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The wost widely used experimental method for 

studying the forces between pairs of molecules is the 

determination of the second compressibility virial 

coefficient, B, defined by: 

Pv ® s 2 
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For non-polar gases at tewperatures well removed 

from the normal boiling point, it is relatively easy to 

measure values of B with adequate eceursecy for assessing 

the merits of various model intermolecular potential 

energy functions, However, at tewperaturee little above 

the normal boiling point, especially for the more polar 

gagsea, adsorption effects can prove troublesome. 

The density balance method can, in principle, give 

Values of the second compressibility virial coefficient 

free from adearption errors. In practice, there remain 

ether drawbacks to euch an approach, particularly the 

notorious instability of the density balance zero point, 

and the need for the molecular weight of the gas to be 

very precisely known, or at least constant within very 

etall limits. he recent extensive development of 

vacuue wicro- and ultramicro~balancee suggests that the 

difficulty of inetability should now be superable. A



simple theoretical consideration of the treatment of 

data from euch a balance ehows that adsorption effeete 

which are not compensated in the balance design may be 

corrected for, te a first order, and second virial 

coefficients obtained which are accurate to about 

3 +5 om’mole'. 

Accordingly, an electromagnetically operated density 

balanoe hae been designed and built, incorporating the 

beet features of balances reported in the literature. 

A number of unforeseen preblene were encountered when 

setting up the balance and these were eatisefactorily 

overcome, with the single exception of a pregeure 

dependent effect, at least partly arieing frow the 

contraction of the bucyaney bulb. Calibration te correct 

for thie effect had to be made in situ, and thie hes 

reduced the potential accuracy by a factor of about two. 

The final values of the second compressibility virial 

coefficient are believed to be accurate to about * 10 or 

15 ou noie™'. 

Keaguremente were made for flucroform, chlerc- 

difluoromethane, chlorotrifivoromethane, dichlorodifluero- 

methane, 1,1-difluoroethylene and dimethyl ether at 

temperatures of 25°, 40° and 55°05, Agreenent with other 

_ reported measurements is generally well within the combined 

estimated errors, Valuee of the gecond dielectric



virial coefficient, 6, defined by: 

Po Be A BN ee 
have beer, measured by A.'!.#.Barnes (D.Phil. Thesis, 

  

Oxford, 1968) for these gases, and he has interpreted 

his resulte in conjunetion with those obteined here in 

terme of the applicability of the various proposed 

intermoleevlar potential functions. The Stoekmayer 

potential, which is based on spherical molecules with a 

mutual potential function of Lennard-Jones form, with 

point dipolee at their centres, can, with the addition 

of polarisability terms, reproduce the observed values 

of beth dielectric and compressibility virial coefficients 

for the gasee with slightly polar and nearly epherical 

wolecules, i.e. chlorotrifluoremethane and dichloro- 

éifluoremethane. Por the other gaees, it ie necessary 

to include both a shape dependence factor for the 

repuleive ferces and dieplacesent of the point dipole 

frow the origin appropriate for deecribing the non-polar 

fercee in order to obtain consistency between the two 

aeoond virial coefficients. 

Beaevremente of B were aleo made for bromomethane 

and chleroethane at 25° and 40°C and for trimethylamine 

at 25°C, Using the values s0 obtained, which are in 

reasonable agreesent with other reported seacuresente, 

and values of (8 ~ 4B) reported by D.d.Turner (D.Phil. 

 



@hesis, Oxford, 1966), the second dielectric virial 

coefficients for these gasee may be obtained. their 

tiagnitude is very much more realistic than thoge obtained 

originally by Turner, using lese accurate values for 5, 

A detailed consideration of the likely sources of 

error in the apparatue ae set up leade to suggestions for 

varioue improvexents which could be made fairly readily, 

and which would he expected to reduce the error in the 

gecond compressibility virial coefficiente obtained to 

+ 1o0r 2 en’mole™’, some considerations is also given 

to the directions in which the apparatue sight soet 

ueefuliy be developed. These include (1) the evaluation 

of virial coefficiente at low tewperatures, (2) the 

measurement ef interaction virial coefficients in two 

component mixtures of gases which may be adeorbed to a 

large extent, (3) the use of a density balenee for precise 

and possibly automatic preesure measvremente, in place ef 

the mercury manometer which the author and aliost all 

other workera in thie field have hitherto used.
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CHAPTER 

INTRODUCTION 

he understanding of the nature of the forces 

between molecules in their normal energy state ia of 

fundamental importance to many areae of chemistry. the 

later chapters @eseribe an experimental inveetigation of 

one particular technique which may be used to study these 

forces, but it is worthwhile considering briefly here 

some of the presently available knowledge. Qualitatively, 

the types of force thet exist are well established, and 

1 
there is aleo a large amount of quantitative information. 

There are three main types: 

1. At separations of molecules which are stall compared 

with wolecvlar dimensione the dominating force ie 

repulgive. This arises ae a result of 

interpenetration of the electron cloude of the 

molecules, the prosotions necessary in electronic 

energy levels ae a result of the Pauli exclusion 

principle producing a high energy barrier to such 
2,3 4596 

overlapping. Theoretically”’” and experimentally 

these forces have been shown to fall off relatively 

ateeply and exponentially with increasing ae paration, 

and for the interaction of helium atone, theory and 

experiment are in close agreement. For reasone 

which are partly historical and partly computational,



2. 

a 

an inverse power dependence on molecular separatien, 

19798 ona 
often al, hee been frequently used, 

seews to be an adequate approximation in many cages. 

Other inverse powere are also used. 2910 Por simple 

molecules the repulsive foree is spherically 

symmetrical. Refinements to the representation of 

this force have included a dependence on molecular 

ahape'! and the displacement of the origin from the 

@olecular centre in various waye'!2* 1? and 

12,14,15 in 
eombination of both effects, an attempt 

to obtain better agreenent with experimental data. 

At large separatione of the molecules the nett force 

is attractive and may arise from three distinct types 

of interaction. Molecules which do not have 

pertanent electric somente, are attracted because of 

the go called dispersion forces. The origin of 

these is non-classical, »vt they may be vievalieed 

as origing from the attraction ef instantaneous 

dipolea and higher electric moments whieh occur in 

the in phase oecillations of the electron clouds 

of the moleevles. The leading term of this force 

varies ae the inverse seventh power of molecular 

separation, 1917 and results from the interaction 

of instantaneous dipoles. Inverse higher power 

dependences arise from instantaneous dipole- 

quadrupole (R-?), quadrupole-guadrupole ctl) ete.
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Figure (11) Typical form of the intermolecular 

potential energy function
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interactione. Por simple molecules dispersion 

forces are spherically symmetrical. improvesents 

to the representation of these forces have included 

the displacement of their origin frow the molecular 

centre'2"!> put they are uevally accounted for by 

taking only the leading term in arth; They have 

algo been approximated by other functional forus!®~20 

Molecules with Caruaaeat electric momenta have 

attractive forces arising directly from the 

interaction of theese moments and alse those arising 

ron the polarisation of one molecule by the 

perwanent moments of the other. These forces have 

dependences on seperation of x~4( dipole-dipole), 

R7>(dipole-quadrupole), a77( dipole~indueead dipole), ete 

They aleo depend on the relative orientation of the 

molecules. They have ugually been represented by a 

point dipole at the centre ef the dispersion 

foreess 723 but polarisation and quadrupole moments 

have been ineludea'! and the asymmetry of the charge 

distribution hae been described wore comprehensively 

and adequately by dieplacing the dipole from the 

centre of the molecule.7*?”> 

The total effect of all these forces produces 

a potential energy curve of the form shown in 

igure (1.1). Of the many different attempte that have



been made to represent thie curve analytically, none has 

26 Success in this context is entirely succeeded. 

judged by the ability to describe or to predict 

quantitatively various observable quantities. 

fhe description of the macroscopic properties of 

matter in terme of the forces between molecules is ea 

problem of statistical aechanics. In the case of dilute 

gases, where interaction is important only for emall 

nunberg of molecules, and for crystalline solids, where 

the regularity of the lattice aide computation, the 

relationshipe are generally well gefined.! Por liquide 

and dense gases which have soue degree of short range 

order but long range disorder, the eituation is less 

satisfactory. It hes been usual until quite recently 

to assume that the energy of a grovp of molecules was 

adequately described by the eum of energies of 

interaction of all the possible paire (the aseumption of 

pairwise additivity). ‘thie is now known not to be 

exactly true, 2/928 but all the corrections which must 

be made for non-additivity have not been definitely 

established. 79"? Indeed, until pair interactions can 

be adequately deecribed there is no aatiefactory way of 

assessing whether many-body effects have been correctly 

allowed for. 

Because of this problem it hae seexed sore 

appropriate to concentrate on these properties which



    

result from interactions between paire of molecules 

only, which means effectively restricting attention to 

esrtain gas phase properties. 

The most widely studied of these ie undoubtedly 

the second compreseibility virial ccefficient, B, 

defined by equation (1.1). 

BV 
oe = aw pe BE, S.Ct) 

ae Ven Ye 

Various traneport coefficients, that for viscosity in 

particular, the zero pregeure Limit of the Joule-Thomson 

31432 ona second coefficient, the second refractivity 

dielectric virial coefficiente’’” are atongst other 

properties that have been measured in order to obtain 

information about the intermolecular energy of paire of 

tolecules. In addition a number of wore direct metnods 

ef study have been used, notably molecular beat 

investigations. Because of the difficulties associated 

with the extraction of ueeful information from the valuee 

of bulk properties, the wore direct methods are likely 

to find increasing use in the future. 

In order to obtain values of the interselecular 

potential energy from bulk properties, it is neceasary, 

with only a few exceptions, to aesume a functional form 

for the potential energy, and to incorporate a few 

(usually two or three) adjustable parametere. The 

expression for the property is then obtained in terms of



  

  

     

these parameters by the methods of statistical 

mechanics; by fitting thie expression to the 

experimental data, values for the paranetere are obtained. 

Thies indirect method is necessary because the inter- 

molecular separation is not a single valued funetion 

of the intermolecular energy, except in the repulsive 

region, #0 that a direct inversion is mathematically 

36 
impossitie.~ It is only where the macroscopic 

propertiee are largely determined by the repulsive region 

that is at high temperatures, that a direct inversion is 

possible. 21928 Because of the necessity of assumption 

of a wedel, the amount of inforsation which may be 

obtained from measurewente of one property is limited to 

values of the adjustable paranetere. However the true 

potential funetion will be able te describe one property 

over ite complete temperature range, and aleo different — 

properties over their texperature rangee, with the sane 

values of these parameters, Yor the eimplest molecules, 

the rare gases, measurements are available over a wide i 

teuperature range for a number of different properties, 

and sowe detailed molecular beam experiments have also 

been made. Neverthelegs, no potential hes been reported 

which Gan reconcile the second virial coefficient data 

and the bean scattering resulte with the coefficient of 

viscosity at high temperatures. No entirely satiefactory 

explaniticon hae been made for this disoreponcy. °°



  

        

Por polar gases, reliable experizental information 

is very much more sparse, and less effort hae been 

“gspended on the theory of such systems, partly as a 

result of not being able to explain satisfactorily the 

behaviour of the simpler systems. However, useful 

information may ve gleaned from the etudy of these gasee. 

fhig is so because there are observable effecte which 

are obviously too large to be explained away by the 

known inadequacy of the repreeentation of the 

spherically symmetrical, non-polar forces. This is 

particularly so for the second dielectric virial 

coefficient, £,27°59 which ie defined by equation (1.2). 

ss 8 é vl -P Wane ae we Vere 

This coefficient ie nore sensitive to both the precise 

see a)   

charge dietribution in the molecule and the overall 

shape of the molecule than is the second compressibility 

virial coefficient, but the experimental difficulties in 

taking the meagurements, and the consequent large 

Ah, 4 
experimental errors,?'?"! have been a major factor 

limiting their use. This increased sensitivity to 

shape and charge distribution can best he seen from the 

statictical mechanical expressions for the two 

coefficients, '?"! equations (1.3) and (1.4). 

B- Se ff beunian, (1.3) 
where Vio ie the potential energy of ao pair of molecules
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and plus QV» the integration ting over all positions 

of molecule 2. 

  8. BE [lst c habeus cay 
where (u,ig the dipole woment of the pair of molecules 

at the inetant of collision and »,ie the permanent dipole 

moment of an isolated molecule. The expreseion for & 

contains the additional factor {<),)'-2u2] in the 

integral, and this introduces the increased dependence on 

molecular shape and charge distribution. 

in this research group the simultaneous measurement 

of gas compressibility and dielectric virial coefficients 

at pressures up to about two atmospheres and over a 

fairly restricted temperature range, and interpretation 

of this dats, has been made for some years for both 

41,43 

3 

pure gases and two-component wixtures. fhe results 

have not always been self-consietent.? while this 

tight be the result of inadequate models, the 

experimental errore in both seta of weaeurenents have 

diwinished the reliability of conclusiens in thie 

reepect, or at least reduced the anount of information 

thet could be obtained from the reeulte. 

Accordingly the investigation of these properties 

has proceeded by replacing the original dielectric 

virial coefficient apparatua with a more sensitive 

bridge method, which when used in conjunction with a 

 



  

   
       

“Burnett type of expansion method does not require * 

poupreneibility wirial coefficients for evaluation of 

the dielectric virial coefficient from the data.?9?** 

At the eame time, an investigation of possible means of 

improving the measurement of the conpressibility virial 

coefficient was undertoken, ec that the results of the 

two eeparately determined virial coefficients could be 

combined to give more definite information about the 

relative performance of trial potential functions. 

The principal difficulty in the density deterwinatione 

has been attributed to the fact that the gases dade 

atudied frequently have relatively high boiling points 

and so, being at a pressure nearer the saturated 

Vapour pressure, they are much more strongly adsorbed 

on to the walls of any containing vessel than, ‘or 

example, the permanent gasce. The probleme this poses 

arise mainly from the difficulty in assessing how many 

molecules are actually in the gage phase at any 

S546 sattle particular time during the mesaurementa. 

accurate experimental work on such gases is reperted in 

the literature, and the methode whieh have teer used are 

not without objections. 

Taree types of approach have been mades 

‘Te in attempt to eliminate significant adsorption 

effecta in the degign of the apparatue; the 

density balance method is euch an approach.
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“specimens of fused quartz. 

  

Surface momenta of the two balance arme are 

equalised so that the moments of adsorbed gas are 

equal and oppoeite, and thue cancel. This is lese 

easily penises in practice because of the differing : 

ratio of real to geometric area for different 

“The fact that, for 

various reasons which are considered in Chapter III, 

fueed quartz is the preferred material of 

eonetruction For density balances, and working 

quartz very. frequently produces sowe amount of 

*bleom' (quarte volatiliced in the flame and then 

condensed onte cooler nearby parts) of a finely 

divided and henee highly adsorptive nature, further 

complicates the problem of equalising real surface 

wonents, Deneity balancee have further 

disadvantages, the main one being the difficulty of 

achieving a etable balanee point, thie probably 

vue : 48-50 
arieing from the glow egeing of quarts. 

If measuremente are made in vessels of differing 

surface to volume ratiee, the value of the second 

virial coefficient corrected for adsorption shovld 

be obtained by an extrapolation to zero eurface-to~ 

volune ratio.?* Thie method is applicable to most 

methods for measuring virial coefficients, but the 

problet mentioned already of differing ratios of real 

to geometric surface areas for different apecimens, 

at leaet for glass vessels, makee such an approach



  

    

“of doubtful value. in addition, the functional 

form of the extrapolation required is not 

necessarily linear, 30 the procedure is further 

complicated. 

Be Heagurement of the adsorption isotherm of the gas 

_ being inveetigated should enable a suitable 

correction for adsorption to be applied. ¥6952-99 

The adsorption isotherm determination has not 

alwaye been mace in the veesels used for the virial 

coefficient determination, so that the preblem of 

the determination of real surface area may again 

introduce uncertainties into the correction which 

must be applied. With metal vessele, the greater 

eage Of obtaining reproducible metal surfaces j 

reduces the importance of this consideration. 

It muet be emphasised that for many gases, where 

adsorption effects are relatively small, such procedures. 

can be perfectly valid, because uncertainties in the 

adgorption correction will be higher order effects. 

Accurate results have been obtained in thie way, for 

exatple, for the inert gases at low teuperatures,©°?! 

in addition, measurements made by methode which 

theoretically should shew errors from adsorption may 

not in feet do go. fhue Laubert and vo-workere?® found 

no difference in values of the second virial coefficient 

obtained for ethanol, methanol, acetone and benzene
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nen Boyle's Law apparatus, whether or not it was 

filled with glass wool. On the other hand, Hamann 

and Pearse”? observed effects, which they attributed 

to adsorption, during measurements on wothyl bromide 

and methyl chleride in a compressibility apparatus. 

It is clear that for gases which may be etrongly 

adsorbed, there cannot be any certainty that any of the 

approaches outlined above will be satisfactory in 

practice. hat ia really required is a method where 

adeorption effecte are measured on the same surfaces 

as thoge used during the virial coefficient detersination. 

Furthermore, the measurements of adsorption and of the 

virial coefficient should be done in the absence of 

mereury confining surfaces because strongly adsorbed 

gases tay adsorb on and possibly diseolve in the 

mereury, which will introduce errors. 

A consideration of these requirements showed that 

they wight be met ty using a density talance operating 

on the linve of the electromagnetic balances which have — 

been jesar cae in the literature for measurements of 

sorptien and magnetic susceptibility. in view of the 

infrequent use of a density balance for virial 

coefficient determination, and some ef the uneatisfactory 

regults which have been obtained with density balancee, 

such a statement requires gome further justification. 

Firetly, the recent extensive development of



  

    

cabuus mierobalances (see fer example reference 60) 

indicated that a density balance with a nore etable 

zero point than that of previously described balanced 

Bight be eonetructed with a reasonable eertainty of 

adeguate porforcance. Secondly, euch balances, becavee 

they are used in a vaauun or contrelled atcesphere, 

usually incexporate an wiertromser methed of weight 

measuretent. if « density balance were equipred with 

euch a aeang for Sltering the balancing density, a 

teeh more siuple procedure for obtaining readings at @ 

variety of balancing densities would be available, Suoh 

a Geneity balance ehould aleo be very much core 

reproducible than the ordinary dengity balance because 

the Geneity meseurewents may be related to a difference 

in currenta so that balance etubility over enw hour or so 

only is regotred (the period for a density neasurement), 

ani the stability required over the run period is that of 

the current-density relationehip, which ig defined by the 

geosetry of the eysten alone. 

However, by for the most important advantage which 

should acorve from the use of o suitetle elegtre- 

tagnetically operated deneity balance is that the 

problems posed by adsorption can be miniaived and 

reaidual efifeeta can then be corrected for. The only 

‘gurfaces on whieh adsorption eattere fron the point of
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view of the determination of virial coefficients are 

thoes of the moving parts of the balance. ‘hus a 

conetant eurface only is involved. This meane that the 

reeulte are not complicated by the effects of adsorption 

as they are in the conventional methede which require 

changes of volume. fhe procedures used either produce 

nes surfaces or result in adsorbed filme being covered 

by mercury. In didition to thie the area moments of the 

two arme can be equalised to within 5 or 108 eo that 

adsorption effeety can be considerably reduced. It is 

shown later (Chapter 11) that the effect of non-ideality 

and the major eresite of uncompensated adsorption in the 

data from a suiteble density balance should be separable, 

#0 that it should then be possible to weaevre both the 

extent of gag imperfection, that is, the magnitude of 

the second virial coefficient, and the extent of 

adeorption on the balance. the adeorption is effectively 

measured on exactly the eame material which is used for 

the density determinations, and at the same time, and se 

there is much more certainty in the correction to be 

applied and thersfore in the value of the second virial 

coefficient obtained. in practice, the correction ig 

not obtained as a directiy observable experimental 

quantity, but ie accounted for in evaluating the eecond 

virial coefficient by the normal procedure of taking the 

ratio of slope to intercept of a suitable plot. in 

 



 



  

Figure (1) The forces on an asymmetrical balance beam



  

    

RY OF THY DERSL RCE 

In general, a density balance does not have a 

syumetrical beas so the simple balance theory®1*62 muet 

be slightly modified. fhe forces acting on the beam are 

represented in Figure (11.1) B ig the primary fulcrum, 

A and C, the secondary fulcrume,of the beam ABO. AC ie” 

22 unite long, B ie a unite abeve the line paesing 

through A and ©, and the centre of gravity of the beam 

lies = unite below B, and ie dieplaced x units from the 

line drawn through 8, perpendicular to AC. a is the 

wage of the beam and Bo ie the mass required acting 

downwarde at A to counterbalance exactly the mass x, 

acting downwarde at C. The addition of a etall mass,m, 

causes the beau to turn through the emall angle, /. 

Taking clockwise moments about B at equilibrium, 

and ignoring the ewall tersional moment which may srise, 

if the prisary fulerum ie a fibre, wire or ribbon, 

(, + a)(coe? - aging) = &,(4cosf + agin®) 

+ My (xeoap+ seing) (11.1) 

From equation (11.1): 

(B - Me ~ Bax + ; ‘ 
tan? ek. Ses ic cect (11.2) 

(H, +H, + ma + Hye 

 



  

  

Clockwise wowente about B at balance (m=0, P=0) gives: 

UL = uae + Mx . i (113) 

and substituting equation (11,3) into equation (11.2) 

gives: 

tan? = et ~ettlaD 
(By +B + ma + 8 

m is stiall relative to M,+h,, #6 Uj +k5= Batt ge ty 

and equation (11.4) becomes: 

      

tang = nf (11.5) 
(km, + uy)a + Hye 

and so, 

(¥, + Mi,)a + Ble j 
mn = u 2 Bb tan? CT1.6) 

a ‘ 

pifferentiation of equation (11.6) gives the 

seveitivity defined as = . 

{H, + Bea + tle - 
s eo 4 3 S aee* (11.77 

Since 7 is esall, seo’? <= 4 and equation (11.7) becomes: 

. (4, + Moja + tLe s 
8-4 2 (12.8) 

  

it is convenient also to define a sensibility which 

is the minimum case change that can actually be observed 

and mesevred reproducibly, end go depends on the method 

of weweuring ¢. 

Equation (11.8) shows that in order to obtain the 
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ideal of a very sensitive balance with sensitivity 

independent of load, a should be zero, My and @ scall 

and 2 large. or Hy to be emall and Liarge, the 

balance bean is made as thin ae ig consistent with a 

rigid structure. 2 ig made emall by various techniques 

dexovived in Chapter IIi, 

Por a balance cperated under constant load 

conditions, Ry and e, are conetant, and the weight 

changes are measured by applying an equal and opposite 

weight or force change on the same elide of the bean. 

The expreseion for the sensitivity remaine unaltered, so 

it can be seen that a doee not require to be gero for a 

sensitivity independent of measured weight change. a 

must nevertheless be emall for a very sensitive balance. 

  

Phere are a number of different waye in which 

second virial coefficients may be measured with deneity 

balances, depending largely on the type of balance used. 

There are essentially three different forme of the 

density balance, of varying complexity, and these may be 

labelled as types A, B and ¢: 

A. The eisple balance, balancing at one 

predetermined deneity. 

3, The balance whieh hag provision for the
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addition of riders of gose sort, to enable the 

balance to operate at more than one different, 

but etill predetermined, densities. 

C. The balance which can be brought to halanee in 

gasee of any density, by seane of an slectro~ 

tagnetic control or by an adaptation of the 

ordinary semi-micro chemical balance. 

For thie type of balance there ie only one method 

for obtaining second virial coefficients.°* thie ie 

based on the fact that at equal densities of different 

gases the balance will be deflected by equal amounts. 

Thie ie strictly true only when the momente due to 

adsorbed gae on the two arms of the balance are 

adequately equalised, if no change of zero occurs 

between balance in the first and in the second gas, 

and if the difference in volume of the flotation bulb 

due to the difference of preesures is insignificant. 

When these conditions are met: 

a, = 4, where @ ia gue deneity, (11.9) 
subscript 1 is for gae 1 and 
subseript 2 for gare 2. 

1 

and so, from the virial expansion of density in terme 

of powers of the pressure: 

og Kop. 
<i = 28. in the usual (12.10) 
at, + ByPy at, + BoP notation 

On re-arranging, equation (11.11) is obtained.



   

B® ss. (11.44) 
: ee se aah a 2 

Thus molecular weights, or at least ratios, must 

be aesumed to obtain values of Be and, in practice, 

this is the major disadvantage of the method. the 

reason for thie ie more obvious if order of magnitude 

error calculations are made. 

