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ABSTRACT
Isothermal vapour-liquid equilibrium measureﬁents have been measured
by a forced-recirculation type of apparatus; the temperaturé range
investagatad being 115-137 °k for the binary system argon-methane and at,
123.hh'°K for the ternary system argon-nitrogen-methane.

T‘Results were presented in the form of activity coefficients ¥ as a
function of compositions; high pressure and iow pressure eéhations being
used in their determinations. |

Binary and ternary constants for the one-suffix Redlich-Kister
equation have been found to represent both the binary and ternary data
adequately. |

Experimental data were examined for consistency by noting the trend
of the terminal values of the activity coefficients at the investigated
temperatures.

Owing to scarce literature data perfaining to the ternary effect, a

qualitative treatment has been made.
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I. INTRODUCTION

The ever-increasing technological progress of the chemical industries
.have oriented researchers to sub.ject vapour-liquid equilibrium data at
high pressures to thermodynamic analysis.  The ultimate goal of this |
orientaﬁibn is to close the gap existing between the empi-ricity of . R
industrial applications and the 'theoretical predictions of such processes.

Accuracy in the prediction of thermodynamic properties has been
limited to that of a suitable equation of state which can describe liquid.
and vapour behaviour. -

A suitable equation of state can be used to estimate thermodynamic
functions such as activity coefficients. This function can be related
to easily measurable intensive properties of temberature ) préssure ard
composition.

’The. objective of this work has been limited to the observation of
such properties; that is, the pressure~composition behaviour with
temperature were studied., With the existing knowledge on phase behaviour,
it was possible to correlate the activity coefficients with temperaﬁure
for the binary system argon-methane. Extension to the ternary system of
argon-nitrogen-methane was then possible. The possibility of interaction

among the constituents was analysed from the behaviour of the binary pairs

constituting the ternary system.

-




II. LITERATURE SURVEY

In view of the .fact that bibliographies (30,31) available are quite
exhaustive and up to date, dnly a brief review of the literature will be
made in this thesis, covering only those systems which are of interest to
ﬂﬂsstﬁw.

Related works on vapour-liquid equilibrium is briefly reviewed for
Ar-CHh and Ar-CHL—N2 mixtures at cryogenic temperature.

Scarce data (7 points) on Ar-CHh system was obtained in 1964 by Cheung

1) at temperatures of llh.5°K and 123.9°K. However, the range

and Wang (
covered on a P-x~y diagram is only up to 22% argon.

In 1966, equilibrium data for the binary and ternary system were
(2,3)

obtained by Sprow and Prausnitz The temperature investigated was
90.67 "K. At this point, work done by Pool et al. LY 1962 should be
mentioned. Several systems were investigated, one of them being_Ar—N2 at
82.82°K. Actually, the data obtained for that particular system was
compared against those obtained with the apparatus developed by the Sprow
- group. |

A binary system of A;-CHL was &lso studied by KiK. Maitra,‘a'former
graduate student of this department (5). The isotherms studied were 123,
133 and 1h3°K. This.work could not have been made possible without the
splendid effort of S.-D. Chang in 1963 (6).

He introduced for the first time in our laboratory the
forced—recirculation apparatus with his personal contribution to improve
it over others used in different research establishments. His contribution
ﬁroved to be highly successful. In 1967, a scientific paper by Chang and

(7

_and Lu was published. It illustrated tke experimental equipment and

exhibited the P-x-y data for mixtures of NZ'CHh_C2H6° In the present work,




a very similar apparatus was used to study the systems already mentioned.
The principle and arrangement of the forced-recirc;:llation apparatus "is the
same except for a few sophisticated equipmernt added to improve somewhat,
its performance.

It.may also be mentioned that recently, the Van'ft Zelfde grow (8)

investigated the vapour-solid-liquid eqﬁilibrimn of Ar-CHh systenm between
temperatures of 71-90.6"K. '




11l. THEORETICAL CONSIDERATIONS

1l1l.1 INTRODUCTION

A. eriterion of equilibrium requires/thét at constant temperature
and pressure the chemical potential of component i in the vapour phase,

By vy s be equal to that in the liquid phase, My g ¢
2 3

Hi,v ® M,L
it follows that the fundamental equation of vapour-liquid
equilibrium is conveniently written in terms of fugacities; for each

component i, the fugacity in the vapour phase, ?i v is equal to that in
J

the liquid phase, £ :
i,L

. 2 i~ .
Hy i1 1)

111.2 LOW-PRESSURE PHASE EQUILIBRIA

At low: pressures - up to several atmospheres - certain quite
reliable assumptions can be made about the behaviour of the vapour
phase. This allows the development of an adequate equation for the
calculation of 1liquid-phase activity coefficients from phase-equilibrium
data. Equation (1) and the definition of activity coefficient for
elther the liquid or vapour phase can.be used to develop an expréssion

(9).

for the activity coefficients For component i,
! _pS g -
VP By mvy IO -F) By By - By - Byy) (g
lnTa L= in <t +
? xiPi RT RT

where and Bij are respectively, the second virial coefficient of the

gii
pure constituent and the second cross—virial coefficient of the i~j

interaction. The liquid molar wolume and the vapour pressure of the

1

- component at temperature T, are respectively, Vi1 and Pi .
. . 2
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The second virial and cross-virial coefficients may either be

(10) (11) |

obtained from literature or from éorrelation

111.3 HIGH-PRESSURE PHASE EQUILIBRIA

High-~pressure phase equilibria deals with a more complex problem.
Thus, to. facilitate thermodynamic analysis, two auxiliary functions (9)
are introduced; the vapour-phase fugacity coefficient éi and the liguid

phase activity coefficient Yi :

A

£ v =8P ) (3)
~ °

TR (L)

where y and x are respectively, mole fractions in the vapour phase and
in the liquid phase, P is the total pressure and f; is the standard-state

fugacity of pure componsnt i.
A

A
At equilibrium, fi,L = fi,V H

may be combined to give:

then Equation (3) ard Equation (L)

, 6.y P =
T w2 (5)
x.f,
ivi
111.L VAPQUR~PHASE MOLAR VOLUME
The Vvapour-phase fugacity coefficients may be obtained from an
equation of state. One of minimum complexity is the Redlich-Kwong
equation of state (32) :
.RT a
P= - (6)
. v=-b TO'Sv(v +b)
where
a R2,1,2.5
a
& —— and
P

|




The parameters.'é' and 'b! are determined by imposing the existence of
critical conditions on Equation (6). The dimensionless constants. are
Q = 0.4278 ana 2 = 0.0867.

