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ABSTRAC

An spparatus for tae determination of vapour-liquid
squilibriumn data ot low tamperatures was buils and employed.

The vapour-liquid equilibrium dats for the argon-
mathane system wers ebiained at thres issthermal conditions,
samely, at 122. 66, 132.52 and 143, 16" K.

The experimsntal squilibrism data were correlated

with two constant Redlich-Kister equations.

Ths liguid phase fagacity coefficients for pure methans
were calculated from the sxperimental data.

An attempt was made using ths thoory of interaction
and cavitation to predict the Heary's law constants.
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NOMENCLATURE

coustant
hayd sphere dismeter of a molecule

distance of closest appreach of solvent and solute
molscules or the radiue of the sphiere arousd solute
moleculs whick excledes centers of salvent melecules

second virial cosfficlent

constants of Redlich-Kister egiation

molal interaction anergy

fagacity

radial distridbutien fuaction

molal Gikbs (res snergy

pastial molal Gibbs free snergy of intaraction
partial molal Gibds free easrgy of cavitation
partial molecelar Gibbs free saergy of iateraction
partial molecular Gibbs {ree snergy of cavitation
Heary's Law constant

Boltsman's constant

eguilibyium ratio

mumbdsy of molecules of § th component
Avogzdro's namber |

total pressure

critical pressure

roduced pressure

Gas Law comstant » k x N

melal sutrepy of interaction

tampemature

critdcal temperature
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reduced temperatare

volume

molsl voleme

maole fraction in the liguid phase

moie fraction in the vapauy phase

sctivity cosfficiente at the sclution temperature
and pressure y -1 as x -1

fegacity costficient, {,/P, for mixtares (f,/y P)
or (7‘/:‘ P}

fugacity cosfficiant in the lquid phase at the
system cendifions foy the pure comnponsnts
paxubey density, melscsies/cc

sscond virial crose coofficient for { and j cempenentis
in the bsary mixtere

scyentric factor

distsace of the clesest approsch for the solute and
sslveut molscules in L. ~J. potential equivalent %o 82

enargy of intersction per molecule
chomical poteatial

tndicates molal property in the mixture
indicates e partis]l malal quastity
Argon

Mathane

indicates ssturation conditions
indicates P - -9, ideal astate

property of the lquid

proparty of the vapour




TRODUCTIO

The vapour-liquid equilibrium data are useful for the sepe-

ration of gases from gasecus mixtares. The data may be obtained
experimentally or by pradiction.

The prediction methode have baea developed in classicel
thermodynsmics by evaluating the fugacity cosificients with the help
of a suitable squation of state. However, & suitable equation of state
is not availsble for both vapour and liquid phases, for a wide range of

temperature sad pressure.

A new approach may be visualised for studies of the beha~
vissr of molecales in mixtares. B s based on ensrgy of {nteraction
between moleculas and enorgy requizved to creats & cavity for the solute
melecule in the solvest, It seems that the dats on simple non-pelay
miztares would be mes: suitable {or this kind of studies. By means of
swatistical thermadyasmic aualysis, equations have been developed to
obtain the chemical petestial of the componeats in the vapouy and liquid
mintares. In enginsering calculations the adveatage of such equations
may be taken. The Heury's law constant at iafinite dilution may be cai-
culated, then usiag the integrated Gibbs-Duhem equation the activity

cosfficient for the compiete concentration range may be calculated,

Eves in the early stage, this approach
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shcouaters difficuities in cslculating the radial distridbution function,
and in tars the imteraction enexgy. It sesms that further work in

this field should be promising.

Qhjest of the Work:

The first psase of this work was concerned with bduildiaga

suiteble apparatus for low temperaturs msasurements.

The isotdarmal data were considered more valuable than

jsobaric messarements (31). For studying the eflect of temperature

st least tarve iaathorms wore nseded. R was planned to obtain data

for three isotherms arvound 120 (0 1 40° K for £ argen-methans system.
Azgen and methans srs considered simples molecules due to their mole~

cular structure {or shaps}.

The liquid phase fugacity coefficisnts for pure methane were
a0t available for s wite range of tamperature and pressure in the lie-

rature. It was decided to calculats the fugacity ceeflicients from the
sxperimeatal data.

It was aleo intended to predict the results using the melecular

theory.
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LITERATURE SURVRY

The low temperstars vapour-liquid equilibrium atudies

Rave been weli discussed in the literature (2, 38, 39).

In this work a brief review is made regardiag the experi-

mental precedure, ihe calculation methads for correlation of data

aad prediction.

Experimental metheds!
Various experimental methods ars proposed for measuring

vapour-liquid equilthrium data at low tamperstures.

The dow peint and dbubble point determiaation method is
employed by Sage and Lacey {34, 33) for determining the vepeur-liquid
osquilibria, by Bloomer andé Pareat (1) at low tsmperatures. In this
method the gases of knewn composition are fed into the equilibrium
apparatus. The vapeur and liquid samples naed not be snalysed. The
disadvantage ie that it may involve much persensl erroy la determiniog

the tempersture and pressure at which the first dew or bubbdle formed,

The static method is utilised by Fedoritenke and Ruhemsnn
(12) at low temmperataves. Cheung and Wang (4) have also used a static
equipment st low tamperatures. I this method & mixtare of gases is

placed ia the equilibrium cell and maintained st constant temperature

NS |




for a long ttme. Thea the sampies are taken and analysed. This
methed srequires an axceptionally loag time and may eacounter
error during sampling, as the pressure may change from the equi~

librium pressure.

The flow method (s utilised by Sutsman and Brown (41)
for multicamponsat gae mixtures. A gas mixtare {2 passed through
aa equilibrium cell maintained at constant temperature and is pariially
liquefied. The samples are withdrawn aad aualysed contiouously.
The disadvantagse lies in the maintenance of constaat pressure and

temperature during rapid condensation,

The forced circulation method is developed by Inglis (1 6),
modified and used by Dodge and Dundar (10). Davis, Rodewald and
Kurata (7) modified the cquipment further. This method is widely used
at preseat. In this the vapeur is recirculated back into the liquid using
s pump. Thus the equilibriurn: (s reached vary quickly. The vapour
and liguid samples can be withdrawn almast without dlsturbing the
equilibrium. This methed is utilised in the present investigation and

discussed in detall later.