Prom equation (11.11): 

M,[RY,5p, RST, RE, [su, HSM, 
oR ~ 2-1. —1 4 SB some 2 Sd 

F } Pa | ®y ay 

  

Taking ,=44,%,-60, p,=500m Hg, p,=37om He, T,=2,=500°K, 
=1 1 -3 : Ke6.2x10°0c.0n Hg.tiole” 'degree”’, Sp,=5p,<2x107’em Hg, 

4 2 

ST,=57,20.01°C, 5B tom mole” ', Sit =5u,=0.18 

5B, = 200 em mole”! 

of which abevt 190 ew note”! ie due to the error in 

x, and Bye 

If Sk, = SH, = 0.01, 8B,= 30 en?mole™! , 
and if sh, «ck, = 0.001, 6B,~ 10 on mole’, ‘ 2 

To obtain all the gases with impurity levele 

sufficiently low that their molecular weighte are known 

to + 0.001 would not only be tedious, but probably 

would require facilities for bakeout between gases te 

avoid contamination frou the sore strongly adsorbed ones.
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For a balance of thie type, 1t is possible to 

circumvent the difficulty arising from uncertainties in 

molecular weight. 7 An arrangewent which ie eaeentially 

the same, and for which the data may be treated in the 

same way, ie that of two or more similar balances pre- 

44 In adjueted for different balancing densities. 

theory the ucthod can aleo be uged fer a single balance 

with the balancing density altered, by fusion on or off 

of quartz, for each point. Practically, there are 

objections to thie method (see Ghapter Iii). 

2, may be aesumed te be equal to fy (enmall 

corrections may be applied if thie ie not strictly true), 

and then equation (11.11) can be rearranged to give: 

Pp. p, |B fi, 
was 2.3, ~B| + ~2 (12.12) 
Py at|h, R, 

Prom equation (11.12) it can be seen that the slope,3, 

and the intercept,I, of a plot of P,/ Py against p, 

will be given by: 

i 
RES = 2, 4 (11.13) 

By 
% 

tek (17.14) 
B. 

and therefore, flon equations (11.13) and (11.14): 

Bo = IB, + 898 (11.15) 

Thus by actually measuring the ratio of molecular 

weighte of the gae of unknown virial coefficient and a
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standard gae, the requirement of knowledge of molecular 

weight ie reduced to a requirement that the molecular 

weight be constant, although the constancy necessary is 

atill a stringent limitation. iz the molecular weight 

errors are not to be significant, the ecnetaney in 

B/N, must be less than the measurement error in P4/ Pgs 

if P,P 850 om Hg, and P= po=0 002 em Hg, 

5(p,/P2)=6x107>, If thie equals 5(#,/H,), and #,=H,=60, 

the changes in K and By that can be tolerated are about 

+ 0.002 in either. Aesuming that thie can be achieved, 

the error in B, ie given by equation (11.16). 

3B, = 158, + Bot + HSS? + APSE (31.46) 

If preesuree are meagured over the range 10 to 50 om Hg, 

B,=+100em sole™', H=6.2x10°cc.em Hg.mole” degree” ', 

=300°K, S=3x107"em Hg” '(B,=500en’mole™'), 1=1,57=0.02°%C, 

5B,=1em mole’, 752107 %em Hig’, SIe5x10™", then 

2B, = 4 + 0.05 + 0.04 + 16 

= 20 es*mole™’ 

This uceor would be larger than that actually 

obtained from a plot of four or five points, which wight 

be expected to lead te a probable error of about half 

this, i.e. 10 en? noie™', in the value of 3, obtained. 

The iuprovement over the type A balance ig significant, 

and in addition, a vaive of the scolecular weight of the 

second gae woich can be obtained if that of the etandard 

gae is known, gives some guide to the worth of the



Ce 

  

2s 

results. 

Yor a balance of this type a further method is . 

available. Effectively thie usea the current reading 

(for an electromagnetic balance) or the weight reading 

(for a chemical balance) in place of the standard gas 

used above for the ealibration of the balance. if the 

weight added to the bulb side to bring the balance to 

null ig m, and the effective volume of the bulb is ‘. 

then after Di Zio et ed we Gan write: 

eos ge i, in the usual notation. (11.17) 

ee 

Substituting this into the virial expansion in terms of 

inveree powerg of the molar volume, and taking terme 

to the second: 

  

z., ee, w (11.18) 
; wv, (uV,) 

Thus a plot of p/m vereve m has slope, See and intercept, 

I,» given by equatione (11.19) and (11.20). 

: RED 
3. 2 (11.19) 
a 

I, * 22. (11,20) 
RY, 

and so 

ATS. 
“ (11.21) 
ay 

Alternatively, and analogouely, if the pressure 

virial eeries is used inetead of the deneity series: 

Bia BE 4g ee: ‘ a” Be * as Pp j (11.22)
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and B= ee (11.23) 

Por a balance weighing electromagnetically, if 

is the weight proporticnal current, then ge k? , 

where k is @ constant, and the expreeeions corresponding 

to equations (11.16) and (13.22) are: 

a gave ; po Bek a 2 (11.24) : : : ee EV, CRYV,) 

2, Sk, we, i ; (IT. 25) 
is ee ca 7! uv, RY 

and the expressions for B are: 

3 RES RPS | 

Be 4h, (11.26) and be ——e (11.27) 
(i) . i, 

Since ean electromagnetic balance has been used in 

thie work the errors in the current form of the equation 

will: be coneidered. Prom equation (11.27): 

Re RS RTS 
Boe SS + st + Rat (11.28) 

I, Pe i ay) P 

if pressures are wexsured in the range 10 to 50 cm Hg, 

with an accuracy of 0.002em Hig, currents with an 

accuracy of 0.001%, T60, 5 n0.005, then eI 20.01, 

38 =3x107* and the other valuee are those used above, 

SB = 9 + 0.006 + 0,02 

rnore”! = 10 om 

Once again with a series of five pointe, a 

probable error of sbout half this, that ia, about
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5 em mole” ', would be expected. The improvement over 

the B4/ Po plot arises from the fact that the error from 

the 58 term, the largeet contributor, is about halved 

because the current meaeuretents may be wade 

significantly more accurately than the preseure 

meseurewents, and errore arise from only one set of 

pressure readinge vather than two sets. 

So far, the discussion of errore hae included only 

those arising from preesure, temperature and soleculer 

weight. fhere sre, however, other sovrees of error 

fer density balance measurements, so these and the 

methods of accounting for them will now be considered. 

The ensuing discussion is concerned eepecially with 

© type balancea, because these are nore suitable for 

accurate virial coefficient work, but it ia also 

appropriate for B type balances. 

Given a balance of adequate sensitivity and zero 

point stability, it ie necessary to know also the 

effectea of adsorption, bulb volume variation and 

non-linearity of the evrrent-foree relationship 

for the interaction of the magnet with the solenoid. 

fhe forees which act on the balance beam at null 

in a gae of density, a, and pressure, p, are shown 

in Pigure (11.2)(a) and the moments these exert about 

the pivot are shown in Figure (11.2)(b), where 

&, dy G, @, are conetanta, & is the total casa of



dl d 

  

(a) 

  

(b) - 
aM + bV(p)d - cAd(p)+ efi) 

( 

(c) 

aM effi) 

Figure (2) The forces on an electromagnetically ;compensated 

density balance at null
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the moving parts and acts through their centre of 

gravity. A ig the total surface area of the soving 

parte, and q(p) ie the uase of gas adsorbed per unit 

of area on the balance and so is a function of 

preasure. fhe force Aq(p) acts through the centre 

of area of the soving parts. V¥V(p) is the total volume 

of the moving parte of the balance, and is a funetion 

of preseure. The upthruet V(p)d acte through the 

centre of volume of the balance. f(i) is the force 

exerted on the magnet by the field of the solenoid, 

and eo ig a function of the eclenoid current, i. 

At null, therefore, we can write: j 

aW + bV(p)d - cAg(p) - ef(i) = 0 (11.29) 

The toment a will also inelude any constant 

forces acting on the magnet ag a result of, for exauple, 

the earth's field, nearby magnetic material, etc. 

In a vacuum, @ and p are both sero and i = ips 

go the womente are ae shown in Figure (i1.2)(¢), and: 

ati - ef(i,) = 0 : (11.30) 

Combining equationa (11.29) and (11.30) gives: 

pv(p)4 = edg(p) - e[t(a) ~ £(4,)] = 0 (37.31) 

Forms uuet now be chosen for V(p), a(p) and f(1). 

fhe theoretical expregaion for the dependence of the 

volume of a uniformly thin spherical shell on pressure 

is V(p) = ¥, - hp, where Vv, is the volume in a vacuum 

and h ie a conetant (eee Appendix li). This



expreagion is used for V(p). fhe adsorption isotherm, 

defined above ag sass adsorbed per unit area equale q(p), 

ie taken ae q(p) = ip, where 1 ig a conetant, for 

convenience. In equation (11.31) ¢ is effectively the 

horizontal dieplacement of the centre of area frox the 

palanee pivot. it ie cade ewall in the balance design, 

so the error introduced by this approximation should be 

of second or higher order only. f(1) is theoretically 

directly proportional to current. fo account for 

possible inaccuracies, for example, in the winding of 

the eolenoid, polarisation by the solenoid field, the 

form f(i) = m(1+ni)i is ueed. n is a congtant which is 

expected to be very amall, and since 45 is also email 

#(4) - £(4,) ean be equated to m(1+ni*)i', where 

it exie- ie 

inserting these expressions into equation (11.31) 

and rearranging givea: 

as rp + 9(7 + ni')ai' + stpi' (11.32) 

adsorption nonlinearity bulb contraction 

where r, n and t are guall compound conatants depending 

on the balance dimensione and the constants introduced 

in the paragraph above. e@ is the approximate 

proportionality constant between d and i'. When thie 

expresgion is cowbined with the virial equation in the 

presevre fora, equation (11.33) ie obtained if second 

and higher order terns (erose producte of small numbers)



  

  

are ignored. 

EB. 882 +e a oe (11.33) 

  

it MeARTr Hekiy  eRir 

Squation (11,33) ie an expanded form of equation (11.25) 

For a plot of p/i' vereue p, : 

als 
z 

The effect of adsorption is cancelled out ae a 

Be toe tt (11.34) 

result of taking the ratic of slope to intercept. it 

rune are done on two gases of different molecular 

weighte, and henee different intercepts, for which 

values of the second virial coefficient are known, the 

eonstante for the nonlinearity of the current force 

relationship and for the contraction of the bulb can be 

eveluated. Further rung may be made on other gases to 

provide a check on this. As an additional check, 

thege conetante should heve approximately the sane 

values at different temperatures. 

it ig worth mentioning that although the preseure 

and current (density) dependent effects above have been 

labelled bulb contraction and nonlinearity effecte, any 

gmall effect with a dependence on pressure or on 

current will be incorporated in the relevant constant. 

The eignificance of this will emerge later. (Chapter V)
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BALAN APPROX BALAN DYING ANYTHING ELSE OF INPER 

PIvor MATERIAL OF BEAM Ce CS USED FOR Srv: ai 

AND BULB TYPE SENSIBILITY 

(eas) 

a 
—— ae i" 

3 Made two balances, A for light 
Steele and Grant 1909 64 Knife edge Fused quartz - — Appaxatue development loade, B for heavier. 

Whytlew-Gray and Nansay 1910 65 Mnlfe edge Fused quartz - axto"? Radioactive disintegration of radium 

WhytlawGray and Rensay 1912 66 Knife edge Fused quarts - ext”? Atomic weight of radium. 

Aston 1943 67 Enlfe edge Fused quarts A 407% Separation of neon isotopes First density balance proper, 

Taylor VAT 68 Querts fibre Fused quartz A 40° Density and atomie weicht of He. 

5 
Steck and Ritter 1926,1928 69 Pin in cup Fused quarts Ase 2x0 Beron and silleon hydrides . ee a eels tne 

Rodebush and Michalele 1929 70 Pin in wp used quarts A 40°? Vapour density of MI,C1 at elevated temps (300°) 

Whytlaw-Gray, Cawood and Patterson 1931 49 Quarts fibre Fused quarts -B 4x07? Atomic weight of Xe. aS suspension of 

Lehrer and Kuss 1933 Ti Xnife edge Fused quarts G qxto™? Apparatus developmont Extension of Steck's ideas, 

Woodhead and WhytlawGray 4933 72 Quarts fibre Fused quarts 3 3xi07° Atomic weight of © from Limiting density of CO. 

Cawood and Patterson 1937 4] «arts fibre Fused quarts B 4to7? Atomic weights of C, BN, Fe 

Simons 1938 3 

Roberts, Hmelena and Briscoe 1939 74 arte fibre Pused quartz A 710° Vapour density of deteramines. 

Cassado, Massie and Whytlaw-Cray 1949 54 Quarts fibre Fused quarts B oxo? Molecular welcht and B for n-propanes 

on oo Nash } “—" ey Pin in cup Pused quartz Gc 1078 Vapour phase association of carboxylic acids. 

Cassado, Massie and Whytlew-Gray 1954 77 +#=‘merte fibre Fused quartz B 2axio78 Molecular weight end 3B for Cy Used moveable ball bearing in 
centre of beam to alter 

Linearity of PV isotherm f balancing density. 

Lambert arid Phillips 4951 48 Quarts fibre Fused quarts 2 B 407° Molecular weight and B for uy and cH, Introduction of sensitivity 
adjustment by hanging welchts on 
additional hooked fibre. , 

Simons, Sheiver and Ritter 1953 78 ~ Wickel,gold plated c sort Apparatus development Automatic nulling version of 
an earlier balance. 

Reeves and Whytlaw-Gray 1955 45 Quartz fibre Fused quarts B axio7® Atomic weight of Xe. 

Bottomley, Renminzton and 1953 «79S quarts fibre Fused quarts B ato Rte oa. 
Whytlaw-Gray 6s 5 

Junlop, Murphy and Bedford 1958 80 - Fused quartz ¢ 1077 B for n-C oP, 4 

muckinghan and Ras 1961 34 Pin in cup Fused quarts A 10° B for some poler vapours Used deflection of bean as 
measure of density. 

vawley end Sutton 1963 43s Knife edge Fused quarts B 4x0"! ——B for 2 component mixtures, 
Dido, Abbott, Zibelle end Van Ness 1966 63 Knife edge = Aluminium alloy c 10° “— ae of aeCgi,,; apparatus Used Ainsworth seni-microbalence 

tuomer 1966 41 Quatty fibre Fused quarts A xo? B for varlous gases and mixtures Used two A type balances to obtain 
ee effect of a B type balance, 

bading 1967 81 Met@l mibben Aluminium alloy ¢ axtov? Density balance used for pressure measurenents. 

Mainger 1967 82 Pinin yt Stainleas steel beam, G 5x76 Compressibility of oxygen - apparatus development. Operates at pressures up to 
@luminium and brass 37 atmospheres. 
fleat and counter z : 
balence, all gold ‘ 
plated. 1 

this work 1969 quel fibre quarts e axto —sB for some polag gases 

* 4 type balance operates at one predetexmined density, ! 

B type balance operates at more than one, but sti11 Predetornineds density. i: 

+ ay ees oe ee ee ee pes 
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QHAPTS 

DENSITY BALANCH DESIGN 

A denecity balance is essentially a wicro- or an 

ultramicro-balance used to measure the buoyant upthrust 

on a 'flotation' volume imwersed in a gas. fhe principle 

wae first used, in reverse, by Steele and Grant©* in 1909, 

who used the upthruet on a bulb to counterbalance the 

downward force due to the object being weighed. The 

pressure of the gae providing the upthrust wae measured, 

and with knowledge of ite compressibility and the volume 

of the bulb, thie gave a value of the upward foree equel 

to the unknown downward one. Their balance, constructed 

frou fused gilies, had a knife edge pivet and the bulb 

and sample pan were hung on a quartz fibre fueed to the 

bean. It was wounted in a vacuum tight case. 

Since then a number of denvity balances have been 

described in the literature, with a variety of different 

designe and uses. These are summarised in Table (IS1.4) 5 

It is of interest to compare density balance design 

with that of the so called ‘vacuum' micro- and ultramicro- 

balance ~ a balance designed to meaegure very emall weight 

changes due to adsorption, absorption of a physical or 

chemical neture, chemical and thermo-chemieal changes 

and interaction with a strong magnetic field (wagnetic 

susceptibility weasurewente) at pressures in the range 

several cu Hg to high vacua, Such balances have 

 



ay 

seneitivities similar toe that required for a density 

balance, and may measure weight changes of a eimilar 

order; they are therefore very relevant to a 

consideration of density balance design. The design of 

vacuum ultramicro- and micro-balances has been extensively 

and authoritatively reviewed by whodin®> and Guibransen’* 

in 1953 and by Behrndt’’ in 1957, and subsequent 

developments are very adequately covered in the six 

volumes of Vacuum Mierobalance Techniques for 1960 to 

1967°°, The theory and applications of vacuum wicro- 

balence techniques have algo been reviewed in 1965.0? 

Consequently, no attempt will be made here to provide a 

complete coverage, but any relevant parallels and 

contraete with density balance design practice will be 

pointed out. 

The design of chetical sicro- and sexiniero-balances 

ie also relevant, sepecially since a geuinicro-balance has 

been used, with very little modification, as a density 

palanoe.°? A eompreheneive review of the theory, design 

and performance of cheviesl balances available in 

86 
America wag published recently ° and includes information 

about almost all balances available in thie country. 

  

Fused silica (quarts, fused quarts) hae usually been 

used for the construction of density balances, and thie is 

explained by the following desirable properties of quartz:
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1. %It has low density. : 

2. It has a high etrength to weight ratio. 

3. It hae a low coefficient of thermal. expaneion. 

4, It is readily available, pure and homogeneous, 

ae rode, plates, tubes, ete. 

5, It is chemically inert to almost all gases. 

6. Chemical cleaning of quartz is easy. 

7. Quartz dees not occlude gases. 

@, For many gases adsorption on quarts is not 

significant.°? +88 

9. Streng, thin, flexible quartz fibres can be 

arawn?? and fused directly without the use of 

cements. 

10. The elastic properties are nearly perfect; 

there is little flow or creep, and so torques in 

fibres can be emall and reproducible. 

Ite wajor disadvantages sees to be that it is a poor 

conductor of electricity and so electrostatic charges can 

build up and interfere with the balance, and also that it 

ages elowly so that the gradual relief of strains set up 

during the manufacture of the balance may cause the zero 

point to wander erratically. The ordinary glase annealing 

oven has fane to ensure temperature uniforcity, and the 

vibration from these can damage a delicate balance. 

Of the four metal density balances described, 

82 fisinger's * was for use up to pressures of 35 kg/sq om
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(about 37 atmospherg), 90 that a hollow glass bulb 

could not be used. Ag will be seer later, one object 

in gensity balance degign is to have equal adsorption s 

on either arm, so that if a metal ‘float' is used the reat 

of the balance shovld be wade from or plated with the 

Sate wetal, and go the whole balance wae sade from metal. 

Of the other three metal balances, one seena to have been 

oe another, °° an ordinary sesimicro- & prototype only, 

balance in a special metal chamber, wae said by the 

authors not to have given reproducible results with 

chemically more reactive gasee, and the other’! wae used 

fer pressure meaeuremente using a commercially available 

metal vacuum micro-balance. 

Vacuum ciero-balances have often been sade from 

quarts but Dural?! and Iinvar?* have algo been used, the 

present egituation is that a cemzercial balance made from 

aluminium alloy satiefica the requirements of aogt users 

ef vacuum wiero-balances, so thege will probably be used 

increasingly. 

There is, however, 9 further consideration to oe 

taken into account in the ease of balances used for 

sorption etudieg, magnetic susceptibility measurenents 

and theriogravimetric analysis. in auch investigations, 

the problezs which arise because of teuperature gradients 

along the beam way be minimised by having a beam with 

both low thermal expangion and high thermel conductivity 2?
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faking both effects into consideration, there is Little 

to choose between quartz and Dural. It wuet algo be 

borne in mind that adsorption on the balance ie likely 

to be. of greater importance in the case cf a deneity 

balance which ie generally used at higher pressures. thie 

ie wore readily @inimiged if one material only is ueed 

in the construction, °° an aim that is more readily met 

with a fused silica construction than by using metals. 

This is even more eo in the cage of an electromagnetically 

operated balance. 

TYPE OF BAIR PIVOT 

fhe following types have been used for density 

balances: 

4. Knife edge hie wae used in Steele and Grant's 

original instrument’ and in some later onent 2962-67571 

It ie difficult to grind a suitable knife edge in fused 

giliea, and the knife edge ie easily chipped subsequently 

if not handled with great eare.°” Sapphire or agate 

wenife edges car be cemented to the bear to circunvent 

this, but there is a further more important disadvantage. 

In a very sensitive balance, the knife edge has a 

tendency to twaik', *? i.e. alter ites position on the plate 

or shallow groove where it reete, and eo extreme care when 

using the balance and good insulation from vibration and 

jolting is essential for good results. The long term 

stability will inevitably be poor because of the 
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susceptibility to eheck. A chemical balance, which hae 

a lower absolute sensitivity may be used with a larger 

bulb to give the necesgary ratio of sensitivity to vange,?> 

but this type of inetrument deee not perform well in a 

gas line. The variety of materiale used in its 

construction complicates the problem of adequately 

equalising the wemente of adsorbed gae on the two arte. 

2s nm and eu Plate drawn tungsten pointe in 

quartz supe, 09975476 tungeten pointe in sapphire vier? 

and quartz pointe in quarts eupe?* have all been used for 

density balances. fhe last of theee was shown to be lesa 

satisfactory than a knife edge pivot. > Sapphire 

(gramophone) needles in quartz cups have been used in a 

lees sensitive adsorption balance, ?* and electropolished 

tungsten pointe in parabolic quartz cupe were used to very 

good effect in a sorption balance?” with ultramicrograa 

gensibility and very emall long term sero drift. The 

balance was, however, eusceptible to shock, though not to 

vibration. One of the conmerclally available micro- 

balances (sartorine?®) uses a pivot of thie type. thus 

it seeme thet such a pivet can be very satisfactory, but 

close attention to the detailed shape of the pin and cup 

is necessary. 

3s Pibre, wire or ribbon fhe type of pivot used woet 

frequently in density balances is a quartz fibre fused to 

the quartz bean. In other micro-balances, a ribbon 

clamped to a metal pean?! a tungsten wire cemented with



   
- fused silver chloride to a quarts bean?® and a quarts 

fibre fused to a quarts pean ??99 have all been used. 

Host commercially available balances wee this type of 

pivot: Cahn (metal ribbon) 100, 2.1.1.0.(wire)'°', 

0.3. (wire) '?, Gertling (quartz fivre)'°, 

For a density balance there seeme to be little to 

choose between the uge of a well made pin in cup pivot 

and the use of a ribbon, fibre or wire, although the 

precision of control needed for the profile of the cup, 

and the equipment necessary for electropolishing the 

tungsten pointe, makes thie type of pivot lese easily 

fabricated. With a quartz balance bean, a quartz fibre 

is as easily used ag a metal ribbon or wire, and has the 

further advantage of needing no cewent. However, by using 

a wire cemented in a groove cut to a jig controlled 

depth, 2° or a pin/cup fused on in a jig, ?? it is possible 

to construct a balance with predetermined sensitivity. 

®hie can not be achieved using @ drawn fibre with any 

certainty, 90 that where thie ie used, eome means must be 

provided for subsequent adjustment of the sensitivity (see 

later). 

ALTERATION OF BALANCING DENS i Izy 

A density balance is of very restricted use if it can 

be used at only one density (see Chapter II). Many 

methods have been employed in order to make measurenente 

or comparisons of density over a range of values, or in 

the case of vacuum micro-balances, to measure over @ 

 



  

range of weight changes. 

The simplest method ie to use the deflection of the 

balance az a meagure of the deneity of the gas surrounding 

the bulb,?* or of the weight of the sample.°° ‘hie ie a 

linear relationship over a restricted range (see above), 

but the limite are not wide, go that the ratio of range 

to eensitivity ies email. 

An alternative method is to fuse pieces of quarts 

on or off the (quartz) beam or, more conveniently, to add 

or remove riders on the bulb or load side of the peam. 76949 

fhie provides a range of values but can be tedious in 

operation because the balance cage must be opened between 

each set of readings. The limitatione imposed by this 

method can be tolerated with a density balance used only 

for comparisons of density, but are unacceptable in the 

ease of vacuum micro-balancea, or in the case of dengity 

balances used in the direct meaeurenent of density, where 

the weight change to be measured is not necessarily known 

prior to the experiment. 

fhere are, moreover, chjectione to the addition or 

retsoval of quartz by fusing because such a process 

inevitably sete up atraing in the balance, and the slow 

easing of these etrains ie reputedly a factor in the 

wero drift of the balance (see above). Purthernore, 

any intenee heating of quartz ie liable to cause ‘bloom’ 

(silica volatiliged in the flame and condensed on cooler
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parte of the balance), the finely divided nature of which 

ean lead to probleme fron nOn-cenpensated adsorption. 

Even opening the case to add or remove ridere would be 

better avoided because in eo doing the balance is alsost 

inevitably subjected to sowe shocks. This alters the 

zero point, and so calibration is necessary each time thie 

is done. 