The constants of the Redlich-Kwong. equation of state for

temperétures below the critical point are represented by the following

set of equations: (12,13)
n
b =§ ylbi
and nn
a= .y.a
%%-:ylya ij
Q. .RT_ .
where bi = byiTec,i ,
P
c,i
and a.. =Q .R2T .2.5 ,
il a’l c’l
2 2.5
: R™T
a.. =SQa’1 Qa:j) Cyij
\ lJ
2 chij

The critical pressure, temperature and volume characteristics are given

by
L Ze,15™e 13
c,ij s
Ve »1j

Tc,ij = v/' Tc,ii?c,jj (1- kij ) and

-




.l /3,
Ve,ij <;(Vc,i T Ve,

1/3 3 .
577

Along the same line, the compressibility factor characteristic is

related to the accentric factor o, and @ 5 ‘ T

W, + 0
= 0,291 = 0,08 (2—d)

- yA .
‘ c,ij 2

The molar volume, v, is that of the gas mixture and is obtained by
solving Equation (6) ( which is cubic in v ) and taking the largest real

root for ve The dimensionless constants €2, ; and 'Qb .4 are those for
3 3 oo

saturated vapour of each component.

111.5 VAPOUR-PHASE FUGACITY COEFFICIENT

As indicated by Equation (3), the fugacity of a component i in a
gas mixture is.related to the total pressure P and its 'vapour mole
fraction--yi through the fugacity coefficignt g i° The fugacity
coefficient is a function of pressure, temperature and gas composition;
it is related to the volumetric properties of the gas mixﬁuie by the

(15) ‘

exact relation

1 34 RT :
1o ﬁ.f:‘-f@ ety Fowz D

where V is the total volume of the gas mixture. By substituting the

modified Redlich-Kwong equation of state (Equation (6)) into FEquation (7),

the fugacity coefficient of component k in the mixture becomes (16) :
b 77,2, T+b ab v, b,
k i~ik k k k - k :
1nd =] [ -2 = 1n( + (1n—— - ) =-1n2 (8)
k v—‘r.vk v—bk RT3/ 2bk v RT3/2b12c v v+bk

It has been reported (16) that Equation (8) is useful for Tr less than 0.91.




111.6 LIQUID~PHASE REFERENCE FUGACITY

An activity coefficient is meaningless unless accompanied with a
detailed description of the standard state to which it refers. Various
methods or correlations for obtaining the standard fugacity have been
reportéd by many observers a7, 18).

" The choice of the staﬁdard state of a constituent is arbitrary
within the restrictions that it must always be at the solution temperature
and that it must be at a state of fixed pressure and composition.

For subcritical conditions, the most commonly used réference state
composition is describe by

Iim & Y, =1 ' - (9)
xi=l. : -
It is known as the symmetrical convention.

The reference pressure is always selected on an arbitrary basis,

say, sa%uration pressure p°.

The reference fugacity may be corrected to zero pressure by

Alnf, V.
i i,L
TR ae)

where vs is the molar volume of component i. In other words; af the
experimental temperature T, and the composition expressed by Equation
(9), it is possible to correct the reference fugacity to zero preséure
by integration of Equation (10) between the limits (P = P°, P = Ps)
where P° is the saturagion pressure at temperature T and P° is zero

pressure. Then,
v, +P°

j:.PO - f_Ps EXP(- l,L )

i i
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With y; = 1 and Equation (3),
f'Ps: =g ) s
_ i pure i
Therefore:, '
g . P° |
f.Po - . pure i , (11)
i - s
V. P
EXP _isL

RT
where fiPo is the reference fugacity evaluated at zero pressure when the
reference pressure is at saturation. IHquation: (11) holds for reduced

temperature less tham 0.91. (12,13,16)

Along the same line, Lyckman's et.al, (18) defines a quantity
, fiPo
Y = (12)
P .
. c,l

for reduced pressure greater than 0.56, the reference state being
zero pfessure. A generalized reference fugacify for the liquid phase
was based on a three-paramster theory of corresponding states and was
expressea in a form sugzested by Pitzer et,al, (20) :

log}'= (logf), *+ o(logt), (13)

wkere (log4), and (log¥), are each functions of the reduced temperature.
‘1 2

111.7 LIQUID-PHASE ACTIVITY COEFFICIENT

‘When the standard state fugacity is defined at a constant pressure,
then for any component i, the pressure dependence of the activity

coefficient is given by .

(—2),_ =2 (1k)
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where ;i is the partial molar volume of component i. Integrating
Equation (1L) between limits of the arbitrary reference pressure Pr and

the experimental pressure P, we have:

~ P ¥ |
(AR e [— Jop Eq% ) dp] ' - (15)

where Yipr is the activity coefficient of component i at temperature T
and composition X5 corrected to any arbitrary pressure Pr . To be

consistent with Equation (11), Pr = Po, and Equation (15) becomes

pe

V. .
AR A+ BN =) ] (16)

With the assumption of pressure independent partial molar volume, Equation

(16) becomes

v.P
o= (-2 (17)
1 RT

The activity coefficient YiP is given by Equation (5), except that

fi‘ = fiPO « Therefore,

i Po
x.f.
11 '

It follows that for a specific case, the ‘corrected acitivity

coefficient to P = O is represented by

O
i o
- o Po viP
xifi EXP( — ) (18)
BT

or, more generally, by Equation (15). Equation (18) may be solved by
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Po

'making use of Equation (8) for ﬂi, Equation (12) for f;7 if Lyckman's

correlation is used or Equation (11) where no corrslations are needed and,

lastly, the experimental P-x-y data.

111.8 MODERATE PRESSURE VAPOUR-LIQUID FUUILIBRIA

Low pressure activity coefficients may be represented by Equation (2),
however, many assumptions are made before the final form is arrived at.

The substitution of the virial equation,

'f—-v-=1+-p‘+§’g'+'—p£+-ocno s
RT v v v3

into the exact relation for fugacity coefficizsnt as given by Equation (1),
may prove to be more representative of the actiﬁity coefficients obtained
through zquation (18).

Much information is available on the second virial coefficients for the

(10,11) (33,3L),

argon-methane system s ard a limited amount ¢ is known about

the third virial coefficient; almost nothing is known about the fourth or
higher virial coefficients (33) s Tor all practical purposes therefore, the
series in v of the virial equation can be cut off after the third term.

In a mixture the second and third virial coefficients, § and B3

respectively, are function of temperature and composition and are given by

nn
BMZLX =§ Zj: yingij
. nnn

Substitution of the virial equation with corresponding expressions of

the virial coefficients into Equation (7) yield the following exact relation




n ' n n , :

Ing, = %% yJB%J + i;%‘_ Eyiyl.cﬁﬁiqk -lnzZ | (19)
This equation is exact as long as v is sufficienﬁly large to permit

neglef:t of terms involving the fourth and higher virial coefficients. It -

is also limited to a certain pressure range because of the presence of

the virial coefficients. Correlations:af thé third virial coefficients are

scarce (33): s however, can be compared against those expérimental’ly

obtained(m*’z?).