!
i
i
!
i
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Calculation meshnds, corvelation and predictiom ef data:

The sspsrimantal vapsur liguid compositions at equilibrium
may be direclly reprassnted by a plot of aquilibzium ratios. For the
purpose of correlation fhe fugacity cenlficient may be calculated for
the components in the mixture from an squation of state. The activity
coefficients may be calculated from she sxperimentsl composition
values and represented by suitable equations. An iafinite dilution
model with the aid of muiscular theory may be used for calculation of
limiting valuse of the activity cesificlent aud in tura for the whole

renge of campesition,

Theso methods are discussed in brief in this section. The

molecular theory is discussed in Appeandix VI,

The equilibrium ratio;

The equilibrium ratio is defined as,

5 °n/n @

Ths plots of logarithmic values of egquilibriam ratio, as
fanctions of the logarithmic values of the total pressare, sre frequesily
uood as means of representation.

For gaseous mixtares, which follow Kaoult's Law,

vP * x P (2
£ .
e k=2 E (3
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Ia this case, if the logarithmic values of Ki are plotied
against logarithmic values of total pressare at constent temperaturs,

it savuld have 8 slope of minus one., Dseviation would occur for acn-

ideal cases.

Fagacity coefficients of the componeats:
The fugacity of the 1th compouent in the minture at consiant

temperature {s defined as,

dp » RTAWT, 1=+ RTInT, T
5o that,

as P—— 0 é;-i > ::;. e |
At equilibrium:

ap’ = apt | (s)
3o, Tiv . ?iL {6)
New, TV « 9y )

I . P ()

Therefore, from (7) and (8)
Y atL
;';' = ;—; {72

1



The fugasity of the ith component in the vapour mixture
can be calcslated fyom the Asdlich- Kweag (27) equation of state or
virial coefficients. But the calcuiation of the fugacity coefficient in
the liquid mixture i not possible at the present stage due to the lack
of & suitable equation of state. o this method (s not employed ia

this tavestigation.

The evaluation of activity cesfilcionts and correlation:
Varicus direct and indirect metheds are 2vailable
for the predictisn of activity coeflicients.
The activity cosificient of -the ith component in the selutica

“ L d
Y " % 19
it
as x—=1 T—=1 a
and se (1

where the pure componsnt &t the solution temperature, pressuze and the

same physical condition is the standard state.
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At oquilidrium,
-V oV
{5~ o8 gy P 1y
. ?‘l“
* "1L * ‘:L 149
Equating (13) and {14}
Y
y, § P
o LAl
4
Agaia,
L >
" =P ')“ {16)

whese , 7& * pure component lquid phase fugacity coefficient at the

solution temperature and pressure.
Substitatiag (16) in {(1%)
N '
7, ¥
"gL - .!.:... an
% e

Several mathaods (14, 36a, ¢3, ¢5) are svailable for calculation of liguid

phass activity cosificients,
Hildebrand and Scatchard (14) proposed

2 2
RTlay = v, 9,° (6, - 5) (18)




where Vl is the molar velume of compounent ane in the liguid, 9'2
is the volume fraction ¢of the camponeat two, and 61 and 62 are the
sdlubility paramsters of the two camponsnts.

The solability parameters may be svalaated {rom the
eaergy of vapourisation, ia tara from wv-i.T. waere aﬁv is the

heat of vapourisation.

§ v ] {19}

Othor methods are given in the literature (14) to evaluate
the solubility parameter. In this methed & very simplified model
of “ regular sslution” is assumed and ia many cases far from the
astual mixing precess.

At low pressures the fugscity cosificients of the vapour
phaes may de determined from the second virial ceeffictent. lence
the activity coefficiont {(43) may be evaluated as,

| P (B, -VO)Fep0) Ps, y?
. S Sl L (20)
! n P RT RT

The calculation based orn Equation 17 is poesible if somne

relisble values are obtained for the gas phase fugacity and the liquid
phase fagacity.

.. .. e
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Y, and %, are cbtained frem experiinenial values. The vapour
phase fugacity costficient of the i th compoaent in the binary mixture
can be calculated by the Redlick-iKwong equation of state {27). The
Redlich- Kwong squatian of state is medified further (28, 29) based on
the acientzric factor for different molecules. The acdentric factor in
dofined by Pitsear (21), as:

(D = « log P: - 1.000 (21)

Fr is the reduced vapenr pressure At raduced temperature equal to 0.7.

The scéentric factor {or argon and maethane as reported by

Pitser (22) are ~0.002 and 3.913. respectively.

Froe the valuss of acceatric factor of argon and methans
it follows that szgou snd methane can be essumed simple fNuide withont
mach error (23, i4) and the values of vapour phase fugacity coefficients

for both the gasss in the mixture can be calculsied from the Redliche

Kweoag equation of state.

The preblem lisd mainly in cbtaining the values of .. ic®,
the liquid phase fugacity coefficient for the pure components at the
systom conditiens. Maony authers (3, 46} have pudlished velues of -‘6

st acdentric factor egusl to ser0.
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At constant temperature,

1 oy rr

la -0 gw tv" « )1 dPF (22)
o P.
The molay volume of the liquid can be considered constant

foz a low pressure change. Integrating Equation 22

la o) (Em) o = @) (29

Taen :.‘; at the desized prassure,

: &L i
T.‘\" ol v E - p’l
e * B ° RT (24)

U sing the sbove squation and cdbtainlag velues of L at satsration
presasure from Pitasr's dats (22., 46) the values of ;‘,3 are calculated
snd pletted in Figure 1. A comparison of the values of liquid phase
fugacity cooificlanis calculated using dilferent methede are shown in
Figare 2. The curve four is based en the extrapolated values of Chase

Seader (3).