Accordingly, methode have been evolved for changing 

the balancing density or lead from outside the cace. One 

method used a pleee of aoft iron in the centre of a hollow 

beam, which could be moved along the beam by a magnet 

outside the cass, '°* and another!? has employed a ball 

bearing which gould also be moved in thie way inside the 

beam, which had depressions to locate the ball bearing. 

Neither of these covld give reproducible balancing pointes 

and sc calibration wae necessary after each move. 

A more succeasful approach was that of Di Zio et ai. 

who weed a eenimicro chemical balance enclosed in a 

special chauber. Leak tight glands in the casing enabled 

the balance and weights te be operated by the normal 

linkages, so that the upthrust on the bulb could be 

measured continuously, with the limitation being that of 

the normal resolution of the balance. 

lectromagnetio methode have been widely ueed for 

vacuun micro-balanges, with very many different designs. 

Nagnet-magnet°?, aagnet-coil >? (6999, eoti-magnet?o??"* 189"



eoil-coil?* ané induced magnet-coil?? interactions have 

all been used (the firet word referring to the wovable 

member attached to the beam and the latter to the menber 

outside the ease) in density or vacuuc micro-balances, 

and moet of these have been used in a variety of 

configurations. Phose which are potentially of most use 

for high accuracy work are: 

1.A long permanent magnet ie eealed ineide the 

bear and centred relative to it. A large 

electromagnet directly beneath thie providee a 

controlled field by a meagured current. The current 

ie directly propertional to the sonent exerted on 

the beam, and hence to balancing density. 9976 the 

principal disadvantage to thie method ie that to 

exert a given woment on the beas, a much larger 

current is needed than with either of the next two 

methods. 

2.4 long permanent uagnet is incorporated with a 

hangdown fibre, or hung below the load (bulb or 

sample pan). fhe magnet hange in a solenoid of stall 

@iameter mounted on the outeide of the hangdown limb, 

Phie arrangement wae uveed in the sensitive adsorption 

balance of Caanderna and Honig.?? 

3.A woving coil meter type of arrangexent say be used 

with a coil,attached to the centre of the beam,



  

   
which moves in the uniform field of @ suitsbly 

shaped permanent magnet. Current is fed to the coil 

along the two metai pivoting even lor ribbons. This 

method ig uged in all the commercial electromagnetic 

pioro~balanceast?? (007 1°" 

. Of these three, the last two are sore promising 

for a balance with a large ratic of range to gensitivity, 

where it ie necessary to have relatively very eonstant 

eurrents, which aim is achieved nore readily with small 

eurrents. For a density balance, the magnet in 

golenoid arrangement has the edvantage over the moving 

eoil design that the parte in contact with the gae (the 

magnet) can be encased in the sane material as that from 

which the balance is wade very uch more readily. The 

major disadvantages of the aagnet in golenoid arrangement 

are the warkedly greater sensitivity te etray magne tic 

fields, and, depending on design details, poesibly 

algo to level changes. 

      TTACHMENT CF FLOTATION VOLUME 

Density balances have usually been used with gases 

at pressures of only up to one atmosphere and, since the 

load on the pivot ie to be winimieed, the flotation volume 

in those deecribed in the literature almost invariably 

ie a hollow, thin-walled glasa bulb. The exeeption is 

the aluminium fleat used by Tieinger” for preesuree up 

to 37 atmospheree,
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Phe contraction ef a thin walled bulb with 

increasing external pressure can give rise to errors in 

two dietinet waye!'; 

1.¥ith a bulb fueed directly on to the beam, the 

centre of mags of the bulb will sove relative to 

the pivot, thue altering its weight moment and hence 

the balancing density. 

a fhe upthrust on the bulb will change because of ita 

volume change, and again this will alter the 

balancing density, though in the opposite sense to 1. 

Lehrer and Kues!' applied theoretical corrections 

for both errors, but ae 1. is markedly larger! and may 

be circumvented by hanging the bulb on a thin fibre, as 

a design principle, this should be done. if, as is 

likely, the bulb wall ie of an uneven thickness such a 

theoretical correction will be inadequate. The effect of 

2. ean be meaeured experimentally with an electro- 

magnetically operated density balance, and the appropriate 

eorrection applied (see Ghapter II). 

  

Firet order correction for adsorption ie achieved 

by equalising the apparent surface areae on the two arue 

ef the balance beam using an area counterbalance, which 

fay conveniently serve ae a maee counterbalance algo. It 

wae found with one balance’? that even with such
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compensation adeorption caused significant errora, and 

this was traced te the different ratio of real to apparent 

surface of a blown quarts bulb, and a quartz cover slip. 

A trial and error adjustuent for thie wae applied by 

veiling the balance to determine the molecular weight of 

sulphur dioxide. Sulphur dioxide is heavier than the 

other gases for which the balance wag to be used and is 

adsorbed to a larger extent than many other gaves.?” 

@®hus, any inequalities in area would give rise to a large 

effect. Phe area counterbalance wae altered in eize until 

@ good result wae obtained, when it was found that the ratic 

of apparent areas (bulb to plate) was 4:5. 

An alternative technique which hae been employed is 

to flame the bulb and area counterpoige and se 

approximately equalise the ratio of real to apparent 

areas. ° 

With an all metal balance, the equaliging cf real to 

apparent surface ratioe should be more easily sehieved, by 

plating with a suitable netal; gold has been used by 

Piginger®* and is used in the modele of the cann'° 

balances designed for werk in high vacua. 

METHODS USED POR OBTAINING RUQUIRED SENS TRIVITY 

fhe probles hae been approached in two waye: 

4.A balance of largely unknown sensitivity ie made 

and ie then adjusted by one of several techniques. 

2.By the use of an appropriate design, jigs can be
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used to construct a balance of predetermined 

sensitivity. hie method has been used with some 

adsorption balaneea.2?19° 

The adjustment of the sensitivity of a quarts 

balance wag originally accomplished by removing or adding 

emall piecee of quarts to a peg on top of the beam and so 

lowering or reieing the centre of gravity of the beam. 

fhe eperation is tedious, and because of the slow ageing 

of quart, a few weeks may be required after each adjustment 

before the balance sttains a stable zero and the effect of 

the adjuetment ean be weasured exactiy. '97 furthermore, 

gueh operations are liable to produce ‘bloom’, the 

objections te which are outlined above. 

Lawbert and Phillipe *® have introduced a much more 

satisfactory wethod. fhe beam is provided with an 

additional, hooked fibre, drawn from a point appreciably 

above (or below) the axie of the beam, A preliminary 

sensitisation ie carried out ag above, the balance is 

aged by baking at 200% for several houre and then left 

for some weeks before use. Pinal adjuetmente to the 

aensitivity are then made by adding quartz weights to 

the hooked fibre. 

  

fhe usin problem is that of zero point instability. 

fhis ean arise for a balance with a knife edge or a pin in 

cup pivot from jarring or level changes which alter the
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relative positione of the balance beau and frate. In 

the case of a quarts fibre pivot, mechanical shock and 

vibration can apparently cause zero changes also, and 

thie hae been attributed to the setting up or easing of 

etrains in the balance.” It ie therefore important to 

minimise any vibration by euitable mounting of the balance, 

and to uge the balance with the utmost care te avoid 

jarring of any kind. In this connection the electro- 

magnetically compensated balance hae the advantage that 

the beam can be very gently moved by fine adjustment of 

the control ourrent. Purthersore, since a vacuum 

reading can be taken before and after each density 

meagurenent, the number of readings at risk if the 

balance ehould be accidentally jarred ie one st seat. 

Apart from eudden changea, the Zero may drift for a 

variety of reasons. fhe elow easing of straine set up 

during the manufacture of the balance ig one euch cause. 

®hie can be largely eliminated by the ageing treatment 

which wae introduced by why tlaw-Gray*? and whieh has 

been outlined above. The slow condensation of mercury 

vapour on the balance beam hae been reported to occur 

106 ang thie also even when gold meroury trape are ueed, 

ean give rise to zero drift. The author hee experienced 

ne euch effect when tin foil mercury traps were used. 

Sondensetion of vacuum greage on the balance has also been 

suggeeted ae a possible source of zero aritt. 19° This 

seeme unlikely to occur with modern, low vapour pressure
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Meaaeee, but in any cage it can be eliminated by the uee 

of 'O' ring sealed jointe and greaeeless vacuum gtopcocks. 

In all these casee the electrowagnetically operated 

balance has the advantage that the zero point is required 

to be atable over much shorter periods, viz. the time 

required for one density reading (about one hour) rather 

than the time required for four or five readings. 

The other important possible source of trouble is 

from the inadequacy of simple corrective procedures for 

adsorption of the gage on to the balance beam and bulb. 

Alteration of balance sero was observed by Stock? 

who, veing a balance with no area counterpoise, noted 

that weight wee gained on the bulb side, and lost elowly 

by prolonged evacuation. When the apparent area mowente 

were equalised no such effect was obaerved, within the 

limitations imposed by the relatively low sensitivity 

of his balance. Cawood and Patterson! equalised real 

surface moments by the trial and error method described 

above. This procedure was necessary because of the 

unlikely and incongistent values of the molecular weights 

they obtained for ethylene, carbon dioxide and nitrous 

oxide, gasee which would not normally be expected to be 

adsorbed to a significant extent. hore recently, in 

thie research group, density balance measurenente have 

given a eecond virial coefficient for fluoroform’* 

subsequently shown to be in error by 100 em mole”! in



  

200 wane and have implied a positive second 

virial coefficient for bromomethane. *! Other 

measuremente for bromomethane, chloroethane and 

trisethylamine have given virial coefficients considerably 

more negative than thoee reported by other workerea and 

also those reported here. *! These observations have all 

been attributed to errors arising from adsorption on the 

balance. 

®he author has, however, observed no errore which 

indicated that significant adsorption was occurring 

during the course of the work deseribed in the later 

chapters. Furthermore, measurements of adsorption on a 

quartz micro-balance of similar design to that of 

balances used for density deterwination showed that for a 

gas as readily liquefied as propane, even if no area 

counterpoise were used, the error introduced into the 

@etermined aecond virial coefficient would be of the 

order of 5 to 10 om mole”! at 25°o.°* Polar vapours 

would be expected to be adsorbed to a sovewhat greater 

extent and a0 the errore in the virial coefficient would 

aleo be larger but probably by no more than an order of 

magnitude. 

It eeene likely that the error in the second virial 

coefficient for fluoroform and the implication of a 

positive virial coefficient for bromomethane quoted 

above wight be accounted for, in part at least, by errors 
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in the molecular weighte which had to be assumed 

because a simple single-dengity balance wae used (see 

Ohapter II). The other measurementa for bromomethane, 

chloroethane and trimethylamine were made using two 

balances cperating at different densities. Both 

balances had the flotation bulb fused directly to the 

beam and it seems probable that the errore were introduced 

by contraction of the bulb, aa outlined above.



  

  

    
  

      
  

  

  

  

      
      
  

      

GAS DENSITY 
MANNE TER | gepanaien BALANCE 

CONTROL POWER BOX SUPPLY 

POTENTIOMETER 

——- Gas line 

=—— Electrical: connection 

Figure (IW.1) Block diagram of the apparatus 
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DESCRIPTION OF APPARATUS USED 

The apparatus hae been built to measure virial 

  

‘eoefficients by the method outlined in Chapter Ii. The 

“requirenente may be summarised: 

4. A manometer capable of meaeuring pressures up to — 7 

50em Hg with an accuracy of about +0.001em Hg. 

2, A density balance able to compare densities up to 

4107? gn.on> to within one part in 5x10° of the e 

higher densities with a limiting accuracy of-. 

Ax 107? gueen™? at the lower end of the range. 

3. Control of the tenperature of the gag in the 

balance case to about #0,04°C: 

In addition to theee conditions, in order to 

extend the range of gages which ean be studied to - 

include those which interfere with the surface preperties 

  

of mercury or actualiy react with meroury, a eeparator 

with a eensitivity of 0.0005em fg is required. 

The apparatus is shown schematically in the bleck 

diagram, Pigure (IV.1). 

  

he manometer assembly te similar to that of | 

Lambert and Phillipe *® and ie deseribed in detail 

 



  

  

  

elsewhere. '°? rt consists basically of « thin-ealled, 

glees U-tube and calibrated glass scale enclosed in a@ 

easing with glese front and back through which 

thermostatted water le passed. A microscope with an 

eyepiece graticule on which one éivigion equals 0.001em Hg 

is mounted on the cane, and provision ia wade for it to be 

moved in three mutually perpendicular directions, for : 

focussing on the wenisci and scale graduations. ‘fhe. 

seale and menisei are illuminated by a normal, diffuse 

light from behind. Moveable eiecune are used to improve 

the clarity of meniscus images. The level of mercury 

in the manometer can be altered without allowing oxygen 

to come intc contact with the mercury. 

After the manometer had been set up vertically, using 

@ plumb line and sengitive spirit level, the tubes were 

waghed by drawing up into them warm chrogic acid, 

@ietilled water, and 50%. nitric acid, in suceeseion, and 

then thoroughly rineed several tiwes with distilled water. 

fhe tubee were then evacuated to dry thes, and triple- 

distilled sereury adwitted via the wercury handling syates. 

fhe performance of the manometer hae been marred by 

the cecurrence of a sero error, arising from a elight lean 

of the assembly from the vertical, three different valueg . 

of which have applied at different times during the 

experiments, via. zero, -0.007 em Hg, -0.010 em Hge The 

change in tilt ie probably due to the lack of rigidity of
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the bench and volted-up stand on which the manoueter 

reets. This bolted-up etand has how been replaced by a 

welded one. The correction ie fairly readily verified 

by checking with a epirit level the inclination of one 

of the microscope carriage surfaces to the horigontal. 

Preseures can be measured with a reeolution of 

40.0002 om Hg by estimation of each meniscue position to zi 

0.1 eyepiece graticule division. fhe measured preesure 

is then corrected for glase scale duperfections; ‘07 

“eapillary depression, % the temperature of the glase 

geale and mercury, and fer any zero error to give a value 

of pressure in om Hg at o°e and under local gravity. 

If the nonlinearity ie defined as irregular deviations 

from a strictly linear relationship between observed and- 

true pressures, the combined linearity and reproducibility 

of the preasure reading with these corrections ag a 

function ef true preesure ig about 420.002 em Hg, provided 

that the meniecue heighte differ by lese thee about 307, 

which means in practice that the mercury must be run up 

the tubes prier to waking a reading. The wost likely 

limiting faetor in the linearity ie the calibration of the 

glass seale, and in the reproducibility it ie errors due 

to refraction and the relatively large corrections for 

capillary depreagion arising from the uee of 11.5 am 

diameter tubes. These were used because of their ready 

availability. fhe nonlinearity errore are probably



Length of beam 1508 

Diameter of bean 0.1¢ea 

Diameter of framework rod 0.2cem 

Weight of bulb in air 0.68gm 

Diameter of bulb 3em 

Volume of bulb thom 

Weight of magnet in gheath 1.2gm 

Length of magnet 5en 

Diameter of magnet 0.2en 

Period of ewing of balance 17sec 

Gable (1V.4 
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the larger by a considerable margin. (See Chapter VII 

for detailed account of error asseesnent.) 

DERSIPY BALANCE ASOEV BLY        

The balance follows the design of Lambert and 

Fniliipe,“® with the essential modification of the 

provision of an electromagnetic method for bringing the 

beam to null in gasea of differing densities. The 

magnet in solenoid arrangement wae the sethod adopted. (See 

Chapter I11) At the time the decigion wae taken, no 

commercial balances using the moving coil principle 

were on the British market. Phe technical probleas 

of the latter arrangement wade it unacceptable. 

The many alterations to the original balance and 

ease which have been found necessary or desirable during 

the course of setting up the apparatus are deecribed in 

detail in this eection, together with the reagone for 

their incorporation. 

@he balance proper is shown in Figure (1¥.2) and in ite 

case in Figure (IV.3), and Zable (iV.1) gives the 

principal dimensions. fhe magnet and bulb are hung on 

the same are of the balance and the other hangdown fibre 

now holds only a counterbalance weight, instead ef the 

original arrangement of magnet on one arm and bulb on 

the opposite arm. fhie meane that the balance is
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operated under a constant, although increased, load 

and eliminatee the troublesowe alteration in sensitivity 

arising from the fact that the hangdown and main (pivoting) 

fibres could not enxeiiy be sade colinesr within the 

required limite (the main fibres to be no more than 

+0.003 cm from the line joining the pointe from which the 

hangdown fibres are drawn). The magnet is actually hung 

about 6 cm below the bulb, for reasons tentioned later. 

A&A special stirrup wee used to prevent any change in the 

relative position of the magnet and aolenoid which would 

oceur with bulb contraction were the magnet hung directly 

on the bulb. All the hooke on the stirrup, extension 

fibre and magnet shedth are V-ahaped to prevent rotation 

of the eagnet which wae suepected of caueing sero point 

changes in the balance during sowe of the early 

Beacuremente. 

The counterweight is a mercury filled quartz bulb 

rather than a eolid quartz weight, in order to reduce ite 

volume and thug reduce changes due to buoyaney in the 

total load on the beam, which wight cause second order 

effects on the conetaney of sensitivity. 

fhe period of swing of the balance ae it was used 

wag about 17 seconds, and the resolution was 3x107" 2a, 

which with a bulb of volume 14 en? ie equivalent to a 

reeoluticn of density of 2xt072gm.cn7>. The papenteliins 

of the balance, anf hence ite precision, when used ag a
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null instrument can depend not only on the balance iteelf 

but on the stability of the resistance acrose which the 

potential drop associated with the sclencid current is 

measured, and on the accuracy and stability of the 

potentioneter, fhe most important factor has prebably been 

the zero point stability of the balance. Under the 

conditions used the balance has a repeatability of 

about 3x107 "gm over the lower half of the range, rising to 

6x107 gu at the top of the range (see Chapter VII). 

fhe balance case fhe original glaes balance case wae 

found to be unetitable in two important respects: 

(a) Despite the fact that previous workere in thie 

research group had had no difficulties with the 

build-up of electrostatic charge??? "1943 trouble wae 

experienced fron thie poures during early teste on the 

balance. One posgible reason for this wae the small 

separation of the bulb and case and also of the magnet 

sheath and solenoid limb which was finally adopted. 

The result of thie would be to wake even a 

relatively emall amount of charge significant. 

(b) Meuevrement of the gas temperature waa difficult, 

because the temperature eontrol of the air thermostat 

was not se good as anticipated, largely because of 

inadequate mixing arising from our inability te 

obtain a sufficiently vibrationless fan. This 

heant that the temperature in the balance case had 

to be teaeured with a resolution of 0.01°C and an



  

         

   
     
     

    
    TS areas a= 

microscope) ee bales         i te as 
  

          

  

    
          
  

  
  

                  
        

  

(4) Glass in cross section 

kJ Metal in cross section 

e Viton A 'O' ring 

Figure (I¥.3) Cross section of the balance in its case 
(approximately half scale)



Gl. 

accuracy of 0.470, by a ehort time response method. 

Rost such methode have teuperature sensing elements 

which also have a significant pressure dependent 

response; although a thermistor was used it had a 

tarked dependence on the pressure of gas in the 

balance case up te about 10em Hg and w significant 

one over the whole range of preseuree used (10 to 

50 om Hg). Thie is a thermal conductivity effect, 

and ao, aa expected, there was alec a difference 

frow gae to gas. 

fo circumvent both these difficulties, it was 

decided to use a ustal balance case with a jacket through 

which thermostatted water could be pumped, Figure (1V.3). 

Non-magnetic stainless steel was selected ae the material 

for conatruction of the case, so that meaguremente could 

be made on most gases and eo there would be no interference 

with the wagnetic compensation. About 7 om thick, a 

12.6 em diameter plate glass diecs were readily available < 

80 these were urged for the end windows. They were 

sealed with Viton 4 'O' rings and retained by a clanping 

ring bolted by six studs to the end flange. To 

facilitate tne conetructien, the end windowe were not 

water~jacketted, Sinee the air thermostat ie retained, 

this does not affect temperature control of the balance 

which ie normally better than +0.005°C short term, and 

+0.02°C long term, at 25°C and about two or three tines
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F these values at 40° and 50°. 

‘ A thermoweter well is provided to enable the 

temperature of the case to be meaaured with a Beckman 

thermometer, and a thermistor wae aleo used inside the 

ease in the earlier experiments, to measure changes in gae 

temperature and so eneure that the gas had come to therwal 

equilibrium. This wae to enable meaeurewents to be made 

ag goon as possible after introduction of the gas, a 

point which might have been of importance if the sero of 

the balance had been markedly subject to drift with time. 

fhe thermietor reeistance was measured using a 

. 

. 

| 

Pye Wheatetone bridge, connection through the case being 

via two of four ceramic lead-throughs provided (the ether 

two are spare). fhe thermistor has a resistance of 

2,000 ohms and a temperature coefficient of -3.19/°C at 

20°C. An external Pye Sealamp gaivanometer wae used. 

The resistance could be measured with four figure 

resolution, so that temperature changes of about 0.002% 

were observable at 25°C. 

| The balance ig mounted inside the case en two « 

atainlees steel eupporte, to which the frame of the 

balance ie clamped by a crosebar which ie screwed down. 

fhe microscope which is used for viewing the balance 

| is mounted on one of the end plate clampa on %" diaszeter 

brage rods. The microscope hae an eyepiece scale and
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variable magnification. The almoet normal angle 

that the microscope takes with the end plate has a fine 

adjustment over a emall range. This enables a fiduciary 

pointer on the balance frame to be set on a suitable 

graduation of the eyepiece scale by tilting the microscope. 

The position of the beats pointer when the beam is at the 

top stop is used to check that no change occurs in the 

wagnification of the microscope. fhe beam is brought te 

balance by nulling on a suitable graduation between the 

frame pointer and balance pointer at top stop. The 

microscope is norsially used with a magnification of about 

X1G0, ao that nulling of the balance can be achieved to 

#0.001 cm. 

The water jacket of the balance case ie supplied by a 

centrifugal pump with thermostatted water from a 25 litre 

tank lagged with expanded polystyrene. A 500 watt blade 

heater is supplied from a Variac transformer, the output 

of which is switched by a Gallenkaup electronic relay. < 

4 0° to 50°C Hlectro-methode mercury contact therzoneter 

ie the sensing element and temperatures in the range of 

25° to 55°C can be ueod with the present arrangement. 

The balance case is connected to the gae and vacuum 

lines by a standard 514 taper joint sealed with black wax. 

A baffle plate ia fitted inside the case over this opening 

to prevent jete of gas striking the balance, and eo to 

winiwise the risk of accidental datage.
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Before setting up the balance and casing, they 

were thoroughly washed using a wars eclution of Quadrilene 

detergent in 50% agueove methanol, and then ringed 

repeatedly with distilled water and dried by evacuating 

the case in which the balance wae pleced temporarily. 

After this, care wae taken to handle the balance and case 

ae little as poseible, and in any case this wae usually done 

with thoroughly degreased tools. 

The balance case ig mounted on a stand made from a 

%" Dural plate bage, with lead weighting and four 

levelling screws, fwo uprights, slotted and ecrewed to - 

the base, hold the balance cage by the end flanges with 

four screws. The stand rests on a K" thick marble elab 

which is screwed to the Handy Angle frame of the air 

thermostat. fhe marble originally rested on a K" thick 

sheet of polyether foam which was intended to damp out 

vibration. However, it gave rize to non-reproducible 

changes of vecuum null current, presumably because of « 

changes of level of the balance, and so it wae renuoved. 

fThie grestly reduced the zero point changes and actually 

seemed to improve the insulation frow vibration, perhaps 

by increasing the mass being vibrated. The air 

thermostat ie an expanded polystyrene box built on a 

Handy Angle frame, mounted on a }" thick Dural base 

32° x 24", which is fitted with three levelling screws. 

An Blectro-methods regulator is mounted next to the



balance case. Air is blown acrose a heating element 

by a fan blade powered by a motor outeaide the thevnoatat: 

the motor is mounted on the wall of the roow to winimise 

transmission of vibration to the balance. The heating 

elewent has two separate manganin windings on 8 Pyrex 

rod frate, one of resietance 50 ohms, one of reistance 

30 ohee. The forwer is eupplied with 12 volt a.c. 

when the thermostat is operating at 40° and 55° 

ané ewitched off for operation at 25°C; the latter is 

supplied by a Variae transformer, with relay operated by 

the regulator ewitching the transformer secondary. The 

Variac ig adjusted at each teuperature te give equal 

on and off tines. It wae found essential to rexove the 

regulator adjusting magnet when using the balance because 

of interference with the balance sagnet. for the eagte = 

reason, the relay wag mounted a long way from the ak” 

The air thermostat is operated at approximately the sane 

temperature as the balance cage water jacket (40.05°¢), 

There was no significant change in balancing density 

with a temperature difference one hundred times larger 

(56°C). ‘The air thermostat is clamped with four @ cleaes, 

which allow for level adjustuent while weintaining a 

rigid fixing, to a table loaded with three sandbags to 

improve ite stability and insensitivity to vibration. 