111,9 CONSISTENCY TEST

A rigorous and general consistency test was proposed by Chang ard Lu (6,
(23) to examine experimental data. The equations do not involve activity
coefficient terms and are applicable to all conditions .including the
situation when the system temperature is g.bove the critical temperature
of the more volatile component. They reported that the proposed method
is sensitive to errors in the composition measurements and insensitive to
the supporting data employed in the point-by-point evaluation of the
experimental data, |

The overall deviation resulting from experimental errors of the tested

pair was reported as

n ‘ X g, P P ¥

b ;

TN xi,a)[ln (22) -1 tet2_pb ( LL, dpJ (202)
1 | K 1o 2 H

In order to make a test conclusive, maximum experimental error bounds
must be established. As all measured results have experimental errors, it

is necessary to determine whether or not the data are consistent within

error boundg « For the points to be consistent, the maximum éxperimental




13

error bounds must be less than the overall deviation expressed by

Equation (20a).

The maximum experimental error bounds for isothermal data was

represented by the following equation:

n
1 1 1 1

D max Z (xi,b + xi,a)[( + + : + ) +
i,a Yi,b Fi,a Fip

g
)(1 ( 1’*’)-1 (a2 _ph (ld )m]) B(x) +

1,a ’ng Fa
n
Z ey xi,a)( el *I-é'f b ( R dpl ) E(P) +
1 Py b

n
Z (xib * X, ) E(T) (20b)
i 3

(2 fb(-—-?—-)dp)
ST a RT

where E(x) is the error in composition measurement, E(P) is the error

in pressure measurement, E(T) is the error in temperature measurement.

111.10 REDLICH-KISTER EQUATION

The Redlich-Kister nquatﬂon are the most commonly used equatwons for
- relating .liquid activipy coefficients with liquid compositions.

The authors (25) introduced the quantity

AGE

Q= ———
24303 RT

For a n-component system the 'Q function' becomes

n
UG.on " % x;log¥y (Z}a)




I

Redlich and Kister proposed that Q be represented by aﬁ appropriate power

series of the liquid composition, the expansion for a binary system being
' 2
Qij xixJE Bij + Cij(xi - xj) + Dij(xi - xj) + ....i] (21b)

where the c:onsta.m:s._Bi-'j s Ci , Dij , are temperaturé dependent only.

J
By differentiation of Equation (2la) with respect to composition, -
the individual activity coefficients may be conveniently represented.

111.10-a BINARY SYSTEM

For binary systems, the expressions relating liquid activity

coefficients to the liquid compositions are:

: a oy 2
logYi X, (

Byy * Cyy(3eg = %)) + eeue) (@)

and
2 ,
lOng = xi (Bij + Cij ( xj - 3xi) + seee o) - (23)

These expressions may be least-square fitted ﬁp ' P, Xs) logYi,
logYh ! observed data at a given temperature. N

The selection of the proper suffix equation depends on the molecular
complexity of the system and the precision;of the experimental data.

Another basis for selection is the standard dgviation in Yi for

individual suffixed equation given by the familiar

where N and n are respectively, the number of experimental points and the

degree of freedom. Yicalc

and Y&?bs are respectively, the calculated Yi
from the constants Bij’ Cij’ etc., obtained by least-squares fitting of
. the Equations (22) and (23), and the computed Yi from either high or low

pressure equations.
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111.10-b THERNARY SYSTEM

For a ternary sysitem the function Q can be expressed as follows :

Q123'= xilogYi + leogYé + xBlogYé (25)
which may be obtained from observed data.

The function Q123‘can also be represented as the sum of Equation
(21b) for all three binary systems involved plus terms representing the
possible interaction -among different molecules.

For example, all three binary systems obeying the one~suffix

Redlich-Xister equations, the Q function may be represented by

Qroz = XyXgByp + XpX3Boy + XX By + EXX4C) 04 (26)
where 0123 is the inte?action effegt. For simple systems 0123 should be
qlose to zero suggested by Pigford (26). To determine 0123 Equations.(QS)
and (26) are used. »

Whenever one or more of the binary systems require the use of n-suffix
equations, the multicomponent equations should also be of the n~suffix
variety, but the ternary effects‘may be no more comp;;cated in these
cases thag they are for s&stems with simplsr binary component systems.

(26)

Severns reported a positive sign of 0123. It entered an
equation simillar to Equation (26). in such a way as to lower the excess
free energy. This lowering in excess free energy may be attributed to the
formation of ternary aggregate. Furthermore, they indicated unlikely
that significant negative‘values of ¢123 in Equatiqn (26) would occur in
any ternary system. | ‘

LI
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IV. EXPERIMENTAL DETAILS

IV.1l INTRODUCTICN

A schematic diagram of the forced-recirculation apparatus used in
this study is shown in Figure (1).

To fully appreciate the details involved in the description of the
equipment, the discussion will be presented in three sections.

The equilibrium system and the sampling system are first depicted.
To interrelate these functional units, aspects and uses of the controlling
ard measuring devices are not to be avoided. Consequently, an ensermble of
the apparatus is at hand to give it a just conception when it is used in
the study of vapour-liquid equilibria (07,

IV.2 EQUILIBRIUM SYSTEM

The recirculation loop of the.equilibriun sysﬁem'is a high vacuun
Space into which ths gaﬁeous solution to be analysed at equilibrium
conditions is introduced. The solution ma& be any of a pure compgnent,
a binary or multicomporent mixture. Part of the loop is submerged into
the constant temperature cryostat, the other section being located in
ambient temperature. The four main parts of the cylce are described
' heﬁceforti.

The schematized drawing of the recirculation loop on Figure (2)
illustrates the main units of the cycle. The nucleus of the four
functional parts of the recirculation loop is the equilibrium cell,

Both the equilibrium cell and the condensing coil are immersed in
an isopentane bath. The 20;liter cryostat is maintained at a constant
temperature. The electromagnetic pump and the volume regulatér are
' lbcated outside the cryostat at foom temperéture. Hence, the importance

of the coil, is to bring the temperature of the returning vapour to that
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of the cell. In this way, the returning vapowr will not alterate the
equilibrium position of the vapour-liquid system. )

The prime ébjective of the electromagnetic pump is to recirculate -
the vapour. It forms a closed system, in that, it is an integral part
of the pressurized leak tight system. Pump action permits attaimment of
equilibrium in a short time due to the mixing effect o.i‘ the returning
vapours as they enter the still from the condensing coil.

The pump is a double-acting piston. It moves to and fro due to the
induced magnetic field. Its frequency may be regulated, therefore,
regulating the vapour flow rate from O to 56 cc. per minute. The
developed head is 23 inches of Hg. pressure.

When a vapour sampie is withdrawn from the recirculation loop, there
is a sudden decrease in system pressure. To re-establish the pressure
to normal, a volume regulator is used. By decreasing the volume of the
system, the pressure is restored to the equilibrium positiori. This is
necessary to prevent amny disturbance in the equilibrium position of the
systen in case more vapour samples are needed for analysié.