In the prosent work Equetion 17 is used to calculats the
sctivity cosfficiente of argen atilising the caloulated values of

based on Pitaer's (46) data st seturation.
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Representation of activity cosfficient:

Ditferent smpiricsl iorme for represeating the liguid phase

AN ) AR NSNS K1 NI 5

activity coefficients srs preyosed (26, 32, 35, 43, 45). Itis found
that the acudvity cosfficients are convenisntly represented by s powes

series {3)) such ass

B .
hy‘s xzz B.c“az-ﬂtD(lxz-l){éxz-s}-t-----J {30)

la Y " ‘ll B+ C(t:to )+ D {2:1‘ «1) ((mz -5 ¢+ -....‘l {31)

e e R PTRIS
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EXPERIMENTA L DETADS

Ths sxpsriments weres periformed using 99. 996% pure
Arvgen and 99. 9% pure Metbane. Detallsd anniyses of the gases
are shows ia Appemdix IL

A WIS ESRIY 11 IS5

The agparatus was desigaed 1o operald irom room tempe-

ratare t0 -160° C and up to 1200 paig pressure with isopentans ss
the bath liquid,

The apparatae shown in the schematic dlagram (Fig. 3)
comprised of the following sectiens: the equilibrium cell, the feeding
snd evacuation device, the low tamperature bath, the electromagnetic
pump, the temperature contral aad mm-ycum. the sampling
m«formmmn@wwmwmwnmv

The equilibrium cellt

The squilibrium cell was made of 306  staialess steel.
The inside dismeter wae 3/08 inch sad the length was 6 inches. The
thermecouple wall, the vapour line and the liquid sampling tube were
welded to the cover plats. uocmrﬂmmocrmmmim

body of the cell with 1/8 iach teflon packing placed between them.

The thermocesple well was seilsd a3 the top using & Swagelok
connection. Ths vapeur inlet line was coiled and welded through an

S— L
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Astoclave joint 80 the dottom of the cell. A sprayer with twenty tiny
holes aprayed the vapour inside the equilibriom cell. Two screens,
one Rewr the top and the other near the boitom, were used to reduce

entrainmaent and to distribute the vapous,

The foeding and evacuation devicess
The eguilidbrinm coll, the recivculation 1oop and the sampling
tubes were evacuated 30 sns-hsadredh of & millimeter mercury before

sach rua ssing A vacusm pamp.

The gasss were charged ia twe difforent precesses. Kither
the gasee were premised and then fod into the system or charged one
afier the ather. Argen wes withdraws f2om the cylinder through a
pressure veguistor. A nwedle vaive sad a gauge were comnected with
the methane cylinder, A small emply cylinder with a pressure gasuge
was moemnied in sezies aad was s3ed 49 & presuizing chamber.

The low temperaturs baths

The low temperature bath is shown in more detail sa Figure 4,
An snameled Dawar flask was placed inside an aluminum veseel loaving
ens inch aly gap &ll around tie flask. The aluminum vessel was insulated

with twe-~iach thlck fiber glass all around.
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Isepentane (freesing peiat -160" C) waed as the bath liquid,
was placed in the flask and was cooled by evaporating liquid nitrogen
in copper coils. Liquid sitregen was withdrawn from & tank under
nitrogen gas pressure tarough & foam insulated quarter-tnch copper
twbe. The cooling colls were fisted to the lid of the bath.

The bath was heated nsing an tmmarsion heater (resistance
20 ahms) connected te the power source tArough & powerstat. Aacther
one wsed as & centrolling heater was connected through the temporature

controller. A epeed sdjustsble stizzer was used 10 otir the bath liguid.

All the cannections were made through tae top cover of the

bath. The top cover was iasslated by glass fiber and feam insulater,

The slectremagnetic pamp:

For the recircelation of the vapour an slectromagastic pamp
was used. The pump was Sullt ia the leboratezy. [ was the same as
that used by Chang (5) with alight medificasion. A condeaser and 3 high

resistance were commected across the 5. C. ouniput to reduce the slecirical

pressure eu the relays.

The pump was & dovble actiag piston type. The pisten (made

of Alnice-3 magnet) moved to aad frs, due te the lnduced magnetic fisld.
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The magnetic field was created by curreut passing through the coils
having soft iron coxe. The pump capacity was 0 to 50 cc. per min.

The preseuve drop across the pump wes 1 to & psi,

The circuit diagram and the pump cross-section are shown

in Figure 5.

The temperature control and messurement:

The bath was cooled 10 & slightly lowsr temperature than
desired by regulating the flow of the liquid aitrogen and adjusting the
voltage of one immersion heater. The controlling heater connected
through & Bayley temperature controller model 250 with resistance
sensing element maiatained the required temperature. The tempe-
reture centroller had s guaranteed accuracy up to + 0.001°C. The
tamperature was messured by copper-constantan thermecouple pisced
inside the equilibrium cell. The referemce junction was place inside

an ice bath. The millivoitage was measured with a Tiasley Poteatio-

meter which read up to 9.0001 mYV.

The bath temperature was maintained alnost steady and

flactuated only ¢ 0.02°C as registered by the thermocouple.

Calibration of the thermocouple is shown in Appendix IIl.




Measurement of pressare:

The pressure was messured using two test pressure gauges
(Bourdon type), one of range 0 - 1590 psig with 5 peig divisions and the

other of rangs O« 6800 peig with 2 peig divisions,

‘The pressure gauges were calibrated using & dead weight
tester. The calibretion table for the 600 paig gauge is given in Appendix

m.

Sampling of vapour asd liqeid:
The vapour ssmplss wers arresied in the vapour sampling

tabe by closing the valve at beth ends of the tube, Difficulties were
sncountored with the Mquid sampling procedure. Ne sultable description
of the technique was availsble in the litarsture. In this m;k the
fellowing steps were developed. The capillary tube for liguid sampling
wes cocled with the evaperatiag nitregen {which was almest at the bath
temperature). The capillary tube was connscied with & three-way valve.
The fizst portios of the liquid was parged out. Then the sample was
mien in the eampling tabe and svaporated completely. The sampling
tude was abeut 100 cc {n capheity and was ot room temperature. The

flash vapourisation of the sample was avvided in this way.
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Asalysis of vapour and liguids

The vapour and the liquid samples ware analysed by
Feriia-Elmer Vapous Frectometsr idodel 134C along with &
Spesdomax potentiometric recordsr. Two ans-meter long columns,
peached with silica gel {38~ 30 mesh) were used. Helium, the
carvier gas, was flowa at 7.5 psig preesure and at a rate of 41 cc
per minute. The celumn temperature vas 53°C. The chart speed
of the recorder was one inch per miuate. A typicsl analysis is shown

in Figure 6. The argon aand methane peak ware Quits apart.