The table ie separate frow the bench and framework used 

for mounting the rest of the apparatus.
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Phe solenoid hae 300 turns of 26 SWG enamelled copper wire 

wound on a 0.01 em thick aluminium forser of diameter 

0.08 one. fhe aluminium etock from which the former was 

made wae selected for ite low ferro-magnetien.* 

It hag a resistance of 1.6 che. The windings are 

encaged in polystyrene to cinimies movement. The 

solenoid is an interference fit on the glaee limb in 

whieh the magnet hange and ie further fixed in position 

with black wax. 

The diameter of the solenoid wae reduced frow the 

original 1.2 em te minimise the change in sensitivity 

with deflection experienced with the original solenoid. 

The field at a point on the axie of a circvlar solenoid 

is amni(coad,-cos?, ), 9? where i is the current, n the z 

number of turns per unit length and 2g, and 2h the < 

angles subtended at the point by the two ende of the 

solenoid. (coaP,-coe?,) will change with displecenent 

along the axie but,over any particular range, thie chenge 

will be reduced by making the ratio of length to radius 

of the sclenoid larger. The location of the magnet 

relative to the solenoid also affecte the constancy of 

force on the. wagnet at a given current with diaplacement. 

* The selection preceas used was waving the metal 
near a H.velis magnet and the piece which had least 
effect war that used.



  

The range over which the force changes least is 

approximately symmetrical about the position of maximua 

force, a relationship which is very conveniently used when 

setting the solenoid position. This soutsion eceurs 

with the magnet roughly halfway into the solenoid. 

(See Appendix I). 

It wae originally intended to mount the esclenoid 

directly on the main case with a Viton A 'O' ring seal, 

but because parte of the cage were not entirely nen- 

magnetic this arrangement gave rise to a sensitivity 

warkedly dependent on the deflection of the balance, with 

the balance actually top heavy at one end of the swing. 

The balance was also very sensitive to the wovewent of 

magnetic or magnetieable material soe distance from the 

balance: in particular the null current (or alternatively 

and equivalently the balance position) depended on whether 

a 14ft 30 feet away wae up er down. ‘This effect probably 

arose because of a larger absolute change in the strength 

of the earth's field in the vicinity of magnetieable 

material, but could aleo have been an effect in change 

of level of the balance. A tewporary arrangesent with 

magnet and solenoid moved about 6 om lower showed that 

in this position the effect due to the lift was not 

observable. Accordingly, a 6 om long water-jacketted 

brags extension tube was made which sealed with Yiten 

A ‘O' ringe between the case and the eclenoid. The
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brags atock was aslaowed in the same way as the elusiniue 

used for the solenoid former. Phie extension could be 

gold plated inside if the balance were to be used for gases 

which react with braze. 

With the extension fitted, however, the magnet was 

then situated eose 12 om below ite point ef suspension with 

the reevit that gmall changes in level of the balance case 

caused relatively large displacements of the magnet 

relative to the solenoid and balance cage. This caused 

changes in the balance null current at constant density, 

due to the non-constant magnetic environment. Aligning 

the magnet as centrally ee possible by eye in the eaolencid 

made the level sensitivity insignificant. 

For the range of densities to be eovered 

{0 to 4x107 gu.ow 3) with the magnet and solenoid used, 

the range of current required is 0 to 40 milliamp. The < 

current was originally supplied by three 75 agp-hour 

lesd-acia accumulatore connected in parallel. When 

thermostatted, these provided an adequately stable current 

over periods of up to half an hour, but showed drifting 

over longer periods. Moreover, they required up to six 

er seven hours to settle down at the higher currents to a 

gufficiently atable value for measuremente to be made. 

It was decided to eliminate the settling down period 

and for greater convenience during neasurenents to replace 

the accumulatore with a Solartron model 451415 atabilised
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4.¢c. power supply. Becauge the current supplied by 

this unit can readily be adjueted very finely, and there 

is a negligible settling down time after adjuetment, 

thie also offered the very considerable advantage of using 

the balance as a null instrument. Whereas, with the 

original arrangement for which the current could not be 

easily altered, it would have been necessary to make five 

or six eeparate readings of current and pressure in the 

vicinity of the required balancing pressure, in order to 

wake a plot of pressure vereus balance deflection and sc 

to obtain a value equivalent te the null current, one 

or two measurements now suffice. Apart from saving time, 

thie also means that the period over which zero drift can 

take place is drastically reduced, Furthermore, the- 

balance itself can be operated at intrineically lower 

sensitivity because, in the author's experience, it ie < 

poseible to null by a factor of at least ten more 

sensitively than it is poasible to read dieplecement. 

The d.c. output of the power supply ie 0 to 40 volte 

at up to 0.5 amps, the unit can be used in either constant 

eurrent or constant voltage mode, and a preliminary 

investigation showed that the latter gave lege noise and 

a@ more stable output. The voltage output ean be 

adjueted in etepa of 0.1 volts with an additional 

continuous setting over any 10 volt interval of the range. 

In fact, the resolution of this continuous control was not
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much lees than 0.1 volt. 

fhe performance of the power supply has been 

extremely satisfactory. After a couple of weeks of 

settling down after the inetrument wae firet connected up, 

short term current control was better than 0.00017 and 

long term drift wae lees than 0.001% per day. The 

current settled to a steady value a few sinutee after 

altering the output voltage setting; thie time wae 

probably a reflection of the external circuit - i.e. the 

eontrol box and solenoid. Any noise at frequency greater 

than abovt 1 ¢.p.s. in the output voltage wae not 

observable, nor did it matter, because the period of the 

balance was about 17 seconds and of the potentiometer 

gaivanoneter 2 secends; noise of frequency lees than 

1 Cepea. wae evidently less than 1 sicro volt pesk to 

peak, because it wae not detected. 

The solenoid is supplied via a contre] box the 

circvit of which is ehown in Figure (IV.4). fhis enables 

a continuous coverage in the range 0.5 to 40 volte 

(0.5 to 40 milliamp). If a eentinucus coverage is 

required in the range 0 to 0.5 volt, e.g. in early 

meaeuremente of the balance zero point, a three decade 

resiatance box (0 to 1,110 ohm) and a 10 Kehm reeietance 

may be plugged in in series with the eclenoid. 

Currents are measured ag the potential drop acroge 

the 50 ohm resistance in series with the solenoid, This
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. Convention: positive micrometer 
504 reading means lower pressure 

on manometer side. 
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using nitrogen 

40 i D Negative micromanometer reading 
P using nitrogen 

'& Positive micromanometer reading 
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several days after the nitrogen 

i 2 readings. 

20! ‘L 

if é : 104 qa 

Micromanometer. scale reading 0 : (inches waiter) 
0 Ol 02 03 O04 OS 

Figure(I¥.5) Calibration of micromanometer
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‘ie a 0.1% Hivlin wire wound reeistor. A Pye (catalogue 

number 7568) vernier petentioweter is used and weagures” 

© to 1.8 volte in etepa of 10 alere-volt. A Tinsley 

type 4500A mirror galvanoweter ie used with a Tingley 

type 43094 series resistance and the path length of the 

light adjusted sc that 10 micro-volt ie equivalent to a 

deflection of 5 mm en the ecale. Thue readings are 

resdily wade to +1 aicro-volt (which is equivalent to 

2x1072gm.om™?, or 0.0001%em Hg of nitrogen, or 3x10" ga). 

RHE SEPARATCR ' 

Theat used was a differential sicromanometer nade by 

Hilger-Watt, with a beryllium copper diaphragm and a 

eapacitative sensor on either elde to measure deflection. 

It hae a range of about +0.iem Hg te -O.1om Kg and @ meter 

scale with about 0.004em Hg per division. Headings were 

interpolated to 6.1 of a division (0.0004em Hg) with a 

probable accuracy of better than +0,0010m Hg. The 

separator was calibrated againet the sanoneter, readings 

being taken for preagure differences in both senses and for 

these applied to the manoseter in both senses. The 

relationship between eter deflection and preseure was 

found to be linear within better than +0.0005em fig over 

the wiole range of the separator, Figure (17.5). 

The makers recomuend a maximum overload of about 

Jem Hg but accidental overloads of up to 19em Hg have 

oceurred without change in the calibration and with a zero



  

14 

shift of lees than 0,.002cm Hg. 

The instrument hae the disadvantege that it is made 

from a number of materiale which might be attacked by 

gaeee, but it was used simply to prevent the ‘stickier’ 

gases getting into the manometer and so to avoid the 

possibility of contamination of the mercury and/or the 

waneueter tube walle. 

Oxygen free nitrogen was supplied from a 2 litre 

globe to the manometer aide of the separator whieh is 

alse connected to a further 2 litre globe ineulated with 

expanded polystyrene. This has two purpeses: 

(a) It minimiees the effects of temperature changes 

of unlegged parte of the connecting line on the 

pressure of nitrogen in the separator and the 

manometer. 

(b) it allows email changes in tha pressure of < 

nitrogen to be made more readily. 

A Budenberg etainlees steel, differential Bourdon 

tube pressure gauge wae used te equalise the pressures 

of nitrogen and of the gas in the balance caee roughly, 

before the gaees were admitted by needle valves to the 

mioromanometer. The Budenberg gauge has a range of 

about 50cm Hg and divisiona at Som Hg intervals. It 

was possible to equalise the pressures on either aide to 

about +0.50m Hg. 

Provision wae made for equalizing preseure on the
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two sides of the wicromanometer with a i" Sdwarde-Saunders 

Speedivalve. This was done after each point, and the 

gere of the separator noted. It was necessary to do this 

beeauge the eeparator has a significant teuperature 

coefficient and also because when there is a difference in 

dielectric constant between the gas in the balance case and 

nitregen, this introduces a zero shift. fhis reaultes from 

the fact that the meter deflection depende on the relative 

eapacitances between the diaphragn and a fixed plate on 

either side. An attempt to calibrate the sero shift 

as a function of dielectric constant difference wae 

uneveceesful, becauge it was not a cenetant effect from 

dey te day. However, provided that the zero was noted 

for each preseure reading, the calibration of meter 

deflection in terms of pressure was constant during the 

entire period in which the eeparator was in uae. 

   HS GAS AND VACUUM LINES 

These are shown in the line drawing, Figure (IV.6) < 

Pyrex tubing is uaed except for connections between the 

micromanometer and Budenberg gauge where 4" copper tubing 

is used for convenience. Ana Springham greaselese 

etopcocke are used throughout with a few exceptiona: 

greased taps are used on gone of the gas storage flaeke; 

needle valves (Zdwards model 031D) are used for 

adaieaion of gae to the microwanometer, and a i" Edwarde- 

Saundere Speedivalve is used to short acrose the micro-
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(a) : (b) 

Cross section, approximately full scale 

Figure (IV.7) (a) Unmodified. and (b) modified glass body 
for 10mm  Springham greaseless stopcock
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manometer; a 10mm Springhauw greaseleae stepeeck with a 

modified glaes body, Figure (1V¥.7) ig used on the balance 

cese vacuum line. 

fin feil traps are used to prevent mercury vapour 

entering the balance case, condensing on the balance, and 

#0 Causing zero point changes, '°° and algo te prevent 

it reaching the separator and amalgamating with the 

beryllium copper diaphrags. 

Rough manometere indicate the pressure in the 

nitrogen reservoir and the gee line and Pirani gauge 

heade in the vacuums line and over the balance ease are used 

for meaguring the vacuum. 

Pumping is by mereury diffusion pump backed by a 

rotary o11 pump. fwo 18mm diameter vacuum lines are 

used, one for the gag line, and a direot one for < 

evecuating the balance case, so avoiding the necessity 

of pumping through a number of 4mm greaselese stopcocks. 

fo improve the speed of evacuation of the balance case a 

10mm Springhame greaselese etopceck wae used but with the 

glaee part wodified ae shown in Pigure (1V.7) to enable 

larger diameter tubes te be uged and give s sore straight- 

through path. 

fhe gage line alse includes a volume adjuster, 

originally intended for use in obtaining the equivalent 

of a null current when accumulators were to be veed for



the solenoid power eupply. It ie net now needed for 

this purpose but is conveniently used to compensate 

fer the preesure drop caused by adeorption of the 'gtickier' 

gases and to bring the separator back on seale. it ie 

eesentially @ mercury piston operating in a tube of 

2em diameter. The preseure over the mercury in the 

flaek at the bottom of the tube ia increaged or desreased 

aa neceesary uaing @ hand bellowa or filter pump 

respectively, sc that on opaning the tap st the bage 

ef the tube wercury flowe in or out.
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fhie chapter deseribee the method in which the 

required veadinge were made, and their interpretation to 

obtain virial coefficients. 

It was found during early teste on the balance, that 

magnetic or magnetieable materials moved near the balance 

case frequently interfered with the balance magnet. It 

was therefore of gome importance to ensure that thie aid 

net occur during a run; the precautions taken included 

reuoval of the balance operator's wateh, pen and key ring, 

and care to avoid any such materials in clothing. 

In doing a run on a gas, the aim is te obtain a 

series of valuee of presgure,.null current and temperature 

for the gas under equilibrium conditions, for a series of 

different preesurss, and so to make a plot of p/i' € 

against p (Chapter Ii). For the ‘sticky’ gases an 

equilibrium pressure wae not obtained after several hours 

because the preasure fell continuously. However, it was 

found that if the average of the values of the null q 

current measured before and after the pressure readings \ 

were used, the ratio p/i' was sensibly independent of 

tine, This procedure was used satisfactorily with a 

difference of null current ae large as a few hundred 

wicro-volts in one volt, between the two values of null
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current. “all measurements were made in this way. 

When a run was to be made, the gas eanple was 

connected on the previous evening, usually at A, 

Pigure (1V.6), by flexible stainless steel tubing with 

standard B10 taper ends, sealed with Apiezon L vacuum 

grease. ¥or bromomethane, chloroethane and trimethyl 

amine, the sample was kept in a glage trap with a 

Springham greaseless stopcock, ae a liguid under ite cwn 

vapour presevre at reom temperature, and was sealed on 

at B, Pigure (1IV.6). The mercury wae run out of the 

hanometer and volume udjueter, and the whole appsratue 

evacuated overnight, with the balance at null. 

The run was commenced by waking readings of iy 

(the vacuum null, or sero, current), ueually three times 

at ten tinute intervals, or until it had settled te a ; 

stable value (25 micro-volt) for two succeesive readings. W 

The mercury was run slowly into the wanometer until it 

half-filled both limbs. The balance wae then carefully 

swung to the top stop with the least poesible jarring, by 

using the control box fine current control, and the power 

supply outpnt wae then set to zero. 

When the separator wae in use, the needle valves 

. and Speedivalve were closed, and ges wae elowly introduced 

to the balance case to a suitable preasure by closing 

and opening the appropriate tape. Only for the ‘sticky! 

gaeee was the volume adjuster ueed, eo fer other guses, i



    

    82 
5 

thie wee shut off at the start of the run. The tap 

between the balance case and the gag line was closed, 

and then gao in the gue line was frozen back into the 

sample container, vueing liquid nitrogen, and the gas line 

was evacuated. Thie was done to minimise contamination 

of greased taps on any other gas reservoirs connected to 

the gae line. When the separator was in use, nitrogen 

was next aduitted to the manometer and the Budenberg gauge 

to an approxisate null. Both needle valves were then 

simultaneously elowly opened so as to admit gas and 

nitrogen to the separator, while keeping the meter on scale. 

When these were fully opened, any neceesary corrections to 

the nitrogen pregeure were made by slightly opening the 

tap to the nitrogen reservoir, or to the vacuum line, as 

appropriate, In this way, the pressures were balanced 

+o within about 9.01 cn Hg. 

The balance wae now carefully brought from the top _ 

atop by increasing the power supply setting to about 

1 velit less than the expected vais and then elowly 

increasing by 0.1 volt etepe, while the balance was being 

watched all the time. hen the pointer etarted to swing, 

the control bex coarse and fine controle were used to 

obtain & null. It wae found to be important not to allow 

the balance to awing much below the null position used \ 

(about 14 eyepiece divieion, which equals 0.075em, below 

the top stop) or otherwise acme tine would be required 

for the null current to settle to a atatle velue. This
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wae interpreted as arising frou the magnetisation, 

followed by wlee demugnetization, of material near the 

wagnst in ite lower positions. The potentiometer 

wae then roughly balanced, eo ae to be ready to read the 

eurrent in the solenoid, and the wanometer mereury next 

Fun up about O.5em, in order to equalise the meniscus 

heights. Phe glagee ecale graduations nearest to and 

above each teniscur were identified and noted. if it 

wae now necegsary to adjuet the pressures to bring the 

kb pasater back on seale, and it waually wae for the 

‘sticky' gases, this was done vaing the volume ‘adjuster, 

and the balance case and eeparater then closed off frou 

the volume adjuster with tap X, Figure (IV¥.6). This 

winitmisee the non-thertostatted volume. When the 

pressure of the gas wae adjusted, this wag done in such < 

a@ way ae to take account of the prezsure drop likely to 

occur before a avosumnaunt was actusliy tude, eo that the 

separator would be used near ite Zero. fhe current would 

then require altering te bring the balance back to null, 

and the potentiometer wae reset correspondingly. Thie 

whole procedure took about 10 or 15 minutes, and the 

gas wae then left for a further 15 to 20 minutes. Thig _ 

allowed the gas to reach thermal equilibrium, and the rate 

of preesure drop to decrease eufficiently for the 

averaging procedure described above to be valid. j 

About half an hour after the last vacuum null 

 



       
; reading before the gas wae aduitted, a eet of readings 

were made in the order: 

null current Ne 

temperature of the balance case 

separator pressure reading 

temperature of the manometer 

position of the upper meniscus 

height of the upper meniscue 

position of the lower meniscus 

height of the lower teniseue 

separator pressure reading 

null current 
temperature of the balance case 
tine 

Before the eeparator was incorporated, the pressure 

veading of thie instrument wae, of course, not made. 

it took about 5 minutes to read and record these values. 

Prom time to time various other readings were 

ineluded, for example, the resistance of the thermistor 

was measured in the early rune to ensure that the gae 

had cowe to thermal equilibrium, the temperature of the « 

500hm reaistance acress which the potential drop was 

meagured to give the solenoid current, was weasured to 

assess whether a correction arising from its temperature 

eoefficient waa necessary. 

These readinge were repeated after 5 or 10 minutes 

had elapsed, to obtain three sete of values, originally, 

and two sete later. Repetition of the readinge was 

originaily intended to improve the precision of the 

readinga, but it became apparent thet the reproducibility 

of observation was better than the accuracy. Thie



    

   “adeueies because of the different shapes of 

the mereury menieeue on different occasions and errors 

- in the calibration of the glase scale (see Chapter Vil 

for a further diecussion). Twe sets of readingea were 

then usually made as a guard againet observational 

and recording orrore. They aleo served to show how 

well the averaging procedure was working, #hen the null 

current and preesure were changing. 

After the final repetition the balance waa gently 

moved to ite tep atop, ueing the control box fine contrel, 

the tap te the separator was shut, and after opening and 

closing appropriate taps, the gas wae frozen back into 

the reservoir using liquid nitrogen. The separator was 

then short circuited and the zero point noted. After 

thie the balance case, separator, manoweter and gae line ( 

were evacuated, 

a8 scor ag the Firani gauge came on stale, the 

current wae set to the expected vacuum null value and the 

apparatus was left for about 25 or 30 sinutes. The 

Vacuum null current wae then measured ag befere, until 

two veluee at ten minute intervale agreed. These were 

ueually the fireat teo values although for the ‘stickier’ 

gaeee it took longer for adequate evacuation. in the 

tiajority of eases they were sensibly the same as the 

origingl vacuum readings. in the few cages where thie 

wae not so, whichever value gave a better fit for the
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point on the p/i! wacuce p plet was chosen for the 

subsequent calculation. This wae done rather than taking 

the average of vacuum readings, because the observed zero 

drift of the balance over periods of weeks implied a 

trivial change in one Hour, and so a more likely 

explanation fer a sore than trivial change was a lees 

gentle than usual movement of the balance against ite 

atope. Such an effect was oocagicnaliy obaerved when the 

author had been aware of having jarred the beam slightly, 

although it did not cccur on every such oceasion. 

@he procedure of filling the balance case was then 

repeated at other pressures until readingshad been 

obtained at five, or eccasionally six, different pressures. 

The five preeeuree were approximately 10, 20, 30, 40 and 

S0eu He; the order in which the pointe were obtained wae 

deliberately varied from gas to gae and was usually one 

of 30,50, 20,40,10,  10,40,20,50,50,  20,40,50, 10,30, ( 

4O,20,10,59,30, or similar ordere selected so that any 

systematic change in molecular weight of the gas would be 

obvicus. 

At the end of a run, after the Last vacuum null 

current reading, the mercury wae run out of the menoneter 

and volume adjuster, and the whole apparetue wae evacuated 

overnight. Typically it took about 7 or 8 hours to 

do one run. 

Runs were made at teuperatures of 28°, 40° and 55°C,



      
ona variety of different gases. When it was desired to 

ehange the temperature at which. the balance case was 

thermostatted, it wae considered advisable to slacken one 

ef the claups holding the balance freme on to the uprights 

inside the casing to prevent it breaking as a reeult of 

gose slight expansion of the latter. Thie was alwaye 

dene and the clazpe were vatightenes after the thertostats 

had been altered and the balance cage left for a few 

hours to reach equilibrium. The cage was evacuated for 

several days before starting rune at a different 

tesuperature. 

BUTRACPTION C¥ VIRIAL CORSVICIENT FROM RAW DARA 

fhe values of p/i' and » had firat to be obtained. 

Cavesdtlane were applied to the weagured distance between 

the meniscus levels because of the glaes scale imperfections 

and because there are not exactly 100 eyeplece divisions 

to O.tem, 197 fhe capillary depressions were then f 

obtained from Cawood and Patterson's data, 19% and the 

appropriate difference added to the preseure. The 

average separator weter scale reading was converted to 

ow Hg from the calibration graph, Figure (1¥.5) and this 

wag added, together with the manometer zero point error, 

in the appropriate sense. The final etep wae to correct 

for the temperature of the manometer, converting the 

readings to values for uercury at o°o and Yor the glase 

scale at 20°s, the temperature at which it was calibrated.



  

  

‘Thie conversion is given by: 

P= p [o-s99934 = 1785x1074, °c) 

The vaouun nell current wae then subtracted from the 

null current in the gas and the corrected pressure 

@ivided by thie value. Finally the ratio p/i' was 

corrected for emall differences of the balance case 

temperature at each point from the eesayed control 

temperature using: 

ACp/i") = (p/4").AT/2 

The best straight line fit to the experimental 

values was obtained using a weighted least equares 

programme on the laboratory computer (Hlliot 903). 

The weighting used was 1,2,3,4,5 for the 10,20,30,40,50emHg 

pointe respectively. This is etrictly juetifiable only 

if the corrected glass scale linearity is much better 

than the reproducibility of meniscus setting and 

observation. Since the sase optical syetem that is used < 

for cbeerving the meniseus wae aleo used for calibrating 

the glass scale, this is unlikely te be ao. If the 

nonlinearity of the corrected glase scale readinge is 

the wajor effect, ané arises from randow errors in 

calibration, the weighting should be 4 Bey vis. 

However, a trial fit with the two different weightings 

showed ingignificant differences in the value and 

standard deviation of both the slope and intercept, and 

the former was used because it is more readily handled
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with the available programme. 

A trial wae also made of the relative merits of the 

p/it versus p and p/i' versue i' plots, and the 

differences found in the values of ars /T, and 

RtS,/1,?(ae0 Chapter [1) were always lesa than the 

etandard deviation in the virial coefficient calculated 

from the standard deviation of the slopes. It was 

concluded that one was ae good as the other and the p 

plot wae used in the calculations. 

fhe molecular weight of the gae wae obtained from the 

intercept @0 obtained and the intercept for the sane plot 

for a gas of known solecular weight ae B41,/ Ios and the 

value of 87S/1 was computed, uging the temperature to 

which all the balance readings were corrected. 

From equation (11.34) it ie seen that 41S/I will be 

equal to the second virial coefficient if the bulb < 

eontraction ie negligible, and the current ie directly 

proportional to the foree acting on the magnet. in 

fact, preliminsry measuresents with: neebon dioxide, carbon 

tetrafluoride, eulphur hexafluoride and sulphur dioxide 

ghowed that there wae a correction of about 25en° mole” ', 

independent of the gas being studied, which had to be 

subtracted frow RTS/I in order te obtain second virial 

eoefficients which agreed with literature values. 

It wae thie observation that demonstrated the 

necessity of allowing for the bulb ecentraction. A



    
theoretical calculation of the value to be expected 

for thie correction gave a value of about Tem nore”! 