A transparent 100 ml. Jerguson gauge was used as the equilibrium cell.
_The top end of the housing is sealed by a thres-way Swagelok connéc;tor.
Three stainless steel sampling tubes were comnected through the connector
and exterded dowrwards at different levels into the cell. Also emanating
from this connector ié the withdrawal vapour- line leading to the
electromagnetic pump. The lower end of the cell is welded to an Autoclave
Joint which links the equilibrium cell to the condensing coil of the
returning vapdurs. A screen is employed to spray and disperse the
_returning vapours. Another is also located at the exit of the cell to
reduce entrainment to a rr.linimum. Two horizontally drilled holes are

located 1 1/2 inches from the top and the bottom end of the still housing.
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Two laboratory made protective-type copper-constantan thermocouples were
each introduced into the cell. The tips of the thermocouples were

extended to the center of the cell (Figure (3)). -

IV.3 SAMPLING SYSTEM

IVe3~-2 INTRODUCTION

The gas sampling system is defined as the space where the
non-contaminated homogeneous gaseous solution is trapped prior to its
analysis. The system is divided into two parts. The gas found in the
" first sectioﬁ was used to purge the lines leading to the sémpling loop
exhaust; the secc?rd portion, conmected to a pressure gauge, contained
the sourc;e for actual gas samples for analysis.

The forthcoming description will clarify some aspects of the
sampling system. A schematic diagram of it is shown in Figure (4).

IV.3-b VALVE FUNCTION

The function of each valve in the sampling system as seen in
Figure (L) is briefly described by refering to their assigned numbers.
Valv'es Vl' ard V2' are leak tignt, high pressure valves directly'
connected to the recirculation loop, while Vl" ard V2 " are kept partially

. opened. V7 is»plates the vacuum pump from the sampling system. V3 and
VS serve as precaﬁtionary measures to protect the sensitive vacuostat and
the low pressure gauge when Vh is open to atmosphere during venting and
purging operations. V6's are used to regulate the flow of éas through
~ the gas chromatograph.

The sample, withdrawn either from the liquid or vapour phase, lies
in the space enclosed by Yy =V, - Vg - Vo am Vg =V = V) - Voo Gas

. in the former is used to purge the chroniatograph lines, in the latter,

to take actual gas samples for composition analysis.
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IV.3-c SAMPLING TECHNIQUE

A general description of the sampling technique is sufficient to
understand the knowhow of the actual steps involved in doing snalysis.
Therefore, an actual deteiled procedure involved in peritinent valve
operati&n is omitted. |

The sampling system was evacuated to 0.001 mm. of Hg pressure before
collecting each sample from the equilibrium system. Thé reason for this
was to prevent contamination of the sample. A total gas pressure of 23
psia was sufficient to providé b to 6 gas samples. .

The rate at which the gas waé introduced into the sampling space

- from the equilibrium system was measured by a pressure gauge at a rate .
of about "four pounds per minute™. The rate was regulated by two valves
in series; the one adjscent to the high pressure side was partially
opened, whereas, the other was kept tightly closed. Thus. the pressure-
rate regulating valvelis located adjacentiy to the sampling systen.

Analysis on the liquid phase was first performed. Withdrawéi of the
liquid phase sample under the foregoing conditiﬁns did not cause any
detectible changes in system pressure.

The ‘space between the pressure-regulating valves and the equilibrium
system was purged prior to composition determination. Hence, the
contents from the previous analysis, carried out under different
equilibrium conditions, was removed from the static spaces of the
recirculation loop. The: spaces are located in theAliquid sampling probe
. extending down into the liquid phase and, the va?our sampling outlet line
branched .closely to the recirculation loop.

- Experience have shown that analysis reproducebility in composition

was attained when a thirty psia total pressure purge from the liquid
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phase was performed. Similarly, a ten psia purge was sufficient from the
vapour phase to attain consistency in composition.within the experimental
error.

‘The purpose of the following discussion is to show how the samples
were systematically analysed for reproducibility, and not for operation of
thefequipment pertaining té analysis.

To obtain reproducibility in sample composition it wéé'necessary to
adopt a vigorous procedure before and during the introduction of the gas
partitioner. -

The carrier gas flow rate must be maintained constant to that at
which the gas chromatograph calibration curve was obtained. A disturbance
in flow rate may cause fluctuations in the individually recorded peak
heights. In general, peak ratio do not change sensibly.

.Thg operating tﬁermal stabilizer temperature must remain const;nt
at all times. Otherwise, a new calibration curve is needed since it is
almost impossible with this stabilizer to return to the original position.
Once iﬁ was set, the temperature control dial remained in that position
as long as the gas partioner was in use for a particular system.

The flow rate of the entering stream into the sampling loop: of the
automatic sampling valve should be maintained consﬁant. The most
important aspect was to close.the rate-regulating valve to let the
pressure inside the loop equalize that ofAthe surrounding atmosphere. In
this way, a constant volume of gaseous solution was introduced each time
into the chromatographic column. Moreover, the Gas Sampling Valve
provides a convenient and reproducible method for éampling gas stream.

While the above procedures were followed, the recorder Ease line was

adjusted to zero by making proper adjustments. The pertinent details
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concerning the operation of the gas chromatograph and its recorder are

fourd in the instructions manual provided for' such use.

IV.)y MEASURING AND CONTROL EQUIPMENT

IV.h~a TEMPERATURE REGULATION

Temperature control of the equilibrium cell is extremely important.
The temperature of the liquid bath was maintained by a pair of
refrigeration coils., They were held vertically on each side of the cell.
Liquid nitrogen was used as the refrigerant. The rate af evaporation of
liquid nitrogen in the _refrigeration coils was controlled by a needle
valve and a manometer installed on the exit line of a five~gallon buffer
"~ tank located outside the cryostat. The exhaust nitrogen gas was used to
cool. the electromagnetic pump during operatione. ‘

Also located in the cryostat was a resistant type temperature
sensing element of a Bayley Temperature Controller Model 250. The
sensing I;robe detects temperature fluctuations about the fixed
temperature-rénge dial positione. The control of the bath temperature
was achieved by a powerstat adjusted 800-watt Wersion heater. The
temperature controller can be operated effectively once there is adquate
insulation for the cryosfa.t s Vigorous and random stirring of the.liquid
bath and most import.ént s a constant cooling sowrce is imperative.
Control Speéification is to within + 0.005°K once all variables have

been settled,

IV.i~b TEMPERATURE MEASUREMENT |
The temperature of the equilibrium cell was measured by two
copper-constantan prptective type thermocouples. One was located in the

vapour phase, the other, in the liquid phase.
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The reference junction was held at ice-water temperzture in a Dewar
flask. A Leads and Northru§ 7553K-3 Universsl Potegtiometer was used
to detect the junction potential, the smallest division being 1 uv.
To balance the potentiometer bridge a Tinsley Galvanometer was used.
»The thermocouples were calibrated against the vapour pressure of
six 1) (A

research grade methane (Appendix I

IV.L-c PRESSURE MEASUREMENT

Equilibriuﬁ pressure of the system was measured by & calibrated

Heise Gauge, the pressure range being 0~1000 psia with 1 péie division.