The calibration of the gas chromatograph is shown ia

Appendix III.

Experimeatal procedure:
The equilibrium cell was evacuated to ene-hundredth of a

millimeteor mercury. The bath was cosled to the required tempers-
tare. The gases wers charged. The pump was switched en for circa~
1ation. The gases were circulated Hil the pressurs and temperatare
ws73 steady for an heur. The pump was stopped sad sfter about fifteen
minutes the vapour and liguid samples were collected.  The sswmples

were analysed with the calidrated chromatogragh.
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RESUL TS

The sxperimental resalis are tabulated in Tables }, 2 and
3, im Appendix 1. The Fex-yand y-x diagrams are shown in Figures
7to 13. The eguilibrium raties are pleited sgainst pressure in a log-

log scale in Figure 14.

The pressure was yeod wp 86 + U.43 psi. The temperatares
reperted are sccarate up tot 0.02°C. The prepared mixinre showed
that the analytical procedure was capable of messaring up to + 0.2

mole % ia the composition range &) to 80 moie *.
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CORRELATION OF DATA

The activity coefilcients for argon wers calculated based

on the eguation:

where y, and x, were chiained from experimenial data. The fagacity
confficionts in the liguid phase of purs Argon were obtiined {rom
Figure 1. The fugacity coeificient for the vapeay phase was calculated
by the RediicheiKwong squatioa of state (Z7). Axn availabie computer
program was utilised in this calculation. The activity cosflicients are

tabuiated in Tables 5, S and 7.

Recently Sprow and Presusuits (37) pablisted vapour liquid
equilibrium data ior e argos-mathans uystem ot 9. 67° K. Their
correlation iadicated that the data might b2 well represented by a two-
censtant Redliche{ister squation (30). I tae present work, a»s the
available dats (19) for the liquid phase fagacity cosfficient of pure
methane were not dependadle (8, 25), the correlations of the actvity

cosificiont were made based on the activity coelficieats of argon.

The twe-constant Redlich~iister squations (33) are givea

as faollows:
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logy, * x,° |L’ +C0xy-x) |
log Y, = ‘lz l'B + C (xx - 3:2 _}
These expressions may be rearranged as:

log Y’

2
2

log Y,

:Z
1

< ‘B-c”‘ 4081
x

s (B+C) - ‘sz

The values of constants are obiained by using the least
squares’ methed,
The valges of the constants are obtained as follows:

Temperature B C
122.66'K 0.18424 0.01521
132.52°4% 0.14597 0.01315%
143.16°K 0.13652 0.01282

The values of (log y‘)/xzz are plotted against =, in
Figure 15. In the pressat calculations the values of log v for

argon are used W obtain the constants.

The activity cosfficieats for methans were then calculated

based on the constants. The curves are shown in Figures 16 to 18.
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LIQUID PHASE FUGACITY CORFFICIENT OF PURE METHANE
The liquid phase fugacity coefficients were calculated from

experimental values based om the equation:
v

7/

g
n
]
J‘r!" /

in which 1A aad x, were tae experimentally dotersined equilibrium
compesitions. ‘/ﬂ\iv'n ware caleniated based on tie Redlch-Kweng
equation of state (27). The activily cosfficients were calculated using

the two coustant Redlich~Kistar equations es stased before.

The liquid phase activity coefficients for pure methace werse
ploited againat the reduced presaure on & iog-log scale ia Figare 19.

The values sre mbdulated in Tadles 8, ¥ and 10 ia Appendin V.

The >; valuss are compared with the calcalated valuss
based on the date of Mathews and Hard {1 7) at saturation ia Appendix V.

The agresment of the valuss is within & é%.
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DISCUSSIONS AND CONCL USIONS

The (dlowing are the canments on the observations.

The squipment:

The ferced circalation type equipment, which was bailt aad
used in the present experimental work was & versatile one. It was
suitable for messurements of total pressure and vapour liguld squlli~
bria studies for twe phase muiticomponeat systems for a wide renge of

tesnperatare. The obiniasd data were reproducible.

Tha results and calculated velaes:
The working temperature esd pressurs were chosen beloe
the critical temperature of both the componsats and the mixtures {17).

The temperatare and pressare ranges were &s foliows:

Isotherm Temperature " A Fressure range
Ppoia
¢ 122,68 34 - 205
14 132,52 60 -~ 340
m 143,16 106 - 520

The threas sots of isothermal dats are suitable for extrapolation

! and also for calculation of the effect of tamperature and pressure on

composition.

2T T e v




|

-‘3.

A Qlbbs~Duhem area test for the consistency of the data
is not possible due to the unavailability of reliable pure componeat

liquid phase fugacity coefficient for methase.

The argon-methane mixtures at this temperature range
ars not too far from idesl, The excess Gibbs {ree energy of mixing

is less than 30 caleries per gram mole.

Two constant hedlich-Kwong squation was used for corre-

latiom.
The constant of the equations obtained are:
Temperature K B C
122,66 0.18434 0.01521!
132,852 0. 14397 0.01318
143.16 0.13652 0.01282 :
The excess Gibbs fres energies for 50 mole % liquid mixture
. are as followa:
Temperature * K GE cal/g mole
122.66 25. 503
132.52 2. 247

143.16 21.495
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Tae values ars slightly higher than the extrapolated valuss
of Sprow and Prausaita (37), but closer 10 the exirapolated values of
Mathot (47).

The x-y plots in Figure 13 show that the x -y curves
approsch the diagonal as the temperature rises. The activity coeffi-

cients for both the gases decrease with rise in temperatures.

The fugacity coefficient in the liquid phase for pure methane:

A set of fugacity coefficieat values of pare methane were
calculated from the experimental dats. These values differ from
those predicted baned on Pitser's data at saturation for sero acceantric
factor. The experimentsl values are useful for future calculations
and suitable for extrapelation and intrapolation. The agreemeat of

the values with thowe of Mathews and Huxd (19) is within + 6%.