(gee Appendix II). Agreement to within an order of 

magnitude was considered a reasonable indication that the 

factor responsible for the correction had been correctly 

identified. Purthermsore, the experimental value cbtained 

would be expected to be numerically larger than the 

theoretical value for a uniformly thin spherical shell 

as wae indeed found. A blown bulb might very well have 

a non-uniform thickness, and the additional contraction 

of thin perts would be core than the sraller contraction 

of the thicker parts relative to a uniform shell. 

During the firet series of teasvuresente at 25°a, 

however, the value of the correction factor had clearly 

1 0 about 46eamole”', as ehanged from about 25cm mole” 

ehown by runs on standard gases at the beginning and end 

of the series, A elese examination of the plote showed 

where this had probably occurred, so that there was ne 

difficulty in assigning the most probable value of the 

correction for each run. Subsequent runs at 40° and 55° 

gave values for the virial coefficients which have 

confirmed the values obtained at 25°C. Faith in the 

reliability of this correction factor wae nevertheless 

shaken. it is not imposeible that the contraction of a 

thin bulb with preseure covld have more than one value 

if, for exauple, s thin part. hed behaved rather like a 

elick gauge. Hewever it seemed rather a remote
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possibility, eo other possible sources of euch an effect 

were coneidered. 

In the derivation of equation (11.34), although the 

contraction of the bulb wae coneidered, the mathematics 

would hold for any effeot with such a pressure dependence. 

The only one of the many considered which seemed at all 

likely wae that the position of the solenoid relative to 

the wagnet might change slightly with preseure changes 

in the balance case; the solencid ie mounted directly 

on the balance cage. Thie effect would be in addition to 

the bulb contraction. _ fhere are a number of ways in which 

euch a pressure dependence could change. In an attempt to 

‘prevent any further changee, before commencing the seriea 

at 40°C all the jointe between the glass solenoid liab 

and the wain part of the balance case were tightened and 

have not been moved since. ‘The correction factor has not 

changed during a series of measurements since then, although 

it does of course vary slightly from temperature to 

teuperature. i ¢ 

The other possibilities of errer considered in 

equation (11.34) are non-linearities in the relationship 

between the solenoid current and the force on the magnet, 

and unbalanced adsorption. There has been no indication 

of a significant effect from the former, and it is 

considered that deviations from linearity of the current/ 

force relationship are lees than 0.001%. The latter 

woulé give rise to a first order effect on the intercept
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“of the p/i! plot, and hence on nolecular weight, anda © 

gecond or higher order effect on the linearity of the 

plot, depending on the extent of adsorption and the 

nature of the odgorption isotherm, Molecular weights 

differing from the theoretical values have been obtained. 

in a few cases, but there hee been no indication of 

eurvature of the p/i' plot in excese of that which sight 

eecsgicnally arise coincidentally and within the linite 

of the accuracy of the preesure and current measurements. 

Sowe of the cases of non-theoretical molecvlar weights 

can be definitely ascribed to the presence of impurities, 

and although in othere there ie no definite evidence 

for thie, it seess unlikely that unbalanced adsorption 

was significant for any of the gases studied. 

It has been shown (Chapter I1) that for the full 

potential of the manometer and balance to be replised, « 

it must be possible to obtain succeasive samples of the 

gae under investigation with a constancy of molecular 

weight of better than ¢0.004 from sawple to sample. 

This requirement is a fairly stringent one.  0.003m0le% 

of an impurity of molecular weight 30 unite lees (or more) 

than that of the gae being studied, aausee a wolecular 

weight 0.001 different fron the theoretical value. To 

engure that any eyetematic change in molecular weight due 

to handling the gas is dgetected, the readinge at different 

pressures muet net be made in ascending or deecending order. 

Such a change will then be observable, ag cen be eeen from
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The numbers immediately under the experimental points 

show the order in which readings were made. 

' 

Figure (¥1) The p/i’ versus p plot for fluoroform at 25°C 

(Run B7), showing the effect of a gradual change 

of the molecular weight.
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“the p/i' plot for flucrofore at 25°C, Figure (V).1). 

This shows one of the moet pronounced effects encountered. 

The order in which the readings were made ie shown, and the 

effect of a slight decrease in wolecular weight is obvious 

frow the graph. Yor comparieon, the vertical lines 

indicate the errors which would be associated with the 

values of p/it for errors in p of 40.001cm lig. 

There wae a further effect, arising from molecular 

weight changes, observed in the case of bromomethane at 

40°C, | In thie case the balance case was filled from a 

trap containing liquid bromowethane by allowing the trap 

to warm up to the tenperature at which the vapour 

preesure was the desired filling presevre. The procedure 

waa ueed for experimental convenience. The second virial 

ecefficient obtained in thie way was approxiwately the 

gate aa that obtained at 25°, where the trap wag aleo € 

veed, but wae kept at room temperature, and the amount of 

gee which waa admitted to the balance case was controlled 

by the tap on the trap. Hoxever, the wolecular weight 

obtained at 25°0 was 94.52, whereas the theoretical 

weight is 94.95, so a lower wolecular weight iwpurity 

was preeent. fhe molecular weight obtained at 40°O with 

the different technique was $3.86, implying that the 

impurity concentration had been increased. 

A Mase spectographic investigation of the sauple 

indicated that chloromethane was the impurity and 90 a 

further sample of brotomethane was prepared. Only by
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rejecting a large initial fraction of the sawple was it 

possible to reduce the chloromethane concentration to a 

eatisfactorily low level. Bulb to bulb distillation was 

used and thie may have aceounted for the difficulty in 

separating the chloromethane. it wenld clearly have been 

useful to have fractionally distilled the bromouethane 

but a suitable low temperature column was not available 

and an atteapt with a column cooled by eireulating 

nethanol at -5°C (browomethane boile at 3.5°C) waa 

unsvoceseful. It wae concluded that the derivation 

of. a lower noleoular weight and a wore negative second 

virial coefficient than that expected were due to 

proportionally increased ecncentrations of chloromethane 

in the lower pressure pointe. 

fo eliminate the possibility of this recurring, the 

gample eventually prepared was adwitted from a 5 litre 

flask in which it was all kept in the gas phase. The 

virial oof ficient obtained in this way wae in auch « 

better agreement with that expected from literature 

valuee and the reault at 25°C, and the solecular weight 

wae 94.93, only 0.02 leae than the theoretice] value.



  

HAPTER VI 
DETATLND EXPERIMENTAL RSSULTS 

This chapter includes detaile of preparation of 

the samples, the experimental resulte and the values of 

the eecond coupreseibility virial coefficient and 

molecular weight obtained. fhe results are set out gas 

by gas. The data recorded are the preasure, p, 

gorrected to cm Hg at’ 0° ari under loeal gravity, the 

difference between the null current in the gage and the 

vacuum null current, i', the ratio (p/i') which includes 

corrections for small temperature variations of the 

balance case, and the averages of these valuee for 

menpurements made at approximately the game preseure, 

Pay? L'gy? and (p/i") oy respectively. The run number 

and temperature, t, the slope, &, and intercept, I, 

of the weighted least equares plot of (p/i'). against 
av 

Pp, and their standard deviations, De and dD, respectively 

are also included. Runes with prefix A were preliminary 

measurenente with fewer points, and area not included. 

dunes with prefix B were the first series for the gases 

fluoroform, chlorodiflucromethane, ehlorotriflucromethane, 

dichlorodiflveromethane, 1,1-difluoroethylene and dimethyl 

ether at 25°, 40° ana 55°c. ‘theee rune were done before 

the eeparator wae incorporated, Rune C were thoge for 

browomethane, chloroethane and trimethylawine, together 
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with one or two duplicate runs for the other gases. 

These were done at teuperaturee of 25° and 40°C after 

the separator was added. 

Calibration of the pressure dependent correction was 

made for esch seriee of runs st a particular temperature 

using as standards carbon dioxide, carbon tetrafluoride 

and sulphur hexafluoride. fTheee gases are all readily 

obtainable in a fairly pure state and have virial 

coefficients known to within 1 or 2eu° mole”! in the 

teuperature range over which meaeurements were made. The 

values used and the references are ehown in Table (V1.1). 

The results for the calibration runs are collected 

at the end of the chapter. 

  

-8( om’ mole™ ') 
refs 

25°c 40°C 55° 
  

O6,| 122 108 97 | 110,111 

ple eR Ee eT | See 

  SPe 278. 250 225 | 113-115       
  

able (V1.1)



  

Pjuoroform 

Chlorodifluorome thane 

Chlorotrifluoromethane 

Dichlorodiflucromethane 

1,1-Difluoroethylene 

Dimethyl ether 

Bromomethans 

Chioroethane 

Trimetnylamine 

& tion 

Carbon dioxide 

Carbon tetraflucride 

Sulphur hexafluoride 

  

Page 

99 

102 

105 

107 

109 

111 

113 

114 

116 

WAT 

122 

126 

7
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Matheeon (96% pure) fluoroform wae collected in a 

eold trap and a eyele of liqvefying, pumping on the 

liquid, and freezing down wae carried out until the 

preasure vapour at liquid nitrogen temperature, as 

recorded on a Pirani gauge, wae lese than 4microne. 

It was distilled once rejecting small initial and large 

final fractione. fhe sample was collected in and 

stored in a $ litre glase flask closed with a greased 

tap and provided with a eide limb for freezing down the 

gas in the flask. 

Run B7, t = 25° 

P Pay a‘ ao. MeL) Oe Ee 
29.8216 0.524563 §6.8721 
29.8225 29.8225 0.524374 0.524371 56.8726 56.8750 
29.8235 6.524377 56.8742 

49.7337 0.875829 56.7847 
49.7327 49.7353 0.875315 0.875817 56.7845 56.7842 
49.7313 0.975807 56.7834 

20.1642 0.354167 56.9342 
20.1657 20.1655 0.554187 0.554183 56.9352 56.9552 
20.1665 0.354194 56.9563 

39.8617 0.701220 56.0462 
30,8606 39.8610 0.701199 0.701205 56.8463 56.5465 
59.8606 0.701197 56.8465 

10.0553 0.176435 56.9915 
16.0556 10.0554 0.176434 0.176455 36.9935 56.9920 
10.0552 0.176435 59.9910 

S = ~0,00499, a= 0.00019, I = 57.035, Dy = 0.007 

AGS/1 = ~163emmole”', From 81,B2,B5, AB = 27¢0 mole | 

B= =190¢en° mole”! From B2, = 70.00



an Pav 

29.3830 29,3827 29°2829 

49,5846 ‘ 
49,5829 99-5839 
20,2945 
20.2942 

35.0829 ,0598 
70.2107 
10.2101 

S = -0,00415, 

20, 2944 

416.2104 

RTS/I' = -1360m’wole”’. Pros B18,819,823,524,829, 4B = 43 

a* i 

0.492091 4 492086 6.492080 
0.831493 Ocesase 07831490 
0.539695 Oi aeeees 09379689 
0.667831 O66 7825 0607828 

0.170708 
0.170764 O+ 17075 

D, = 0,00016, ts 

  

(9/i") 

$9.7121 
59.7136 
59.6353 
59.6359 

59-7499 
59.7511 

59.6846 
59.6828 

59.8164 
59.8172 

59.843, 

B= -179em'mole' Frou 429, K = 70.01 

Run B33, t = 55°C 
50.2102 «. 
$0,2137 2072120 
49.9102 
49.9115 *9+9109 
20.0871 
20.0891 

40.1225 
40.1776. 89+ 1201 
10.1369 
10.1587 

8 = -0.00357, 

20.0881 

10.1578 

23/1 = -117ewmole”'. Prow 131,832,239, 48 = 40cm cole” 

3 B= -157em mole” 

0.483260 
0.483259 

0.799248 
0.799244 

G.521172 
0.521164 

9.641954 
6.641942 

0.162257 

0.483260 

0.799246 

9.321168 

0.641938 

0.162259 9+ 162258 

DS = 0.00022, 

4 

I= 

62.5097 
62.5176 

62.4447 
62.4856 

62.5467 
62.5496 

62.5008 
62.4996 

62.5984 
62.6067 

  

62.629, 

From B39, if = 70,00 

  

(p/4") oy 

59.7129 

59.6356 

59.7505 

59.6837 

59.6168 

b= 0,006 

en? 

62.5137 

62.4452 

62.5462 

62,5002 

62.6026 

d= 0.008 

2 

 



  

39.8579 
59.8588 

26,5845 
20.3831 

49.9605 
45.9609 

10.4665 
10.4668 

25.9062 
2949081 

Pav - toy 

59.0554 0-700998 0.700997 

2063838 §7S5uG9 0+257994 

49.9607 Orpraage 0.879487 

10.4667 6+ 183699 9, 485697 
0.525606 

29.9072 0.525622 0.525614 

3 = -0,00439, Dd, = 0,G0008, I= 

(p/it) 

56.2590 
56.8602 

56.9419 
56.9360 

56.8070 
56.8063 

56.9791 
56.9764 

56.8984 
56.9004 

57.030, 

aTS/I =—143er mole” ’, PFrow 01,62,03, AB 

5 B= -194em ole”! Prom C1, ¥ = 70.03 

(e/4") oy 

56.2596 

56.9390 

56.8067 

56.9778 

56.8994 

By = 0.003 

= Sten vole”!
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    QALOAODIVLVOROMATIALE (M = 86.48) 

Matheson (99.9% pure) chlorodiflvoromethane 

wae collected in a cold trap and the eolid wae pumped 

at liquid nitrogen texperature for % hour. it wae 

@istilled once, rejecting a small final fraction, inte 

a3 litre flask. 

P Pay i’ Men 4 kee Lea 

10,2108 0.221495 46.0999 
10.2107 10.2105 0.221485 0.221482 46.1011 46.1009 
10.2100 0.221467 46.1017 

39.6793 0.865246 45.8590 
39.6775 39.6778 0.865185 0.865177 45.8601 45,8597 
39.6759 0.865159 45.8597 

19.7706 0.429689 - 46,0114 
19.7697 19.7701 05429670 0.429677 46.0114 46.0116 
19.7701 0.429672 46.0121 

30.1373 0.656140 45.9312 = 
30.1366 30.1360 0.656099 0.656110 45.9550 45.9312 
50.1340. “6.656092 45.9295 

49.8463 1.069019 4567717 
49,8444 49,8437 1.066930 1.088937 45.7737 45.7727 
49.8403 1.088663 45.7728 

Sw -0.00808, D, = 0.00008, 1 46.177, 2, = 0.003 

AGT/1 = =3250em’mole™'. Prom B1,22,85, AB = 27en mole’ 

B= -3520m° ule’ From B2, R= 66.46



   

  

RTG/1 = ~283emnole™ |. 

B= =323en° mole”! vrow 

Run B21, t = 40% 
1501333 0.313075 
15.9341 15.1536 0.315067 
15.1334 G.313063 

54.9760 0.725289 
54.9767 34.9765 0.725264 
34.9765 0.725280 

25.2395 0.522652 
25.2596 25.2589 0.522637 
2.2595 0.522656 

44,8963 ©.932309 
44,8941 44.8947 0.932271 
44.8935 0.932250 

  

Maar (03 

_ (Ghlorediflucromethane) 

Hun B20, t = 40°C 
P i at, (/4") (9/8) gy 

20.2272 0.418678 48.3131 
20.2271 20.2270 0.416651 0.418655 49.3160 48.3154 
20.2268 0.418636 48.3170 
50.5166 1.050195 48,1022 
50.9178 50.5175 1.050193 1.050181 48,1055 45,1027 . 
50.5182 > 14050159 46.1025 

10.0738 0.208182 48.3895 
10.0727 10.0729 0.208183 0.205182 46,3836 468.3651 
10.0723 0.208182 48.3821 
39.6200 0.822112 46.1850 
39.6133 39.6154 0.822083 0.222092 48.1862 48,1856 
39.6129 0.622082 48.1857 
29-8012 0.617543 45,2534 
29.7991 29.8001 0.617524 0.617526 48.2551 48.2551 
29.8001 0.617510 _ 4832570 
8 = -0.00703, D, = 0.00008, I= 48.461, Dy = 0.003 

from B18,819, 4B = 40ewmole™! 
B29, Ms 36.4 

48.3570 € 
0.313068 48,3422 48.3404 

©2168 
22187 40,2179 

46,2184 

43,2830 
0.522641 48.2885 48,2863 

48,2875 

4e, 1506 
0.932277 48.7502 48.1504 

42.1503 

   0.725284 

  

S = ~-0.006056, a, # 0.00008, I = 48.446, 0, = 0,003 

RPu/I = -264eu mole” '. 
S 4 From B= -513em’ mole” 

From 523, 324, AB = agew* wole™* 

B29, & 6 2 26,4    
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(Chlorodiflucrowe thane) 

Run B38, t= 55°¢ 
sy hae iy (p/i") (e/a 

9.7498 0.192506 50.6497 « 
$7493 9°7498 97 192501 O° 192°0% 50. Gaay 90-0820 

40.0413 0.793508 9 50.4593 eee ag3 4040403 OC" Fazqne 0795499 solagag 50-4591 

20.0608 20,0599 0.396602 o scggqr 90+5791 60,5 
20.0589 Os 396602 979860? So. 57a7 50+5769 
50.4509 1.901201 gy 30-3890 co x09 
Socaaye 50-4491 S*Oor162 19001182 50.3889 50.3258 
30.0025 a7 06593802 7g 3045189 
50.0029 20-0027 97593873 999387" 50.5203 70-5196 

G2 -0,00624, 1 9,00005, I= 50.706, 2B, = 0.002 

2UG/1 = -2520m mole’, ¥row 351,832,839, 48 = 40cm mole” 

Be ~2920m'mole”' Prom B39, % = 86.46 

Run 03, + = 25° 

29.8999 6.650629 can 45.9554 
3578990 2998995 o.e50g14 °950622 45° 5554 45.9553 < 

8.5056 4. 1.054806 nag #De8116 ac 
8.5031 48-2094 4losa772 1+058789 asl a10g 45-8112 

1968645 so aca 06431488 5 axiagy 46-0371 ne 
1978649 19°8647 67431500 9°431994 ng lo365 46-0370 

39.8303 0.868073 9 genoge 43-8836 as 
33-6302 39-8301 Q“eennng 0-868066 yo *ag57 45-8837 

10.2420 » 0.222171 46.0994 
10.2430 10.2425 0.222186 0.222179 a6. 1008 46,1001 

§ = -0,.00768, Dy = 0.00008, I = 46,196, Dy s 0.005 

43/1 = -309em@aole”’, Frou C1,02,08, AB = Stem mole™' 

Be ~3600u° mole! Prow C1, M = 86.47



      

QHLOROTRIVLUQROMETHANE —(K = 104.47) 

Wathéeon (99% pure) chlorotrifluoromethane 

Wes purified and collected in the same way ae fluoroform. 

BS ts . 

5 oe oa ore aan, 
22.0101 0.577146 38.1361 
22.0091 22.0090 0.577118 0.577122 38.1362 38.1557 
22.0077 0.577101 38.1349 

50.1167 1.517764 38.0316 
50.1161 50.1161 1.517738 1.317745 38.0519 38.0317 
§0.1154 1.317728 38.0317 

50.7387 0.806629 38.1071 
30.7383 30.7387 0.506629 0.506630 38.1071 38.1076 
30.7395 0.806652 38.1085 

19.1222 0.265185 38.1703 4. : 10.1227 10.1225 0.265185 0, 265185 38.1722 338.1713 

40.3550 1.059820 38.0772 
40.3549 40.5549 1.059815 1.059815 34.0774 58.0775 
40.3548 1.059813 38.0773 

S = -0,00358, D, = 0.00011, I= 38.215, Dy = 0.004 < 

RP3/1 = -174ceuucle”’, Prom B11, AB = 48cm mole”! 

B= -2220mnole' row B2, B= 104.47



   

   
} Mie y oe 

orotrifluoromethane) 

Aun B27, + = 40% 

eM < as, tpt) (p74 

949961 5 04289479 40.0731 3-9961 9.9962 O°Sagaqy 02249878 Ao 973g 40-0754 

40.0497 4.007612 59.9898 5. 
40.0489 90-0993 17001618 1:00%615 39 ones 79-9699 
20.0532 , 0.500835 54 10-0441 , 20-0532 20.0532 6° sog593 0+900834 so “oqay 40-0481 

60.2577 so onan 1+258107 5114 29°9922 39.0 
50, 2598 50. 2588 1.258121 1.258114 39.9534 39.9528 

30-0982 30.0981 O°Foaa¢n 0+ 752270 ao-oyay 40-0145 

S$ = -0.00299, DB = 0.00005, I= 40.105, DB, = 9.002 

81S/1 = ~145em°mole”'. Froe B15,319,823,824,829, AB = 43 
cen’ mole’ 

B= -188emnole! From B29, 4 = 104.46 

‘Run B34, t = 55°C 
20.4182 0.487082 41.9160 
30.4183 20-4183 olua7ong Ce487086 447 G45g 41-9160 
49.9290 1.193628 41.8302 19-2220 a9.9296 17 433¢07 12193628 gy cago2 41-8302 < 

29.9765 ‘0.715732 : 41,8855 : 
29.9805 29+9795 91745718 9°719725 41 aa7g *1+5867 
40.0080 0.955664 41.8654 
40.0076 “+0078 97955667 9+955666. 41 aoas 
40.2185 0.243637 41.9420 
1012185 1+2185 91293637 9+243637 ay gugg 4149429 
$ = -0.00282, D, = 0.00007, I = 41.973, D, = 0.003 

R1S/I = -1380m°cole"'. Prom B31, 852,039, AB = 40om mole’ 

B= =178ew mole”! Brom B39, M = 104.4)



   
   

  

Ng (= 120.93) 

Retheson (99% pure) dichlorodifluoromethane was 

purified and etored in the eaue way as fluoroforn. 

t= 25° 

P Pig 

39.5613 
39.5613 39.5612 
39.5609 

10.5492 / 
10.5496 16.5493 

-. 10.5490 
50.2460 
50.2477 50.2474 
50. 2486 

20.0182 
20.0187. 20,0186 
20.0189 

30.0483 
50.0484 700884 
12.4805 42.4802 12.4804 

a 

1.210227 
1.210213 
1.210205 

0.320816 
0.320821 
0.320826 

1.541032 
1.541036 
42541034 

0.609765 
0.609765 
0.609763 

0.917205 
0.917205 

6.379506 
0.379506 

tay 

16210215 

0.320846 

4.541034 

0.609764 

0.917205 

0.579506 

8 = -0.00725, 2 = 0.00010, i= 

aPS/I = -409em°mole™'. 

= -457 6? wo 
=1 

From B11, 

(e/i") (2/29), 

32.6891 
32.6895 32.6893 
$2, 6894 

52.8824 
32.8831 32.8820 
32.8809 

32.6054 
32.6064 32,6065 
32.6071 
$2.8294 
32,8203 32.8301 
32.8306 

32.7607 =. 
32.7608 22° 7608 
32.8862 
32.8654 92°8858 

32.974, D, = 0,004 

AB = 4gom mole”! 

Prom B11, B= 121.05 

  

<
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(Diehlorodifluorowethane) 

Run B26, t= 40° 

ae Pay it ah, Ce) et) 

© 30.0220 30.0223 0.872507 0.872506 34.4027 34.4030 
30.0225 0.872505 34,4033 
4B 8225 16424065 34. 2823 AB 6235 88229 A yoqqga 16424060 3,7 5555 3+-2827 

19.5918 0.568211 9 sg 34.4729 3, 1 1B garg 19-9919 olsenaoy 0+ 568209 34.4734 34.4733 
39.9922 30 coqn 1-164965 4 reangg 34-3404 5 
$9.591m 299998 4 yequ7a 1+ 164469 54 sagg 3465406 
949090 goq4 0+ 286760 7 34.5414 
9.9092 0, 266763 0.286762 54.5418 

54.5422 

G = ~0,00686, D, = 0.00004, I = 34,602, 0D, = 0,001 

BES/I = ~370cwmole”', Prom 818,819, 823,324,829, AB = 43 
en mole! 

Bs ~41300° mole” | Prom B29, M = 121.07 

Run B36, t = 55°C 

TE AONs NOL te Ger dase 0-279037 Seo ]g5, 36-1572 «< 

ao berg 39-9698 1: ]loggs 1.110669 357250, 35-9822 

032 coos 280119 o.sp0nr7 38982 36.050 
$278802 ng.angn 1+360823 1.30762 32-3132 55.9109 

20291 no.9509 QOH ouepior3 36-0882 96.085 
S = -0,00604, D, = 0.00005, I = 36.272, D, = 0.002 

ats/I = -3a1emeole”'. Prom 831,352,339, AB = 400nacle”' 

B= =38100 uole”! row B39, = 121.03



  

@ (H = 64.08) 

  

    
Matheeon (99% pure) 1,1-difluoroethylene wae 

purified and etered in the #awe way as fluoroform. 

