 

We shall ~e that results indicating the persistanca of the phases 

can be obtained only when the temp.rature contro£ is good. Fluctuations in 

temperature with time 1 and temperature gradients in the medium, must be 

absent. 

Assuming that the criticisms can be answered, it appears that the 

persistence 01 the phases above the critical temperature has been establish-

ed. The interval above the critical temperature, in which the phase differ-

anca appears, seams to lie between 2°- 8°, for the materials which have been 

investigated te date. 

The section on asaociation was placed before the discussion o£ 

phase persistence. However, the exi~ence of the phase difference was kept 

in mind, and the arguments used to prove the existence of association apply 

to that region where the medium is completely homogeneous, even in the 

light of the persistence hypothesis. 

The nature 01 the phase boundary& Traube, and a number of' others, have 

sought to explain the observation that no meniscus is to be seen in spite 

of the phase density difference, in the following mannera At the critical 

temperature, liquid and vapor molecules become solubl& in each other, and 
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diffusion occurs through the phase boundary. The boundary becomes dif-

fuse, and is finally not to be seen at all. 

Ostwald has advanced a qualitative theory to explain the opales-

cenca effects observed when the meni:scus disappears. (It should be noted 

that the Einstein-Smoluchowski theory has been shown to apply only at tem­

peratures somewhat removed from the critical temperature). The description 

is made in terms of colloidal phenomena. Bubbles of vapor of colloidal 

dimensions form in the liquid and remain in suspension, similarly liquid 

droplets are carried into the vapor region and remain suspended. The in-

termediate regions are colloids with pro~rties lying between these two 

extremes. Some such theory is needed to supplement the Einstein-Smaluchow-

ski hypothesis. 

The idea has been advanced that as the critical temperature is 

approached, the drop in density through the liquid--vapor interface occurs 

through a greater and greater distance, and finally the meniscus becomes 

sufficiently diffuse to become invisible. 

In the theory of Mayer, the surface tension has disappeared while 

the phase density difference still persists. The theory does not, however, 

help us to make conclusions about the nature of the interface between the 

phases. 

On the whole, this part of the subject appears to be in a very 

undecided state. A theory of the interface may possibly be correlated 

with the result of Winkler and Maass (90) on the variation of the density 

in going from the liquid phase to the vapor, above the critical temperature. 

The density is constant with height for each of the phases, except within a 
few ems. of the point at which the meniscus had disappeared. The variation 
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of density between the phases occurred over a range of 5 - 12 ems. 

Although the authors have not pointed it out, examim.tion of a sat ot 

curves setting forth this data, shows that the variation occurs over the 

greatest distance in that case in which the stirring was longest continued 

{although t·he density of each ot the phases away from this region remained 

unchanged by six hours stirring). 

Hysteresis Effects: A number of the macroscopic properties of systems in 

the critical range appear to be a ±'unction of" the history o1 .. the system. 

The results obtained when these properties are measured under varying con­

ditions or previous treatment have been classified as hysteresis affects. 

These will be presented here as a group. 

Tapp, Steacie and Maass (70) found that when mathyl ether is 

heated above the critical temperature, a density dilference persists 

through a range of several degrees. Now ii. the llf)diwn be cooled, no 

deneity difference reappears until a temperature below the critical has 

been reached. In othar words, there is a range of temperature just above 

the critical, in which tha medium can apparently have different densities, 

depending on whether tha system has been brought up from below, or brought 

down from above, the critical temperature. Winkler and Maass (90) have 

also noticed this hysteresis. 

A plot of the density against the temperature yields a hysteresis 

area. Maass and Geddes (35} and Mcintosh and Maa.ss (41) have shown that £or 

a system with a given mass-volume ratio, a:n.y point in this area can ba real­

ized experimentally, simply by a choice of the proper thermal treatment 

previous to measurement. An isochore of Mcintosh and Maass is reproduced 

elsewhere in this thesis. 



The densities appear to be equiLibrium values in the sense that no 

appreciable change occurs even after standing for hours. Tapp, Steacie and 

Maass found too that gentle s~irr1ng did not alter the density values. 

This phenomenon had been previously reported by Taichner, who 

found that on cooling cc14 , his r.loats did not show any density du'x-ersnca 

in the system, unt1.1. ~he critical temperature was reached• A density dif-

ferenee kas observed when the temperature rose through the same interval. 

It deserves special attent1on that the hysteras1s found ror an 

isochore by Maass and eo-workers extends oalow the critical temperature as 

well. In the case of ethy.lena ana mathy.J.. ether, the interval below the 

er1.tical temperature 1.n which hysteresis e:t"1ects are appreciable, is about 1°. 
Hysteres1.s in the density also appears with volume and pres~ure 

changes. Maass anu ueddes describe the following experiment to illustrate 

the efrec~ of ovor all volume change on the .J..iquiu uens1.ty below ~ha cri~ical 

temperature. If ethylene (cr1~~cal temperature = 9.50°C) is brougnt up to 
0 0 

9.25 C from oome ~mperatura oe~ow a.so c, and the ctensity anu men1.scus 

level noted, than a decrease .!.U una volume oc~up1eu uy 1ihe ;:,ystem was f"ounu 

uot only to raise the level of tne weru.scue uut also to increase tna d.Sl!Sity 

or ~;ne .1.iquid phase. Such a resu.Lt 1s ano.ma.l..oua for an orthodox two phase 

system. On subsequent re-expansion to the original volume, the original 

liquid density wae reestablished. In the reverse process, an expansion and 

subsequent recompression left the liquid phase withalowar density. 

If the temperature of a system be raised above 9.5Q°C, the differ-

enca in density between the phases is altered by a slight compreasion or ex­

pansion, and destroyed altogether if the eomp.rerasion er ~xpan .. ion.. is suffi­

ciently large. Moreover, the density difference cannot be restored by 
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reversal of the volume CP~ge. The only means by which the density dif­

ference above the critical temperature can be observed experimentally, is 

to bring the system up from a temperature below the critical. 

Again the densities of the liquid and vapor both above and for 

one degree below the critical temperature, appear to be a function of the 

mass-vQlume ratio for the bomb (41, so). The surprising observation has 

been made that liquid densities can be obtained for one mass~volume ratio 

which are less than vapor densities for the same system at a greater mass­

volume ratio. 

A number of investigators have reported that the phase level at 

the time of meniscus reappearance is different from the level at which the 

meniscus disappeared (a.g.90) •• Mcintosh, Dacey and Maass have also ob­

served that the liquid level is not reproducible, even after approximately 

the same heat treatment. It appears that the phase levels are functions 

of such minor factors as the rate of heating or cooling. Another effect has 

been observed in tubes filled with an ~unt of material less than the crit­

ical density. If the proper mass-volume ratio is chosen, then it is found 

that if the bomb is heated up slowly the liquid will persist, while if the 

heating is rapid, the liquid may disappear before the critical temperature 

is reached (Traube, 49). Gallizine has also noticed that for other mass­

volume ratios the liquid level depends upon the rate of heating (24). 

In certain regions, the phase densities are affected by violent 

shaking. Teichner {71) observed that no density dif~erence persists above 

the critical temperature, if the medium is sufficiently stirred. Naldrett, 

Mason and Maass (47) have traced the envelope of the liquid-vapor satura­

tion curve for ethylene. They found different densities with and without 

shaking of the experimental bombs. The values found without shaking were 
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not as consistent as the others. Winkler and Maass, however, found that 

gentler stirring does not alter the densities. 

There is a hysteresis too in the temperature at which the meniscus 

disappears and reappears. Hein has reported a 0.12° difference for C02 {30). 

Schroer found a O.l~ 0.2° difference for water (62). Tapp reported for 

propylene a difference of 0.5° (70). Maass and Geddes found for ethylene 0.16~ 

but this figure has been set by Mclntosh, Dacey and Maass at 0.3°. The 

writer has observed for ethane a difference of 0.20° c. 
Teichner found that the meniscus in CCl4 disappeared at a lower tem­

perature with stirring than without. Naldrett, Mason and Maass have made 

this observation for ethylene, and find that under these conditions of vig-

orous stirring, the temperature of reappearance becomes equal to the temp-

erature of disappearance. Ramsay set up convection currents in ether just 

below its critical temperature, and found that the meniscus had disappeared 

after the establishment of temperature equilibrium {57). 

In his examination of salt conductivities through the critical 

temperature, Eversheim (22) noticed that the conductivity was altered by 

shaking if the material were above the critical temperature. 

Clark has found a hysteresis in viscosity measurements (17). 

Above the critical temperature,the viscosity with rising temperature differs 

from the values obtained with falling temperature. Violent stirring tends 

to rtmove the hysteresis and to bring the viscosity in both directions near to 

the curve obtained for falling temperature and no stirring. 

It thus appears that many of the properties of systems in the crit-

ical region can be altered by varying the thermal history, or the volume 

history, or by shaking. It may well be noted in this connection that the 
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properties observed are all macroscopic properties of the system. 

TemFerature Fluctuations and Gradientsa Parts of the subject matter under 

this heading will be seen to be pertinent to the discuss1on of hysteresis 

effects as well. 

Tapp, Steacie and Maass investigated the effect of a temperature 

gradient along the length of a bomb in the critical region. They found 

that if the top of the bomb were kept 0.1° or less colder than the bottom, 

the difrerence in phase density above the critical temperature could be 

removed; in fact the upper part of the tube could in this way be made to 

show a density greater than the lower part. Moreover, if this gradient 

was maintained for a sufficiently long time, the density difference did 

not reappear when the temperature gradient was removed. A reverse temp­

erature gradient, with the bottom colder than the top, served to accent­

uate the density difference. These reeults were confirmed by Winkler and 

Maass (90}. 

Mcintosh and Maass (41) and Winkler and Maass {90) have carried 

out an experiment in which a temperature gradient was set up by cooling the 

top of a bomb containing ethylene just above the critical temperature. The 

density difference was destroyed. Cbnversely, Mclntosh, Dacey and Maass {42} 

have tried heating the top of a bomb containing ethylene just above its 

critical temperature, in which the density difference had been previously 

removed by a suitable temperature treatment. The difference in density was 

restored. 

Maass and Geddes found that if the system were brought up to some 

point just above the critical temperature, so that a density difference 

persists, then the amount of the difference can be successively reduced by 

alternatly heating and cooling the system through a small temperature 
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interval. The values o£ the density after each cycle then seem to form 

an infinite sequence having as its limit the mean density of the system. 

These authors have pointed out that violent stirring would have the 

effect of compressing and expanding the medium locally. In this way the 

difference in density would tend to be destroyed. Many or the previously 

observed results can be explained in the light of this hypothesis. 

Time lags: Geddes and Maass were the first to observe quantitatively 

the time lags which are encountered in experimental work in the critical 

region. A time lag is the term applied to the observation that in many 

ea se s when a small change is made in one or more or the variables of state, 

the system has not come to equilibrium in a period very much longer than that 

required to establish temperature equilibrium. 

It was noticed that when the temperature was changed through a 

standard interval on an isobar, the t~e lags were greater on cooling than on 

heating. The lags were greatest when the change was to the critical temperature. 

A second type of effect was noticed when the density was increased 

through standard intervals by lowering the temperature. It was found that 

the greatest lags occurred for changes to the critical density even when these 

changes are made greater to other final densities, and these final densities 

are greater than the critical value. 

Mcintosh and Maass have observed a small lag in the assumption or 

density in certain regions, when the temperature is changed on an isochore. 

The period of this lag is less than twenty minutes. Winklar and M:lass found 

a 40 to 50 minute lag under the same conditions, working with propylene and 

methyl ether. 
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It should be noticed that time lags occur also above the 

critical temperature, and outside of the region of liquid- vapor eo-

existence as defined on the persistence theory. 

It appears then that time lags are an important property of 

materials in the critical range. A complete theory of the critical phen-

omena must not omit consideration of these effects. 

The utility of specific heat measurements in the critieal regiona 

The specific heat at.constant pressure is defined as 

=(~) 
tit p 

= l d(U+pV)1 
L dT p 

On the basis of the Andrews - van der Waals conception of the 

critical phenomena, cp should be infinite at the critical point, for 

= 

and on the basis or the classical theory, at T = Tc and p = pc , 

(~)VC 
(i~) pc 

C u- is always positive, 

= constant. 

a 00 

hence = 00 • 

According to the persistence theory, however, at Tc there fa 

still a difference in density between the phases, and consequently the 

Clausius-Clapeyron equation can be used to obtain the heat of vaporization, 

L • T !!£ ( v -V]._) 
dT 2 

Let us assume now that we have a calorimeter designed to make 
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measurements of the specific heat at constant pressure, and in this way 

have obtained data for the critical region. Then it the persistence theory 

he~d, and the results were calculated on the basis of the classical theory, 

we Should find a region above the critical temperature throughout which ~ 

was infinite. If the classical theory held, Cp would tend to infinity 

as only a single point, the critical, was approached. 

In the former case it would become necessary to accept the par-

sistence theory, and to postulate a co-existence region above the critical 

temperature, with a heat of vaporization in this region, calculable from 

the observed results. 

Callendar (13) has carried out such measurements for water. At 

the critical temperature, he finds L -= 72.4 Cal./g., and this latent heat 

does not vanish until a temperature of' 6.5° above the critical has bean 

reached. Previously, latent heat measurementshad;always been extrapolated 

to zero at the critical temperature, with the last result several degrees 

below this temperature. 

Now let us consider the state of' affairs on the borders of the 

co-existence region. Returning to the pressure ~volume isothermal plot, 

at temperatures lower than and removed from the critical, 

~ ~0 
dV 

at tha borders of the liquid vapor envelope. There is therefore a dis­

continuity in the curvature of the isotherms as they pass into the liq.-vap. 

co-existence region. Ycintosh, Dacey and Maass ( 42) have however drawn the 

isotherms with a continuous Slope at and above the critical temperature. 

Also, Harrison and Uayer have postulated thi~ to be true, on the basis or 

surface tension considerations (40). 



Since 

and 

= 

f_ll) is always finite, 
\. J T V 

we should have fll) = cl) and consequently, 
\&. T P 

on the borders of the co-existence curve above the critical temperature. 

In this case the isotherms on an H - p diagram should pass through the eo-

existence region with continuous curvature. Callandar' s diagram for steam 

does not conform to this requirement. Whether this indicates that the 

original postulate regarding the form of the p-V isotherms is in error, 

or whether Oallendar's results are in error, cannot be decided with car-

tainty. Unfortunately, Callendar has not published detailed experimental 

results, to which referenoa wuld have to be made to decide this point. 

In dealing with the specific heat at constant volume, we are 

less dependent on the p - V - T data for the ~stem. Since 

Cv = (~ u) 
TT V' 

the determination of' Cv gives a neasura of the internal energy of the system. 

The heat capacity of the simpler gases at low pressures has been 

thoroughly investigated from both the experimental and theoretical point of 

view. This subject may be considered to be in a satisfactory state. An 

excellent review of this field is to be found in Fowler's "Statistical 

Mechanics," Chap. III. 

The effect of increasing the pressure at which the oonstant vol­

wme measurements are made is given by, 
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v· 

Cvv.v' = Cvv=ro + ft ( ~ v 
(X) 

On the basis of this equation it should be easy to calculate cv, providad 

that the second pressure- temperature coefficient is known over the 

whole volume range. Extremely accurat$ p-V-T data is required in order 

to make this possible; for example, see Michels, Bijl, and Michels(44). 

~e have SS$n already how useful Ordata can be in the interpret-

ation of association data. No previous measurements have been made in the 

critical region in which the existenee of the hysteresis reported by 

Ma.ass and coworkers;has been kept in mind. The purposes of the heat 

capacity investigation were: 

(a) To trace the specific heat curve with a greater 

accuracy "than hitherto obtained, and \vith very 

pure material. 

(b) To investigate possible thermal effects connected 

with the hysteresis in this region. 