The prediction methodst

The theory based on the creation of cavity ia the solvent for
the soluts molecule and the iateraction Letween the solvent and the

solute molecules is discussed in Appendix VI

In this methed the problem was encountered mainly ia the

calculation of the interaction ensrgy between solvent and solute mole-



.“..

eﬂn.- The interaction energies at different temperature are calcu-
lated fram lLennerd-Jones model assuming the radial distribution
function equal to unity. The interaction energios are also calculated
frem other functions includiag the experimental values, i.e.,
G./RT, 1a (RT/V) and la (f,/x,). The valuss of (G /RT)

solute

(p nt/ T) are compared. According to the Lennerd-Jones model

solve

with radial distribution function equal to unity (Gt/ Rﬂ'ox‘”/(p”xm'/ Y]
should be coastant for 8 binary system. But the comparison shows
that they are nst constant. Further, the values for argon and methane

arve different.

It may be concluded that the redial distribution ¢y, cei0n 1a

not equal to unity and is aleo & function of temperature (or density)

| and the shape of the melecules. Further calculations with different

meolecules will halp in fiuding cat the functions.
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Tablse |
Ts 122,686°K
No. Prescure £ x
peig
1 118.0 0.85% 0.565
2 109.9 0,835 0.325
3 178.0 0.9673 0.92¢
4 164.5 8.829 9.520
$ 130.0 0.8% 0.638
[ 146. 5 0.922 0. 744
1 95.0 0.795 0.418
8 136.5 0.882 0.68
92 126.9 0.848 0.5%¢
10 113.0 0.830 0.537
11 103.5 0.798 0.457
12 86.9 ¢.720 0.3585
13 82.0 0.750 0.342
14 70.5 0.698 Q0. 263
15 85,9 0. 61t 0.199
16 8£.% 6. 624 6.1895
17 36.5 0. 447 0.098
18 68.0 0.688 6.25
19 163.0 0.972 0.966
20 51,5 9.392 0.177
21 132,5 0.7 0.662
22 177.5 0. 962 9.92
23 9.0 0.795 0.398




Table 2
T » 132.52°K
Ne. Pressure "1 x
prig
1 273.0 0. 914 0.813
F 2585.0 0.913 0.776
3 124.5 0.597 0.272
4 138.0 0. 6465 0.3125
5 157.0 0.6965 0.3930
6 137.0 0.638 0.317
7 112.0 9.5725 0.265
8 84.0 0. 4605 3.1608
9 67.9 0. 2942 0.098
10 87.0 0.4616 0.1675
I 233.3 0.8655 0.634
12 189.0 0.790 0.503
13 1410 0.6555 0.3205
14 154.8 3. 697 0.378%
is 132.5 8.626 0.310
16 237.8 0.833 0.689
17 257.0 0.903 0.766
18 174.0 9,774 0.438
19 215,90 0.832 0.600
20 233,0 0.858 0. 647
21 194.0 0.854 9.537
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Table 3
T = 143.16°K
No. Pressure "N x
2 257.0 0.709s 0.4325
2 431.0 0.9295 0.829%
3 346.9 0.887 0.613
4 s21.5 0. 835 0.560
5 268.5 0. 7185 0.433
6 259.0 0.708 0.427
7 197.5 0.5785 0.275
s 28.0 0. 7438 9.470
9 2.8 9.7298 0.1440
10 223.3 9. 6855 0.372
11 175.8 0.5098 0.2425
12 126.0 0.3115 0.0982
13 129.9 0. 3142 0.1015
14 208.9 0.574 0.2978
1s 189.5 0. 5595 0.274
16 313.0 0.838 0.53
17 357.0 0,842 0.640
18 311.0 0.802 0.530
19 395.0 0.895 0.7%2
20 152.5 0.475 9.208
21 267.0 0.718 0.435
22 198.9 .57 0.273
23 166.0 0. 562 0.230
24 151.0 0. %02 0.171
25 306.0 0.843 9.555
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Appondix I
The Cuality of Gases
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Argon gas was supplisd by Union Carbide Canada 144.,
iisde Gases Division, Ottawa~l. The typical analysis supplied by

the manufacturer ts ao follows:

Purity (miaimum) 99. 996 %
Moieture é ppma
Oxygen - less tun ! ppma
Hydrogea - less than i ppm
Carboa bearing compounds - less than 3.3 ppm
Nitrogen - loss than 2.8 ppm

Group V compounds (as PH,) ~ loss than 4 ppm
Methane gas was supplied by Matheson of Canads Lud.,

Whithy, Ontario. A typical analysis of the research grade methane

used:

Purity 99.90%
COZ 40 - 50 ppm
Nz 19.8 ppm
cza‘ « less than 10 ppm
Csli‘ « loss than 5 ppra

The chramatographic analysis did aot show the traces of

impurities present mentioned above.
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The calibration of thermocouples:

The copper constantan thermocouplss were supplied by
the Thermo Electric Compaay. A calibration chart for the thermo-
couple was obtsined. The chart showed the millivolitage against
temperatare. The differeat points in the chart were verified by
moasuring the melting point of ice and the vapour pressure of argon

st different tamperatures.

The refersace jusction was placed {n an ice bath, the

temperature of which was measured by & precision thermometer.

The vapour pressure of argon at different tamperatures

are shown and compared below:
Vapour Preasure

-mV T°C LTxptl. Literature (22)
atm, abs. atm,. abs.
4.615 150, % 13.78 13.80
4. 377 -140.0 23.22 23.20
4.136 «129.9 35.60 35,50

The values obtained above are in very close resemblance

to sach other and well within experimental srroz.

The millivelt vs the temperature curve is shown in Figure

e IR
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Calibration of the pressare gauget

The pressure ia the cxperiments varied from 15 to 510 psig,
and was measured with the test pressure gauge raage: 6 - 600 paig,
with 2 psi divisicns. The pressure gauge was calibrated using a dead
wolght tester at the Livision of Fuels and Mining Practice, High
Pressure Chomistry Section, Mines sad Techaical Department, Govern

ment of Canada. The report No. 66003 is tabulated in Table 4.