Run 86, + = 25°C 

Pp Fie is 

10.1708 0.163349 
10.1707 10.1707 0.163342 
10.1707 0.163341 
49,9646 0.805049 
49.9641 49.9643 0.805027 
49.9643 0.805050 
29.3780 0.472350 
29.3782 29.3781 0.472354 
29.3781 0.472349 
40.2697 6.648208 
40.2656 40.2691 0.649201 
46,2691 0.645194 
20.1342 6.323550 
20.1527 20.1332 0.323538 
20.1327 0.323543 
11.8938 0.190951 
11.8923 11.8928 6.190948 
11.8918 0.190946 

si, (et!) 

62.2642 
0.163344 62,2663 

62.2667 

67,0640 
0.805055 62.0651 

62.0651 

62.1954 
0.472391 62.1953 

62.1957 

62.1247 
0.648201 62.1256 

62.9251 

62.2290 
0.323544 62.2267 

62.2257 

62.2866 
0.190948 62.2503 

62.2783 

S = ~0,.90545, De = 6.00017, I = 62.3542, 

48/1 = -16300° 

3 B= -190cm sole”! 

aole™’, 

Prom B2, B = 64.04 

(p/4") 

62.2657 

62.0647 

62.1955 

6201245 

62.2271 

62.2818 

b= 0.606 

Prom 81,232,935, AR = 27em mole” | 

 



  

flvoroethylene) 

“Run B28, + = 40° 

P 

10.3409 
10.5410 

39.9228 
39.9223 

20.6921 
20.6911 

$0,158 
50.1576 

30.0590 
30.0595 

| Pay 

10.3410 

329226 

20.6916 

50.9979 

0.0592 

S.= 0.00454, 

it 

0.158178 
0.158176 

0.611796 
0.611789 

0.516700 
0.316698 

9.769315 
0.769314 

6.460380 
0.460376 

D, = 9.00009, 

'RTS/I = -135em° sole. 
3 uole”! B= -174em 

Run B35, t = 55°C 
10.0673 
10.0675 

46.1092 
40.1064 

20.3454 
20.5440 

50.0639 
50.0615 

50.0989 
30.6981 

10.0674 

40.1077 

20.5457 

50.0627 

30.0985 

3S = ~0,00380, 

aTS/I = 114ce°mole™'. 

Be 

Bs ~1340m' mole" 

O.147114 
0.147108 

0.587071 
0.587065 

6.297511 
0.297507 

0.753201 
9.735200 

0.440268 
0.440263 

haw 
0.158177 

0.611795 

0.316699 
0.769312 

0.460378 

iz 

0.147110 

0.587065 

0.297509 ¢ 

9.735201 

0.440266 

= 0,00014, I= 

Prom 831,532,839, 

(/4") (V/A gy 
65.3801 
65.3832 

65.2597 
65.2597 

65.5415 
65.3395 

65.2038 
65.2038 

65.2991 
65.2998 

65.455, 

65.3817 

65.2597 

65.3404 

65,2038 

65.2995 

Dy 
3 

From B29, = 64,02 

68.4370 
68.4014 

68.3194 
68.3184 

8.5833 

68.4392 

68.3189 

     68.3837 

64.2818 
68.2792 

68.3672 
68.3688 

63.3680 

68.473, 

Prom B39, MK = 64.02 

= 0,004 

From B29, AB = 39en’mole! 

bys 0.005 

AB = 40cm" mole 

to 

=1



    
DIBTUYL BMX (K = 46.07) 

_Matheson (99% pure) dimethyl ether wae purified 

and gtored in the same way aa fluocroform. 

Run B10, ¢ = 25° 

PB Puy i’ ty GD) (e/a) 

10.1277 0.117141 86.4571 
10.1267 10.1266 0.177128 0.117129 66.4584 86.4567 
10.1253 0.117117 86.4546 
39.6588 won 0.461635 65.9095 
39.6537 29*9585 91461577 0+461606 BE" Q593 85-9094 
19.8162 0.229687 86.2748 
19.8173 19.8166 0.229686 0.229687 86.2799 86.2777 
19.8170 0.229687 86.2783 
30.3591 0.352706 86.0748 
30.3572 30.3570 0.552676 0.352676 86.0766 86.0762 
30.3548 0. 552646 86.0772 

_ 49.9550 0.562908 85.6995 
49.9458 49.9467 0.582792 0.582801 85.7010 85.7011 
49.9395 0.582704 85.7027 

S = -0.61900, a, = 6.00012, 1 = 46.655, a, 0.005 

RTS/1 = -408emmole”', vrom Bil, AB =, 48om"mole™! 

B= 456 om’mole™' Frou B11, ¥ = 46.06



2 

  

_ Ey 

(Dimethyl ether). 

Run B30, t = 40°C 

p Pay at thy. Cea") (p/2") a 

Ue beng 19-FOR a hares 9+ 109997 25-1222 90.7959 

a oss S0+0087 Cv aagiey 0-843205 39°262 90.2630 

ULES woos SARA oa 2. EUE sows 
£20400 oo oa 8388278 o.ssyce 30-0827 00.095 
30.1555 0.535454 90.4457 5011596 20-1941 6° 435q33 0-335444 So"agay 90-4442 

8 = -0.01702, DB, = 0.00015, 1 = 90.947, 0, = 0.0006 

RPS/I = ~$66ewncie”',  Frow B29, AB = 330mno1e™! 

B= ~405eu noie™' Prom B29, i= 46.06 

Run B40, + = 55° 

10.1632 0.106937 ; 95.0546 : 
10.1620 10.626 0.106926 °° 196932 95.0332 95.0339 

.8 neog 00421644 94.5962 on ana 
ae esos 39.8725 Oraaiery C2421993 Saggy 9465793 
20.4032 0.215092 5 o1eqng 94-8576 oy. 
20.8015 20*4024 9545080 9215086 Galag5, 94-8564 
49,8811 - 0.528289 cones 94.4173 

49,8748 89-8778 oc 599052 9+528261 gyiay76 9404175 
29.9894 94 gnog 0+316609 se 9467237 
29.9885 29+9890 67516587 9-516598 Gary 275 9447296 

5 = -0.01524, Dd, = 6.00012, I = 95.179, DF 0.005 

RTS/I = -328ea mole’. From 831,832,339, AB = 40cmcole™! 

B= ~3680u° sole”! Frow B39, HM = 46.06
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BRONONBTHARE (1 = 94.95) 

fwe samples were used. The one used for the 

- Meaeurements at 25°C was prepared from technical grade 

bromomethane supplied by Werek, by shaking the liquid 

over mercury to remove elesental browine, The solid wae 

then pucped at liquid nitrogen temperature, passed over 

phosphorous pentoxidetc remove water, and finally 

distilled into a glase trap closed with a greaselees 

stopcock. The sanple eventually used at 40% was 

obtained from B.D.8. laboratory grade reagent by repeated 

distillation and collecting the sample shown sage 

spectrometrically to contain the leaet methyl chloride 

(leee than %). 

Hun 04, t = 25°¢ 

P Pay it inn O17 49), 

Bee e ran 20-9688 07s larce O.710691 21+9228 91.925 < 

Ap gary 89-9800 4° 120203 y.r99006 31°7298 'a1. 7299 

124268 o.sans S12MTE58 ovaersia 8201239 42.151 
20.8202 20.4196 9°485782 0.45766 42-0328 42.0363 
39.6796 0.948394 41,8387 
39.6656 39.6726 0.948087 0.946241 44.8375 41,8381 

S = -0.01046, b = 0.0009, I = 42.252, Dy = 0.003 

RTG/I = -46100°mole”', From 01,02,08, AB = Stem sole”! 

B= -5izem mole”! From 01, Ks 94.52



  

    
     

te eh ae ; WG 

 (Bromemethane) 

Run 618, t = 40° 

P Pay Sr eke GABA) Cea) 

20.0377 0.455959 a07 43-9568 Goloziy 20-0292 grasga5a 2495807 5 7en89 43.9529 

37.7992 0.863411 45.7898 
3427096 5797943 01563301 0-853556 ysl eae 43-7870 

49,8942 2. page 1°143036 43.6611 ; 
ag.0049 997709" 1, 1a2a35 '-'*299° 45,6606 *7- 6609 

~ 404.2279 0.252211 44.0553 
4012281 10°2280 9795906 0-252214 aul osgo 44-0557 
26.7465 0.655385 43.8726 ,. 
26,7427 2-7446 97655503 0-855544 a3 azaq 99-8725 

S = -0.00988,. a, = 0.00006, i =44.156, Dy = 0.002 

ans/I = -437emuole7'. Prom C17, AB = 45cm°mole™' 

Bs -462enucle”'. Prom 014, K = 94.93 ; < 

      

  

CHLOSORTHANE (if = 64.52) 

H.U.i. laboratory grade reagent wag distilled 

through = phosphorus pentoxide tube inte a cold trap. 

Thea praute was then pusped until the vapour preecure 

at liquid nitrogen temperature wac lees than 1 

on a Firani gauge. It wae then distilled inte ae 

glase trap closed with a greaseless stopcock.



    

ns 

Run 05, t = 25°C 
‘ a fey SO), w/e 

Oe ates POATI8 SO ceraae O-OR6700 C1 75.0, 61,2870 

iy eran PMPOS G asaney 0822282) 60" 1987 go. 7956 
10.3684 0.168068 4 61-6917 
1023710 10.3697 6.168108 0. 168084 6126925 61.6921 

2064114 0.532014 61.4774 
20.4082 *9°907° 9 s¥ipe0 0°97 1997 61 47a, 1-4758 
Borabes D9eDETO c’eorege @.680900 61-0291 61.0277 
BS = ~0.02284, D, = 0.00008, I = 61.939, D, = 0.003 

ANS/I = -686em'mole”'. From 01,02,08, AB = Stem*mole™! 
B = -73tem mole”! Prom C1, B= 64.48 

Run 011, ¢ = 40% 

Br ees TEU) Oo aclacy 0-861952 EFA0ST Ga.d050 
10.3644 16 s¢yn 0+ 159963 9 64.8003 gy 5 
tO, shag OFFS" OL ySgg50 P7298 6h agra #804 

23-0099 o.30s 8.118551 o.rnsesr 002% o4.cor 
39.0888 01608668 6 pounce 6422257 cn woe 
9.0790 29*0099- 9 Goangg 9-°08579 Gy. aa7y O%+ R266 

. : 0318) ali 2 5B 6 20-5519 nossa QO3IRM ovsivaen SAnZ8TT casera 
8 = =0.02009, D, = 0.00010, I = 65,005, D, = 0.004 

RTS/T = -604eu mele” ', From 69,014, AB = 58cm sole! 

B = -6420m pole” 
ec 

From C14, KR = 64,48



  

He 

   \ 

wT (M = 59.11) 

Harrington laboratory grade reagent was distilled 

into a trap containing potaseium hydroxide which had 

been dehydfated previcvaly by heating in vacuuo. A 

purification procedure similar to that used for fluoroform 

wae then used, followed by two distillatione.. The 

secple wae collected in a glaee trap closed with a 

greageless stopeock. Measuretwente were made at 25°, 

but before the 40°C were made, it wae noticed that the 

Viton A diaphragm of the tap on the trap had become 

considerably ewollen (ite volume had increased about 

threefold). The value of the second compreeeibility 

virial coefficient obtained at 25°C agreed well with the 

. Measurements of Lawbert and Strong, so it was decided to 

attenpt no further rune on trizethylamwine and ao te 

avoid the possibility of contawinating the tap diaphragne 

and 'G' ringe in the apparatus. Ae a further precaution, 

although there was no evidence of any eontavination, 

those diaphragma which had been exposed to trimethylasine 

were replaced with new ones.



  

lig | 

(?rimethylamine) 

Run 06, ¢ = 25°¢ 

Pp Bay a' iny (p/i") (eth) oo 

30-1073 50, 10n6 9-749600 o.nagssg S6+3662 66.9652 

W570 wo.rans QTAERB) ora e820 66a 
10-3591 10.3596 9- 133288 0.153599 66-2020 66.aase 

12 Pere 19.5608 O"Se tang 0.291036 £7°5)3) 67.2098 

S336 awe SERHE onsourey SEER ess 
3 = 0.02596, D, = 0.00026, I = 67.729, Dy = 0.010 
#19/I = -7130w mole”! . From 01,02,08, AB = Stem mole 

B= =1640m nole™ | From C1, R= $6. 

CARBON DLOXIDS (BH = 44.01) 

B.O.C. cylinder carbon dioxide waa paseed slowly “ 

through a phosphorua pentoxide tube and collected in a < 

cold trap. It waa bulb to bulb distilled four times 

rejecting large initial ané final fractions, with 

repeated freezing and pumping in between. A § litre 

eample wae ocllected and stored in a glass flask 

closed with a greased tap.



  

(Carbon dioxide) 

B BI t ay 25° 

ee $e Rag WAT 
14.7011 0.129122 90.6205 
11.7010 11.7009 0.129096 0.129105 90.6360 
11.7007 0.129097 90.6349 
50.1034 0.553776 90.4759 
50.0994 50.1006 0.553785 0.553742 90.4754 
50.0991 0.553714 90.4783 
29.5154 0.325883 90.5705 
29.5141 29.5150 0.325869 0.325874 90.5704 
29.5156 0.325870 90.5748 
40.6150 0.448657 90.5213 
40.6105 40.6109 0.448625 0.448629 90.5222 
40.6092 0.448606 90.5251 
20.1154 0.221964 90.6246 
20.1173 20.1185 0.221990 0.221984 90.6226 
20.1228 0.221998 90.6441 
8 = 0.00459 D, = 0.00018, 1 = 90.708, 

RIS/I = -94em?mole~! AB = Boys - Bige 

From B2, M = 44.01 
On Run BS. 4 cs 25 & 

10.6581 O.117575 90.6494 
10.6577 10.6586 0.117560 0.117565 90.6575 
10.6600 0.117561 90.6765 
50.0609 0.553281 90.4801 

50. ae 50.0599 0.555258 0.555250 90.4815 
50.0592 0.553240 90.4837 
30.3481 0.335068 90.5730 
30.3457 30.3472 0.335051 0.335060 90.5704 
50.3477 0.335060 90.5739 

8 = 0.00457, D, = 0.00001, I = 99.710, 

RTS/1 = -94em"nole™! . AB = Bong ~ Brat 

From 32, M= 44.01 

(p/i' Veg 

90.6311 

90.4765 

90.5719 

90.5222 

90.6304 

i? 0,007 

= +28¢en°’mole™! 

99.6611 

90.4818 

90.5724 

D, = 0.0005 

= +28em’ mole 

NS 

=4



   

(Carbon dioxide) 

P Pay i’ 

20.0105 0.210434 
20,0099 20,0100 0.210409 
20,0097 0.210599 
39.0891 0.411274 
39.0884 39.0881 0.411255 
39.0869 0.411242 
10.3678 9.108975 
10,5687 10.3687 0.108980 
10,5695 0.108979 
49.8039 0.524266 
49.8037 49.8035 0.524244 

49.8029 0.524229 
140461) 4. geq5 06152042 
14.4613 1794812 90452056 

4? 
av 

0.210414 

0.411257 

0.108978 

0.524246 

0.152039 

(p/i') 

95-0945 
95.1028 
95.1035 

95.0465 
95.0507 
95.0517 

95.1440 
9521495 
95.1577 

94.9986 
95.0023 
95.0022 
95.1104 
95.1156 

(p/4" oy 

95.1002 

95.0496 

95.1507 

95.0011 

95.1131 

WG 

3S = -0.00540, = G.00016, I = 95.175, D, = 0,006 
B2S/I = -700mmole™', ' - nr 

AB *"Bops ~ Brig * 38°@ more! 

Prom 829, 4 = 44.02’ 

Run 323, t = 40° 

TecGion 19.8799 O°209087 0.209057 33°0227 95.0042 

Be ceory 29-6901 Oo4' 7898 0.417604 22-0812 95.0578 

Beton; tosTees 35213280 o.sias38 23-2857 95.0054 

{2:83 aa.cus FREE osasras 32-082 95,007 
8 = -0.00289, DB, = 0.00001, 
RPS/I = -59omnole”’, 

I = 95.152, Dy = .0005 

OB = Boe - Bay * 49emmole™! 

Fpoa B29, B= 44.05
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PROT Day it Bo eit (e/a og 

RH enor SEMI owsonie SAGE 2.0 
50.1896 0.303579 474 99-9189. 
30.1881 5961889 9.305569 0.593374 9575148 99.5174 

10.4757 0.105196 94 99-3933 99.5 WOrAt2) 1064759 Si tostgn 0210594 95/3005 99-5971 

39.7759 0.399757 5 x: 9955048 oo une: 
53.7737 29°TT4® 97399728 2999745 99°5066 © 99+5097 

20.0802 0.201752 seq 99555: og. nah 
20.0800 20°81 97301745 O°201749 9575378 99+5366 

S = -0,00294, D, = 0.00015, 1 = 99.611, D, = 0.009 

4 4 
RTG/I = -60cm’mole”', AB = B - 4 ‘Jou?mole” ‘en mae tT 

From B39, M= 44.01 

Run 08, t = 25° 

20.0797 59,9301; 9221519 9.204549 90+6490 
20.0805 0.221509 $0,455. 70-6518 

49:3238 40.3512 97433433 0.440052 Sorseiz 90-5850 

49-1027 ag.rozq 9°342320 0.542324 $9:2495 90-5408 « 

Ver age 10-2088 Be eee Gs 115635 ate go.6612 

3372613 29.9661 $:350¢a7 9290650 Sorga45 20-6279 

$ = -0,00595, D, = 0.00022, I= 90.721, by = 0.009 

RTS/I = -72em'mole™'. AB = BY, = By, = 50cm mole" 

Prom C1, B= 44.02



  

  

" (Garbon dioxide) 

39.2058 
39-2050 
10,0157 
10.0144 

49.4745 
49.4740 

19.8228 
19.8256 

29.9520 

39 62054 

10.0141 

49.4743 

19.8232 

ar Lay 

0.412490 
0.412495 

0.105271 
0.105275 

9.520770 
9.520759 

0.208413 
0.208419 

0.314858 

6.412492 

0.105272 

0.520765 

O.208419 

(p/i") 

95.0496 
95.0485 

95.1517 
95.1581 

95.0102 
95.0111 

95.1177 
95.1196 

95.0728 

(2/4 ay 

95.0491 

95.1549 

95.0107 

95.1187 

oy pany 29-9204 95.0683 
3 = -0.00330, 

0.314849 0+314854 
Dy = 0.00013, 

95.0658 

f= 95.175, D, = 0.005 

A 4 -RP8/I = ~680m7aole™!. 

From C14, Bis 44.04 

Run C17, + = 40% 

AB = By, ~ Byy4 = 40em"mole™ 

19.0461 py 042003529 5 95.1045 E 
19.0440 19-0461 Q°aq0296 9200315 geloggn 95-1012 < 
39.8173 0.419064 , 95 «0360 
39.8215 79*8199 9.419062 9+419065 95 o4g2 95-0411 
47.9489 ,. 0.504701 4, « - 95.0258 47.9462 47.9476 0.504690 0.504696 95.0226 95.0242 

10,0527 0.105461 95.1531 

30.4181 0.319996 95.0789 96 o7: 
30.4162 794172 9519905 9719991 95 0765 95-0777 
5 = -0,00309, -_™ 0.00014, IL = 95.163, oy = 0.005 

R29/I = -63emmole™', AB = BL, - By 4, = 45emmole™ 

Proa 014, Hs 44.04



  

     
Imperial Smelting Co. leeaon 14-wniden had been 

Shown wees gpectometrically to be sore than 98% pure 

Was collected in a cold trap and the cold liquid pumped 

repeatedly untii the vapour pressure remained constant 

(at liquid nitrogen temperature it wae an indicated SOnicrons 

on a Pirani gauge). it was then simple distilled once 

rejecting large initial and final fractions, and a 5 litre 

sample collected in # glawe flask closed with a greased BED> 

P Py a? oy (W/t) /iY 

19.5130 0.430568 45.3192 
19.5427 19.5411 9.451075 0.431046 45.5548 45.5351 
19.5688 0.451495 45.5512 
49.5823 - 4.094908 ss 4S a 
49.5854 49.9849 1.094966 1.094951 45.2849 45.2846 
49.5879 1.094997 45.2851 € 
30.3240 0.669105 45.3202 
30,3208 30.3220 0.669100 0.669099 45.3158 45.3177 
30.5215 0.669092 45.3171 
39.8052 0.878549 45.3096 
59.8043 39.8039 0.878541 0.878945 45.5073 45.3068 
39.8045 6.878559 45.3074 
10.1116 O.225018 4505598 
10.1108 10.1112 0.223011 0.225009 45.5577 45.3398 
10,4112 1222999 45.5419 

S = ~0.00152, DB, = 0.00008, I = 45.365, By = 0.003 

RPS/L = -62emmole™'. AB = B,. - 3,4, = 26cw*aole™!



? Pay 

350.2875 seas 
ary ents 

Sorte 20-8665 
12.6406 : 
12.6419 '2+6408 
S = -0.009779, D, = 0.000002, 

: tetrefiuoride) 
Bun Bil, t = 25° i 

  

tay 

0.668276 

1.115976 

0.276301 

     
(p/i") 

49.3225 
45.5226 

45.5022 
45.3054 

45.3592 
45.5406 

G/L) 

45.3225 

45.5028 

45.5399 

I # 45.352, Dy = 0.00007 

RTS/I = ~40cm7mole™!., AB = Booe ~ Biyy = 48cm mole”! 

Bun B19, t = 40% 
19.6418 0.412930 41.5612 19.6415 19.6416 0.412926 0.412927 47.5617 
19.6415 0.412925 471.5626 

49.7460 1.046070 47.5490 
49.7454 49.7459 1.046071 1.046075 4715404 49.7463 12046084 47.5487 
10.2592 0.215646 4745970 
10,2660 10.2656 0.215646 0.219645 47.6008 
10.2655 0.215642 47.5991 
39.4718 0.829768 47.5650 
59.4725 39.4720 0.829768 0.929765 4715651 
39.4716 0.829759 47.5635 
14.4122 0.362547 ean 47.5827 
14.427 44125 Gl aogg4g 9502847 17 "Bers 
8 = -0,00086, D, = 0.00016, I = 47.593, 

RPS/T = -350m m0 oy 

Frou B29, f= 83.02 

47.5618 

47.5487 

47.5989 

4745646 

47.5857 

a, 9.006 

bs OB = Biv - Boat = 42cm nole 

  

1



  

10.0593 
10.0590 10,0992 

40.0414 ,,, 
40.0395 
20.1444 
20.1457 

49.7540 
49.7525 

29.9979 
29.9972 

S = 0.00095, 

40.0405 

20.1440 

49.7533 

29.9976 

RTS/I = -38em mole”, 

ait 

0.21415 
0.211416 

0.841786 
0.841797 

1.046274 
1.046268 

1.046274 
1.046268 

0.630601 
0.650598 

2, = 0.0001, 

Bun. B39, t= 55° 

19.1797 
10.1797 

3949655 
39.9685 
20.0411 
20,0412 

49.8889 
49.8665 

30.0923 
50.0948 

8 = -0.00074, 

10.1797 

3949670 

20.0412 

49.8859 

50.0936 

RTS/I = -30cem’mole™', 

0.204567 
04204584 

0.802745 
9.802758 

0.402442 
0.402446 

1.092396 
1.002392 

0.604442 
0.604444 

D, = 0.00004, 

AB = Boyg ~ 8. 

AB = oe - 8 

+ 
a av (p/i") 

47.5846 
47.5826 

47.5691 
47.5670 

47.5513 
47.5520 

47.5515 
47.5520 

47.5686 
47.5680 

i = 47,601, 2 

0.211416 

0.841792 

0.425283 

1.046271 

0.630600 

49.8022 
49.8032 

49.7858 
49.7856 

49.7960 
49.7952 

4907154 
49.7142 

49.7906 
49.1927 

0.204386 

0.802751 

0.402445 

1.002394 

0.604445 

Lit 

a 

ais ™ 

I= 49.812, D 

(P/19) 

47.5836 

47.5681 

47.5876 

4T SRT 

47.5684 

= 0.004 

39emnole™! 

49.8027 

49.7847 

49.7956 

49.7738 

49.7 NT 

4, = 0,002 
3 = 360m°mole™! 

12y 

_— 

<
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50.9747 
50.9768 
10.4199 
10,1215 

39.7852 
39.7851 

50.1239 30.1255 2001247 

5 = -0.00103, 

50.9758 

10.1206 

39.7842 

RTS/I = setae wo 

= 40°C 

29.9046 
29.9955 

10.4842 
10.4851 

49.8850 

39.9459 
39.9455 

20.3459 
20.5465 

ROT/L = -0,00101, 

29.9035 

10.4647 

3909457 

25.3461 

RES/I = —410m° mol 

a 
0.468084 
0.468122 
1.124707 
1.124756 

0.225109 
0.225145 

0.377405 
0.877436 

6.664360 
0.664588 

D, = 9.00011, 

a. 