(c) To investigate time lags. 



THE ORIGINAL CALORIMETER 
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THE ORIGINAL C.ALORll.!JET.ER. 

Requirements: To operate in the critical range the calorimeter had to be 

capable of withstanding the high pressures encountered. It must yield-acc­

urate resultv when operated over small temperature ranges. Tempe~~ure 

changes should be slow, in order that the material should be as nearly as 

possible at equilibrium during heating. Finally the apparatus must be cap­

able of detecting and eliminating the effects of time lags occurring af~~r a 

change in temperature. No apparatus has been described for use in this region 

which satisfies the last requirement. 

Construction: Since the heating rate was to be low, it was es~ential that 

heat losses, such as occur in ordinary calorimetrie work. be eliminated.- ~e 

ethylene container was fitted with an electric heater, arranged so that the 

energy input could be accurately measured. The outer vessel was placed·· in a 

water bath whose temperature could be accurately measured and contro~led. Heat 

losses could now be eliminated by keeping the outer container at exactly the 

same temperature as the inner one. 

The Container: The container, illustrated in figure 1, was construct~d from 

drawn steal tubing, with .09" walls. The ends were welded in as shown. The 

volume was about 47cc. A piece of wire solder slightly smaller-than the tube 

C was placed at E. The end of the tube C was connected to the filling a~~ar­

atus. After evacuation the bomb was cooled in liquid air, and the_ requisite 

amount of ethylene distilled in. Than the tube was heated at B, in order to 

melt the solder, which flowed down into the previously tinned gooseneck D. 

Then the tube could be pillched off at A. The bomb was filled with an amount 

or ethylene calculated to be 10.66 grams. After more than a year, it was 

weighed and emptied, and the weight or ethylene was 10.653 g. It follows 

that the seal made in this way was pressure and vacuum tight. 
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Figure 1 . 

Th~ original calorimeter. 



The inner bath: This is illustra. ted in the cross section or figure 2. 

The electrical heatiDg element consists of no. 34 copper wire wound on a 

thin steel cylinder E, to give a resistance of about 13 ohms. The cylinde-r 

was perforated ror better heat conduction. It was fitted around the bomb as 

shown at F. The whole was then placed in a thin steel cylindrical container 

c, which was finally f'Uled with mercury, D. The purpose of the mercury 

was to equalize the temperature on the surface of C during beating, so 

that the inner and outer parts o£ the calorimeter should have the same 

temperature everywhere on their surfaces during operation. 

The thermocouples, und the inner electrical connections• The innar bath 

was supported on three bakeli te poste out to knife edges. The wires carry­

ing current to the heating elenent ware led off through a pair or tubes, 

ona or which is shown in figure 2. The optu~ size of wire with view to 

both heat ~onduction and heat generated was Ro.26 copper wire. The outer 

container A is of i" welded steel, vacuum tight. The copper- consta.ntan 

thermocouples, constructed of fine flat strip wire, were mounted on sup­

pQrte such as shown at B. Twelve pairs of jroAtions were mounted so that 

one set ware supported about l/8 .. away rrom the inner bath, and ayDI!l8tri­

cally placed about it. These were blackened to receive heat by radiation. 

Tha other set were separated trom the :imlar wall of the outer container 

by a thin sheet ot mica. 'Ihe connections to the galvanometer were led out­

side through a third tube. A fourth inlet was proyided tor evacuation. 
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Figure 2. 

Diagram of the container, showing method of sealing. 
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The outer bath: The· outer vessel was placed in a large water bath. It 

was important that this bath should be capable of extremely precise temper-

ature control. It was fitted with three stirrers, which provided efficient 

circulation of the bath fluid. The heating and cooling was accomplished by 

additions of water at a temperature a few degrees different from that of 

the bath. A smaller lag results this way, compared with electrical heating. 

Flow divarters were provided, so that steady flow conditions could be at-

tained, before additions of hotter or colder water were made. In this way 

the bath temperature could be hand controlled over periods of several min-

utes to ± .0001° , and over periods of several hours to :t. .001° c. 

Temperature was measured by means of a Beckmann thermometer. A 

0°- 50° thermometer was provided to indicate the absolute Beckmann settings 

to ± .01° C. 

u 
'R'l. 

p 

Figure 3. The Electrical Connections. 
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The electrical connections: These are illustrated in figure 3. R is 

the bomb heater. It is connected in series with R,, a standard resis­

tance of 19.856 ohms, with R3, a variable resistance and the 4 volt stor­

age battery B. R2. could be switched in as an alternative to R1 and its 

purpose was to assure steady voltage conditions by closing ~no circuit 

through R 'l. for several minutes baf'ora a run was started. The potent1o­

meter P was connected in so that the voltages across R and R, could be 

separately measured. The tharmels were placed in ser1es with a very 

sensitive galvanometer, as shown in f'igure 3. This galvanometer was 

chosen to have a small period. Thus the lag in indication occurring 

after a change has been made in the outer bath temperature was redueed 

to a min~. The lag was actually only about five seconds. 

The operating characteristics: In operation the voltages across R and 

R ware respectively about 1 and 1.4 volts. This gave a rate of heating 

of about 1. 5 degrees per hour. The vol tages did not usually change by 

more than one part per thousand during the course of a half hour run. 

With potential readings taken at five minute intervals, the mean of the 

voltages was accurate to ona part in tan thousand. 

The thermal galvanometer showed a deflection of one cm. for a dit· 

ference in temperature between the inner and outer baths of .001°C. A 

measure o£ the heat losses is given by the rata or war.ming of the inner con• 

tainer when the outer bath was at a standard higher temperature. This rate 

was 1° per hour per degree temperature difference. Thus if the difference 

in temperature during a one hour run averaged .001° (taking cognizance 

or the sign or the difference in averaging), the heat loss represented 
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0 
a temperature change of .001 • Since a one degree run took less than 

an hour to complete, this would represent an error of one part per thousand. 

In a number of runs the average temperature difference was determined by 

keeping a log or the instantaneous galvanometer deflections, and was 

found to be less than .0002°, corresponding to an .02;! error. Heating 

time was measured by means of a chronometer, by means of which the time 

for a one degree run, about 1500 seconds, could be measured with an 

accuracy of about .o2fo. 

'!he power input is gi van by 

EE,t 
calories. 

4.182 R, 
where 

E = potential drop across R, 

E, = potential drop across R,, 

R, = resistance or R, = 19.856 ohms, 

t = heating time, in seconds. 

The possible error in the measurement of power input for a one degree run 

is estimated as the sum or .02% for heat losses, .o2;! for measurement or 

time, and .ol% in the determination of E and E,, or .os% altogether. 

Qalibration of the instruments& The potentiometer was calibrated against 

a standard Leeds and Northrup Type K instrument, and found to have no 

error as great as .ol%. The standard cell was calibr-ated against the 

extremely accurate standards maintained by the Physics Department of this 

University. 'lhe resistance R 1 was measured on a Mueller bridge and is 

absolutely accurate to better than .ol;!. 
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Calibration of the thermometers: The Beckmann thermometer was calibrated 

very painstakingly against a platinum resistance thermometer. The length 

of the scale was covered at 0.2° intervals, and at even closer intervals 

when the calibration changed rapidly. This was repeated several times. 

However different calibr.ations over a one degree range could not be re­

peated to better than .001°. Over the 5° range, disagreements were round 

as great as .003°. It is believed that these observations represent the 

ultimate accuracy of the Beckmann thermometer in determining temperature 

intervals, about o.lfo. 

For all phases of the .:work, and particularly for the time lags-

and runs over small temperature intervals, it was desirable to read the 

thermometer to better than the one thousandth degree usually considered 

the limit of accuracy. In this work, moreover, due to the danger of ex-

plosion, the observer was placed several feet from the apparatus. This 

difi'iculty was solved by disposing a lens in front of the thermometer, 

which could be slid up and down. Then a telescope was trained on the lens. 

Then with svrong, glareless lignting, the thermometer could be read to a 

0 hundredth or a division, or .oooi • An examination or one of the logarith-

mic plots for ~he time lags, shows that single readings all fall within 

.ool 0 of a straight line, whereas most of them are within .0002 °. It is 

believed that temperature could be read at the beginning and ena of a run 

to better than ! .OQUj 0
• The accuracy in the measurement or temperature 

is estimated at o.l%, for runs over an interval greater than o.s0
• 

Stem corrections were reduced to a minimum by so disposing the 

bath and lighting, that the thermometer was immersed to the bottom or the 
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scale. The residual corrections were astin:atad by means of two auxiliary 

thermometers along the length of the stem, applying the corrections listed 

by the U.S Bureau of Standards. 

Under the circumstances the thermometer could not be tapped before 

reading to prevent sticking of the mercury column. The equivalent effect 

was, however obtained by affixing an electrical buzzer to the Beckmann. 

0 0 
The 0 -so thermometer was also calibrated against the platinum resistance 

thermometer, so that the absolute temperatures are good to ± .01° c. 

When extremely accurate comparison of heat capacities at different 

temperatures was desired, the Beckma.nn was reset to operate over the same 

temperature readings in all cases. Then setting corrections were applied 

as listed by the u.s. Bureau of Standards. 

We have estimated the possible error in power measurement as 

.os~ for a one degree run, and the corresponding quantity in temperature 

determination as 0 .lfa, n:aking a total of o.ls;:. Actually, with but a 

single exception, no run made over a one degree range disagreed with the 

finally accepted mean by more than 0.1~. Runs over a 0.14° range showed 

a maximum deviation from the mean of only 0.4%. Since th~ ethylene 

represents only one fifth of the heat capacity of the system, these errors 

should be multiplied by five, in order to obtain figures applying to the 

heat capacity of the ethyleae itself. 

The regulator: In certain regions it is necessary to thermostat the 

bath temperature for periods of sixteen hours prior to a run. For this 

purpose a toluene-mercury spiral thermoregular was constructed of 9mm. 

pyrex tubing. When this was operated in conjunction with a sensitt.e relay 
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and a 125 watt "lagless" heater, the temperature was kept constant to .001° 

for long periods of time. 

Technique in making a run: In the course of a run, the initial tempera~ure 

of the bomb is determined by reading the outside tempera~ura with no deflee• 

tion in the galvanometer. 'Ihe heating coil is than turned on, the exact time 

being noted. Adiabatic conditions are maintained by raising the bath tem­

perature simultaneously with that or the bomb, the reading of the thermal 

galvanometer being kept at zero. E.m.f. readings across both the heater and 

the standard re~is~nce are noted at regular intervals, and the time when 

heating is stopped is recorded. Than, adiabatic conditions still being main­

tained, time is allowed for temper~~ure equilibrium to be established in the 

bomb assembly, and the final temperature determined in the swme way as the 

first. The ra~e of heating is about 1.5 per hour. The heat capacity is then 

calculated from the average value of the two e.m.r•s, the h~ating time, and 

the temperature interval. 

RESULTS. 

The isochore of Maass and coworkers: In order to cast a reasonable light 

on the results, it is necessary to- consider the experimental results which 

are obtained when the dansitie~ of the phases are measured in a system con­

taining liquid and vapor in a closed vassal. In figure 4, the curve repras­

a:nting the relation between the dens~ty and temperature is shown, as reporr,ect 

oy !Acintosh and Maass{ 40). Similar resuJ.. ts have been obtained by othersCj5, 

41, ·tO). As the ethylene temperature .l.l:i increased, 11he liquid density dec-

reases regularly through the critical temperature(curve A), and a density. 
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difference persists until a temperature about 1.5°abov~ tha eritical 

has been reached. If the system is cooled from 12.5°no density 

difference reappears until a temperature of 9.34° is reached.(Se& 

curve B). It was desired to ascertain experimentally, whether any 

difference in heat capacity could be tound, which correspond• to 

this density hysteresis. In discussing the state of the system, 

we shall for the time being say that the system is homogeneous, if 

if only one phase is macroscopically evident. 

Heat capacity measurements: Values for the heat capacity of the 

system are given for the range 6.5° to 27°C. With the exception of the 

first three results in section B of Table I, the measurements in the 

range 6.5° to 9.5°C were made with two phases coexisting. The heat 

capacity of the system changes very rapidly in this region: consequently 

it was necessary to make runs over vary small temperature intervals. 

Furthermore in the neighborhood of 8.5° to 9.5cC long periods were 

required for the establishment of equilibrium. Both these factors 

reduce the accuracy of the results obtained in this region compared 

with those in other temperature ranges. 

Density determinations have demonstrated 

that near the critical temperature the specific volume is dependent 

on the thermal history of the system. By analogy the heat capacity 

might also be a function of the previous heat treatment. This has been 

tested and found to be true. In Table II, the columns headed 

"Homogeneous" contain the results of those measurements made by 

bringing the temperature or the system down from at least 5° above the 
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TABLE I. 

Heat Capacity at Constant Vo:J.,ume of the System Ethylene Below the 
Critical Temperature. Average Density = 0.225.5 

A. 
Initial temperature approached from 

below 8°C. 

Range, o c. 

9.39- 9:59 
9..36 - 9.50 
9.26 9~46 

9.17 - 9.37 
9.06 - 9~25 
8~96 - 9~16 
8~86 - 9.06 
8.806-9.075 
a.ao - a.99 

Av. heat 
capacity 
cal.;oc.jgm. 

0.522 
o.€94 
0.918 
1.184 
1.405 
1~305 
1;430 
1~402 
1.320 

Av. heat 
capacity 

Range, C. cal/°C/gm 

8.75 - 8.96 
8.66 - 8.86 
8~66 - 8."86 
8.41 - 8.61 
8.21 - 8.41 
8.03 - 8.21 
7.47 - 7.96 
6.49 - 7.47 

1.418 
1.349 
1~359 
1~320 
1.269 
1;25~ 
1~251 
1.169 

B. 
Initial temperature 
approached.from 
above 15°C. 

Bange,o C. 

9.38 - 9.54 
9-~37 - 9.57 
9~36 - 9~50 
9.29 - 9.52 
9~26 - 9.48 
9.16 - 9.36· 

Av. heat 
eapacity 
ca1./°C.jgm. 

0~633 
0.647 
Q~663 

0.651 
0.705 
:L.082 

critical temperature. Similarly the heading "Heterogens.ous" means that 

the bomb temperature was brought up from at least 1.5° below the critical 

temperature before the run was made. Although time lags do not direct~y 

affect these results, it may be noted that for the heterGgeneous type o£ 

run starting at 9.36°0. it is necessary to maintain the temperature con-

stant for at least 14 to 16 houra before a run .is started, in order tG 

be certain that equilibrium had been eatablished. 

The maximum difference in heat capaeity, depending on thermal 

history, is seen to be 4.5fo in the range 9.36° to ~.5~0 and 2.6fo in the 
0 0 

range 9.36 to 10.36. 

Table III shows heat capacities of the system at temperatures 

higher than 13.7°0., where the material is always homogeneoue. Tha 
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TABLE II 

HEAT CAPACITY OF ETHYLENE AT CONSTANT VOLUME 
Average density = 0.2255 

Heat capacity, Mean for Absolute heat Difference 
bomb assembly, bomb assembly capacity, cal./ 00./ 

cal./°C. cal./°C.jgm. gm. 
Tamp. range, 

oc. Homo- Hetero- Homo- Hetero- Homo- Hetero- Heterogeneous 
geneous geneous geneous geneous geneous geneous minus 

homo~eneous 

40.72 41.36 
40.99 41.07 

9.36 - 9.50 40.69 41.35 40.87 41.20 0.663 0.694 .031 
40.90 41.07 
41.05 

40.185 40.290 

9.36 -10.36 40.18, 40.377 40.15, 40.326 0.594 0.6095 .0155 
40.11, 40.263 

40.375 

39.88g 39.85+ 
9.7 -10.7 39.793 39.977 39.853 39.87g 0.563 0.5655 .0025 

39.860 39.876 
39.834 

39.29+ 39.3lg 
10.7 -11.7 39.223 39.247 39.27, 39.29l o.5o4 0.5055 .0015 

39.297 39.308 

39.04s- 38.953 
11.7- 12.7 39.082. 39.088 39.037 39.009 0.478 0.4755 -.0025 

38.984 38.985 

38.888 38.845 
12.7 -13.7 38.91EJ 38.91~ 38.899 38.873 0.4615 0.459 - .002s 

38.893 38.873 

9.7 -13.7 * 39.263 39.26,~ 
39.25, 39.214 

* Mean of 10 runs. 

results of Tables I and II are plotted in Fig. 5, and those of Table III, 

showing a minimum in the curve, in Fig. 6. 
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TABLE III 

SPECIFIC HEAT OF ETHYLENE AT CONSTANT VOLUME AT TEMPERATURES 
GREATER THAN 13. 7°C. 