Calibration of the chramatographt

The chromatograph was calibzatad with prepared samples
of known compositicna. The retentios tinie was slightly above two
misutes. The psaks were separate. A iypical chart diagram is shown
iz Pigure 6. Ths ares wee measured using an integrater as well as by
measuring the arss of the triangle formed. Wagser and Weber (¢4)
bave suggested a plot of mole fraction ratio vs peak area ratic. This
was farther medified by Deshpaade and Lu (8). In this case the mele

fraction rasioc was plotted ageinst peak area ratio {(Fig. 21).

The reproducibility was within + 0.2 mole % iu the range

of 20 to 80 mele % compesition.
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Table ¢
Trae Gauge Deviation
Pressure Fressarse pei
peig poig
0 0

4.5 0.5

L 8.5 1.5
15 14.0 -1.0
20 18.5 ~1.%
25 23.8 1.5
30 28.0 ~2.9
k1] 33.5 -1.5
40 38.5 -3.5
45 43.0 -2.9
50 49.0 -1.90
55 54.0 -1.0
60 58.2 -1.%5
63 63.0 -2.9
70 ¢3.9 -2.0
75 73.0 -2.0
80.0 78.0 -2.8
85.0 83.0 -2.0
90.0 88.0 -2.0
$5.9 94.0 -1.0
100,90 98.0 «3.0
105,09 103.0 «2.9
110.9 108.0 -2.0
115.0 113.0 «2,0
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Table 4 (Contianed)
True Gauge Deviation
Pressure Pressure pai

paig paig

120.9 118.0 -2.0
125.0 122.5 -2.%
130.0Q 128.0 -2.0
135.0 132.8 2.5
140.0 137.5 2.5
148.0 142.5 -2.5
180.0 147.3 -2.8
155.9 152.% 2.5
160.0 157.0 -3.0
165.0 162.¢ -3.0
170,0 167.0 -3.0
175.0 1712.9 -3.0
180.0 177.¢ -3.0
185.0 182.9 -3.9
190.0 187.9 -3.9
195.0 - 192.0 3.9
200.0 1971.0 -3.0
205.9 202.0 -3.0
210.0 207.0 -3.0
215.0 212.0 -3.0
220, 0 217.0 ~3.0
225.0 221.8 -3.5
230.0 226.5 -~3.5
235.0 23L.5 -3.5
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Iable 4 {Contiaued)
Tree Usuge Devistion
Preasure Pressure pai

peig peig

240.9 236.5 “3.5
245.0 241.5 «3.5
250,90 247.0 3.9
258.90 252,90 -3.0
260.0 257.9 «3.0
263,90 262.9 -3.0
270.0 267.0 -3.0
278.0 272.0 -3.0
480,90 217.6 3.0
285.0 282.0 -3.0
290.0 287.0 -3.0
300.0 297.9 -3.0
305.0 392.0 -3.0
310.Q 7.9 -3.0
315.0 3il1.8 3.5
320.0 316.5 -3.5
325.0 321.5 -3.5
330.0 326.5 «3.5
335.0 331.5 3.5
340.0 336.5 3.5
345.0 342.0 -3.0
330.0 347.0 3.0
355,90 352.0 -3.0
360.0 357.0 -3.9
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Table 4 {Continued)
True Geuge Deviation
Pressurs Preassure pet

paig psig

365.0 362.0 -3.8
370.0 367.0 -3.9
375%.0 312.0 -3.0
380.8 317.0 -3.90
385.0 382.9 -3.0
390.0 387.0 -«3.0
398.0 3%2.0 -~3.6
400.9 397.9 -3.0
405, 0 402.0 3.0
410.0 407.0 -3.9
420.9 412.0 -3.0
425.0 22,0 -3.0
130,90 427.0 -3,0
433,90 433,90 ~3.0
440, 0 437.0 «3.0
4+45.0 442.0 «3.0
450,90 447.0 -3.0
455,90 ¢52.9 -3.0 .
460.0 €57.0 -3.0
465.0 462.0 3.0
470.9 467.9 -3.0
475.0 472.9 ~3.0
480, 0 477.0 -3.9
485,0 482.0 -3.0

B Y ]
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Tabls & {Continued)
Trae Gaunge Devistion
Pressure Pressure psi

psig psig

430.0 487.9 -3.9
495.0 492.0 «3.0
500, 0 497.0 -3.0
505.0 502.0 -3.0
310.0 507.0 3.0
515.9 511.5 «3.5
520,90 516.5 -3.5
525,90 521.5 -3.5
530.0 526.5 -3.5
535.0 531.5 -3.5%
540.0 536.5 -3.5
545.0 5¢1.% «3.5
5%0.0 546. 5 «3.5
525.9 522.0 -3.0
500.0 497.9 -3.0
475.0 472.9 -3.0
450.0 447.0 «3.0
423,0 422.5 2.5
400,0 397.8 ~2.5
375.0 372.0 -3.0
350.0 347.0 -3.0
325.0 322.0 -3.0
300.0 297.0 -3.0
275.0 272.0 3.0
25%0,0 247.0 -3.0

B L e ]




able 4
Trae Gauge Deviation
Preasurs Fressure pei
peig peiy
225.0 222.0 -3.0
200, 0 197. 5 2.8
17%.0 172.9 «3.0
150.9 148.0 -2.0
125.0 123.0 -2.0
100,90 98. 8 «1.5
75.0 74.0 «1.0
50.0 49.0 -1.0
25.0 24.0 -1.9
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Appendix 1V
Activity Coefficient of in the Mixture
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Calculation aof 1_-.‘322 Phase Fugacity Coeificient for Methane
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Appendix VI
Calcuistions Based eu Molscular Theory
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Prediction molecular theo

The problem of solubility at infinite dilution is at present
looked upon 83 & twe stage eperation. A cavity {s crested for the
solute moloculs iz the selvent and theu the solute molecule is placed
in the solvent. The creation of the cavity would require energy
termed as “'the energy of cavitation". The solute molecule when
pinced insids the salvent would interact with the solvent melecules.

The energy eacouniored is termed as ' suergy of interaction*.