.h~d CQMPOSITION DETERMINAT ION

The vapour and , liquid compositions were analysed by a Fisher Gas
Partitioner model 25V with a built-in sampling valve having one 0.25-ml
szmple loop.  To detect and record the thermistor cwrent, a l-mv Disc
Chart Integrator model 232 was used. The gss samples were swept through
the chromatographic columns, hence to the thermal conductivity detectors,
by helium gss. Carrier gas flow rate was set to 88 cc/min at a pr;ssure
of 20 psig.‘ | |

Two separating columns are placed in the model 25V. The first, 6
- inches lohg by 0.26 OD has no packing. The second, & feet long 5y
0.25 OD,was packed with 28-30 mesh Silica Gel for the argon-methane
system, and 28-30 type SA Molecular Sieve for the argon-methane-nitrogen
systen. '

The effect of tempersture changes on the thermal conductivity cells
can be neutralized by using.a No. 11-13h¥250 Thermal Stabilizer. Transfer
of heat to the gas partioner‘will keep.the detector well above the highest

‘expected ambient temperature, and hence unaffected by external fluctuations,




Reproducibility in mole fraction is better than 0.005 with the model

25V " once all the variables foresaid have been verified before each

analysis.

IV.h~e MATERTIALS SPECIFICATIONS

Research grade gases were supplied by the Matheson of Canada, Limited,

and were used without further purification.

the gases are-as follows:

GASES

argon
methane

nitrogen

MOLE %
$9.995
99.999
$9.99

Specified minimum purities of
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V RESULTS

V.l TRIATMENT OF EXPERTMENTAL OBSERVATIONS

The -investigated temperatures with corresponding pressure ranges
are listed below.

SYSTEM TEMPERATURE ( °K) FRESSURE RANGE (psia)

Pmms ‘ Py
Ar-CH) 115.22 19.8 134,22
12344 35.5 ’ 212.67
-137.07 80.4 1105 .60
Ar-,~CH 123.44 3545 431.5

The experimental observations consists of the peak ratio recorded
during analysis of the vapour and liquid phase compositions with
corresponding temperature and pressure. Such observations(are listed on
Tables 6 and 7 of Appendix 111.

A polynomial of the form

y =2 aixl
i
AY

was used to represent the calibration curve of mole ratio versus peak ratio.
Equations (27, 28, 29, 32, 33) were used to comnvert the observed peak ratio to
mole fractions. The polynomial coefficients are shown in Table L of
Appendix 1l.

The results of such conversion are tabulated in Appendix 1V. Tables 8
and Table 9vrepresent the P-x-y data for the binary and ternary system
respectively. !

The observed and recorded pressures were in psia. The liquid and

vapour compositions ‘were expressed in mole fraction with respect to argon
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for the binary system, and with respect to all components for the ternary
systeme. ‘

The P—x-y and y-x data of the binary and ternary system were plotted
on Figures(S)and(é)

The dbsolute error.in the calibration curve is 1 0.006 mole ratio or
about I 0.005 mole fraction. Thre reproducibi;ity obtained in the
calibration was better than 1 0.005 mole fraction and the error in the
reported equilibriun compoéitions is of the same magnetude. In general,

the standard deviation in the polynomial representation of the calibration

curve is below the figure reported for the absolute error.
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FIGURE (Sc): PRESSURE~COMPOSITION DIAGRAM FOR ARGON-METHANE SYSTEM AT 137.C7 K
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V.2 CONSISTENCY TEST ON P-x-—y EXPERIMENTAL DATA

The general consistency test developped by C'r;ang and Lu (23) was used
to verify the consistency of both the binary and ternary P-x-y data. The
maximum error in composition was selected as 0,005 mole fraction and
incremented to 0,003 with 0.0005 intervals. The maximum error in pressure
and temperature measurements were arbitrarily selected as 0.5 psia ard
0.5°K respectively. |

The proposed test method of Chang and Lu indicated that some
experimental points were non-consistent in the ternary sys.tem, however,
all points of the binary system were consistent.

The results of such calculations are shown in Table 10 of Appendix V.
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V1. DISCUSSIONS

BINARY SYSTEM

V1.l DETER:INATION OF ACTIVITY COEFFICIENTS

The activity coefficients of the binary systemn of argon anﬁ methane
were directly calculated from the experimental data of Tables 8. The
methods used to obtain the activity coefficients are briefly‘reviewed.

At low préssuré, the activity coefiicients wére represented as a
function of the second virial csefficients (Equation (2)). The latter

(11) or B&rne's(lo)

were determined by either Prausnitz! correlation
experimentally observed secord virial coefficients.

At higher pressures, the activity coefficients were estimated from
Equation (18) with suitable reference fugacity of the liquid phase reduced
to zero preséure. It was evaluated from either Lyckman's correlation of
f;,l given by Equations (12) and (13), or Equation (11) de?ived from basic
principles. '

The activity coefficients of Equation (13) in terms of Equaiion a9
were esti}nated for a few points at 123.LL°K. Thus, the possibility of
representing Y by the use of virial coefficients was verified. Also, this
would clarify the concept of 'high! or tmoderate! pressurese.

~ The activity coefficients thué obtained were represented by means of
the Redlich-Kister equations. The composition dependent activity
coefficients were determinsd for the three isotherms iﬁvestigated.

Actually, up to S5-term equation parameﬁers were compiled by computer.
The parameters of the Redlich- Kister equation shown in Table 11 of
Appendix V were those of minimun standard deviation in Y..

1

The results of Table 11 of Appendix V, indicate the activity
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coefficients obtained from Equations (11) and (18) gave minimum standard

deviation Opp and as ) (Equation (2L)) in th and Yb respectively.

By
Near the freezing point of the heavy componenp, CHh s the activity
coefficients seem: best represented by low pressure Equation (2)s As thke
temperatufe rises, noticable improvements in represeﬁting the activity
coefficients by Lyckman's reference fugacity into Equation (18) were
oﬁserved.

Consistent representation of the activity coefficients'was necessary.
This was to facilitate the study of all three binary and t%e ternary
isotherms. The latter was studiéd at a temperature near the critical
point of nitrogen. Therefore, Lyckman's correlation of the reference
fugacity (Equation (12)), and Equation (18) were reported in the study of
this work, however, all correlations were paralleled with those of
Eqations (11) and (18) 122 13) unich nolds for Ty less than 0.91.