Range, 0 c. 12.7°- 16.7 ° 15.7 °- 20.7 c 21.0°- 23 .o 0 26.2°- 28.2° 
Heat capacity of bomb 

38. 72J' 38.60 assembly, cal./°C 38.70 38.61 38.ol,38.57 

Mean Cv-, cal./°C./gm. 0.438 0.417 0.404 0.408 

Time lags: Outside of the range 8° to 9.5°C., ~emperatura equilibrium 

after heating had been stopped was generally established in 10 min. some-

times, however, the time required for equilibrium was much longer than this. 

It was considered to be of soma interest to take the value of the changing 

temperature at intervals, until an asymptotic final value had been reached. 

These are included and systematiZ5d among the results under the heading 

"time lags". 

Mcintosh and Maass have reported that a small lag, not greater 

than twenty minutes, occurs in the assumption of equilibrium den~si ty, when 

a temperature change is made in certain regions on an isochore. Tapp, 

Steacie and Maass, and Winkler and Maass, have reported somewhat greater 

lags, of about forty to fifty minutes, in propylene and methyl ether 

under the same conditions (70, 90). 

It \7aS found that if ethylene were heated from 8.96° to 9.l6°C, 

for instance, that heat was absorbed by the system for about lk hours after 

heating had stopped, so that a cooling effect results. If the bomb is heated 

0 Cl 

from 8 to 9.5 C in say a half hour, the temperature continues to fall for 

more than eight hours after heating has been stopped. 

In the calorimetric measurements described here a very large number 
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of observations were recorded in establishing the time 1ag curves. 

However, a great simplification in presentation of data is possible, for 

the curves obtained on plotting temperature against time have the form of 

first order reaction plots. I£ the difference between the temperature at 

time t and the final asymptotic temperature is denoted by AT, 

ditT) = •k ~T 
or in the integrated form, 

1 ~To 
og1o AT = kt , 

where ~To is the value of IJ T at zero time. 

TABLE IV 

TIME LAG 

Material heated from 8.96°to 9.16°0. in 560 sac. Zero time counted from 
instant at which heating is stopped.. A T0 = 31">'10-3 00. I = 3.4><.10-4 sec .-• 

Time, 
sac. 

§10 
670 
720 
780 
940 

1000 
1060 
1210 
1370 
1600 
1870 
1960 
2320 

Temp.' L\ T X 103 0 0 Beckmann 

1.3015 16.1 
1.3002 14.8 
1.2988 14.4 
1.2988 14.4 
1.2970 12.6 
1.2962 11.8 
1.2953 10.9 
1.2939 9.5 
1.2925 8.1 
1.2915 7.1 
1.2898 5.4 
1.2897 5.3 
1.2884 4.0 

Time, 
sec. 

2560 
2920 
3190 
3400 
3760 
3940 
4480 
4680 
5340 
5860 
6600 
7540 
8440 

Temp.' 
Beckmnn 

1.2884 
1.2879 
1.2866 
1.2862 
1.2866 
1.2856 
1.2850 
1.2848 
1.2845 
1.2840 
1.2845 
1.2843 
1.2847 

4.0 
3.5 
2.2 
1.8 
2.2 
1.2 
0.6 
0.4 
0.1 

-0.4 
o.1 

-o.1 
0.3 

Thus, for each of the time 1ag curves a straight line is obtained 

when log ~T is plotted against the time. A sample of the data recorded in 

establishing one of these time lags is given in Table IV, and the results 

are plotted with those of two other runs in Fig. 7. The slope of these lines 
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is read as the value of k, the rate constant. The intercept on the zeru 

time axis also has a meaning, since it represents the value o£ Ll T at zero 

time, and therefore corresponds to the total temperature drop. These are 

the A T0 values; when nultiplied by the total heat capacity of the bomb 

assembly they give the total amount or heat absorbed by the ethylene dur-

ing the lag. For purposes of calculation, zero time is taken as halt way 

through the heating interval. The k and D. T0 values are listed in Table V 

and plotted against the tempera tu res in Figs. 8 and 9 .• 

TABLE V 

Range 3 k )(10-\ Temp. Time of ~T0Xl0 , 
3 correct -I 

Initial Fillal. interval, heating, ..1 T6 X10 , sec. 
temp. oc tamp. °C oc. sac. oc. tor a 0.2° t _ lof 2 

interval 
1/).-

8.660 8.858 0.1981 560 38.5 39.0 7.27 
8.664 8.855 0.1904 510 38.5 40.5 7.20 
s.soo 8.989 o.lB92 505 31.5 33.5 s.3o 
8.746 8.856 0.2071 570 34.0 33.0 4.30 
8.858 9.058 0.2005 555 30.0 30.0 ~.Sl 

8.957 9.163 0.2052 560 32.0 31.0 3.40 
9.059 9.253 0.1942 525 28.5 29.5 2.68 

*9.163 9.363 0.1977 520 16.5 16.5 2.06 
9.170 9.367 0.1981 510 24.2 24.5 1.88 
9.253 9e356 0.1030 260 13.0 13.0 l.Sl 

;,'·9.260 9.461 0.2011 535 10.7 10.5 1.99 
9.312 9.512 0.2000 400 3 3 2.4 
9.16 9.834 0.67 180 70 8.3 
9.16 9.622 0.46 165 35 4.2 

*9.26 9.48 o.22 500 0 
-* 9.29 9.52 0.23 500 0 
*9.37 9.57 o.2 500 0 

9.36 9.50 0.16 400 0 
9.38 9.7 o.32 600 0 
9.39 9.59 0.2 500 0 

* Initial temperature approacbM£rom above l5°C. All others approached from 
below 8°0. 
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PURIFICATION OF ~ ETHYLENE. 

The original methoda 

The starting material was tank ethylene supplied by the Ohio 

Chemical Company for purposes of anaesthesia, of at least 99.7% purity. 

FUrther purification was effected by three distillations at a few 

centimeters pressure, discarding generous first and last fractions. 

Finally the ethylene was distilled into the bomb, which was thensealed 

as previously described. 

The n~w low temperature fractionation unita 

It was desired to set up some purification system, in which an 

absolute check on the material used could be made. For this purpose an 

adaptation was made of the analytical stills described by Podbelniak (91). 

The distilling bulb A has a capacity of about lOO cc. (figure 10). It 

was furnished at the connection to the column w1th an inner sealed 

••dripper" B. The column C is 3.6 mms. in diameter, and lOO ems. long. 

For scrubbing, a spiral of nichrome wire is placed inside of it. The 

cooling head D has inlets allowing liquid air to be added in direct con­

tact with still head, or to be stored. in a chamber for indirec·t cooling. 

For measuring and storing gas, a number of calibrated volumes are providedt 

three 500 cc. flasks, two 5 liter flasks, and one 50 liter flask, all 

being capable of accurate temperature control. The capillary manometer F 

served for control during a distillation, and G was used to measure the 

amount of gas collected. 
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Figure 10. The Low Temperature Fractionating Unit. 



55. 

Temperatures are determined by means of a copper-constantan 

thermocouple. For reading the voltage conveniently, a voltmeter with a 

5 mv. range was obtained. At -100°C the sensitiv~ty of the couple is 

about .02 mv./°C; the instrument could be read to .cos mv., or about one 

quarter or a degree. 

The modifications made in adapting the original Podbelniak 

apparatus Wdre the following: 

A larger distilling bulb was used. 

Ethylene in particular freezes at liquid air temperaturet 

and the apparatus had to be arranged and operated so that the solid 

material should not form in small tubes, which would be broken. 

Without the drip arrangement, the liquid refluxing down the 

column flows down the comparatively hot sides of the distilling bulb, 

and is vaporized before joining the body of liquid. With the arrange­

ment provided, the drops fell directly into the body or liquid. This 

furthermore made it easy to control the distilling operation, as the 

amount of reflux could be readily observed. 

The column was enclosed in the vacuum jacket E. In the jacket 

was placed a double aluminum radiation shield, with small holes for 

viewing the column. 

With this apparatus, extremely sharp cuts are obtained between 

fractions. The voltmeter needle is observed to swing suddenly across the 

scale, the whole change being complete in 5 to 10 seconds. Since the dis­

tillation rate is normally about 15 grams par hour, it is seen that only 

a very small traction of the material coming over represents a mixture of 

two components. 
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It is probable that using 99. 7/'o material to start, and leaving 

10~ first and last fractions, the amount of material coming over which is 

~ot ethylene, is negligible for any practical purpose. It was in this 

way that the samples of ethylene used in the work to be described next 

were prepared. 

The still has been used for the preparation of pure ethane, 

propylene, and methyl ether, and has bean satisfactory for these purposes. 
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'IRE NEW CALORIMETER. 

Scope of the improvements: 

The original calorimeter had functioned satisfactorily, but had 

the following defects. First, the ratio or the heat capacity or the ethy­

lene to that of the container was very unfavorable. Second, in order to 

refill the bomb, the whole set-up had to be taken down, and then put to­

gether again. Furthermore, the U tube-solder type of seal, though satis­

factory once obtained, was hard to realize experimentally. 

These objections were removed in successive madifications ot the 

apparatus. The second set-up utilized a new type of bomb which reduced the 

heat capacity from the previous value by a factor of more than two, and at 

the same time increased the volume by a factor of more than three. The 

third experimental arrangement combined this improvement with the means of 

filling and emptying the bomb at will, without the necessity of taking down 

the apparatus. Since the third arrangement includes the second, only the 

third need be described in detail, under the heading of the new calorimeter. 

Description of the new Bomb. 

A sphere has the least ratio of mass to volume for a given 

pressure - volume factor of safety. Thes.pherical bomb B (figure 11) was 
5 

constructed of brass, with 1/32 inch walls, and was 2'8 inches in diameter. 

The fabrication process consisted of spinning two halves, which were thea 

silver soldered together. The bomb weighed about 114 grams. It was 

uniformly wound over its whole surface with 5400 ems. of no. 26 enamelled 

copper wire, which had a resistance of about 19 ohms, and increased the 

weight ot the assembly to 135 gr.ams. 



58. 

F 

G 

A 

B 

Figure 1[. Diagram of the new calorimeter. 
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In the case of the second set-up, the bomb was fitted with a 

brass U tube, into which solder was melted for sealing. 

For the third apparatus, the bomb was connected to a platinum­

iridium tube c, which was about o.a mmso inside diameter, 1.2 mms. outside. 

and about 20 ems. long. 'Ibis was connected through the copper capillary 

tubing D to the high pressure valve E (supplied by the American Instrument 

Company). The volume of tubing and dead space in the valve represents 

only about 1/1000 th of the volume of the bomb, and was neglected in making 

calculations. The heat losses due to this tube were calculated to be less 

than 2fo of the total heat losses. 

From spherical symmetry considerations, and the uniformity with 

which the bomb surface is covered by the heating element, it appears that 

the temperature of the surface of the bomb should be the same everywhere 

during heating. The maintenance of adiabatic conditions was possible , by 

keeping zero deflection in the galvanometer connected in series with the 

thermocouples H. 

Contact versus "radiation" thermocouples: 

Previously one set of thermocouple junctions had bean mounted 

near to, but not touching, the bomb assembly. This was done on the supposi­

tion that heat losses would be cut down by avoiding direct wire connections 

from the inside to the outside container. The supported ends were supposed 

to take up the temperatura.of the bomb assembly surface by radiation. 

A calculation from the known coefficient of heat conduction, and 
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dimensions, of the thermocouple wire, showed that the amount o£ heat 

conducted was negligible compared with conduction by air. 

Furthermore it is easily shoWII that radiation thermals do not 

conduct any less heat than do the others. 
0 

Suppose for example that a .oOl 

gradient exists. Eight contact thermals (new set-up) gave a galvanometer 

deflection of l cm. Twelve radiation ther.mels (original set-up) showed 

the same sensitivity. Hence the difference in temperature between the hot 

and COld ends Of the j.a,S't is (8/12) X.001° C. The thermels ware Of Similar 

construction so that the heat conducted by each wire pair connection was 

the same in each case. Hence in the contact case, the heat conducted is 

Q. = 8kX.OOl ::: .OOBk , 

and in the radiation case, 

Q 'J.::: 12k x.oolx.§.. ::: .ooak ::: Q'' 12 

so that they are the same. 

There is in fact some disadvantage in this respect in the use 

of radiation tharmels. In practice a heavy support is necessary to hold up 

the tree end in this case. In the other case the junction can be lightly 

sprung against the bomb surface. Thus there is an overall higher haa t 

conduction tor radiation than for contact thermocouples. 

'fha design adopted in the new apparatus was therefore of the 

contact type. Eight pairs of junction were mounted in an arrangement 

which could be set up as a unit inside the container A (figure 11). The 

mount {not illustrated) was constructed o£ four snort and four tall brass 

posts, alternately and symmetrically placed on the per~phery o£ a disc whose 

diama,er was just siightly smaller than tne inner aiama~ar of A. The outer 
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junctions of the eight couples were fastened between two thin sheets of 

mica on the outer edge of the posts. The inner junctions were cemented 

to the ends of thin celluloid strips, sprung from the brass posts to rest on 

the bomb when in position. The assembly was placed in A, and the posts 

wedged to make the outer junctions bear firmly against the side of A. Tne 

upper four celluloid strips were next forced back by inserting an annular 

ring of greater diameter than the bomb. '!hen the bomb was inserted so as 

to rest on the ends or the bottom four strips, Finally the annular ring 

was withdrawn, allowing the top four junctions to fall into place. 

The filling apparatus: 

Filling of the calorimeter bomb without removal is accomplished 

by means of an auxiliary bomb and valve as shown in figure 12. The tube C 

leads to the purification apparatus and a fifty liter calibrated volume. 

The apparatus is first evacuated, then with the valve D closed, E is opened, 

and a known amount of ethylene distilled into A by surrounding it with liquid 

air. Then E is closed, D is opened, B is cooled to 0°C, A is warmed to 25°0, 

and most of the ethylene thus transferred to B. Finally D is closed, E 

opened, and the amount of residual gas is determined. 

Characteristics of the new calorimeter: 

'Ihe apparatus was found to work best when the container A was 

filled with air at 1 mm. pressure. The amount of heat conducted under these 

conditions was about sofa greater than in the first set-up. This may ba 

ascribed to the increased size of the bomb, as the distance between the walls 
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of the bomb and the outer container was decreased. 

The heat conducted is, however, a minor term in the total 

experimental error. It was expected that the accuracy in determining over 

all heat capacity would be about 0.15%. In a typical run, the heat capacity 

of the assembly was 30 calories, while that of the bomb was 13 calories. 

The possible error is therefore .045 calories, or about o.25fo in the heat 

capacity or the ethylene. 

Results Obtained with the New Calorimeter. 

Presentation: 

The results presented here are listed under the main headings, 

second filling and third filling. The second filling refers to results 

obtained with the first modification of the original calorimeter, while 

the third filling represents values obtained with the second modification. 

Results obtained with another filling outside of the critical range are 

also given, in a final section. 