This theory was propesed first by (Big (42) and Eley (11),
but has not been utilized for a long time, Ploretti (20) calculated
seme values of Henry's law conatants, which showed large differeaces

with the experimental resuite.

The chemical poteatial (1 3} in the liguid phase for the solvent

melecule is given by the following squation:

N,
+ kT la (2 Vi-1

sz - ~(\} + P;z - len‘.\: ’2
where -')Cz is the poteatial enezgy of the suluse molecule in the solation
velative 10 inflnite separation. P;z is the pressure-volume energy of
the sclute molecules. V ?\23 and j, are the partitien fanctions per mole-

cule for the translationsl and internsl degrees of freedom for salute.




-5 e

The subscript | stands for the saivent and subscript 2

stands for the solute.

'

For a very dilute solutica -&5 is approximately squal to x,
1

sad Ve H‘ \f} Vi-2
N2

then v " :mz/'wl vi-3
Coasiderisg the sclution to S¢ very dilute, the sclute-aolute

intevaction can e asglected.

The (-'Xz + PV,) may be replaced by {§_ ¢ §, ), waere 3.
represents the partial molecular Gibbs free snergy reguized to create
a olte in the selvent for a rigid sphere having the same sine as the solute
molecule and ;‘ is the partial rmelecular CGibbs free energy of iateraction
between the solvent molsesie and the selute molecule . This is ideatical
to that of chargiag the hasrd sphere or cavity introduced in the first case
to the vequired potsatial.

3e,

bt et B e kTN e RTm G v) VIes

The chemical potential in the vapour phase of the soluts is
| givea by the following equation:

,z". .n’h()\z’,zn KTlaT,/kT Vi-$



0760

Plorettl used pressure lastead of fugacity.
At eguilibrium,

i v
“z - i‘z vi-6

Substituting for sz and “ZV

B 4B tRTIa(xy/v) e kTla d,/x7) Vie?
Rearranging,
KT} ?—3--‘ + 8 031‘13(53)
a‘z 8 . v, Vi« 8

Maltiplying both sides by N the Avegadro's number, and then dividing

both sides by NkT ¢ KT

I, & 3
L S S 2 RI
g T+M+h(v33 vi-9

where G ’ Ec and \I1 represent the partial molal and molal properties.

The partial molal Gibbe {zes energy of creating a cavityina

flaid of hard spheres is given by Rslss and cowozkers (32, 33), as!

~ . 3

G oKX +K 8, K 8,1+ E 8, vi-1o
where | B 3

K = RT | ~ln{l-y) ¢ 9/2 ‘zy'_la.y,gz o m—— Vi1l



where,

-7 e
n‘ - <RI | by/(l-y) +18 %!/(K-ﬂ';’:l J *‘KFclg Viel2
l‘ L L J
R | ol 2,
K, » == 12y/Q-y) +18 iy/(l-y)i «2iPa, Vi-i3
s, -
Vi- 14

ye { W.‘zp):/b
A RTP

Wik

3,5t v )2 =K, =

The partial melal Gibbs free snergy of interaction is given as

8‘ Vie1%

PV is vory small in comparison with ‘E‘ and also for nea

O‘lEi-l' PV-T

polaz (simple) moleceies 5‘ is aegligidls. Therefore

G‘ = 8‘ Vi-16

The interaction energy of a non pelar seluts molscule with aca pelar
salvent molecules can be calculated from various empirical equations
proposed. Beat the difficulty in ebtaining a suitable sxpression for the
radial distribution fanctiva ia the liquid phase independeat of the inter~

action energy, has limited the prediction of interaction snergy.

Pioretti (20) assumed the radial distribution function as equsl

te one sad calculated intersction enezgy between melecules based en

Lennerd-Jones (6 ~ 12) pairwise poteatial.



PRI e e e L e s meriaiaen et ien e et feE

- — .‘ ‘ "z
oaaz-lr’ Y W } vi-17

i P

, whete rp is the distance between the salute and the Pt golvent

melecule. For the whsle salvent replacing the summation by iate-

| gratioa
" R .
:r s (¢7 pe/T) / (= ‘. l: r m)dr Yi- 18

R
where R s the dishance {rom the ceater of the salute molscule to

the ceater of the uimt seivent molecule. The iategration yields

- 9 |

0‘(3),"&'1’ ® «(co/kT) Lﬂ/&')’ - % ('gl{:) Vi-19
where, -

(CO/RT) = % pe/(6RT O),") Vi-20

- . @

¢ = "t'l C_z,l/zd‘l Vi- 21

U N ERENE Vi~ 22
and R' = R,/(] 12 Vi 23

 As )z 1o the distance of closest appronch between sclvent and solute

melecules, R' is equal to unity. Then the equation reduces to




N

T o < s e 2t 1

RT

-?9.

- 05-’3‘5‘/‘”

Vie 24

All the tevms in the right hand side of squation ¥1- 9 may

be svaluated as mentionsd abeve. Se the Henry's lew coastant

may be calculated.

At three temperatures the values of Jaf '

.ai
& BE R

Vi- 25

G
T

and l-(u/v‘\, are calcalated based oa the sbove mentioned eyuations..

Xable )3

- , \ L ] L \\
T°K Component laf/x G /RY G,/RT WRT/V)
CH, 1.268%0  6.15386 ~9,8674¢ 5,66577

132,52 A 2.2374¢4  6.40840 -1.79164 5. 58424
CH, 1.7952)  §.12038 -8. 29964 5.63441

143,16 A 3.58266  5.79155 -6.87989  3.61420
cH, 2.3340  3.78532 -6. 44706 $.54926




Floretti has shown that the values of G A calculated as

above are very sccurate. 3¢ it seams that the discrepancies lie

1 mainly in the valass of 3‘ u(‘c'i/nm is calculated frem other
functions (‘&"/nr. 51 in ’) the following valaes are cbtained.