0.626295 
0.625320 

9.220240 
0, 220248 

1.048751 

9.659595 
0.839435 

0.427458 
0.427468 

Lay 

0.468105 

1.124732 

0.225126 

0.877424 

0.664574 

OR Pos 

0.628508 

0, 220244 

V.AGS9414 

05427465 

by = G.0U010, 

ant, 

  

  

(p/a") 

45.5626 
45.5815 
45.3227 
45.3220 

45.5986 
45.3579 

45.3419 
4563425 

45.5427 
45.3452 

i= 45.378, 

~ B44 = 45em"mole™ 

4765995 
47.5980 

47.6113 
47.6157 

47.5727 

47.9990 
47.5919 

47.6029 
47.6032 

i= 47,627, 

(p/4") 

45.5021 

45.5227 

45.3585 

45.3422 

4305450 

Dy = 0.004 

3 

47.3987 

47.0125 

47.9935 

47.6034 

> AB = By.g - Byy4 = Seom"mole” 

      

   

  

bs 0.004



  

      

  

   
Sulphur hexafluoride eupplied by 1.0.1.ltd. 

Was passed slowly over phosplorus pentoxide and collected 

in acold tray. It was simple distilled three tines 

‘wetelaing only 6 small middle fractlou ouch time, and 

@ 5 litre seaple collected and stored in a gless flesk . — 

with a greased tap, ' 

2/1 = -205em?a0le”', 

  

Prom B29, M = 146,02 

AB = B be 
L 

Run B24, $ = 40° ‘ 

hg an i By (efit) (p/d Dey 

qT aN8 arias SIRE ouster BAER aco 
Ae lyape 46-7985 }°S2310" t.c391s0 26°2820 20,5504 

tareee, foebeay | Bri ai 7, o.0pesee S881 | 20-cate 

F108 sro 13M sovrose BETH ces € 
BO gcse 2300 o.sern ATE assers 
S = 0.00301, ae = 0.00011, I = 28.690, Dy = 0,004 

oe JB Re = 46ea7 ole"!



10.1157 
40.1155 

38.1971 
56,1863 

19.9494 
19.9494 

45.9409 
45.9596 

29.9376 
29.9584 

§ = +0.00261, 

Pay 

10.1195 

38.1667 

19.9494 

45.9403 

29.9580 

<* 

0.557244 
0.957258 

1.276275 
1.276502 

0.665586 
0.665587 

1.536300 
14556506 

0.999541 
0.999842 

5, * 0.00003, 

RIS/1 = =1730mmole™. 

From B39, ¥ = 146.01 

Run 02, t = 25°¢ 

18.8660 
18.8691 

45.1585 
45.1396 

967388 
9.7396 

36.1512 
36.1556 

27.6400 
27.6595 

9, 

18.8676 

45.1591 

9.7592 

56.1524 

27.6398 

8 = ~0.00324, 

0.691551 
0.691603 

1.659045 
1.659673 

0.556562 
0.556607 

1.327441 
1.527527 

1.015882 
1.015957 

D, = 0.00009, 

a" av 

0.537241 

1.276289 

0.665587 

1.536503 

0.999842 

AB # Bay, 

30691567 

1.659658 

0.596585 

1.527484 

1.015910 

       (p/i") 

30,0000 
29.9972 
29.9258 
29.9264 

29.9740 
29.9744 

29.9054 
29.9045 

29.9445 
29.9446 

i = 30.025, 

hae 

27-2815 
27.2854 

27.1978 
27.1979 

27.3127 
27.5118 

2162558 
27.2357 

27.2616 
27.2596 

Lom 27.347, 
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0/48) gy 

29.9986 

29.9261 

29.9742 

29.9050 

29.9445 

b, = 0.001 

= 470m mole”). 

i 

27.2823 

27.1979 

27.5125 

27.2538 < 

27.2606 

uy = 0.005 

RT3/1 = -120em*mole"', 4B = BL. = B,,, = S8em*mole™'. 

From C1, M= 146,04
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O This work 

O ne Jjon + M    
Figures (V0.3) The a Ge nroselta iy virial 

coefficient for chlorotrifluoromethane 
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Figure (Y.4) The second compressibility virial 

coefficient for dichlorodifluoromethane 
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Figure (WII.5) The second compressibility virial 
coefficient for 1,1,difluoroethylene
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Figure (YII.7) The second compressibility virial 

: coefficient for bromomethane
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Figure (WII.9) The second compressibility virial 
coefficient for trimethylamine



  

CHAPTER VII 

DISCUSS ICN 

  

COBPARISON WITH PUBLIGHED VALUES 

The plote in Figures (V1I.1) to (ViI.9) show the 

137 

valuee of the second virial coefficient in the temperature 

Kenge covered in thie work for all the literature values 

traced and for those obtained herein. No attempt hag 

been made to assess the errors in the previously reported 

Values, but a brief description of the method used ig 

included, tegether with the date of publication. The 

internal consistency of the valuee obtained in the present 

work is about *5ew'mcie™! and the comparisons made 

show that in wost cases the largest total scatter of the 

Values reported. by different workers ie less than 

£15¢ea° mole”! ao that in the worst cases the virial 

eoefficiente way be regarded ag heing estabiished 

absolutely to about #1$emnole”*. 

  

The reaults reported here have been interpreted 

in econjunetion with his results for dielectric virial 

eoefficienta, by Barneat* fhe following section 

eummariges hie conciusions. 

Because of the restricted texperature range over 

which meagurenente were made, the only inforwation 

‘



Steekmayer Off centre dipole 
parameters paraneters 

Cae ea a a a 
mp) (2) XK) glk) 48) °K) ofh) 

oHP, 1.65 3-68 255 5.24 5.85 215 1.07 

Oli ,01 1.66 3.7% S73 5.92 4.47. 280 | 1.16 

CHyiCF, 16357 2.78 343 4.50 4.70 200 0.94 

cHF,C1 1.47 3.08 489 5.66 4.35 323 0.99 

oF,C1 0.55 4.92 222 5.88 

GP,01, 0.50 5.16 286 6.30 

(CHy) 1628 2.81 680 4.90 4.90 320 1.53 

CHy 3.62 204 4.58 

cP, 4.05 3135 5.46 

CH5:CH, nT 200 «4.20 

Table (VII.1) Valves of solecular parameters 

from Barnes. **



   
ea 

ono ning the nature of the intermolecular potential 

that can be obtained from the compressibility virial 
coefficients taken by themselves is the value of the 

various adjustable paraueters in varioug model functions. 

Table (V11.1) shows ‘the values of the dipole moment, pry» 

used with the data to obtein the values of o and ¢/, 

for a fit to the Stockmayer potential (polar forces 

represented by a central point dipole) as found by Barnes 

from the data reported here. 4iso ineluded for comparison 

aré values of © and */, for wethane, carbon tetrafluoride i 

and ethylene and values of solecular dianetere setimated 

by Barnes frow Van der Yaale eadai!?® and bond lengths. 12? 

Ag hae been pointed out previously, the values of & for 

the polar gases is considerably lese than might be 

expected one the estimated values or frow the valuee for 

the non-polar gases,°? but the Stoekmayer potential can 

nevertheless give a reasonable fit to experisental values 

of the second compressibility virial coefficient. 9° < 

Yor single gases it cannot explain the observed vaiues of 

the second dielectric virial coefficient quantitatively, 

even with the addition of polurisability, ehape and 

quadrupole moment terms to the baeic expression, 94+ and 

it fails even more murkedly for two cowponent nixturee.?* 

It wae thie sort of observation that led to the 

formulation of the displaced dipole codel.°4979+39 the | 
incorporation of an additional parameter complicates the 

fitting of the data, and extensive triai and error
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" ealoulation would be required to obtain the best values 

of all the paraneters. However the values which were 

effectively selected on the basis of an expected value 

for o give @ reasonable agreewent with both the 

experimental compressibility virial coefficient and the 

dielectric virial coefficient over a restricted 

temperature range for single guses. The values of oe 

eh, and a, the dipole displacement, are given in 

Table (VI1.1). 

In svwmary, the present situation is that for gases 

with almost epherical molecules and small dipoles 

(echlorotriflvoromethane and dichlorodifluoromethane) the 

Stockmayer model with polarisability terms is an 

adequake representation. For other gases, with more 

polar or lese symmetrical molecules the introduction of a 

shape dependence factor for the repuleive forces and of a < 

displacement of the point dipole frou the centre of the 

diepersion fovies enables reasonable, but not good, 

agreevent with calculated values to be obtained for the 

two virial coefficients. These conclusions have been 

reached from inveetigation over a restricted temperature 

range, go that they should really be examined again after 

a more extended investigation. Measurements over @ 

wider tewperature range would also allow a more rigorous 

fitting of theory to the experimental data. gutter? 

hae meagured eecond compressibility and dielectric virial 

coefficients for flucroform, fluoromethane, chloro-



  

      

(oy 

ethane, trichlorofluoromethane and chloro- 

ne. For flvoroform, chlorotriflucromethane and 

Ue cankthanh, agreewent with the results reported here 

and by Barnee is generally within the coubined 

experimental errors. Hie concliueions are essentially 

equivalent to those summarised here. 

Yor two component mixturee the position is less 

convincing, and none of the available potential models 

ean provide even an approximate description of the 

dielectric virial oseffioients for certain wixturee, in 

terme of the parameters found frem the single gases. 

RECALCULATION OF TURNER'S DIELECPAIC DARA 

Values of compressibility virial coefficients were 

measured for browomethane, chlorcethane and trimethylamine 

because gurner*! found values differing considerably fron 

these previously reported. it may be seen frow 

Figures (VI1.7) to (VII.9) that the results reported 

here, and other more recent results confirm the earlier 

meseuremente of Lambert and couworkere. '227'?7 

Aceordingly, valuee of B nave been recalculated from 

furner's values of (8-48), using the values of the 

second cowpressibility virial coefficient, Bi obtained 

from thie work and from Lawbert's work taken together. 

Since the dielectric measuresents were essentially 

independent of the density meaeuretents, the occurrence 

of errore in the latter does not necessarily imply errore



  

  

  

  

                    
  

Turner's Values = Corrected 
Values 

t%o| 4 (8-43) 8 -B B -3! 8 
(a) (b) (e) (a) (b) (a) (b) 

5 85.99 | 110,200 | 4,700 | 1,050 | +19,900 | 506 | +58,000 

MeBr | 25 81.71 32,100 | 1,500 | 1,005 | -§0,000 | 521 | -10,500 

40 T7229 26,500 | 1,000 B49 | ~37,500 | 469 | - 7,900 

15 | 107.04 | 76,400 | 1,700 | 977 | -28,200] 778 | - 6,900 
EtCl | 25 | 1035.97 82,300 | 4,600 910 | -12,300 123 + 7,200 

40 98.23 57,500 | 2,000 7194 | -20,500 | 649 | - 6,300 

Hie, 25 29,74 17,200 500 930 | - 9,900 | 755 | - 4,800 

2 e°o! Bo) | 7 | reds 

30 | ~6,600 | 600 44 

Kell) 50 | +3,650 | 300 4h 

50 | -4,470 | 200 40 

we [50 | -1,307/ 37 | 40 

ROTES: 

(a) Unite are cmaole™! 

(b) Unite are emenole™* 

(e) e ie the standard deviation in (8 - 43) 

(a) The estimated error in & te about +3,000en mole” 
(e) y is the estimated error in# 

  

  

  

              

  

Table (V1ie2) 
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“in the former. able (VI1.2) showe the values of 

(8 -4B), 4, B ana 8 found by Turner, and tre values 

of B’ used to obtain the corrected values 8'. Also 

. dneluded, fer comparison, are values of Bfor chloro- 

methane and fluoromethane from the resulte of other 

workers. 

The erratic temperature dependence of the valuvee 

of the dielectric virial coefficients obtained, weane 

that there is little point in making « detailed aseesenent 

of the contribution from the various interaction forcee 

guch ae polarisability, shape, displaced dipole ete. 

However, with the exception of the values for bromomethane 

at 5% and chloroethane at 25°c, both of which are 

obtained from plots of abnormally lerge seatter, the 

reaelte now lie in a much wore reaeonable range, ae 

ean be seen frow comparison with the values for ehloro- 

HOV ae and flucrouethane. © It therefore seens aethane 

very likely that the conciusions Barnee** drew from hie K 

etudies which are briefly summarised above may be 

extended to cover these other eystetis. 

1 pesulte for It is worth noting that if ®urner'te® 

the compressibility virial coefficient were teo large 

for single couponente, then it is probable thst thie is 

also true for hia resulte for mixtures of these gasee. 

In all the syetems he studied such a change would increase 

the valuea of the dielectric virial coefficients
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obteined, making them euch emaller negative numbere, 

and closer tc values to be expected from theory and 

Barnes' resulte for mixtures. A more detailed examination 

of the pepsiinental results shows that there wags also some 

considerable change in composition for some of the mixtures, 

and ae hae been shown in Chapter 11 molecular weight 

ehanges are very significant in density balance studies. 

Turner's conclueione about the non-applicability of the 

dieplaced dipole model to mixtures should therefore be 

regarded with caution. Nevertheless, Bernes** found 

that when there ie a possibility of hydrogen bond, between 

the components, the results cannot be accounted for in 

terue of the displaced dipole parameters found appropriate 

for the gingle componente, 

It eeews desirable to have some more accurate valuee q 

for beth cowpreseibility and dielectric interaction 

virial coefficients for a series of mixtures, ineluding 

those where specific chemical types of intersection are 

expected, so that the question of the range of 

applicability of the dieplaced @ipole model to euch 

eystets could be anewered convincingly. Soue suggestions 

ae to how theee values might be obtained are made later. 

DISCUSSION OF THE APPARATUS AND METHOD 

The extent to which the detailed deaign features 

of the apparatus have fulfilled their intended ale is 

diseussed in thie section, so that poseible improvements
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may be considered and the direction in which the 

apparatus night be most usefully developed can be 

outlined. fhe approach to the meszeurement of virial 

eoefficients described in thie thesis will also be 

oritically examined, particularly in reapect of the 

acope of application and the limitetione and disadvantages 

of the wethod in comparison with other methods. (See 

also reference 77.) 

Performance of the apparatus 

In atteupting to aseese the contributions to error 

and to scatter in the p/i' plot against p or i', there 

is the difficulty of separating contributions from p 

and from i’, and this is further complicated by the 

poseibility of errore in i' arising either from the 

balance itself or from the current measuring part of the « 

apparatus. However it ig possible to draw aowe 

conclusions. 

The accuracy of the potentiometer, given by the 

maker, for the range ueed (x1) ie +0.002% or 10 alero-volt, 

whichever ie the greater. The relative accuracy of two 

readings on the x1 range ig +0.001% cr 10 wicro-volt 

whichever is the greater. 

A plot of the etandard deviation of the slope of 

the p/i' plot divided by the intercept versus the 

wolecular weight of the gae is shown in Figure (VII.10). 

The error in a gingle value of p/i' may be expreesed:
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SD. of slope x 10° 

intercept 
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Figure (WI.10) Plot against. molecular weight of the ratio 
of the standard deviation of the slope to the 
intercept for the p/i’ plots



    

Spf) opp « 4/4" (V1.1) 

fhe standard deviation of the slope of the p/it plot 

ie related to $(p/it) and the intercept is approximately 

equal to p/i', thue Figure (VII.10) shows some function 

of the relative error in p and the relative error in i’. 

Pressures are measured over the savie range for all gases, 

but the range of ourrent values is larger for the gases of 

higher molecular weight because of their larger abeoclute 

densities. Therefore if the orrore Sp and Si? do not 

depend on the valuea p and i' being weasured, the values 

ef the atanderd deviation of the slope divided by the 

intercept will be conetant if$i'/i' is negligible, but 

otherwiee will tend to emaller values at higher molecular 

weight if Sp/p ie negligible. It can be eean from the 

plot that the forser is more nearly the case. Before 

assigning the sajor error to the pressure readings, the 

effect of a proportional error in the current seasurements, 

which would give rise to the same behaviour as an 

absolute error in the pressure measurenents, must be 

considered. 

From 1. above, the waximun error in i’ is 0.004% 

or 16 micro-volt whichever is the greater. Such an 

error in i’ may be shown to give rise to an effect of 

about # to % thoee cbeerved, for the conditions under 

which the experimental rune were wade. Therefore, the 

major source of error in the measurements of p/i' is
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probably in the preeeure meseurenente. 

3. fhe likely sources of error in the preesure 

measurements are now considered. The differences in 

succeesive values of p/i' at the eave balancing pressure 

imply, if the major error is in the pressure, a 

reproducibility of reading pressure of better than 

0.0010m ite, provided the meniscus did not move. When 

the meniscug did move, the reproducibility was eabeut 

0.001cu Hg, which indicates gone error agsociated with the 

conversion of meniscue heights to capillary depressions. 

Although the manometer tubee had been thoroughly cleaned, 

the uereury-glaes contact line wae frequently sloped, and 

always in the eame sense. When there wes less than 

qgbout 10 eyepiece divisions (0.01em) difference in the 

positions of the contsat line on either side of the tube, « 

an average value was taken, and otherwise the mercury 

wae run up the tube slightly to fors a new eurface and 

contact line. However, if there were significant treces 

of dirt in the tubes, ae these cbeervations isplied, the 

correlation of weniecue height with capillary depreeeion 

might be expected to differ unpredictably from the 

published reeults, 1% ageuming that these were obtained 

for absolutely clean glass surfaces. There would then 

be a likelihood of error from thie source. fhe effect 

would ba increased by the relatively emall diameter ef the 

manometer tubes (11.5au) which were used becauee of their
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r “avaslabiiity, ginee the capillary tcpebeatols is 

scaler in gmaller tubes. However the error introduced: 

ig emall (probably about 0.0010em Hg), and can be 

tolerated in the present apparatue. 

The accuracy of the pressure measuremente can be 

judged frew the plots of p/i' versus Py assuming that 

they give riee to the major part of the error in p/i'. 

This will actually give an assessment of the irregular 

derivations from linearity of the measured pressures 

as a function of true pressure rather than their 

absolute accuracy. When the measured pressure is 

directly proportional toe the absolute preeeure, and 

the proportionality conetant differs by only 4 euall 

awount from unity, no significant error will be introduced 

in calculating the second virial coefficient by teking 

the ratio of glope to intercept of the p/i' plot. the 

deviation of individual pointe from the best straight K 

line was seldom sore thar would be produced by errore 

of 0.002cem Hg. fhe increase of thie figure over the 

reproducibility of reading a given preseure {about 

0.0010em Hg) could be due to errors in the giaes ecale 

calibration, refraction errore or errors introduced by 

the microscope ageenbly. The latter could be caused by 

the wieroseope being held at different, near-noraal 

anglea to the scale and weniecue in different parts of 

the manometer, A check with an accurate opirit level 

mounted on the microscope carriage showed no significant



  

  

  

          

HANOMETER DENSITY BALANCE 
(cm Hg) (gn.en™) (ea) 

Range 0 to 50 |0 to 4x107? | 0 to 6x1072 

Resolution 0.0002 21079 3x107° 

Reproducibility | 0.004 2x1078 3x1077 

Linearity 0.002 ax1078 3x107! 

fable (VII.3) . The performance of the Saree ter 
and density balance.
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ehanges in level in the two relevant planes; refraction 

errors are minimised by the use of titin wall manometer 

tubing (0.03cm), and other workere have found no 

eignificant error with tubes of similar wall thickness. 

The glase scale calibration therefore seeme to be the 

wost likely cause of the limitation on the linearity of 

the preasure readings. The wetiod which wag ueed for 

thia calibration could certainly give rise to errors of 

the size noticed (and significantly larger ones), but thie 

was ictatad i the design of the comparator veed, which 

allowed only one end of the scale to lie on the viewing bed. 

The calibration was transferred from thie end to the vest 

of the scale using the sanometer microscope, by measuring 

the number of eyepiece divisions to edeh seale division, 

and this could be done only to +0.0005om (% eyepiece 

division) per scale division, decgeiy because of the 

irregularity of the scale lines. « 

The performance deduced for the manometer and 

Gensity balance are summarieed in Table (VII.3}, where 

the figures suet only be regarded ae likely ones, becauee 

of the lack of complete certainty in separating the 

individual errore of the wanoneter, density balance and 

potentioueter. The linearities quoted are those obtained 

after the application of all appropriate corrections. 

The manoneter performanes includes that of the separator. 

there was no difference in the range of vuluea ef the 

ratio of the standard deviation of the slope of the p/i'
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niet to the intercept before and after incorporating 
i which cEhevefore. 

the separator/ nas an error of lese than 0.001om lig 

( of a meter scale @ivigion) provided that the zero shift 

ds corrected for ané the calibration againet the manomater 

is used. 

It must aleo be borne in wind that the ecatter of 

the p/i' plot may be affected not only by errere in the 

preseure and current readings, but aleo by changes in the 

molecular weight of the gas’ from point to point. in only 

one or two cases is there any indication of thie having 

occurred, and even then the values of the standard 

deviation of the slope divided by the intercept for the 

plot lie within the range of vAluea from other rune where 

there is no indication of molecular weight changes. There 

was ne evidence of significant contamination of one gas « 

hy the previous one at any tine, go shat evacuating the 

apparatus overnight seeus an adequate precaution against 

thie. Greaeeless stopeocks and elagtomer 'G' ring seale 

which are used throughout in place of greased tape and 

seale tay be a contributing factor. 

the cerrections which are applied te the pressure and 

current readinge include those for the gero error of the 

manogeter and the zero drift of the balance reapectively. 

While it is relatively essy to incorporate beth of these 

factors, it is of interest to know the constancy of the 

former and thé wagnitude of the latter.
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For apparently higher pressure on the right side, the 
correction is taken to be positive and the error 

2 negative . 

Zero error = -2x = -2y.tan® 

Figure (VII.1) The origin of the manometer zero error,
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Figure (WI1.12) Stability of balance zero
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The wanometer zero error hae had values of Bere, 

—-=0.097 and -0.0100m Hg. fhe spirit level indicated that 

these arose from a lean of the manoweter in the plane of 

the tubes. The way in which this introduces an error can 

be seen by reference to Figure (VII.11). When the 

wlerescope moves along the broken line, the indicated 

pressure with zero actual pressure difference between the 

two gides will be -2x or -2y,tan® where 2y is the dietance 

between the axes of the tubes, provided that the glaes 

scale is aleo tilted, ae happens with the arrangenent 

used. If y ig about teu, a lean of 1° is required to 

produce a zero error of 0.010cm Hg. As mentioned 

earlier, the suepected cause of the alteration of the 

gero error was the bolted~up manoueter stand, and thie 

, was replaced by 2 welded-up one before the last few 

neagurenents. fo information ie yet available to < 

confirs whether this hae in fact improved the constancy 

of sero. 

The long term zere stability of the density balance 

is best seen from Figure (VII.12). (a) showe the 

“variation with the original rounded hooke supporting the 

magnet; (b) showe the drift after these nad been re- 

formed into 'V'ehaped hooks, and presumably ariees from 

‘glow ageing of the quartz; (c) ehows the behaviour 

about 3¢ wornthe after the 'V' hooks were introduced, and 

givee some indication of the improvewent obtained.
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When eonsidering the long tere drift, it io important to 

remeuber that this includes effecte frou the drift of the 

resistance in the control box across whieh the potential 

difference is measured. The change of the value of this 

resistance with temperature (the control box is lagged 

but not thermostatted) and the drift of the potentiometer 

is slec included. Gver periods of a month the latter ig 

unlikely to be a large effect if the proper correction for 

the standard cell temperature is made (the standard cell 

igs lagged and corrections are made assuming the value at 

20° as calibrated by the makers, and a teuperature 

coefficient of -40micro~volt per °C). 

It can be seen that for the later seasuremente the 

Zero point wae stable to +35 sicro-volt = #1 wiere-grau 

over two weeks, the constancy during ene day wae about 

+20ulero-volt on average, and the zero readings geldoa < 

differed by more than 4+10miero-volt (about 0.3micro-graz) 

before and after each reading, that ia# over perioda of 

about 1% hours. the last value ie the one quoted ag the 

reproducibility of the density balance. 

The temperature coefficient of the dengity balance 

vacuun reading was about 130micro-volt per °c over the 

range 25° ‘6 5§°G, the large value probably arieing from 

the fact that parte of the balance case were not entirely 

non-tiagne bic. The expansion of the metal eaee with 

inereaved temperature will change the relative poeition of 

the magnet ani these parte of the case, and becavee the
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magnet is hung on a long quarts fibre there will also be 

an effect frou this. An alteration to the position of 

neighbouring magnetic material will alter the constant 

force on the magnet frou temperature to teuperature, 

there is alec a second order effect on the proportionality 

constant relating i* to deneity which changes by 1 part. 

in 15,000 per °9, and which may arige from many sources, 

for example, volume changes of the flotation bulb with 

temperature, expansion of the solenoid altering the 

eurrent-force proportionality, ete. However, with short 

term thermogtatting to about 0.01%, both effects are 

negligibly swall. 