SacoFdfillinga 

The bomb was so filled that the average density was the same as 

that used in the previous work, namely 0.2255. 

Three sets of data were experimentally determined. 

(l) Dependence or heat capacity of ethylene on thermal history. The 

maximum difference, due to extreme variation of the thermal history, ot the 
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heat capacity of the whole system between 9.36°and 10.36° was found to be 

3.lj!. The separate results are listed in Table VI. The value previously 

found for this ~e quantity was 2.6fo. It was, however, thought that there 

might be an error as great as ±1% in this quantity. The new value is pro­

bably good to ±o.3fo, so that the existence of the thermal history effect 

is placed outside of the limits of experimental error. 

TABLE VI. 

DEPENDENCE OF THE HEAT CAP A CITY OF ETHYLENli ON THE THERMAL HISTORY • 
3 0 c 

9. 6 TO 10.36 C. AVERAGE DENSITY, 0.2255 

Type of system 

Heterogeneous {brought to initial temp. 
from below 8°C.) 

Homogeneous (brought to initial temp. 
from above 13~C.) 

c v, 
cal./°C./gm. 

0.6040 
0.6040 
0.6017 

0.5846 
0.5818 
0.5866 

Mean Cv, 
eal./ oc.jgm. 

0.6032 

0.5843 

In the range 9.36°-10.36° the two fillings give as absolute va­

lues of the heat capacity of the heterogeneous system, 0.609 and 0.603 t 

again in good agreement. 

{2) Heat capacities below the critical tempera~ure {Table VII). In 

this case the absolute agreement with the previous results is not as good. 

However, the position of the maximum in the heat capacity curve at 9.0c is 

verif'ied, and the same sharp drop between 9. 2 I!) and 9.4 ° is noted. 'lhe 

results are listed in Table VII. 

{3) Time lag resultsa These appear in ~ble VIII. OWing to the 
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TABLE VII 

HEAT CAPACITY OF THE SYS'IEM ETHYLENE BELOW THE CRITICAL 'IEMPERA'IDRE 
AVERAGE DENSITY 0.2255 

Range, °C. 
Average heat capacity, 

eal./°C.jgm. 

a. 72-8.84 

1.483 

8.84-9.01 

1.529 1.524 0.993 

great cl~ge in the ratio of the heat capacity of ethylene to the heat 

capacity of the container, comparison of these results with those previously 

obtained is difficult. However at least approximate agreement can be 

demonstrated. At 8.84 °C, ~ £or the first bomb is 6.1Xl0 -+sec. -• ; for the 

second it is 5.1Xl0-4 sac;' • Similarly the results for the heat absorbed 

after heating through the interval 9.0lc to 9.21°0. are respectively 0.14 

and 0.23 cal. par gm., corresponding to the widely different values tor AT o 

ot .029° and .120°C. 

TABLE VIII 

UNIMOLECULAR RA'IES, AND 6 To VALUES, FOR TIME LAGS 

.B!i!i .flm ~-111."..--. --' ·-- .,.,.._grc 

Range, Temperature Time or ~To Xl.O i, 
~ -4 sec. - 1>cl0 4 oc. interval, heating, 6T oXlO , C. corrected to 

oc. sec. a 0.2 ° range 

a. 72 - 8.84 0.122 550 82 134 5.1 
a.84 -9.01 0.172 800 109 127 3.55 
9.01-9.21 0.196 910 118 120 1.75 
9.21- 9.35 0.142 475 41.5 58 1.9 

In this same region, no time lags were observed on cooling through 

an interval. 
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Third filling: The average density in this case was 0.2069. For the 

sake or simplicity the results will be presented mainly by analogy with 

previous work. 

Table IX contains results for the heat capacity of ethylene 

below the critical temperature, and corresponds to Table I. 

TABLE IX 

HEAT CAPACITY AT CONSTANT VOLtrlllE OF THE SYSTEM ETHYLENE BELOW THE 
. CRITICAL 'IEMPERA1URE. 

Average Density = 0.2069. 

A. 
Initial temperature approached from 

below 8°C. 

B. 
Initial temperature approached 

from above 15°0. 

Range °C Av. Ht. Cap. 
Cl Av. Ht. Cap. Range ° C Av. Ht. cap. Range 0 

cal./°C./gm. cal./ 0 0./gm. ca.l./ 00./gm. 
8.10- 8.49 1.471 9.20- 9.38 0.978 9.33- 9.55 0.5964 
8.37- 8.ao 1.523 9.38- 9. 58 0.567 9.12- 9.36 1.108 
8.76-9.25 1.436 8.44- 8.64 1.520 
9.15- 9.52 0.6439 8.72- 8.94 1.637 
8.63- 8.ss 1.435 8.93- 9.11 1.442 
8.85- 9.03 1.441 8.66- 8.84 1.597 
9.03- 9.20 1.366 8.84- 9.03 1.626 

The hysteresis in heat capacity is s own in Table x. It may be 

compared with Tables II and VII. 

TABLE X 

DEPENDENCE OF THE HEAT CAPACITY OF ETHYLENE ON THE THERMAL HISTORY. 
9.41° - 10.41°. Average Density = 0.2069 

Type o£ system 

Heterogeneous (brought up to 
initial temperature from below 8°0) 

Homogeneous (brought to initial 
temperature from above l3°C) 

Av. Heat Cap. 
cal./ 60./'iJil. 

0.5463 
0.5491 
0.5514 

0.5453 
0.5460 

Av. Heat Cap. 
ca1./ 0 0./gm. 

0.5489 

0.5456 
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The difference caused by thermal history variation is seen 

to be .033 calories, or o.sfo. 

Results used for plotting the remainder of the heat capacity 

curve are listed in Table XI. The curvG is shown in f'igure 13. 

TABLE XI 

HEAT CAP A CITY OF ETHYLENE FROM 9. 5° TO 2 5 °C. DENSITY = 0.2069 

Range,. -o C Cv- Range, o C Ccr 
cal./oC./g. cal./°C.jg. 

9.41- 9.62 0.5932 10.06- 10.42 0.5376 
9.44- 9.61 0.5826 10.13- 10.41 0.5306 
9.53- 9.74 0.5836 10.05- 11.01 0.5220 
9.48- 9.70 0.5770 10.10- 10.28 0.5520 
9.53- 9.74 0.5664 10.28- 10.50 0.5294 
9.55- 9.75 0.5386 10.40- 10.67 0.5180 
9.61- 9.82 0.5689 10.50- 10.87 0.5348 
9.62- 9.86 0.5613 10.89- 11.86 0.4920 
9.62- 10.10 0.5536 11.01- 12.00 0.4910 
9.74- 10.07 0.5547 11.73- 12.73 0.4824 
9. 74- 9.94 0.5657 13.93- 14.92 0.4470 
9.82- 10.06 0.5804 14.04- 15.08 0.4475 
9.76- 10.89 0.5340 17.54- 18.52 0.4215 
9.86- 10.10 0.5405 17.73- 18.69 0.4215 
9.93- 10.13 0.5514 22.56- 23.61 0.4036 

25.99 - 26.99 0.3969 

'lbe time lag results for this :ti.L!ing could be classiiied in the 

same manner as before, each temperature having a characteristic 

unimolecular rate constant, and a ~Ta value corresponding to the 

total temperature drop in the lag. Theae results appear in Table XII. 

The variation of the le. values with temperature is much smaller 

than before (filling density = 0.2255) and the absolute values are also 

less. The accuracy in this case is not sufficient to permit the 
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TABLE XII. 
RATE CONSTANTS AND ~To VALUES, AVERAGE DEl\SITY 0.2069. 

Range, 0 c ~ T X 10 '3 
0 ' 

oc. k X10-r 'f sec- 1 

8,07- 8,45 187 2.46 8,31- 8,74 158 1.41 
8.69- 9,18 208 1,86 
8,40- 8,61 99 1,75 
8,60- 8,81 98 1.54 
8,67- 8,89 112 1,03 
8,72- 8,96 99 1.33 
8,81- 8,98 98 1,72 
8.89- 9,07 82 1,18 
8,90- 9,09 120 0,91 
8.98- 9.18 109 1.71 
9,07- 9,31 82 1,10 
9,18- 9.33 57 2,7 

construction of a definite plot of the results, which might be expected 

to resemble figure 8, The analogue of figure 9, in which 6 To is plotted 

against the temperature, cannot be obtained for the s~ reason. These 

appear to be only about i of the magnitude of the ~To's for the second 

filling, 

Filling at density 0,116& 

The density here is far removed from the critical. The results 

shown in Table XIII, nevertheless show a definite trend, decreasing as the 

temperature is raised from the critical. The absolute values are somewhat 

lower than those obtained with higher densities, as is to be expected. 

Temperature ° C · 
Clr, Gal./ °C./g. 

TABLE XIII~ 

CV} ethylene. Density= 0,116, 

8,6 
0,378 

15,6 
0,368 

19,8 
0,360 
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DISCUSSION OF THE HEAT CAPACITY RESULTS 

The two phase region: 

The volumes and weights of the phases can be calculated it the 

volume-temperature curve is known. This data has been supplied with 

sufficient accuracy for a qualitative discussion by Mcintosh, Dacey and 

Maass (42). 

In the case of the denser filling (v = 4.435 co/g ) the mass 

of the liquid phase decreases as the temperature .is raised up to 9.05°0. 

Above this temperature the amount of liquid increases until the whole bomb 

is filled with liquid at about 9.9°C. Similarly, in the case of the less 

dense filling (v = 4.832) it is round that ·iihe mass of liquid is always 

decreasing and the last trace vanishes be~een 9.6° and 9.7°C. 

In the first case, as the temperature is raised, heat is evolved 

by condensation of vapor above 9 0 05°. In the other, heat is always absorbed 

by the evaporation of liquid. 

The specific heat of the condensed phase per gram at saturation 

(h,) is always positive and may be very large if the coefficient (dv,/dT) 

is large (v, is the specific volume of the liquid phase). The specific 

heat per gram at saturation of the vapor phase (h~) can be and is negative 

near the critical temperature. MOreover, h, and h~are very much larger 

in absolute value than the specific heats of the phases at constant volume, 

c "i and c er:~.. 

In considering the form of the curve, all these factors must be 

taken into account. c~, and c~~ probably lie between 0.4 and 0.6 cal/g/deg. 

The values of the latent heat, the rate of change of liquid mass with temp­

erature, h,, and h~are all large near the critical temperature, and some of 
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the terms cancel each other in a complicated manner in the computation. 

Hence a qualitative discussion of the form of the curve, using as a basist 

the order of magnitude of the contributing terms is not possible. We shall 

see, however, that the maximum may correspond to the existence of an 

inflection point in the volume-temperature curve near this temperature. 

The specific heat at constant volume of. the phases can be calcu­

lated on the basis of the following equations: 

where 

where 

h. = C u-1 + T(dp/dT)tr. (dv~ /dT)e, :: c llj + J. 
I (1) 

h2.. = c er :a.. + T(dpjdT)u-~ (dvJdT) l :: c u-.L + J'2.. 

h, :: specific heat of the condensed phase along the saturation 
curve, 

h~= specific heat of the vapor phase along the saturation curvet 

v,, v~are the specific volumes of the liquid and vapor respectively. 

H = observed heat capacity, 

= mass liquid phase 
m. total mass naterial 

m = , mass vapor phase 
total mass material 

= 1- m 

J = latent heat of vaporization 

= T(dpjdT) {v~ - v 1 ). 

(2) 

2. 

Combining these relationships, we fi~d 

If measurements are available of H for two dif~erent average den-

sities, it becomes possible to solve the resulting simultaneous equations 

for C tr, and C tr2- • 
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The same results can be arrived at in still another manner, trom 

a single set of determinations of H, using the equation 

h~- h, = oJ.jdT - ijT, 

which when combined with (2) enables h, and h'2... to be calculated separately, 

and than d cr1 and C ~~""'l..., using (1). 

The available p -V- T data are those of Mcintosh, Dacey and Maass 

(42). Their V -T curve is shown in figure 1·4, nnrked ABB'BA. ·'!be critical 

temperature reported by these investigators is 9.5°C. A smooth parabola-

like curve, drawn according to the classical theory, has also been constructed 

tangent to the ordinate at 9.5°; this is AA'A. 

In order to make calculations on the basis of these results, it 

was found necessary to fit these curves With mathematical equations. In 

Yiew o£ their extremely complex nature, this would have been a very ardUous 

task, had ordinary methods o£ curve fitting been used. The fit was 

accomplished by drawing segments of cireJ.es to match small portions of the 

curve, drawn so that the slope was cont1nuous everywhere. Thus in figura 

14, ~ne curve AA'A was £i tted by moans o!' line tnrea aqua tiona: 

we find 

a 
9.5° (v. - 4.56)2 + (T- 8.78) 2 9 - = 

90- 9.37° (v'2..- 4.35) 2 + (T - 8.41) 2 = 
C) 0 

(v'l...- 4.60) 2 + (T- 8.78) 2 9.37-9.50 = 

For an equation of tna :tor.w 

dv, = 
dT I~=~: dv~ = 

dT 
-IT - T., I 

V - Vo 

0.72 2 
' 

1.16 2 

0.72 2 



Since m,+~= 1 

we should find 

m • =- '1:::!.. '2. v.rv; 

and m, v, + m2.v2. = V, where 

v = volume of bomb 
total ma.sa or material 

and m.2.= 1 - m, 

The superscripts·· ' "and'"" refer respectively to thie results 

for V = 4.435 and V = 4.832 cc/g. The values of (dp/dT) 1 ; and (dp/dT) v-
2 

are obtained from the results of Mcintosh, Dacey and Maass, and are 

4 0 ~ 0 probably good to 5;o at 9 C and 1> at 9.8 c. 

The qua.nt; ity dmJdT is obtained by differentiating the 

expression fer m2. in ten1s of' the specific volumes. The calculat..Lons 

made on the basis of the classical curves are shown in Table XIV. 

Now the values of C~~may be estimated to be about 0.4 - 0.5 

while those of' Cv, probably lie between 0.5 and 0.6. It follows then -that 

the quantity of m,C"", + m'l.Cv~ should fall between 0.4 and 0.6. It is seen 

that on the basis of the classical curve negative specific heats appear 

(Table XIV and figure 14). It may be concluded, therefore, that the 

classical curve cannot represent the true density temperature relationship. 

This conclusion is open to criticism on the ground that if (dp/dT) v, 

were in error to the extent of being lOfo too great, and (dp/dT) 1 -~ were 5~ 

too small, the ~ecific heats calculated would be of the correct order of 

magnitude. In order to check on this point, a calculation was made, using 

the equation of corresponding states, and the data of Michels, Blaisse and 

Michels for CO:d{43). The results indicated that (dpjdT) lljchosen was if' 
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TABLE XIV 

Calcu1a tion of m ,c v-, + m'l...C t.5t Cla-ss:ical Curve. 

Temperature, o C 9 9.45 

vL, cc/g. 5.353 5.286 5.201 5.094 4.957 4.854 

3.8b0 3.913 3.973 4.060 4.187 4.290 

m~, g. 0.623 0.620 o.525 o.o~7 o.678 o.742 

m•;' g. 0.3535 0.3305 0.3007 0.2533 0.1620 .0373 

(dp/uT)~,atm/deg 1.42 1.39 1 • .:S5 .!..30 J..23 1.18 

(dp/dT)~,atm/deg o.as o.aa o~90 o.94 o.99 1.02 

J,, cal/g/deg 3.15 4.7J. 6.63 9.26 14.02 20.05 

-J~, cal/gjdeg 3.42 4.44 ~.72 7 .·to 13.o7 18.51 

-dm~dT, ~/deg -.0143 .0196 .079J. 0.1674 0.662 2.050 

dm~/dT, g/deg 0.181 0.240 0.351 0.631 1.741 4.371 

1 , ca1/g. 10.80 10.07 9.00 7. 58 5.65 4.14 

m~J, + m~1. + 1~i 0.83 1.03 1.29 1.83 1.55 1.81 

dm" m"J + m"J +1~2. o.as 1.00 1.15 1.39 1.16 0.95 ' ' 2.. 2... u.! 

m'
1
'Cv-;+ m'~Cv-:a.. 0.60 0.26 -0.12 -0.40 -0.53 -o.35 

anything too small, and that (dp/dT)~ was if anything too large. Hence 2.. 

the classical V- T curve may be eliminated as a possibility on the basis 

of ~ecific heat data. 