Tables 12 of Appendix VI show the observed and calculated values of the

a

log Y, with corresponding P-x values. Flots of log Y, and log ¥

versus x,_ , the liquid mole fraction in argon, are shown in Figures(73,

Ar

The solid line cornespomis to the one-suffix Redlich-Xister equation.
- \

The activity coefficients of Figures(7)were determined from Lyckman's

correlation of the reference fugacity into Equation (18).
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V1.2 CORRELATION OF THE-LIMITING ACTIVITY COEFFICIENTS

For discussion purposes the following list was prepared in the

light of the correlations henceforth discussed.

LIMITING LOG Y, AT INDICATED TEMPERATURZ FROM VARIOUS SOURCES

TEMP. PRAUSNITZ' logP vs = CHIUNG'S MAITRA'S EQ.(11,18) EQ.(12,18)

(k) o F

$0.67  0.1801 0.227 0.1792

115,22 - 0¥1545 0.1835 0.1589 0.1707
122,66 0.4015 '

123.LL 0.1501 0.1715 0.1358 01464
132.52 0.0762' | |
137.07 _ 0.1535 0.1329 0.13LL
143.16 A 0.23L9 |

The one-term Redlich~Kister parameter is also the limiting value

of log Y, as X5 approaches zeroj; that is,
- AN

It log ¥, = . Lt log Y. = B,
x.=0 J 'xi=O . i3
J
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To show the dependence of the limiting log ‘Y'i on temperature, a

plot of Lt log Yi versus the reciprocal of the absolute temperature in
x.=0
i

degree Kelvin was made as illustrated on Figure (8).
The experimental points of Figure (8) pertaining to this work were
obtained from Equations (12) and (18) and also Equation (11) with (18)

for the calculation of ¥ and Equations (22) and (23) for the limiting value

. of log Yi.

More weight was given to the limiting log Yi at 137.07°K because
the standard deviation in YAr and YCHh were least when compared against

those at 123.L4L°K and 115.22 K.
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However, the calculated Y%
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V1.2-a PRAUSNITZ! WORK

Prausnitz' value of the limiting log Yi at 90.67°K (2) was. plotted

on Figure(B). To.conform with this work, Prausnitz! s reported P-x-y data
was processed by Equations (11) and (18) because T; is less than 0.56.
An estimate of the value was also made using low pressure Equation (2):
being 0.5%.

= 0,1792, the percent average deviation between both methods

. V1.2-%6 LOG P VERSUS 1/T

P-x-y data were first obtained from the smoothed curves of Figures(5)
at the three investigated temperatures including the 90.67°K isotherm.
Values of pressures and temperature were recorded having vapour and
liquid compositions as parameters. A plot of log P vs 1/T was made and
the curve was smoothed giving more weight to the points of the 90.67°K
and those at 137,07°%.

The P-x~y curves were reconstructed from the smoothed log P vs %.
Consequeqtly, the determination of activity coefficients and evalﬁatioa
of the Redlich-Kister parameters were made possible. The results have
been shown on Figure(8)

Vii2-c CHEUNG AND wANG' S work %)

The infinite dilution activity coefficients have been obtained by

correlating experimental data.(l) in terms of temperature,

- Ay 2
In Yi =7 1 - xi)

The authors (1) reported the constants Ai of the argon-methane

+0 be equal to l.7.

system to be 18.7°K and have indicated that Y;‘;°_’;r 0

i

cale was reported equal to 1.0.

<+ 0
1

Thus, a correlation with respect to the above equation have indicated
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slightly higher infinite dilution activity coefficients, the results of

which have been shown in Figure(8)

V1.2-d MATTRA' S WORK ' , .
(5)

The P-x-y equilibrium data on argon-methane reported by Maitra
were précessed by Equations (18) and (11) and the Redlich-Kister constants

evaluatede The results are shown in the following list:

K BAr-CHh JERROR IN Y
122,6 0.4015 24430
132.5 0.,0762 L=11
143.0 0.2349 12-19

It follows that tiiis data cannot be compared against this work, nor
Wang's or Prausnitz! results., Furthermore, the percent deviation in Y.
exceeds by far the L7 reported in Table 1l. The major error encountered
in Maitra's work was the fact that he did not have a transparent cell

through which the presence of the liquid level could be observed.

TERNARY SYSTEH

V1.3 EXPERIMENTAL y-x CURVES OF THE TERNARY SYSTEM
The wvapour-liquid composition of the ternary mixture were investigated
using Xc / Xa as parameter. The results of the experimental obsvervations

were drawn in Figures(6 a-b),
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- V1.4 TERMARY EFFECT

V1.U-a BINARY CONSTANTS OF Ar-N, AND CH-N, SYSTEM

Adequate and reliable sources were needed to study the possibility

of any ternary interaction. Argon-methane data were provided by this
work, héwever, argon-nitrogen and nitrogen-methane data were needed at

123,14 °K from other sources.

(27)

Wilson's smoothed P-x-y data on argon-nitrogen system was

available at 125°K and 122°K. The activity coefficients and the Redlich-
Kister constants were determined with 9-40% average deviation in Yi. The

has been determine on a B versus % plot by linear

constant 812 =B »

Ar-N

interpolation.

(28)

Similarly, CGines smoothed P-x-y data on nitrogen-methane system

were available at 122°K and 126.1°K. The average percent deviatioh inY
was L~5%.

It must be noted that, in general, minimum standard deviation in ¥

-

was recorded for one-suffix equation for the system Ar—N2 and NZ'CHh‘

The values of the constants were determined as: B12 = BAr-N2 =

0,050 (5-40%) amd By = By y - 0.3025 (4-5%)-

Vl.4-b EVALUATION OF THE TERNARY CONSTANTS 0123

The observed activity coefficients of the ternary system were

estimated from Lyckman's correlation of the reference fugacity, Equation
(12) and Equation (18).‘ The observed excess free energy of Equation (25)
was readily estimated._.The calculated "Q function™ of Bquation (26) was
obtained through the experimentally determined smoothed values of

- B of Figure (8) The values of the B, ., and B have already

Ar -C Hh ) 2 CHh-Nz

been computed and.recorded.
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With Equations (25) and (26), was -caleulated for each observation.

G103

Thus, an average value for C12 was obtained, 0123 . However, it was shown

3
earlier that not all points of the ternary system were consistent.
Therefore, error in composition E(x) was selected as a parameter in fhe
estimaﬁion‘of 0123. - ‘ . )
" In this way, a value of 51;; was determined for consistent points,
depending on the parameter E(x). As E(x) increased, the number of
consistent points of course increased to a value such that the standard

deviation in 0123 was minimum, as shown in Table 13 of Appendix VII.

VI.h—c QUALITATIVE TREATMENT OF C

123
A true value of the ternary constant will not be stated as such.

Nevertheless, its significance will be discussea in the light of the

following arguments.
(26)

Carlson, in a personal cormunication, as reported by Severns s

concluded that C123

deviations from ideal behaviour were either zero or uniformly positive.