One further difficulty ies the necessity of applying 

a correction for the ecntraction of the bulb with pressure 

increase. Because the value for this ie determined by 

doing a run for a standard gas, instead of by direct 

measurement, the uncertainty in thie correction ie a < 

sgouree of further error in the virial coefficients 

obtained. This detracts from the performance of the 

apparatus ae a whole. It will be disevsaed further in 

the next section. 

POSSIBIG IMPROVEMENTS OF TRS PRESENT APPAZATUS 

Thie section discusses detaiied alterations that 

might be made to improve the performance of the existing 

apparatue as a result ef the considerations of the 

previous section.



  

Manometer: Improvewents directed to reducing the 

deviations from linearity to bring them closer to the 

resolution would include replacing the existing manometer 

tubee with onee of larger diameter and atteapting a 

better calibration of the glass scale, or, preferably, 

replacing it with a more accurate one. These replacements 

might be expected to reduce nonlinearity errore to less 

than 0,001cm Hg, and e¢ make it possible to weaeure 

second virial coefficients with the exieting balance with 

probable errors of about t4emnole”!, 

Density balance: The alteration which would most simply 

improve the accuracy with which virial coefficients could 

be deterwined would be the elimination of the preesure 

dependent gorrection. The contraction of the bulb ie 

probably the major, if not the only significant, 

contributor to thie effect. A sufficiently thick walled C 

bulb could be used to elicinate thie, if the additional 

@age did not overload the suspension fibres. From the 

expression in Appendix II, euch a bulb could weigh 1.5¢m 

(the present bulb weighs 0.7em) but eelection frou a 

bateh would be necessary to ensure the use of one which 

did not have thin spots causing contraction much larger 

than the theoretical value. 

An alternative approach would be to attempt to 

measure the voluse ¢hange which oceurs. Por the bulb 

“used in thie series of experiments, the volume changes
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by about 0.02cm", if the contraction of the bulb is 

   

the only pressure dependent effect, fer an increase of 

external pressure of SOcm Hg. Such a change in volume 

“mole”! an the meaeurea Causes an error of about 50cm 

second virial coefficient, so it «ould have te be measured 

to about one part in 50, that ia, to 0.00040", eo that 

no significant error could be introduced in the 

correction factor. This wight be done before the bulb 

wae sealed, by altering either external or internsel 

pressure and meaeuring the change in volume by the dis- 

placement of a fluid along a capillary, using a suitable 

arrangetient. Such a method could also be used to 

preaelect a bulb with appropriate emall volume dependence 

on pressure. 

Whether there were other significant sources of 

preasure-related effects could be ascertained only if a S 

bulb of known volume/preesure dependence were used and 

the resulta for a standard gas were shown to be in error 

by more than the correction due to the change in the 

bulb voluse. If there were such an effect, ite cause 

would vequire identifying and eradicating. It te 

possible that if, as suggeeted earlier, the expaneion of 

the caging causes a significant error by altering the 

wagnet-solenoid separation at null, alteration of the 

position of the eclenoid might be made to minimise the 

effect, or ever make the gense opposite te that of the 

bulb contraction and eo to counteract the latter effect.
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It follows that if the pressure dependent error 

could be elicinated or separately calibrated, and the 

manometer improvements detailed above made, it should be 

posegible to measure the second compressibility virial 

coefficient with an accuracy of better than +2em mole” '. 

A standard gas would then be required only in order to 

give the relation between i' and absolute density 90 that 

molecular weights could be determined. 

Two further modifications to the balance assembly 

might be made relatively easily. The present wagnet used 

for the electromagnetic compensation has a pole strength of 

about 20 unit poles. Suck a strong magnet was required 

originally because solenoid current was to be supplied by 

lead-acid accumulators, and so had te be made es small as 

possible. The original solenoid also had a larger 

diameter, and eo gave a emaller field for a given current 

and number of turns. It would now be advantageous to q 

reduce the magnet pole strength and increase the number 

of layers on the solenoid and possible aleo the solenoid 

current. The former wovld be preferable becauge it would 

involve a smaller increase in heating effect for a given 

increase in golenoid field atrength, but it ahould be 

poseible to reduce the pole etrength and weight of the 

Magnet to about one third of ite present value. A 

reduced pole strength would make the balance less 

sueceptible to etray external magnetic fields; the 

reduction in weight o? the magnet (by O.agm to about 0.4gm)
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would enable a suitable heavier bulb to be used, as 

described above, without increasing the load on the 

pivoting fibres. 

The other modification auggested is the incorporation 

of additional resistors in the control box, for the 

measurement of the solenoid current, the arrangement 

effectively providing a range ewitch. Thus the 

potentiometer could be used approximately over ite full 

range for each gas studied. The values of the resistore 

could be calibrated with the potentiometer, but provided 

that during a run on one gag only one combination were 

used, no calibration would be required in order to obtain 

valuee of the virial coefficient, although it would be 

needed for intercomparigon of rune done on different 

Fanges to obtain values of molecular weighte. 

USE 

    

THE DENSITY BALANCE FOR BRASUABMENTS ON MIXTURES 
  

  

the second coapressibility virial ceefficient, Bye 

ef a binary wixtvre has contributions from three different 

interactions (molecule type 1 with type 1, type 2 with 

type 2 and type 1 with type 2), weighted according to 

the likelihood of their occurrence: 

  

2 2 
Bye Ey By, + 2eyXQPy2 + XQ Bog (V1I.2) 

where x repreeente the mole fraction, and the subscripte 

have the obvious significance. 

The determination of Bros the cross interaction 

virial coefficient is the sim of measurements on wixtures.
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Por density balance investigations, two (or nore). 

component mixtures in which there ig at leaet one ‘eticky'’ 

gae present the additional problem of increased uncertainty 

in the solecular weight which can alter by partition 

effects. Thie ie a parallel problem to that encountered 

in the conventional PV methode of uneertainty about the 

validity of assumptions concerning the number of molecules 

in the gas phase. 

Various methods nave been used for the study of 

mixtures containing ‘sticky’ components including the 

Boyle's Law! 1-195 

124-126, 136 

methed, various differential 

methoda, weasurement of the pressure exerted by 

a@ known weight of gaa in a known volume !3? 

41,43 

and density 

balances. Adeorption eorrections may be appliea. 196 

For accurate work on wixtures where adsorption is unlikely 

to introduce large errors, and so say be corrected for, 

the Burnett method has been used. 2/9 198 There are < 

three further approaches which may be ueed fer the 

determination of the interaction virial cowfficient, 

and which have no equivalents in the determination of 

virial coefficients for pure gases, the volume change 

on mixing the two components at conetant preseure!997 149 

or the pressure change on mixing the two componente at 

tm 146 
constant voluee are both related by simple 

expressions to the excegs virial coefficient, =, 

defined by equation (V11.3).
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B= By - W(B,, + Bog) : (VIT.3) 

These methode have usually been used for series of mixtures 

of euch gases as nitrogen, oxygen, carbon dioxide, carbon 

monoxide, ethylene, argon, hydrogen, helium at 

temperatures near rocu temperature, but have been used 

aleo for the fifteen binary mixtures of norval alkanes 

from methane to hexane at 25°, 50°, 75° ana 100°C. is 

Gas-ligquid chroratography offers another method 

for the determination of the interaction virial ‘ 

‘eoefficient, 7-191 It hae been used for the etudy 

of the interaction between many different hydrocarbons 

and simple welecules euch as nitrogen, carbon dioxide, 

argon etc. It appeare to offer a very useful method for a 

mixture of a relatively non-volatile component and one | 

sufficiently volatile te be used ae a carrier gas. & 

The increase in vapour preeeure cf a relatively 

involatile component, in the liquiat?? or solid phasd? 29.194 

caused by increased preaaure of a very much tere volatile 

component, may be related to the second and higher 

interaction virial coefficients. This method hae not 

been widely used. The phenowenon ie important in some 

industrial systens, for exanple, it is reeponesible for the 

deposition of silica er sodium chloride on turbine 

153 
blades and the enhanced vapour preseure of lubricating 

oil in coupressed ethylene. 1°" 

The volume change or pregaure change on mixing two



  

      

componente hae not been widely used for gages where 

adsorption could be gignificant. Nevertheless it might 

be a very useful method for euch gages. It would be 

poesible to arrange the surface and volume of the gas 

containere to give a firet order correction for 

adsorption, that is, to give zero error, if the nage 

adsorbed ig directly proportional to area and pregaure 

ané if the adeorption is reversible and rapid. if 

such correctione were inadequate, the excess virial 

eoefficient obtained would depend on the etarting 

preesure, #o that a series of rune with different 

atarting preesures would enable an extrapolation to be 

made to mere pressure and so give a value free fron 

adsorption error. Such ae procedure would be better 

than an atteapt to extrapolate to zero surface to volume 

ration because it doea not involve different eurfaces 

and the probles of differing ratios of real to apparent 

surface for different speciwene of the sane material « 

goes not arise. 

It would obviously be advantageous to have an 

entirely different method for measuring the interaction 

virial coefficient fox two component mixturee including 

‘atiery* gases. Aesordingly, eesue consideration has 

been given to poesible methode of making ahek geasurements 

with the density balance and manoneter, without a 

, Gajor sodification to the exieting apparatus, Your
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different methode are evggeetod: 

A mixture of the two componente could be used 

in the same way as the pure gases, veing a large 

reservoir of emall surface to volume ratio, filling the 

balance case with a fresh sample for each reading and 

either removing the eample to a tiird vessel(for salvage) 

after each reading, or discarding it. If such a 

procedure enables the set of samples to be obtained with 

adequate constancy of compoegition, a straight line plot 

of p/i' against p will be obtained with no wore scatter 

than for the pure gases. fhe value of BL may be 

obtained as for pure gases (see Chapter II), and the 

intercept will give the uolecular weight of the mixture, 

from whieh the composition may be calculated with 

adequate accuracy to obtain the interaction virial 

eoefficient, (Byo)s frou the virial coefficient of the « 

mixture, Bye using equation (VI1.2) and taking values 

for the two componente from the literature or previous 

measurements. 

fhe balance case could be filled from eceparate 

containers for each different preseure. the containers 

would have eurfact to volume ratios equal to that of the 

balance case, and volumes such that when each container 

wae filled to the same initial preesure, opening the 

containers to the balance case sould give a series of 

eultable preesguree. The separate containers would be
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Au auuetes to each other for filling, and to allow the 

composition of the wixture to become the same in each. 

This interconnection would be made veing greaselese taps, 

which would be closed prior to the run. It can be shown 

that if the gaze materials are used for the reservoirs 

and balance case such an arrangement would give firet 

order correction for composition changes caused by 

adsorption on the walle of the balance case (partition) 

and so wight give better constancy of composition than 

te fhe interaction virial coefficient would be 

obtained ss above. 

fhe balance now has a sufficiently stable zero to 

enable a series of measurenents to be wade between vacuum 

readings. Advantage would be taken of thie by either 

ef the following propoeale. The balance case would be 

filled with a wixture to the highest pressure to be ueed. 

Teo (or wore) veesels, which covld be evacuated, made « 

from the eame material ae, and having the aame eurface 

to volume ratio as, the balance cage wovld be provided, 

inte which the gas in the balance case would be expanded 

successively tc give a séries of suitable pressures. 

fhe interazection virial coefficient would be obtained as 

above. fhe prineipal drawback to thie method ie that 

ecupoeition changes would not be immediately obvious frow 

the p/i' plot, and eo there would be the poesibility of 

deducing incorrect virial coefficients without warning 

if such changes occurred.
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ora “The mixture, or a series of mixtures, wight be made 

up actually in the balance case. The case would be filled 

firet with one component and the null current and pressure 

read; the second component would then be added and null 

current and pressure again read after wixing wae 

coupleted. fhe null current values can be used te find 

the mole fractions ef the components actually in the gas 

phase by the relationship: 

x, = aN o/ kid, - aCe, - Bo) (ViiI.4) 

in the obvious notation. Thus, if the molecular weighte 

of the two components are known the molecular weight of 

the mixture may be calculated, and ite virial ceefficient, 

Bye Gan then be obtained frou Bye Py and 6, according to 

the eimple balance expreesicon, equation (Vii.7). 

If a aeries of readings are taken by adding 

guecessive amounts of the second component, then the \ 

reliance on knowledge of the solecular welghte of the two 

components can be elininated. 

from the virial expansion of density in powers of 

the pressure, taking terme to the second: 

WP. 
ae (V1I.5) 

= RIB p, 

and by definition: 

x, = 48/48, (V1.6)



  

From equation (V1I.5): 

BL = /4,, - RY/p, (VII.7) 

Substituting from equation (VII.6) into (V¥Ii.7): 

By = x,M,/a, ~ R8/p, (V1I.8) 

Frou the definition of the excess virial coefficient,!, 

in equation (VII.3); 

3 BL == 2x, + 2x,(By> - Boo) + Boo (VII.9) 

And substituting equation (V1I1.9) into equation (VI1.8) 

givee on rearrangetent: 

1 [Rr ‘ 28 + *22| = U,/4, ~ 2(Byy - Bog) + 28x, (VII.10) 

Therefore, Bio can be obtained from the slope of a plot 

of ait + a] vergus X,. The succegeful uee of this 
Te 

method would depend on there being cemplete mixing in a 

relatively short time, on the volume of aytem remaining \ 

constant and on the constancy of the number of solceules 

of the first component in the gae phase. The last fact 

teans that if only one of the two component is a 'eticky' 

gae it ehould be used ag the eecont gas; if both are 

‘eticky' then ecue considerable time would be required 

for the firet component to attain adeorption equilibrium. 

The relative practical merite of these four possibilit- 

jee could only be satisfactorily assessed experimentally. 

There hae not been time to try such a programme, but it 

would sees to be worthwhile to have some information about
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any of these four methods for weasuring interaction 

virial coefficients in mixtures involving ‘sticky’ 

components. 

FOSSIBLE PUTURE DEVELOPMENTS 

With the detail improvements suggested earlier, 

the density balance should provide a method for obtaining 

seconé compressibility virial coefficients accurate 

5 1 
to 1 or 2em? mole” from ueasurements in the pressure 

range 10 to 50cm Hg. 

The firet objective in the development of the 

apparatus should be to enable measurements to be made 

over a much wider temperature range. The importance 

of having experimental results for the second virial 

ceefficient at low and high temperatures has been 

pointed out in a number of papere?? 95996 

156 

and emphasised 

recently by Klein and Hanley. They etreae that 

within the range 2<7,<10, where Taki’ ,» and € is the q 

value obtained from a fit to the Lennard-Jones 12-6 

potential, one can learn little about the relative 

merite of different potential functione by fitting to 

to the experimental data. The accurate determination 

of the second virial coefficient at low reduced 

temperatures ie complicated both by adeerption and the 

reduced pressure range available.?°">" fhe density 

balance, however, is particularly suitable for operation 

under these conditions, so the obvious development would
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be to extend the temperature range available to lower 

_teuperatures. This is not to preelude the use of a 

density balance at higher temperatures; intrinsically 

there iz nothing to prevent the uee of a suitable 

electromagnetic balance at tecperatures up to the limit 

imposed by the constructional materiale. However, the 

extension of the range of the present apparatue te lower 

temperatures would be wore easily accomplished, and it 

wight even be poesible to do thie simply by using a 

suitable low temperature thermoetatted supply tank in 

place of the present water supply tank. 

If euch « development were to be made it would be 

valuable to increase the accuracy of the method further 

for a given pressure range, or to enable the presently 

available accuracy to be obtained from meagurenents 

over a smaller pressure range. fhe major source of q 

error at present is in the preeeure measurewents, This 

gould be improved by an order of magnitude, with the 

probability of inereasing the aceuraey of the teagured 

virial coefficient by the aaue anount, by replacing the 

existing wanowetrie arrangement with one similar to that 

described by Weir et a8 which uses gercury columns 

of much larger croag section, thus eliminating significant 

Capillary depression, and has a core accurate optical 

metnod for deterwining the mercury level. alternatively, 

a density balanee in conjunction with a separator wight 

be used for measuring preasure, by using a gas of known
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virial coefficient. Thie could aleo offer a means 

for autowating the preseure readings. Such a method 

hae been ueed with a coumercial recording vacuum 

microbalance’! with lower accuracy than that required 

in this context. A @engity balance similar to the 

one described in this thesis could be used, but would 

probably not be the best design for thie specialised 

application. A balance for measuring preesure would 

be used at or near room temperature with a gas which 

would not be adsorbed to a significant extent. A 

galvanometer type of electromagnetic compensation with 

ites greater insensitivity to level changes and external 

etray magnetic fielde would probably have advantagee 

over the magnet in eclenoid arrangement. It wight be 

possible to alter one of the commercial palances?©? 100-102 

te give the range required while retaining the automatic p 

nulling. < 

If an autowatic pressure reading device were 

available, and if it were poeseible to make the density 

balance automatically nulling, readinge on the ‘stickier’ 

gasee would be more readily wade. For theese gases there 

may be a considerable delay after the introduction of the 

gae before the preesure ie stable enough for mexsurement, 

even by the teehnique outlined in Chapter V. with 

automatic nulling equipment, and a suitable recording 

device it would be poesible to read off the measured 

density and pressure at the sane inetant. The ratio p/i'
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should become constant after attainwent of thermal 

equilibrium (and this could be followed) and eo the 

time necessary for a measurement would be considerably 

reduced, 

There would also be incidental advantages: 

operator fatigue and reading errer would be eliminated 

(a major consideration); more pointe could be 

conveniently obtained for the p/i' plot and the line 

better definedjwith uixtures the rate of sixing, oe any 

composition change with time, depending on how the 

wixture was investigated, covld be readily obeerved. 

Se far, the density balance has been considered as 

operating in the pressure range where the second virial 

coefficient is the only significant one, that is, at 

pregeures up to 1 atmoephere. Ih many cases it would 

be poesible tc measure the eecond and higher virial < 

coefficiente with a balance operating over a wider 

preasure range. Where this is possible the values of 

the second virial coefficient obtained from a suitable 

polynomial fit to the data should be wore accurate, if 

the ratio of accuracy to range remains constant. 

Alternatively, a balance of relatively lower accuracy 

eovld give a second virial coefficient of the same 

accuracy. One such all-metal balance which could 

operate at pressures up to about 37 atuospheres has 

52 
been described, but this seese to be the only one
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reported. 

A particular application of evch a balance would be 

an extension of an earlier method for the seasuresent 

of the second dielectric virial coefficient. Buckinghas 

and Raab? attempted to uee a deflection density balance 

of relatively low sensitivity for the weasuresent of gae 

density at the sane time ae its totel polarisation wae 

measured and so to obtain the eecond dielectric virial 

coefficient frow equation (V1I.11). 

gat Mo. . ° 
ce eae A+ BS Gt)+-.. ce) 

where & ig the etatie dielectric constant of the gas. 

fhe accuracy of their results was, however, diminiehed 

by the low precision of their balance. 

By veing a more seneitive balance able to measure 

the density of gases at pressures up to a few atmospheres, 

to that of Barnes’? or Cole and ep-workera to? 177-160 it 

and a gae dielectric constant seaeuring side eimilar < 

should be poesible to obtain meaningful dielectric 

virial coefficients for the ‘etickier' gases. The 

linitations might then be imposed by adeorption en the 

platee of the dielectric cell causing errors in the 

meacured dielectric constant of the gas. fhie could 

probably be overcome by veing a cell with two eets of 

plates each having different plate separations. it 

would then be possible to eliwinate the effect due to the 

adsorbed layer from separate readings for the two sete,
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effectively by extrapolation to infinite plate 

separation. 

Pinelly, it may be recalled that the electromagnetic 

balance which ie used here for the couparison of 

deneities is very similar in capacity and sensitivity to 

balances used for sorption, sagnetie susceptibility 

and other studies. However, it haa a range which, 

relative to ite sensitivity, is larger by one or more 

orders of magnitude. it ecens likely, therefore, that 

awong the applications of such a balance are various 

etudies in these and related fields, ©? 

VAN. 

  

The gingle wajor advantage of the deneity balance over 

the conventional ?V methode for the precise evaluation 

of gas ‘densities is that adsorption effects can be < 

eliminated. The major disadvantage is the dependence 

on either accurate knowledge of molocular weights or at 

least on considerably greater ocnstancy of molecular . 

weight than ie necessary for the PY nethode. A lesser 

disadvantage is that there ie as yet no practicable 

differential density balance for determining directly and 

aceurately the difference in or ratio of the densities 

of two gases. fhe limitations which thie imposee are 

less important because of the availability of the stable 

wide-range balance described in thie thesia.
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APPENDIX I 

ERE INTERACTION OF MAGNET AND SOLENOID 

The field at a point P on the axis of a solenoid 

and distance x from the centre of the solenoid ie 

given py: 109 

H = oes hepaty - coal) 

where the angles are defined in figure (a), H is in 

corateds, I is in amps, and n is turne/eu. The form of 

thie function is shown in figure (b) for different ratios 

of solenoid length to radius. 

The force on @ magnet lying along the axis of a 

solenoid ig then given by: 

Pos wed (cos, - cos, - cos, + eos? ,) 

where the anglea are defined in figure (c), ¥ is in 

dynes, m ie the pole strength in unit poles, the length 

of the magnet is 22 and of the eolenoid 2d, and y is 

the distance between the centres of the masnet and < 

solenoid. 

There are two requiremente for the satisfactory 

performance of the electromagnetic compensation: 

1. The force on the magnet should be directly 

proportional to the current flowing in the solenoid.
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i 2. Por the deflection sensitivity of the bslance 

' ..to be independent of the current in the solenoid, 

the force on the magnet for a given current in the 

solenoid should be independent cf emall displacements 

of the magnet along the solenoid axis. 

The firet requirement is seen to be wet if the 

geometry of the system, tue magnet pole strength and the 

number of turne per centimetre of the solenoid are conetant. 

The conditions under which the second requirement 

is met are best seen from figure (@), by coneidering the 

‘total force on the dine’ as the eum of the forees on 

the two poles. it ¢an be seen that the regions of 

approximately conetant forces are for ~(d+2)<y <-(d~2) 

and (d-2)<y <(4+2). From figure (b) it can be seen for 

the field in the centre of a solenoid to be ag eonatent” 

as poseible, that d/r should be large. Furthermore, 

frow figure (d), 2 ehould have a value near the valve < 

ef d to wake the plateau ae long and hence as flat ae 

poesible. © The dimensions used were ar = 0.75em, 

22 = Sem, 2d = 6.50n. Calevlation showed that at the 

position of the maximum ferce and for the largest currents 

used, the force changed by 1 part in 20,000 per G.1em of 

displacement. Ag a result of thie the deflection 

sensitivity of the balance changes by about 10% over the 

current range vesd, that ie from 50micro-volt per eyepiece 

division at gero current te 55mdero-volt per eyepiece 

division at the highest current. 
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APPENDIX il 

CONTRACTION OF A THIN SPHERICAL BULB WITH 

INCREASING PRESSURE 

fhe radial strain, Gye at a point distant r 

from the centre of a spherical shell of internal radiue 

a@ and external radius b (a<r<b) due to an internal 

pressure of P and external pressure Py ia given by: 

3 

rs Pie Pi » @-%) ae ll ap) 

(Bre + 2pu2)(1— 93) bpell- 3) 

Ep» s = @ = 

where A,+ Cr+ aU -22) i BURY ye rca tet ed 

(see, for exawple, “ringen, bechanioe of Continua, 2s 
#iley &@ Sons, sew York, 1967.) 

for a thin spherical shell of thickneee t(=b-a) 

thie reducee to: < 

— (@e-P-Y) r 
a DEE 

and so the volumetric strain of the enclosed volume, &, ,is: 

~ phi eo Baws 3 ee »)r 

The values of E and > for fused quartz were taken as 

10. 1%10° ped and 0.17 respectively @Herwal Syndicate Ltd. 

Catalogue, 1958), t wae calculated from the weight of the 

bulb, 6.66gm, lese 10% for the weight of the hook, 

using 2.2guseu> for the density of fused quartz, and 

found to be about 0.01cm. With these values the change 

of volume with pressure ie:



  

    
  ef = ~5x107 em? per on.lig a 

The value of the pressure dependent correction 

which has to be applied to obtain literature values 

for the second virial coefficient ie about -430nmole~! 

at 40°c, his correction factor'may be stiown to be 

equal to “E ey » and therefore experimentally, 

5 # = -31x107%en per om lig 

The discrepancy of lees than one order of 

uagnitude between the theoretical and experimental 

values may be insignificant, or may srise frow an 

aéditional pressure dependent effect from sose other 

scurce.
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