Componeat 123. 66" K 132.52°K% 143.16°K
(a‘/x’n A -9, 65985 -8.75520 «7. 82310
Based an
other functioss GB‘ «10,5504) -§. 95960 b, 9997
(G‘/ RrT) A -8, 78016 -T.T9164 -6, 87989
Based on
m.“u" CH‘ .’o .‘7“ ’.o 2’9“ ‘6' “7“

The values differ very much. In the calculation of inter~
action ensrgy the radial distribution faaction of the solvent is assumned
to bo usity. The shaps of the melecules are assumed to be spherical.
H the sffect of the shape snd radial distribution function ts comsidered,

the ilateraction energy may be representsd as

G, ’
(5 sarate ® o wlr) g (LD, DY)

. where , u (r) is ths eneryy of interaction baced oa the Lennerd-Jones

potestial fanction.
g (r) is the radial distridbution function of the salvent {14, 1§).

! £ (b, b,) is 2 fanction dependent oa the shape of the solute

mmbntudu skape of the selveas ﬁm«bti molecules.




- 3l -
'Mwat
The values of gei/an. am-/* ) are calculated,
aad the valaes are
_Ix 122.66 132,52 143.16
P
(G,/RT) m”/c-qma s10 (A 4.6566  4.7397  4.7945
based on experimental dats CH‘! 4,5100 4.5530 4.5798
’
(9,/RT), dm/(—‘%&!-) 210 A 62 ¢.22 4.22
4.22 $.22 4,22

based oun interactien {1.. J. Poteatial) CH A

From the above results it is clsarly seen that the fusnction

(G‘/R‘n. olab/" ol /T) is sot coustant for a bisary system as

pestulated by the Piovetti model. The radial distridbaticn function is

- dependent on temuperatire or in tarn dspendent on the molecular desity.

There should be a fynction invalving the shape of the solvent and ihe

solute molecules.
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Sample Caleulations

1. Caleulation of liguid phese fagacity cosfficient of Argon:

Temperatures 112. 66" K

v" « 34.85 cc. g mole {rem Din's mble (3)

D P 1 i - P
x‘°‘ \‘P“’.RT' ‘p P)

-

P 1 Lo e
or leog -, ‘W" iR ¥ W F)

\0 P i
v {FeP°)
or 2" 'F""" satileg T~IRT
2 ‘.' P*'a £ = 11,4088 atms., from Pitsar {46) values
P°e 13.8013 atas., from Din's tables
At P s 5 atme.
(F=PFP') = «5.8013 atme.

} 9
v .“
3. %3RF " 1,303 x“‘JuL". 5% x 132,85  V-00149

L

S SE=P) . Lo.0inis

2.303 RT

%“ o dhg088 2.2817

log - .-?- .-0,013115

or u.-’-’-; .+ 0.083115

;
‘
!
i
|
!
i
]
i
|
i
i
!
|




BT |y gy

e

or J‘; = z:z iz . 2.21%2

2. Chromatograph calibyationt
Known sample:

'l s @, 5

'l' 0.5

=

- sl

*2

The ares under tha argon peak = 43541 (Integrater reading).

or

The ares under the methane pesk » 65070

Arm fordrgen 34070
azea for Methane . a3%el * i.273

3, Calculstion of compousition from the calibrated curve:
Bun uo, 7, temaperatare = 122, 66° K
The vapoar phase
Area for Argha peak s $3383
Ares for Methane peak = 17252

Ammm
Azes for Methane 4.8




.85 .

From the calibration curve,
x
--1- s 3.8
*
1
'i'ﬁ » 09,305

x = 10,208 = 0,795

4. Calculation of activity cosfficient:
Roo ne. 7, amperature = 122.66°K
Pressurs » 35.0 peig

»n 7.4663 atme. abs.

Compesition
y‘ = 0,798

x - 0.418

critical femperzature = 150, 72°K
critical pressure » 48.0 atme. abe.
rn s 9.81382

PR = 0, 15554
:;';!rom Figure 1 = 1.47
i, ia the vapour miaturs calculated fxom Redlich-Kweng

equation of state using the IBM 1610 coamnputer = §.90735.




.

-as-

Thsrefore

0,195 _ 0,90705
R i 2R v GBI

log 0,06865

Calculation of Mquid phase fugacity coefficient for methane:
critical tamperature of methans = 199, 16°K
critical pressure of methans = 46. 8 atma.

Temperature s 122.66°K

TR s 3.643%4

Px- 0.16301
7% 1-0.795= 0,205

x, ® 1~0,438 = 0,582

The fugadity cosffictant in the mixtuve calculnted from RedMch~
Kweag squation of state using ths IBi: 1620 computer = 0, 8255
The activity ceefficient of methase is given by:
20
lo.yz = % J.Bé Cix, - sz)]
s xlzl_(,li <) - CC:Z‘}
where B = 0.18173

Ca 0.01475

... BTy
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Thervelfare,

‘a L ‘.“?2 N
Y g
P .& x uEn

e T

8,205  0.82%5
0. * 10612

-
= 9.28728

Calculsation bassd on melecular theory:
Dats:
at 122.66°K

From Dia's table (9)t

v L
4

L .
v . 34, 85 cx/ mole

s 3%.3 cc/g mele

Frem Hirshislder et al. (15):
a,s 3817 x 10°% em

8, » 3405 x 10° cmn
(-}5-)2 . 148.2°K

()« neex
k % *

a, ¥+ H
‘;z""l“é"'"?‘ 5 3,611 210°% com

Eroesagy




ooy

TS A L m e e o e s e e s e n

b 4
Y y
172 Z . .
nmpands 3§ » [6{i‘rz’flal(“y )

... e

- &8 -
;..;. @ /( u ’z «il9.8x 148.2 « 133.2¢°K

»-’-‘%1-5 x §.923 = m” molscules/ s
23

s 0.0i8694 x 6.023 x 107 mwlscules/cc
1 23
g tm x 6.023 x 10 molecules /cc
s 2,035445 x 6,023 x !0“ molecules/ce
.6.3
Mdﬁ for CH‘ solvent

it 3
A
A -3,3 23
5 X £3.405 x 10 x 0.2544% x 6.023 x 10
= 0. 44625
K
)

- 2
p 9 pd .,
vl Rl Ll PR I J

-2
e
.

oln (1 = 0.44628) » 2 E&-—.ﬁ.
Q-o. ) Zz Y ~0.4462% \

s 3,51355

-—

2

.
2. 94625 9,44625
6% (75940638 * 18 * (Yo
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