= 0 was satisfactory for all systems of which the

€123

different from zero. Its value was positive when Y was calculated from

In this work, it was observed that the value of was significantly
Equation (12) and (18).

A detailed study in the trerd of calculated excess free energy was
undertaken for a given 0123.

For consistent points when E(x) = 0.0015, there was an indication of
a lowering in the calculated excess free energy of Equation (26) when
compared to the observed excess free energy of Equation (25). This
lowering in excess free energy has beeﬁ reported by the Severns group (26).
Furthermore, only one ternary system including both positive and

(26)

negative deviations of the binary pairs have apparently
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investigated for which a positive value of 0123 has been conclusively
reported.
A negative 0123 was reported in the experimental data of the Severns!

group. The binary pairs of that mixture were not uniformly positive.

The negative sign, although not reported in their'conclﬁsions, has been

changed by increasing the suffix-equation to a higher order.

The ppsitive sign could alsc relate the possibility of finding fernary
aggregate due to the lowering of the calculated excess free energy.

The ternary constants may nbt only represent the f@rm;tion of an
aggregation among the constituents but may be a characteristic of
temperature. Severns' paper has been relating 0123 at 3?3°K, while thié
work was performed at 123.ph°K. .

It follows from the foreﬁentioned arguments that the possiﬁility of
a positive vglue of 0123 cannot be entirely rejecteq, even though the
binary paifs of the ternary mixture show uhiformly positive deviations

-~

from ideality.
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CONCLUSTIONS
Vapour-liquid equilibrium behaviour for’the binary system argon-
methane have been investigated at cryogenic temperatures.
The selected femperatures were 115.22, 123.lh ard 137.07°K, all of
ﬁhich were below the critical temperatures'of the constituents, the ternary

system being studied at 123.Ll°K.

BINARY SYSTEM

Results have been presented in the forﬁ of activity coefficients Y as
a function of various concentrations. The Redlich-Kister équations have
been used to represent the activity coefficients as a function of liquid
mole fractién. |

Four methods have been used in calculating the activity coefficients:
the basis qf selection being minimuﬁ standard deviation-in Y'whéns the
log Y-x data were correlated with the Redlich-Kister equations.

Equations (11) and (18) have been found to be the most appropriate
form to represent the log Y versus x curves, for the temperature §ange
90.67-12é.02°K. However, they may be inappropriate to represent Y near
the critical point of the light component (Ar). Then, Lyckman's
cqrrelatiﬁn of the refefence fugacity into Equation (18) would be
satisfactorf fo: réduced temperature greater than 0.91, but‘not less than
0.56. TFurthermore, calculations of Y based on low pressure Equation (2)
igyolving the second virial coefficients have been found to be
nnsatisfacto;y in representing the high pressure data. Nevertheless, the
‘exact relation of the fugacity coefficient represented by Equation (19)
into Equation (18) gave similar values of ¥ at 123.14°K. This would
. indicate that second virial coefficients are sufficient to represent the

‘activity coefficients up to about 212 psia, provided good sources of
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virial coefficients are at hand.

Binary constants BAr-CHh s for the one-sui‘fix-‘ Rédlich—Kiste_r equation
- have been found to satisfactorily represent to within 24% in ¥ the curves
of the oﬁserved log Y versus x at all three isotherms investigated. The
constant; BAr-CHh is the limiting -value of the log Y versus x curves;

B = lim (log YA) = lim (log Yc).

Ar—CHu x=0 'x¢=0

There has been a definite trend in B Ar—CH with temperature as
indicated by this work and correlated with Wang's work <1). However, the
latter trend has been found to be slightly higher. ‘Moreover, Maitra's
work (5) indicated similar trend, although‘ not so clearly. The higher the
temperature, the smaller the value of BAr—CHh s inasmuch, the activity

coefficients decrease with the increasing temperature.

TEMPERATURE SMOOTHED B

ar-ci, SOURCE _
K Based on Eq. (12), (18)

S0.67 0.1801 Prausnitz
115.22 ‘ ' 0.1520 ’ this work
123.)4& 0.1440 this work
137.07 0.1329 this work

Mpre specifically, activity coefficier}ts for this system (or oi'ganic
liquids (29)) having positive deviations from Rac?ults; Law (Figure 5d )
approaches unity as the temperature rises and thus approaches Raoult's
Law, |

To give an idea of the order of magnetude of. the change in the

activity coefficients, a change of S percent in the activity coefficient
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results from a 8°k temperature change. The average percent deviation
range in the fitting of the log Y versus x curves have been found to be
2% which is far better than what reported by Wang (1) and lies within the
maximum possible experiﬁental error in composition determination and
calibration. (Appendix 11 )

TERNARY SYSTEM

Mixtures having uniformly positive deviations from ideality in the
binary pairs may not necessarily be represented by 0123 = 0, -The system
argon-nitrogen-methane has beén found to require a value of Cl23 that was
significantly greater than zero. The justification in accepting such a
value has been based on the lowering of the calculated excess free energy
which would account for the possible interaction among thre constituenis of
a ternary mixture.

Since not enough work has been done pervaining to this aspect, it
was difficult to support a possible trend of 0123 with temperature and/or
with the features of the binary pairs, that is, uniform or non-uniform
behaviou¥ in their deviations from ideality.

Also, as noted in Table 13 of Appendix VII, when the Redlich-Kister
suffixed equation is increased to two terms, _the value of tle ternary
constant is decreased towards zero. However, it is not alvised (25) to
use higher suffixed equations exept for extremely complex systems with
highly accurate data. Furthermore, sources for .the binary pairs constituting

the the ternary system-were scarce and not of fine caliber.
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APPENDIX 1

THERMOCOUPLE CALIBRATION
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Research grade methane was used in the calibration of the
thermocouples. By experiencé, it was found that a~calibration of the
desired temperature had to be done prior to each isotherm run as a routine
checke An approximate temperature in the region of investigation was first
chosen ﬁith its corresponding vapour pressures The temperature of the
cryostat was adjusted so that the selected vapour pressure of methane was
obtained by directly reading the absolute pressureegauge: fhe Vvapour was
recirculated for an hour. At eqiilibrium, (temperature constant and
pump shut off) the exact pressure was recpfded élong with the potgntiometer
voltage reading; Consequently, before each isothermal study, the
temperature was set exactly at the calibration point and the corresponding
pressure of pure methane was verified for agreement with the original
calibration. |

The temperaﬁure was obtained by interpoiation from vapour pressure

(21),

data of methane The prediction of the vapour pressure of argon was

performed by interpolation of argon vapour pressure data (22). )

It should be noted that; for example, at 35.5 psia methane pressure,
the difference in vapour and liquid femperature at eqﬁilibrium-conditions
was neglégible. A 0.05 microvolt (l°K=21uv) potentiometer reading gives
a temperature differenée of about 0.0002 K.