Recently (see sect~on on surface tension) new experimental data 

has been obtained which makes it seem probable that the true critical 
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TABLE XV 
Calculation or m 1Cv-, + ~C ~~'2..t curve of .Mcintosh, Dacey anu Maass. 

Temperature,° C 9.4 9.S 9.6 9.7 9.8 9.85 

v 0 cc/g. 4.976 4.912 4.877 4.825 4.734 4.662 

v,,cc/g. 4.187 4.300 4.344 4.363 4.385 4.416 

' m, ,g~ 0.686 0.779 0.828 0.844 0.8S'7 0.923 

m',' ,g. 0.1825 0.131 .0845 

(dp/d~)cr. ,atm/deg 
' 

1.24 1.17 1.13 1.10 1.08 1.07 

( dp /d T) .,.,_,a tm/ deg 0.99 1.03 1.05 1.06 1.0'7 1.07 

J, ,cal/g/deg ~4.13 5i-45 1.84 1.42 2.54 6.44 

-J ,.,cal/g/deg 5.97 3.04 2.77 4.90 8.60 12.50 

-dmVdT, g/deg 1.090 0.710 0.254 0.117 0.362 2.76 

dm';jdt, g/deg 0.525 0.468 0.616 

J.. ,cal/g. 5.78 4.48 3.90 3.385 2.56 1.80~ 

m~J, + m~J:z.. + .tif 1.53 0.39 .03 .04 .02 .01 

dm" m•J + m"J + ).-,_ 0.73 0.17 .01 
I ' 2.: 2.. dT 

m~ C&Jl+ _ mtCcrl.. ~.78 0.28 0.62 0.59 0.60 0.60 

m~c.,.+ mlC ""2. -o.lO 0.43 0.59 

temperature of ethylene is 9.2°instead of 9.5° •. It is evi~ent from the 

trend of the results, that. i£ a parabola were drawn, which is tangent to 

the ordinate at 9 .2~ the resulting calculated· Cv-, and CIT":a..would be negative 

and even greater in absolute value. 



75. 

Under the circumstances it did not seem worthwhile to calculate 

separately tlre quantities C "i and C ~~~ 

It was considered to be of interest next to carry out a similar 

calculation for the curve of M. D. and Maass A.BB 'BA in figure 14. This 

curve is represented by equations of the form: 

where v0 , T0 , and a take on the following values: 

Range,°C. To To a 

9- 9.41 4.56 8.78 0.72 

9.41- 9.635 4.05 9 .67 0.30 
v, 

9.635- 9.795 5.21 9.54 0.865 

9.795- 9.90 4.53 9.75 0.15 

9-9.35 4.35 8.41 1.16 

9.35- 9.55 5.26 9.65 0.38 
v2.. 

9.55- 9.887 4.41 9.42 0.50 

4.53 9.75 0.15 

·The calculation is summarized in Table XV, and the resulting 

curves appear in figure 14. Negative specifi~ heats still appear between 

9.2°and 9.5°, but outside of this region the results are satisfactory as 

regards order of magnitude. 
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The very large H values appear (figure 13) in the neighborhood 

0 

of 9 and these values are satisfactorily corrected when the curve of fig-

ure 14 is used. On the basis of this consideration one would say that the 

absolute values of dv,/dT and dv~/dT should be greatest near 9°, i.e. 

there should be an inflection point in the volume-temperature curve at 

this temperature. Such a curve cannot, however, be reconciled with the 

manner in which Mcintosh, Dacey ana Maass have drawn their curve above 
() 

9.5 • 
() 

A compromise was effected by drawing an inflection point near 9.3 C. 

This revised curve of ~Intosn, Dacey and Maass is represented in figure 

14 by ACB'CA. Since a new set of calculations was to be embarked upon 

here, it was considered worth~hile to produce the curves C on the basis 

o1· ~he same equations and see what the resu.l:t·s were in the case of the 

curves .ACC' anu. C'CA. The ~.;ons11ants v0 , T0 and a for these curves are: 

0 Range, c. V-o To a 

8.9- 9.31 4.56 8.78 0.72 
v, 

9.31- 9.90 3.01 10.30 1.47 

8.9- 9.24 4.35 8.41 1.16 
v'.l... 

9.24- 9.9 6.56 10.61 1.90 

Tile calculations ar~ t~hown in Table XVI, and. -the :t .. ebUJ.ting 

curves plotted in !igur~ 14. It appears that an improvemnt in the 

(m 1 C\7",+ m,_CJ values resultti on thd basis o.f this assumption. Neverthe-

less, unreasonab.J.e values of" the specific heat are still. found. Both 

the curves ~B'B ana cc• give reasonable vaiuet~ for the specific heats 
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TABLE X:VI 

Calculation of m ,Ctr.+ m:l..CIJ:, 
' l.! 

revis&d curve of Mcintoeh, Dacey and Maass. 

t'ewi:Jera tu re,~ C 9.3 9.4 9.5 9.6 9.7 9.8 9.85 

v~,cc/g 5.104 5.020 4.948 4.884 4.825 4.774 4.731 

v, ,cc/g 4.060 4.157 4.231 4.295 4.350 4.386 4.422 

m!' g. 0.640 0.678 0.716 0.762 0.821 0.874 0.958 

lDl"' g. 0.2603 0.218 0.162 0.0883 

(dpjdT)\1. 
I 

,atm/deg 1.30 1.24 1.17 1.13, 1.10 1.08 1.07 

(dp/dT)~~,atm/deg 0.94 0.99 1.03 1.05 1.06 1.07 1.07 

J, ,cal/g/deg 9226 6.67 5.45 4.22 3 .3i7 2.66 2.08 

-J u cal/g/deg 5.80 5.33 4.86 4.34 3.82 3.32 2.85 

-dmVdT, gjdeg 0.328 0.324 0.383 0.474 0.577 0.671 0.827 

dm'.!JdT, g/deg 0.378 0.514 0.655 0.807 

1, cal/g. 7.65 6.32 5.25 4.31 3.48 2.84 2.265 

m' J + m' J + 1. dm~ 
I I 2.:2_ aT 1.33 0.75 0.37 0.20 .08 -.01 0 

m':J, + m'~J2. + dm11 

,lQT:l. 1.01 0.52 0.22 0.12 

m~ C~T.+ m~CI/"''3- -0.23 0 0.30 0.45 0.55 0.63 0.61 

m•:ccr.+ m'iC v-2- -0.22 0.11 0.38 0.46 

at cons~t volume at 9.8 ~ 9.9° and it is not possible tu choose oetween 

the two curves on tnio criterion. 

It seems possible that if more accurate p - V - T data were ob-

tained, the results would show an inflection point in the v- T curve- near 

0 
9.0 • 
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Figure 14. Volume - temperature curves and 
derived heat capacities at constant volume. 
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This discussion may be summarized as follows: The classical 

volume- temperature curve is rejected on the basis of the specific heat 

calcu~ations. Mcintosh, Dacay and Maass' curve fits above 9.5°C, but 

seems to be in error below this temperature. 

Banr.ewitz and Spittleberger have measured the heat capacity at 

constant volume of the system co2 through the critical range (5). These 

authors have carried out calculations along the same lines as indicated 

here. They also have found negative specific heats at constant volume 

on the basis of the accepted p - V - T data for co2• Their results are 

however open to severe criticiSm on the grounds that the apparatus 

they used requires an axtrapolation of the final temperature to compen-

sate for heat losses. Now it has been shown that the heat absorbed in 

the time lags encountered with ethylene may amount to SO% or more of the 

observed heat capacity. Consequently the results of Bennewitz and Spit-

tleberger may be low by amounts of this order just below the critica~ 

tempera tu re. 

For this reason, calculations based on their results do not 

carry much weight. Nevertheless, it was considered to be of interest 

to recalculate their results on the basis of an arbitrarily drawn V - T 

curve, resembling the curve for ethylene. On this basis, C~ was posi­
.2. 

tive and reasonably valued everTuhere, and Cv: was negative in only a 
I 

smallr region just below Tc• This represents a tremendous improvement 

over the values of Cv-, and Cv-:L of Bennewitz. and S~i.ttleberger, whose 

values dip to -0.6 calories in some regions. 

Similarly the data of Eucken and Hauck (20) are in error in 

this region, if similar lags occur for air and argon. It is possible 
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too, that lags occur also when Cfis measured. In this case the results 

obtained by Callendar (13) for water would also be affected. 

The dispersion theory: 

A theory whose elements have been suggested by a number of authors, 

and in particular by Harrison and Mayer (40), has been adapted to afford an 

explanation of the experimental results obtained in the critical region. 

On the basis of this theory, near the critical temperature, the 

phases are capable of forming a dispersion in one another which possesses 

a stability analagous to that of a colloidal sol. In this region the sur­

face tension is low, or zero, and the difference between the densities of 

the two phases is very small. These factors would tend to endow such a 

dispersion with considerable stability. 

From this point of view a.small body of liquid suspended in the 

vapor does not settle due to Brownian movement of the whole, with perhaps 

the question of electrical surface charges entering also. The surface 

tension being low or zero, the vapor pressure of such small bodies is not 

appreciably greater, or not at all greater, than that of a larger body o£ 

the liquid phase. 

Later we Shall see in detail how this theory can be developed 

and applied to render consistent the available experimental data. For 

the m~ent we may confine ourselves to a discussion of the hysteresis in 

the density, and then see what ligh~ this casts on the analagous hysteresis 

in the heat cap;1. city. 
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It will be sufficient for our present purposes to consider only 

the region above the critical temperature. Referririg now to figure 4t 

showing the isochore of Mcintosh and Maass, it is seen that the phase 

density difference persists as the temperature is raised through the cri­

tical. On cooling no density difference reappears in the ·region above 

9.34°. According~the dispersion theory, the state of af£airs here is that 

liquid actually condenses out, but remains dispersed in the vapor (or con­

versely vapor forms and is suspended in the liquid), so that no macrosco­

pic difference in density appears. Hence there is an apparent hysteresis 

in the density. 

The Hysteresis in the heat capacity: 

We have seen that on the basis of the dispersion theory, the 

only difference between the ~stems we have referred to in Tables II, Vl 

and X as heterogeneous and homogeneous, is that the latter represents a 

state in which one phase is uniformly dispersed in the other. Neverthe-

less, we deal in both cases with systems containing the same amounts of 

condensed and vapor phase. 

The difference between these two types of system lies solely 

in the amount of the surface common to the liquid and vapor. In order 

to assign the observed hysteresis to energy inherent in this surface, 

we must admit of the existence of a surface energy in this region. In 

the discussion of the surface energy, it will not only be shown that 

this is a plausible concept, but the amount of the energy will be cal-

culated as well. 
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Since the dispersed {homogeneous) system has a higher energy 

than the heterogeneous system, a smaller amount of energy will be re• 

quired to bring the former up to the same truly homogeneous state a 

degree or so above the critical temperature. Hence a smaller observed 

heat capacity. 

The volume - temperature data of Mcintosh, Dacey and Maass; 

illustrated in figure 14, was obtained by measuring the pressure on 

isotharmals, and determining the volume region over which the pressure 

was constant. These then represent within their experimental accuracy 

the true liquid and vapor volumes, as cont~sted with the maeroscopi-

cally measured volumes. According to these data, at density 0.2255, 

0 0 
the boni> is filled with liquid at about 9.85 - 9. 9 c. Examjning Table 

II, we see that the hysteresis is finite and measurable when runs are 

started at 9.36°. Those determinations made starting at 9.7° show no 

appreciable hysteresis. At 9. 36 o the system contains masses of liquid 

and vapor in the ratio 0.65 to o.3s. At 9.7 o the ratio is o.ss to o.l5. 
q.~ 

The area represented by [<4.435 -v, )dT is seven times greater than 
. J·' ,.·H, 

the area j{4.435- v, )dT. Hence it is not at all surprising that the 
1·7 

hysteresis should be found only for those measurements starting at the 

lower temperature. 

The hysteresis shown in Table X for the lower density 0.2069 

is smalle:r:, about 0.6foe This we should also expect, for the last trace 

Q 0 of the liquid phase disappears in this case at 9.65 - 9.7 • As a rough 
q,,, 

basis of comparison, we might take the ratio of the area .1<4.435 -v, )dT 
fj.7 f.~ 

to the area (( v~- 4.832) dT. This ratio is about 3al. The ratio ot the 

i·llt 
hysteresis energies is 5:1. 
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Later it will be shown that it is possible to arrive at an est­

imate of the surface energy, and this data will be combined with the value 

o£ the hysteresis energy to obtain a value for the order of magnitude ot 

the volume of the dispersed groups. 

On the basis of the orientation theory, which has been tenta­

tively advanced to explain soma of the observed phenomena, the hysteresis 

in heat capacity is due to a decreased "dynamic structure" in the homogen• 

eous system compared with the other under the same conditions. Such an 

explanation must postulate a frozen equilibrium to explain the observed 

density difference. It must regard the equality of the pressures of the 

heterogeneous and homoganeou s systems as purely coincidental. Finally 

the constancy of pressure in the homogeneous system over a range ot vol• 

umes on an isothermal, is in the light of the phase rule possio~e only if 

two phases are present• 

In view of these obJections, and considerLg the ease and compar­

ative elegance with Which the results can be correlated on the basis or 
the dispersion theory, it seams probable that explanat1on of the hysteresis 

effects does not lie in an orientation theory. Later, however, we shall 

have to turn to euch a theory in order to deal with time lags. 

Application of the first law of thermodynamics shows that there 

must be another hysteresis loop of equal area at a temperature just below 

the appearance of the one discussed, in which the order o£ the curves is 

reversed. The second law is not violated, because it is not possible to 

realize one o£ these loops, without going through the other. 
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The heat capacity above the critical temperature: 

In the bomb filled at density 0.2255, the bomb is completely 

.filled with liquid at a temperature of 9.9c • In the other case, at 

density 0.2069, the bomb fills with ~apor at 9.7°. 
0 

Above 9.9 we are 

concerned in both cases with a single homogeneous phase. Nevertheless, 

the heat capacity continues to decrease rapidly with increasing temper­

ature. The heat capacity at 9.9° has a high value, being 0.60 cal/g/deg 

at density 0.2255, and 0.55 cal/g/deg at density 0.2069. 

In the case of the filLing at density o.lL6, the heat capacity 

is lower, being 0.376 at 9.9°. A composite of the results or Eucken and 

Parts (21) and Heusa {31) Shows that at 9.9° the specific heat at con-

stant volume, calculated to density zero, is 0.280 cal./g. 

If then a plot were made of the heat capacity a~nst the den-

sity, we see that Cli would increase as the critical density is approached, 

on the isothermal at 9.9'. Now it is a known property of the critical 

volume that at this density only, d~/d~ = o. Applying the thermodynamic 

relationship 

(~l = 
dv JT 

it is seen that C\T must pass through a maximum at the critical vol.ume. 

Hence it follows that since the density o. 2255 is already greater than 

the critical, measurements made at higher densities will result in lower 

meawred specific heat values. The SanJ9 conSiderations will. hold for 

isothermals taken at somewhat higher temperatures. 
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Michels, Bijl and Michels have calculated the specific heat 

or carbon dioxide on the basis of their p - V - T measurements, and obtain 

a sat or curves consistent with the description set forth here (44). 

Along an isochore the heat capacity continues to decreasa until 

a temperature about 15° aboVe the critical is reached. Above this temper-

ature a slight rise is shown. At low pressures the specific heat increases 

on account or the increasing a~ailability of the intramolecular vibrations 

as modes or adsorbing energy. (See Eucken and Parts (21) or Fowler's 

Statistical Mechanics, Chap.III). There is no reason to believe that this 

process is greatly affected by the increased density. The rate of in­

crease of the specific heat at 10° is about 10- ?J cal/g/deg2 • At higher 

densities there is another factor tending to decrease the heat capacity 

as the temperature is raised from the critical. When the rate due to 

this factor becomes equal in absolute value to the o~her increasing rata, 

the curve passes through a min~, and the specific heat rises at all 

higher temperatures. 

Even at density 0.116 the heat capacity shows a diminishing 

trend up to about 20° c. 

The difference between the heat capacities at the two higher 

densities becomes smaller, and is le ss than the experimental error at 

" about 12.5 c. 

We com next to enquire into the cause of the diminishing heat 

capacity on an isochore in this region. The mean intermolecular distance 

0 
here is about 6 A , canter to canter, and it is improbable that the 

vibrational specific heat is affected more than slightly at these densi-

ties. Bannewitz and Andrawa have concluded tla t £or a number of 



86. 

substances the rotational specific heats are also unaltered at these and 

even higher densities. The validity of these conclusions is• however, 

open to doubt, even though there is no positive evidence to the contrary. 

A specific heat of 0.6 calories per gram represents a heat capacity ai 

constant volume of s.s R per mol. Subtracting the contribution or the 

vibrational specific heat there is left at 9. 9° a heat capacity of roughly 

7 R. Allowing R for rotation and 3/2 R for translational anergy, there 

would be left 9/2 a • Finally we could even postulate a crystalline 

lattice with 3 N vibrational modes and still be left with 3/2 R ! 

It is clear that the observed heat capacity cannot be inter­

preted in terms of a changing number of modes available for energy stor­

age, for it seems impossible to find enough such modes to accommodate 

the experimental value. It becomes necessary to postulate some sort 

of dissociation process, in which heat is absorbed. As the temperature 

is raised, dissociation occurs and heat is absorbed.~ 

Since ethylene is perfectly stable under these conditions, 

the transition occurring is not an intramolecular one. ~ue are led to 

ask next, what is the nature of the dissociating assembly~ 

.fr. See for analogy, the heat capacity curve of sulphur in Lewis 

and Randall, "'Ihermodynamics" p. 79, and the curves for NH4Cl and 

NH4 N03 , Fowler's "Statistical Mechanics," second edition p. 814. 

In the bomb filled at density 0.2255, the whole container 

becomes full of liquid just below 9.9°. At constant volume, as the 

temperature is raised from 9.9°, an important change occurs. We must 



conclude that there was in the liquid phase below 9.9° some sort of mol-

ecular interaction, in which appreciable amounts of energy are bound; and 

which decreases very rapidly in amount as the temperature is raised above 

the critical. 

Considering now the bomb filled at density 0.2069, the container 

is filled with vapor at 9.7~ In this case to~ the heat capacity is too 

high to be accounted for except on the basis o£ a dissociation process. 

We must conclude then that the molecular interaction exists also in the 

vapor just below the critical temperature. It is however less in degree than 

in the liquid state, for the heat absorbed in the deassociation process is 

less. 

Most of the dissociation occurs very near to the critical temp-

erature, and as the temperature is raised, this factor becomes less and 

less important. For this reason the two curves will be asymptotic to each 

other, provided that the absolute density difference is not too great. as 

is the case here. 

In order to arrive at an idea of the order of magnitude of the 

energies involved in this process the curve for density 0.2255 has been 
~~ 

used to evaluate the integral J(cv - 0,405}dT , The result is about 0,6 
~-1 

calories per gram, or 16 calories per mol. Hence the energy is small 

when averaged over all the molecules. On the other hand i£ the energy 

results from the association of only a relatively small number of mol-

ecular groups the individual energies might be considerably higher. 

Molecular coupling energies due to mutual polarization may amount 

to several thousand calories per mol. It is due to thermal agitation that 
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such molecular complexes tend not to form in gases. On the other hand we 

might think of liquids as consisting wholly of such co~plexes, and at 

sufficiently low temperatures at least the whole body of liquid may be 

considered to be a single complex of this kind, each molecule being con­

nected directly or indirectly to every other one (see Mayer 38, 39, 40). 

As the temperature of the liquid is raised, the volume increases 

due to the greater thermal agitation, and the number of such bonds is lass. 

Thus deassociation must contribute to the specific heat of a liquid but 

this contribution may be very small away from the critical temperature. 

Due to the lack of sufficiently accurate p - V - T data, it 

has not been possible to calculate specific heats at constant volume of 

the phases below Te• It is probable, however, that these show curves 

rising to a maximum at, or som~hat below, Tc• The critical temperature, 

then, has this property, that near it the rate of decrease of molecular 

interaction is greatest. 

From an examination of the heat capacity data above the critical 

temperature, it appears that here also the process of deassociation 

continues. 

The next step would be an extension to densities above and 

below the critical value, and farther removed from it than those hereto­

fore considered. We have already ventured to predict the general nature 

of the results which might be expected in this region. These predictions 

are, however, hardly sufficiently certain to warrant a discussion of 

their significance. 

Regarding the nature of the molecular interaction, the first 
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tendency is to postulate the existence of pairs, or more complex groups, 

of molecules. On this bas-is, suppose we consider that every collision 

with a molecule having an energy greater than 6000 calories per mol is 

effective in decomposing such a complex. Then the average life of these 
-'t 

groups is of the order of magnitude 10 seconds. 

If the molecular interaction took this form, it is clear that 

those properties dependent upon the association would come to a state o£ 

equilibrium after a change in volume or temperature, practically as soon 

as temperature equilibrium was established. It has been established 

experimentally that this is not the case. Time lags of hours duration 

occur in homogeneous systems, when certain changes of this kind are made (35). 

Consequently we must seek another way of picturing the molecular 

interaction. We might postulate a tendency of material in this volume 

and temperature range to assume a quasi-crystalline state, in which all 

the molecules tend towards some definite orientation, with this tendency 

counteracted by thermal agitation. A somewhat similar assumption has been 

made for liquids by Eyring, in his theory of holes in liquids. Such a 

state of equilibrium might be reached only a considerable time after a 

change in temperature or volume has been made. We should then postulate 

that the average distance betweaa molecules, which corresponds to·the cri-

tical volume, is the most favorable for the appearance of molecular orientation. 

A theory of this kind is only pure conjecture, and may seam ex-

tremely unlikely from some points of view. Nevertheless, it does afford 

an explanation of the time lags, and from this point of view is better than 

any other yet proposed. 
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The time lags: 

The energy changes involved in these lags are considerable. In 

certain regions the energy absorbed in a lag may amount to more than sofa 

of the beat capacity itself. For this reason it seemed probable that cor-

responding lags should be observed in other physical properties, and parti-

cularly in the density. 

A lag in the liquid density after a change in temperature on an 

isochore has indeed been reported in this region (70, 90, 42}, but for 

ethylene the time involved is a matter of twenty minutes or so at most when 

the density is measured by the float method. Apparently if the two lags do 

correspond the method of heat capacity measurement is much more sensitive 

than "he other. 

Changes in the liquid density can be followed more accurately 

by observing the meniscus level in a long bomb mostly filled with liquid. 

By this method lags were observed in the meniscus level extending over 

several hours. This work will be discussed in a separate section, and it 

will be shown why the heat capacity lags may be considered to tie in with 

the liquid density lag. 

Considering for the moment that the two are correlated, the 

following deductions can be made: 

(1) That there is a fundamental change in the nature of the liquid 

0 phase, which takes place at 9.3 , since no time lags are observed for runs 

starting above this temperature. This is near to the temperature of 

meniscus disappearance, 9.2°C. 

(2) That equilibrium is reached most slowly at 9.3°, ana the rate 

is greater both above and below this temperature. 
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{3) Comparing the results for the two fillings near the critical 

daasity, it is seen that below the critical temperature, the rate constant 

for the one containing the most liquid is highest. This is to be expeeted; 

for the liquid is changing from a more complex to a simpler state. In the 

case of the vapor the change as the temperature is raised is towards a more 

complex state. Hence the rate in the latter case will be lower. Near the 

critical temperature the two rates become about the same, as the phases 

become more nearly alike. 



SURFACE TENSION OF ETHYLENE NEAR 

THE CRITICAL TEMPERATURE. 
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SURFACE TENSION OF ETHYLENE NEAR THE CRITICAL rrEMPERAWRE. 

Introduction: 

It is a consequence of the Andrews-van der Waals theory, that 

the surface tension becomes zero at the critical temperature. Moreover; 

the quantity T(d~/dT), where~ is the surface tension, must also be zero, 

for this quantity represents a "latent heat of surface formation" and is 

part of the total surface energy. This means that if the theory holds, 

the surface tension must approach zero asymptotically near the critical 

temperature. 

On the basis of the persistence of the phases, it is not necess-

arily true that either of these conditions should be fulfilled by the 

surface tension. Hence a choice between the two theories could be made 

on this criterion. 

The literature on the subject is not extensive. Winkler and 

Maa.ss have carried out investigations nearer to the critical temperature 

than any other authors (93). In Ramsay and Shields' famous paper on the 

molecular weights of liquids, values are listed for a number of liquids 

up to a temperature a few degrees from the critical {58}. Kata and Salt-

man have contributed some results in this field (92). These investiga-

tions have extrapolated the surface tension curve to zero at the criti-

cal temperature, but their curves have a finite slope at this temperature. 

Examining their results it appears thatthis is the most natural thing to 
is 

do, but it~by no means certain that the extrapolation is justified. The 

curve might still be drawn with zero slope at T = Tc, as suggested by 

the dashed curve in figure 16. 
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These results extend at best to a temperature 1.5° below the 

critical. It was considered possible that results could be obtained even 

closer to the critical temperature with a sufficient degree of accuracy 

to settle the questions which have been raised. Moreover, although the 

properties in the critical range of the system ethylene have been the sub­

ject of a thorough investigation in this laboratory, its surface tension 

has never been determined. 

Experimental: 

The capillary rise method was used. The bomb, shown ~n figure 15, 

was 6.5 mm. inside diameter, and about 10 ems. long. The capillary had a 

diameter of 1.092~10-3 ems. This part of the apparatus was conveniently 

obtained from a Beckmann thermometer of which the bulb hau been broken. 

Meniscus heights were measured by means of a cathetometer to about .025 mm. 

Corrections for the volume o£ the meniscus were neglected; sach corrections 

would have been meaningless, for in such a small capillary it was not possi­

ble to dist~guish the outlines ot the meniscus. The curvature of the 

meniscus in the containing bomb is not serious, as near the critieal temper­

ature the distance from the wall at which the surface is no longer affected 

by capillarity becomes small. 

Temperatures ~ere determined by a calibrated thermometer gradu­

ated in tenths of a degree. A Beckmann was provided for accurate temper­

ature control. The well stirred water bath was fitted ~Hith two plate 

glass 'nindows placed opposite each other. Through one or these diffuse 

light was allowed to fall on the bomb, which was separated from the light 

source by more than a foot of water. (High values are obtained if the 

light is not well shielded by an infra-red absorbing layer. This factor 



94. 

was checked by observing the height immediately after the light was turned 

on. No change occurred even at the point taken closest to the critical 

temperature). The bath temperature was automatically controlled by a 

thermoregulator to'better than .01°. By hand, control to .001° was readily 

possible. Very near to the critical temperature this fine control is nee-

essary. 

The bomb was filled at a density of 0.23 and sealed off under 

vacuum. The ethylene used had been purified in the law temperature frac-

tionation outfit previously described. 

The first run was made over a period of twenty-four hours, with 

twenty hours taken to cover the range 8°- 9.03°. It was found that after 

the temperature was raised through a o.lo interval in the neighborhood of 

9°C, the meniscus continued to rise for several hours after the change had 

been made. The value of the capillary rise did not change appreciably dur-

ing this time, but it was considered safer to wait until there ~Nas no fur-

ther change in density with time, as indicated by the meniscus coming to 

rest. Succeeding runs also took long periods o£ time to complete. The 

D 0 points at .9.10 and 9.16 were taken after the temperature had been brought 

up from 8.7° over a period of twenty hours. 

Near the critical temperature the value of the capillary rise 

becomes small, and in ordar to maintain the relative accuracy, ten readings 

ware taken of each rise. The worst agreement ·uas shown by the set: s.74°C, 

o.525, 0.575, 0.525, 0.55, o.so, 0.525, 0.475, 0.525, o.5oo, 0.475 mm; mean 

- o.52. The best set was: 9.10°C, 0.175, 0.175, 0.175, 0.175, o.l75, 0.150, 

0.175, o.200, o.2oo, 0.200 mm; mean - 0.18. 
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Figure 15. Surface tension ap~aratus. 
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Calculation of the Resultsa 

In order to use this method for the determination of the surface 

tension, it· is necessary to know the densities of the coexisting phases. 

This data was derived from a combination of the results of Naldrett, Mason 

and Maass { 47), and Mcintosh and Maass ( 41). 

It is assumed everywhere that the angle of contact is zero. A 

careful observation of the appearance of the meniscus showed that even at 

9.15°, the liquid curved upwards near the walls of the containing vessel. 

The assumption therefore appears to be a credible one. If the angle of 

contact is not zero, then the surface tension calculated would be even 

higher as the critical temperature is approached. Winkler and Maass have 

compared surface tensions determined by the ring pull and by the capillary 

rise method between 111.5° and 120° for methyl ether ( Tc= 126.9°0 ). 

Fitting the results at 111.5° to agree, they are still found to be 

concordant at 120°. Hence, if the angle of contact is not zero, at least 

the temperature coefficient of the angle is zero ~this range. If the last 

state of affairs held, only the slope or the curve would be altered. 

The formula used to calculate the surface tension was 

where r = radius of the capillary 

h = capillary rise in ems. 

g = ac~eleration due to gravity 

dJ,dw are the liquid and vapor densities 

Lord Rayleigh (94) has deduced the more accurate formula 

A = rgh(d -d )[1 + r -0(_!,_) 2
\ 

2 1 v- 3h lOh .\ 
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The lowest value of h encountered was 0.2 mm. The resulting error is 

-4 
2~10 dynes per cm, and may be neglected. 

The data and calculated values are listed in Table XVII, 

and the results are shown graphically in figure 16. 

TABLE XVII 

SURFACE TENSION OF ETHYLENE. 

Run No. Temperature, ° C Capillary rise, mm. (di-d"') g/cc >.lClO~,dynes/cm 

6.45 3.50 0.137 128 

7.29 2.45 0.124 81.3 

7.85 1.85 0.112 55.5 

1 8.345 1.17 .097 30.4 

8.64 0.80 .084 18.0 

8.84 0.57 .074 11.3 

9.03 0.34 .062 s.os 

8.22 1.29 0.101 34.9 

2 8.79 0.61 .076 12.4 

8.89 0.52 .071 9.9 

8.97 0.45 .066 7.95 

3 9.11 0.21 .054 3.0 

9.15 0.18 .051 2.4 
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The Critical Temperature of Ethylene: 

The critical temperature has been defined in this thesis as the 

temperature of meniscus disappearance. Its value has been re~orted by 
0 

Maass and Geddes ~nd others in this laboratory to be 9.50 for ethylene. 

Naldrett, Mason and Maass (47) found, however, that when the ethylene 

was violently shaken, the meniscus disappeared at 9.20°, which was now 

the temperatur~ o£ reappearance as well. MCintosh, Dacey and Maass {42) 

report 9.20° for the temperature of reappearance without shaking. Mason 

and Maass (95) found the maximum opalescence occurs at 9.20°, whether 

the temperature is raised or lowered towards this value. 

The question arises, does the case without shaking constitute 

a true hysteresis, or is it true, that if suf1icient time were allowed 

to elapse, the meniscus would disappear at 9.20°? It \vas particularly 

important to settle this question in order to place on a firm foundation 

the interpretation of the surface tenslon results. 

In the course o:f the first run the comb was heated from 8 °tO 

9.15° over a period of twenty hours, and kept for five hours at this 

temperature. The meniscus was still sharp and eas~ly v~s~ble, and 

showed curvature near the sides of the vessel. 1Vhen now the temperature 

was raised to 9.25°, all trace of the presenc~ of a discontinuity had 

valiished in ten minutes. 

In a second experiment, the apparatus was thermostated for 

six hours at 9.15Q, at the end of which time the meniscus was st~il 

sharply defined. At 9.16°, the line of uemarcation between the phases 
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was still clear and sharp. 0 At 9.18 the app~aranc~ had not changed. 
0 

At 9.~95 the m~u~scus became a band whicn Kept broadening out and 

became fain~er and fainter with time. 

0 At the Slid. o:f run No. 3, the bomb had been brought from a. 7 

to 9.15° over a period of twenty hours. Vfuen the te~erature was 

raised sLowly from 9.15°, the meniscus-was observed to suddenly be-

come a band at about 9.215° and to disappear com~lately two or three 

hundraaths of a degree above the temperature. 

In the::;e exper~nts the bontJ was suspended in such a way 

that ~t ~ffered no mecnanical vibration what~ever, so t~~t this 

result cannot be due: to the same cause as the "shaking temperature" 

of Naldrett, Mason and Maass. 

Correlating the se re~l ts with those mntioned before, it 

appears that the critical temperature o£ ethylene can be fixed at 

" + 9.21 - On this basis the rather more pleasing result is ob-

tained, that the disappear.ance and reappearance of the meniscus is 

a reversible phenomenon. 

It must not be supposed, however, that there is to be found 

in these results a contradiction of the density persistence previously 

·reported. Indeed, support for the persistence is forthcoming, for the 

meniscus here vanished away from the end of the tube, which proves 

that the densities were not equal. 

Discussion of the surface tension rerults: 

Winkler and Maass extended their observation to 1. 6 ° below 
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the critical temperature of propylene and their lowest surface tension 

value is .os dynes/cm. Referring to figure 16, it is seen that from a 

surface tension of this va~ue, an extrapolation to the critical tempera-

ture is an extremely dangerous business. The curve could be drawn with 

finite sLope at the critical temperature; on the other hand the dashed 

curve, showing zero Slope at T = Tc would be equally possible. 

As dra1m, the curve for ethylene extrapolates to zero surface 

tension at 9.22°C. We have settled the critical temperature as being 

9. 21°! .02° , so it appears that the surface tension is zero at the cri t-

ical temperature. The extrapolation extends over only .07°, but in 

view of the rapid changes which (on the classical theory) take place 

near this temperature, even this might be criticized. 

It is, however, quite certain that the curve cannot possibly 

0 
be drawn so as to have a value of>.= 0 at 9.21 and also to have zero 

slope at this temperature. From this point of view. we must conclude 

that d~/dT is finite at T = Tc, Which is a direct contradiction of 

the classical theory. 

This conclusion might conceivably be criticized on the.ground 

that since the density data used does not conform to the classical 

theory, the surface tension data derived therefrom can hardly be expected 

to conform. There ~s, however, very little doubt regarding the form of 

the density curve just below 9.2°C, as it has been verified by Naldrett, 

Mason and Maass (47) using a method which entails violent stirring, as 

well as by M~Intosh, Dacey and Maass {42) and previous investigators 

(35, 41) using a float method. 



102. 

The curve could be drawn in only one other faShion near the 

point of meniscus disappearance. This alternative would have the 

surface tension finite at T = Tc, with dA/dT either equal to zero or 

finite. This would again constitute a contradiction of classical 

theory. It would moreover not be the natural way in which to extra­

polate the results, nor does it seem likely from other considerations 

that the curve has this form. 

We must reject a form of the curve in which it slopes over 
0 

sharply just above 9.15 , and then tends to zero asymptotically at 

9.21°C. This would involve a large increase in the surface energy 

just below the critical temperature, after which it would rapidly 

go to zero, all in a .06° range. 

For the curve as drawn, the latent haat of surface forma-

tion at T = Tc is T(dA/dT) = -43.5 ergs/cm2 , and since ~ is zero at 

this temperature, the total surface energy is 

~ - T(dA/dT) = 43.5 ergs/cm2• 

It may be mentioned that there arises at ·this point, a funda-

mental contradiction in the theory of Andrews-van der Waals. The sur-

face tension and surface energy must certainly be functions of the den-

sities of the liquid and vapor phases. Now just below Tc the rate of 

change of these densities with temperature is very high {on classical 

theory). Hence the liquid and vapor densities change very rapidly, 

but the surface tension is asked to show a rate of change with tempera-

ture tending to zero! That is, the variation of the surface tension 

must be supposed to be least when the variation of the densities is 
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greatest. These two conditions are not compatible. 

In discussing Ca11endar's (13) results on steam, Porter (96) 

has proposed that it might be possible to obtain an equation for the 

surface tension of the form: 

wherej.,f~' are the densities of the phases. 

~' ~' are the average distances apart 

of the molecules. 

In the normal case in which the average distances apart or· the 

molecules are inversely proportional to the cube root of the density (no 

association) >-. would equal zero only for (• = ~l-

If, however, due to association in the liquid, the average 

effective intermolecular distance were increased, there would exist a 

pair of values f 1 and f.~.-

for which 

and the resulting surface tension is zero. Porter concludes by saying 

"One would anticipate it (the working out of this problem) to be a 

problem or extraordinary difficulty." 

It is probable that some such theory, based on the amount of 

molecular interaction in the phases, will eventually supply an explana-

tion for the observed phenomenon; namely, the disappearance of the sur-

face tension while the density difference is still finite. 

The theory of Mayer predicts that the surface tension shall 
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disappear while the density dif~erence persists (38, 39, 40). The 

theory is pleasing in the simplicity and fundamental nature of the 

assumptions made; on the other hand it is difficult to interpret 

the results in purely kinetic terms such as molecular interaction. 

The prediction made is well verified in the results of the experi-

mental work just described. 



THE CRITlCAL MlPERA'l'URE OF ETHANE 
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The Critical Temperature of Ethane. 

Much of the confusion regarding the determination of the 

critical temperature has arisen due to the complex and time dependent 

nature of the phenomena which occur when this temperature is approached. 

For instance, most descriptions of the critical phenomena describe an 

opalescent band which appears in the neighborhood of the meniscus just 

below the temperature of disappearance. In an experiment in which the 

heating is very slow,however, the band does not appear at all. If heat­

ing is rapid, the band appears, but if the bomb is then thermostated for 

a sufficient length of time, the band will slowly disappear, leaving 

either a sharp meniscus, or no discontinuity, depending on the temper­

ature. 

A number of experiments made on ethane are described here. 

The ethane was purified in the low temperature still described in a 

previous section. The bomb was suspended in front of a plate glass 

window, from a vibration free support. It could be lighted by diffuse 

transmitted light, coming from a source placed on the opposite side of 

the bath, or by reflected light from various angles. 

In the first set of experiments, the bomb was heated from 

30°C to the temperature shown, and held there at the time indicated. 

The phenomena observed are described opposite tha corresponding times 

and temPeratures. 
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0 

Temperature C Observation 

8.43 32.02 Meniscus visible. 

8.48 32.11 Meniscus surrounded by a dense 

opalescent band. 

8.57 32.15 Meniscus has been replaced by 

an opalescent band. 

9.01 32.18 Opalescent band is wider, about 

9.06 32.21 Band is more diffuse and about 

l mm wide. 

9.11 32.25 Band more diffuse, but still dist-

inguishabla by reflected light. 

No discontinuity by transmitted 

light. 

9.22 32.33 Band vary diffuse and barely 

distinguishable. 

9.26 32.28 Bomb appears uniform everywhere. 

On haati~g several degrees, and th~cooling slowly, the meniscus re-

• appears at 32.15 C. 
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The bomb used had one end ground and polished optically flat. 

A similar experiment was carried out, with the bomb in a horizontal pos­

ition, viewing through the end. The same phenomena were observed. The 

last trace of discontinuity disap~eared at 32.38°,and reappearance 

occurred at 32.15°. 

This then is the nature of the hysteresis in the meniscus 

disappearanc:e and reappearance. On the- basia of these results we should 

have reportad a hysteresis of about 0.2°. 

In the next set of expa.riments the bombs were raised to tha 

temperature noted, and kept there for· a length of time. 

Temparature°C 

32.15 

l2.29 

32.19 

32.18 

Time 

li hrs 

l hr 

3hrs 

2hrs 

7hrs 

18 hrs 

Observation 

Opal$SCent band disappears on standing 

leaving clean meniscus. 

Band, originally about 0.7 mm wide, 

becomes more and more diffuse and 

finally disapp,ears. 

Band is originally quite distinct and 

about 0.4 mm wide. It keeps broadening 

out and by this time is very difficult to 

distinguish at all. 

Band still fairly distict and about 2 mm 

wide. 

Band 4-7nnn wide. 

Existence of band is questionable. 
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On cooling from 35° , the meniscus does not reappear attar 

3 hours at 32.18°, but on cooling to 32.16~, it reappears. 

It follows that the hysteresis i£ any is not greater than 

0 
.02 , and is in fact probably not present at all. 

An aside worth noting here is the fo~lowing comparison: 

Whereas in th~ first experiment, bomb vertical, the meniscus moved up 

about 8 mm between 31.~ and tha tamperature.- o£ ~isappearance, the 

amount or the meniscus rise in the experiment carried out in. the hor-

izontal bomb was less than a IIIIL. The bomb is about 10 cm long, and 5.5 

mm in internal diameter. This experiment constitutes a refutation of 

the argument that the fact that the meniscus vanishes away from the 

end of the tube is due to gravity. On the basis of th~ gravity hypothesis 

the amount or the meniscus movement in tha. horizontal tuba should have 

caused it to move up to the top and fill the whole tube with liquid 

before the meniscus disappears. 
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The Lag in the Meniscus Level. 

In endeavoring to find an explanation for the observed time 

lags in the heat capacity, a search was made for some physical property 

with which the lag could be correlated. 

Mcintosh and 1mass have reported a time lag in t~ density o£ 

liqui~ ethylena on heating ~ this region, but the duration of the lag 

is in this case twenty minutes or less. 

In the pursuit of the surface tension investigation, the prob-

able answer was found. Lags of several hours duration were observed in 

the m&niscus level after a change in temperature had bean made. 

The bomb was fil1ed at a density somewhat higher than the crit­

ical, and the meniscus height was about 4/Sths up the tub& at 9°, so tr..at 

the changes observed probably corre~ond roughly to changes in tha liquid 

density. 
0 

No lags were observed below 8 c, but on changing the temperature 

from 7.8° to 8.3°about thirty minutes v:Tas required for the. establishment 

of equilibrium, the meniscus showing an upv~ard motion during this time. 
0 0 

On changing the temperature from 8.81 to 9.01 , a lag of five hours dur-

ation was observed. 

There was no appreciable lag on cooling through an interval. 

This. is true of the thermal time lags also. 

The meniscus height lags occurred under conditions of constant 
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temperature. The heat capacity lags war~ however, observed under 

adiabatic conditions. In order to complete the analogy, a meniscus 

lava~ lag was followed, in which the tempe,rature of the bomb was 

rapidly raised through an interval, and the temperature then smoothly 

lowered, in such a way as to correspond to the temperature change 

experimental].y observed in a thermal lag. When the logarithm. of the 

difference between the instantaneous level and the asymptotic level \vas 

plotted against the temperature, a straight Line was obtained. The slope 

or this line showed a unimolecular rate constant or 2.5xl0- 4 sec-·~ the 
-4 _, 

corresponding lag in the he:at capacity was 4JC10 sec • In a second 

experiment tha results to be compared were 3.8xl0- 4 and 4.3xl0-~sec-~ 

'llle agreement is sut·:ricientLy goo.d to establish the· correspondence. 

It folLows that this lag is indipenaent of the shape of' the 

container, ior the surface tension bomb was 10 ems long and 6 .s mm inside 

diameter, while th& heat capacity bomb is much larger and spherical. 

Hence there ia no question of time for diffusion through a phase 

interface. 
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Calculation of- the Di§Persion Constants 

Theoq: 

The quantity designated ~ the section on heat measurements 

as the hyst&rasis energy was interpreted to represent the energy resid-

ant in the surface of a dispersion, which had been formed by cooling 

ethylene from 13° to 9.36°C. 

The energy re;sident in the surface per cm2 has been calculated 

in t~ section on surface tension, for the ~st&m ethylene at 9.21°C. 

In consideration of the way in which the density curve goes, it seems 

safe to assume that the surface energy wi~still be of the order o£ 40 

·ergs/cm2 at 9. 36° C. 

On the basis of this assumption the interfacial area in the 

dispersed phase at 9.36° can be calculated. Then, knowing the specific 

volumes of the liquid and vapor from the determinations of Mcintosh, 

Dacey and £~ss (42), the average radius of a particle of the dispersed 

phase can be determined. 

Calculation: 

(1) Density 0.2255. 

Total surface energy = .02 cal = 8.41106 ergs/g. 

Surface energy: 40 ergs/cm2 • 

Surface area= 8.4•10
5 

= 2.1~10~cmag. 
40 If 
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Mass vapor per gram system = 0 .34 g. 

·Mass liquid pe;r gram system = Q .66 g. 

It seems best to assume that in this case the vapor i:a 

suspended as spherical bubbles in the liquid. Let th& average radius = 

r, and the total number of bubb,les = n. Specific volume of vapor = 

5.0_2 cc/g. 

4/3wr3n = 0.34XS.02 = 1.7. 

41f' r2n = 2 .lx 10 4\ 

-i 
r· = 2 • 5 xlO cm. 

(2} Density 0.2069. 0 
T = 9.41 C. 

Total surface energy = .0035 cal = l.S~los- ergs/g. 
15 

surface area = ~.SxlO = 4ooo ems. 
40 

Ma.ss liquid per gram system = 0.18 g. Specific volume 

liquid = 4.2 c~jg. If liquid is suspended in vapor, the average 

droplet diameter r is calculated from 

4/3wr3 n = 0 .18x~ .2 = 0. 75 

41fr~ = 4000 

-4 
r- = 5.5¥10 cm. 
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Discussion: 

In view of the small density d.ifferenca, ~he sizes deduced 

for the buoblas and droplets seam to be of a reasonable magnitude. 

The vapor pressure of smal1 droplets would not be at a.l1. 

higher than that of a larger boely o! .Liquid, in the temperature range 

where the surface tension is zero. 
fl 

Below 9.21 th8 surface tension 

has a finite value. For example at 9° the surface tension is .006 

dynes per cm, and the increase in pressure due to the surface tension 

for a droplet of radius 2~lo-+cm would be 

2x .006 - s·o dy'nas/cm2 6 10-5" t =- ~ a m. 
2 lClo-~ 

The increase in vapor pn·essure is so low that it seems probable that 

a. suspension, once formed just be.low Tc, would be stable from an 

experimental point of view. 

If there is a difference in refractive index between the 

phases, we should expect that the dispersion would show up as an 

opalescence effect. Except very near to 9.26 C, this does not appear 

to be the case, ba~ause at all other temperatures the amount of 

opalescence in a dispersed system has bean measured by Mason and 

1~ss {95) and found to be the same as in a non-dispersed system at the 
0 

same temp~rature. At 9.2 , where the opalescence is a maximum, a 

difference was indeed found. 
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General Discussion 

Theory of Mayer and Harrison: 

lf one assumes that the potential energy of a gas can be 

expressed as the sum of mutual potern1J.al energies of pairs o1· mol­

ecules, it is possible by making certain approximations and using 

otherwise the general met.hods or Statistical Mechanics, to derive an 

equation of state, in which the second virial coefricient appears, 

calculable in terms of intermolecular constants. Such a calculation 

is carried out in Fowler's Statistical Mechanics, Chapter 8. 

Making the same assumptions, l~yer and Harrison followed 

through the method more completely, and arrived at an equation pre­

dicting the formation of a second(liquid) phaoo, and the existence or 

a critical temperature.(38,39,40) 

The property of surface tension was then :W.troduced in 

what ap~ears to be a somewhat arbitrary manner, the chief justification 

being the final appearance of an energy which is proportional to the 

2/3rds power of the volume of a droplet of the liquid phase. It follows 

i_n the subsequent development that the surface ten~ion. disappears at a 

characteristic temperature Tm , which is lower than Tc, the latter 

being defined as the higest temperature for which dp/dv can be zero. 

This prediction has been admirably verified by the work of 

Mcintosh, Dacey and Maass (42), combined with the surface tension 

~asults reported in this thesis. 
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Mayer and Harrisanthen go on to construct a diagram of the 

pres~re - volume - temperature relationships in the critical region. 

At every temperature belo~ Tc it must be possible for two phases to 

coexist {provided that the proper average volume is chosen), but in 

the interval T~ to Tc, due to the absence of the surface tension, the 

system may be expected to have certain peculiar properties. 

Below T~the existence of a surface tension alLows the pben­

omsnon of supersaturation to occur; here too the isothermals show dis-

continuous curvature on the borders of the liquid - vapor envelope, 

which permits curves corresponding to supercooling to be drawn. Because above 

~the surface tension vanishes the isothermals are drawn with contin-

uous slope everywhere. Mclntosh, Dacey, and Maass have indeed drawn their 

curve in a somewhat similar manner. 

Certain other of their asswmptions are based on less firm 

grounds, and have not been borne out in detail in this laboratory. 

Based as they are mainly on conjecture, these have not the value of the 

previous results relating surface tension and volume- temperature curves, 

and need not be discussed in detail. Fundamentally, the idea expressed 

is that that on any isothermal between T,. and Tc, any ma-croscopic volume 

can be experimentally realized, but within certain boundaries the micro-

scopic densities vJ.. and v'K are limited to these two values, corresponding to 

the densities of the condensed and vapor phases. The intermediate macroscopic 

values which can be obtained corre~ond to a dispersion of one of these phases 

in the other. Here are the elements of the dispersion theory, which 
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~~s already been referred to, and which will be further elaboratedin 

this discussion. 

Density gradients due to Gravity: 

It has been suggested that the difference in density observed 

in the experiments of ~ass and coworkers, and others, is due to a grav­

ity gradient in the fluid considered. Near the critical volume dp/dv is 

zero at one point. Hence any pressure gradient, such as that due to grav­

ity, wili in the neighborhood or this point cause the appearance of a 

region through which the density varies rapidly with height. 

If there were available an equation of state applying exactly 

in this region, it would be possible to calculate the magnitude of the 

density difference resulting under a given set o£ conditions. When the 

question to be answered is, what is the exact value of dp/dv near Vc, 

there is no equation of sta:.te to which we can refer, which can be rel­

ied upon to give even the correct order of magnitude. For tbis reason 

calculations such as those of Gouy {25} and Ruedy (60} are of no value 

Whatsoever. 

It becomes necessary to appeal to experiment to settle this 

point, and conclusive evidence has indeed already been obtained. 

Geddes and Maass {35} for instance found on isobars that 

outside of the region in which the meniscus is visible, the density 

observed by a quartz spiral - float technique was the same as that calc­

ulated from the volume of the bomb. Hence in this case there was no 

appreciable density gradient. 
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Winkler and. Maass(90) report no variation of density with 

height away from the region of the meniscus. Although this is convin­

cing evidence, it does not constitute a definite proof, for the p - v 

curve might be so shaped that the gradient was very large near to the 

meniscus and inappreciable away from this region. 

Most conclusive is the observation that the density dif!~rence 

observed on an isochore does not appear on cooling the system through the 

same region.(35,41,42,70) On the baais o£ a gravity effect the density 

diff'erence should ap:g-ear on cooling as well. 

In the section of this thesis on the critical temperature of 

ethane, an experiment was described, in which the critical phenomena 

were observed in the swme tube in the horizontal and vertical positions. 

This too constitutes definite evidence that the observed density diff­

erence is not due to gravity-. 

On the basis of these considerations, it may be stated that 

gravity has had no appreciable ef.!ect in the experiments heretofore 

performed. 

Impurities: 

The persistence of the density difference above the critical 

temperature has been attributed to the presence of impurities in the 

experimental medium. It ia easy to show that this criticism does not 

rest on a sound basis. 

Let us suppose that there are impurities in the system; then 

we deal with a two component, or n component system. It is just as 
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upsetiting to the classical ideas if in this multicomponent case a density 

difference persists after the meniscus disappears ! Hence to attempt to 

explain these phenomena by simply using the word "impurities" is not to 

explain them at all. 

It is true, however, that a density difference, once there, 

can be accentuated by an impurity. This part of the subject can wall be 

discussed in some detail. 

In order to calculate the effect of an impurity on the density 

of the condensed phase, it is necessary to knaw the relative distributi~n 

between the phases, and the pressure-volume coefficient of the liquid 

material. These data are not available. 

It is, however, possible to obtain an idea of the amount of 

impurity whose effect will be negligible. Supposing the worst possible 

case, take ethylene with air as impurity, absolutely insoluble in the 

0 condensed phase at 9.8 c. 

We have already shown that the effect of gravity is negligible. 

Now a typical experimental tube is one square centimeter in cross section, 

and 20 ems. long. Filled with material at density about 0.25 it may 

contain half liquid and half vapor by volume, or 3 grams condensed and 

2 grams vapor phase. The pressure on the liquid phase due to the weight 

of the vapor is 2 g/cm2 or 2~10- 3 
atm. But this pressure, as we have seen, 

has a negligible effect. If we had an amount of air in the tube suffici-

ant to exert the same partial pressure, its effect would also be negligible. 

Assuming all the air is in the vapor, the amount of air permissible is 

one part in 10
5 of the whole mass of material. 
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ActualLy the amount permissible is probably much greater, 

for the liquid might show an inappreciable ( 0.1~ by the float method) 

change in density for a pressure greater than 2xl0-~atm. Also the dis­

tribution between the phases is probably never as untavorable as assumed 

in the calculation. 

It is probable that most of the ethylene used in this laboratory 

has satisfied the 1/105 criterion, particularly since the low temperature 

still has become available. 

It might further be argued that the presence of traces of im­

purities so impedes the attainment of equilibrium, that it would never 

be reached under ordinary experimental conditions. It is indeed con• 

cievable that if a lag oc~urred due to diffusion through the meniscus, 

its duration might be prolonged due to the accumulation of impurities 

in certain regions. On the other hand it is difficult to see how the 

expansion of a liquid, or a volume change on an isobar in a homogeneous 

medium, could be appreciably af~ected by the presence in it of one ~ol­

ecule of' foreign material in lOas. Furthermore, Mclntosh and Maass (41) 

have shown that time lags are reproducible, which would not be the case 

if they depended on the presence of small traces of impurities. These 

authors showed too that lags in a system containing a~ are if anything 

of shorter duration than in one in which air is absent. 

Hysteresis eff'ects and dispersion thaorya 

Let us first examine what happens when .a one component system 

is heated up towards the critical temperature. Just below Te, bubbles 
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of vapor which form within the liquid may remain suspended there, and 

at the same time, dr~plets of liquid carried into the vapor can remain 

suspended in that phase. For this reason, in a range extending one 

degree below the critical temperature, the apparent {macroscopic) den-

sity of t~ liquid is lower than the true density, while the apparent 

density of the vapor is too high. If the average concentration is such 

that the mass of the liquid is decreasing, vapor may be formed to some 

extent by evaporation from tha surface, but probably the main process is 

the formation of bubbles or vapor within the liquid, which under favor-

able conditions remain suspended. For this reason th& a~rent density 

of the liquid is very much lower than than the true or microscopic value. 

Since the liquid is evaporating the vapor wilL be relatively free of 

liquid droplets and will show a value near its true density. On the 

other hand, if the average volume is such that the liquid is increasing 

in mass, then vapor original~y suspended in the liquid will tend to con­

dense as the temperature is raised, and a higher liquid density is registered. 

Under these circumstances, the amount of liquid suspended in tha vapor 

will if anything tend to increase, and a comparatively high macroscopic 

vapor density will result. 

In this way, one would explain the results of Mcinto sh and 

Maass (41), showing that the density of the phases in ethylene is a £unc­

tion of the average volume, as also the similar results o£ Winkler and 

Maass for methyl ether. We see too why different isochores are obtained 

tor every mass - volume ratio. It now becomes clear why different 
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densities are obtained depending on whether heating is rapid or slow; 

in the latter case mora evaporation occurs from the liquid surface, 

and a higher density is registered; which is nearer to the true value. 

As heating is continued above Te, a point will be reached 

where the whole system lies outside of the boundaries of the liquid -

vapor coexistence region. Hare the medium has been converted to either 

liquid or vapor. Now on cooling (curve B, figure 4) the phases form 

a homogeneous suspension in each other, and there is no apparent density 

difference. At or near the critical temperature, with the reappear-ance 

of the surface tension, the. stability of the suspensoid is no longer 

sufficiently great, .and settling occurs, with the reappearance of the 

meniscus. The liquid is still left with the maximum amount of vapor sus­

pended in it, and the vapor similarly carries the maximum amount of liquid 

droplets. Hence the liquid value is lower than the density obtained with 

rising temperature, and the vapor density is higher. Finally a..point is 

reached a degree or so below Tc, where tha liquid density is not apprec­

iably less coming down than it is going up, and the hysteresis loop is 

closed. In this way the density curves reported by Mcintosh and Maass (41) 

and Maass and Geddes (35) fall in line with the theory. 

Gentle stirring such as was used by Winklar and Maass (90) and 

by Tapp, Steacie and Maass (70) should cause no great change in the den­

sity; it seems possible, however, that a dispersion is formed in the 

neighborhood Qf the interface only. On the other hand, violent shaking, 

as described by Naldrett, Mason and Maass (47) would tend to form a disp­

ersion and altar the densities. 
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If ethylene just below the critical temperature be c~rop­

ressed, there will be a tendency for vapor to change to liquid, and 

the highest and most nearly true liquid densities should be observed 

in this manner. Similarly, the lowest and most nearly correc~ vapor 

densities would appear after an isothermal increase in system volume. 

In such terms the effects reported by Maass and Geddes on the results 

of expansions and contractions just below Tc are fitted into the theory. 

Above the critical temperature the macroscopic density of 

the system is particularly sensitive to isothermal compression and ex­

pansion. We should expect that a compression would rapidly increase the 

apparent density of the vapor to equal that of the liquid,~and~a expansion 

would have the same final effect. If the system were taken through the 

liq~id - vapor envelope on an isobar, a macroscopic density di!rarence 

would never appear at any average volume. 

An examinat1on or the investigation of Clark on viscosity (17) 

shows that the results obtained with falling temperature, and those.res­

ul~ing with violen~ stirring, fall on the same curve within the axpar~­

ental error. This is readily explicable on the dispersion theory. 

Temperature fluctuations would tend to increase the amount 8f 

dispersion in each phase. This con£or.ms with the results of I~ss and 

Geddes {35). 

When a temperature gradient is set ap in which the top of the 

bomb is colder than the bottom, the material distills around the tube, 

and the net effect is that observed with fluctuations in the temperature, 

as described in the previous paragraph. The final result will be the 
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removal of any apparent density difference. 

If in a bomb in which the phases are originally uniformly 

disperse4, the top is heated, some of the liquid will be converted to 

vapor, and when uniform temperature is reestablished, a-macroscopic dan­

si.ty difference will have been restored. This experiment has been carried 

out by Mcin~osh, Dacey, and Maasa{42). 

Form or the Pressure - Volume - Temperature Curves above the 

Temperature of Meniscus Disappearance: 

It has already bee~ remarked t~t from the point of view of 

the surface energy, the coefficients d~/dT and dv~/dT {subscripts refer 

to the liquid and vapor phase respectively) cannot be infinite at the 

temperature at which the phases become identical. On the persistence 

theory, the swme considerations apply equally well when the form o£ the 

liquid vapor envelope is considered. We should draw the liquid vapor 

envelope so that J dv, /dTI and J dv~/dTJ pass through a maximum probably 

near the temperature of meniscus disappearance, and the gradually dec­

rease, tending to a zero value. Here the liquid boundary and vapor 

boundary would tend to each other with increasing temperature, persis­

ting ho~ver to infinite temperatures. 

It is well known that the slope dp/dv becomes increasingly 

greater as the temperature is raised away from the critical, and at 

first it seams difficult to reconcile this fact with the condition that 

within the liquid vapor boundary dp/dv = 0. 

On the basis of the Einstein - Smoluchowski theory, the intensi~ 

of the critical opalescence is inversely proportional to dp/dv, and in the 
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case of a liquid or vapor, this means the value o£ dp/dv on the 

liquid or vapor border of the envelope. Now Mason and Maass (95) have 

found for ethylene tha~ the maximum opalescence occurs at 9.2°0. Tbeh 

the minimum dp/dv outside or the coexistence region occurs at 9.2°, and 

at higher temperatures the s~opes on the: boundaries of' this region should 

be drawn with greater and greater values. 

I£ this result is accepted, the curve of Mcintosh, Dacey and 

Maass {42) depicting the p - v isothsrmals, could be drawn to show liquid 

and vapor coexisting at temperatures higher than 9.9°, and still be in 

agreement with their experimental points. Their results would then agree 

better with the magnitude or the density persistence found by direct ~as­

urement on an isochore. 

This radical departure from classical ideas is of course still 

conjecture. If it were really true, an important consequence would be 

that there is no real continuity o£ state, tor it would be impossible to 

take a system from the liquid to the vapor state without passing through 

a coexistence region. or course at very high temperatures. the extent or 
the coexistence region, the heat of vaporization, and the surface energy, 

would become vary small. 
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Conclusions 

The Andrews - van dar waals ideas do not apply in the critical 

region, insofar as there is a persistence of a phase density difference 

above the temperature of meniscus disapearance. 

The origin of the numerous hysteresis effects which have been 

observed near the critical temperature ( including the hysteresis in the 

heat capacity) may definitely be ascribed to the phase dispersion which 

for.ms in this region. 

The existence of molecular interaction in both the liquid and 

vapor below le, and also above this temperature, has been conclusively 

demonstrated. The exact nature of the interaction is still open to spec­

ulation. 

The surface tension vanishes before the densities of the phases 

have become equal. The surface anergy is large and finite even when the 

surface tension is zero. 

The type of time lag investigated here has been shown to be 

indipendant of the form of the containing vassal; i.e. the lag is a 

unique property of the system. 

It is probable that the volume - temperature curve of 

ethylene shows an inflection point near 9°0, and possibly continuously 

decreasing slope thereafter. The last statement if true would const­

itute a contradiction of the theory of the cont~ity of state. 
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With the proper light cast on the hysteresis affects, it is 

to be expected that progress in the field of investigating the changes 

in.molecular interaction in the transition from liquid through the crit­

ical region should be facilitated. Here should be found an answer to 

the question sat by the existence of the time lags, and perhaps data 

of fundamental importance in the problem of liquid structure. 

It has been the object in this thesis to present a description 

of the critical phenomena which is as complete as possible. In attempting 

to achieve this purpose, it has been necessary to put forward parts of 

tha theory which are based mora or ~ass on speculation. It should be 

realized that some of the ideas set down are merely tentative, pending 

the completion o£ further experimental and theoretical work. 
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