‘Table 1 gives the necessary numerical information as to the calibration

of the thermocouples.
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APPENDIX 11

CGAS CHROMATOGRAPH CALIBRATION
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The calibration of the gas partitioner was made against prepared'

binary mixtures of known compositions. The calibration data for tle

binary system are shown in Table 2 as argon to methane peak ratio Pa / Pc
R H

and argon to methane mole ratio, x, / Xge

The peak ratio superscripts, ' ,"tt,t1t denote the sensitivity range
used on the gas chromatographs A low concentration of a camponent
requires a high sensitivity for detection. Actually, 2 ;.nd 10 per cent
sensitivity were sufficient to record the entire range ‘of canposition
investigated for all three isotherms. _

The calibration data for each sensitivity range was least-square
fitted by one to five degree polynomials. |

It was found, for all ranges of sensitivity, that a fourth degree
polynomial indicated the minimun standard deviation in mole ratio. For
‘binary nixture analysis, either from liquid or vapour phase, the following

equations were used depending on the sensitivity range used:

L .

MRY =3 Ay (PR')* 27a.
i

N h i

MR!! =3 By (PR'') ' 28a

i .
L 3
MRt 1t -Z’ci (PRIH). - 2%a.

1
for Pr < 1.0, and
L
MR =3 Dy (PR1) 27b
i ' |




b i .

MR!! =Zi'_p.:i (PR'1) 28b
4 i

MRIT! -}% F; (PRI'Y) 2%

for PR ) 1.0. The polynomial coefficients are shown Table L.
PR =P, /P, the superscripts being omitted, and MR = x, /[ x,
(or IR = v, / ¥,) depending on the case. The liquid mole fraction of

methane and argon is estimated from Equations (27), (28), (29) by

< xa./xc
a

- and x_ = 30,31
1+x, / x,

Similar expressions for Y, and ¥, may be obtained.

In a similar way, calibration data for ternary mixtures were obtzined
by analysing two binary gaseous solutions having argon as the common
component. Table 3 shows the calibration results in terms of Pc / Pa.
and Pn / Pa. with respective X, / X, and xr; / X, e The subscript n refers
to the nitrogen conxponen‘b; The gas partitioner was set at 2 per cent full
scale sensitivity. This was sufficient to analyse the entire composition
range of the terﬁary system.

-For the same reason as discussed in the binary calibration section,

a fourth-degree polynomial was use& to fit the calibration data:

\

L i
bmca. -§' Gi (PRca) 32a

L i
. MRna "%Hi (PRna) 33a




61
for PR < 1.0, and,
L i
R, = . I, (PR,,) 3%
L i
MR, = . J; (PR, ) 33b

for PR » 1.0. The polynomial coefficients are shown on Table Lo

PR, = P, / P, and PRna = Pn / P_ and MR and IR represent for

either liquid or vapour analysis, methzne to argon mole ra%io and

nitrogen to argon mole ratio, respectivily.

1
MR °
It is possible to show that the mole fraction can be represented by

It nust be noted that when PR ) 1.0, PR = %ﬁ and MR =

the following equations:

_ 1 -
x, = , (3L)
1+PR_ + PR . N
ca na

PR
ca

Ic = 2 (35)
' 1+PR__ + IR :
) ca na

S PR, '.
and x_ = : (36)
1+ PRca + PRna

Table 5 shows the déviation encountered in polynomials representing
mole ratio of various systems for Equations (27), (28), (29), (32), (33)

in mole ratio determination.
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APPENDIX 111

EXPERIMENTAL OBSERVATIONS
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The experimental observations are, in fact, the peak ratio recorded
from the analysis of the vapour phase and liquid p.hase samples, with
corresponding equilibrium pressure. Thrée binary and one ternary isothem
were studied,

In the a.rgon—methaﬁe system; the pressure P, liquid argon to methane
peak ratio (Pa / Pc)_[;- and vapour argon to methane peak ratio (Pa / Pc)V
with corresponding sensitivity (', '', ''t) as denoted in Appendix 11, ‘a.re
shown in Table 6(a, b, c).

For the ternary system of argon-methane-nitrogen; the'pressure P, the
liquid- nitrogen to argon peak ratio, (P_ / Pa)i.’ the liquid methane to

argon peak ratio, (P_ / P_Y , and similarly from -the vapour analysis,
c a

(Pn / Pa)"7 and (Pc / Pa)v' are collected in Table 7.




é8

TABLE 6a

BINARY EXPERIMENTAL OBSERVATIONS

, TEMPERATURE 115.22 °K | -
PRESSURE ' (Pa/Pc)L (Pa/Pc)T
26.8 0.4573 ' o.6201 "
34.8 1.1149 ' 1.5356
36.0 1.2461 ' | o 2.e89m
1b.0 . 1.8671 ' _ 2.5222 "
9.6 2.5595 ' | 3.1581 "'
61.0 0.8674 " 1.0012 "'
750 | 1,349 1.5155
7747 | 1.6087 ' 1.5476 '
78.0 1.5781 "' 1.6576 """
91.0 : 0.5286 " o zau
92.0 2.6057 ' - 2.5858 """
95.6 | 0.6387 "' 2.9099 "'
96.0 0.6326 ' 2.6503 '
1029 ' 0.8796 ' he00s0 '’
103.5 N 0.8107 "' hoossy
103.9 0.9022 ' © ooz '
112.0 1.3653 6.0511 ' "'
112.9 1.h087 ' 6.1526 '
118.0 : 2.0859 ' 8.5081 "'
119.6 | 2.3681 '  8.5936
121..2 3.6452 ' Coa.ens
126.0 : bsery " 19.228 "

112843 - 6.8459 21,0721
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TABLE 6b

BINARY EXPERIMENTAL OBSERVATIONS

TEMPERATURE 123.4) °K

PRESSURE (P, /P ) (B, /P )y
51.0 0.64h1 ' | 3.903 '
6.0 3.6731 ' . 046955

10L.1 0.9353 "' 0.8722 "'
106.9 | 1.0368 ' - 1.0013 '
118.5 1.3336 127k '
118.0 1092 ' ' 1.2562 "'
129.0 0.328L ' 1804 '
139.5 GRS o 1.e852 '
145.8 ~ oges M o2ags
146.5 0.5138 ''" 2.1206 '
152.0 0.6012 ' R
161.0 0.7836 ' 3.1216
166.0 0.8783 """ 3.5251 '
173.5 | 1.2213 ' o077 '
188.0 2.0338 """ .oz '
169.0 2.5 "' 7.6z
189.0 2.0959 ' 7.2150 '’
190.5 _. z.3327 - 8.0568 '

LI § tre

191.5 ~ 2.hh79 8.55L0
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TABLE éc’

BINARY EXPERIMENTAL OBSERVATIONS

TEMPERATURE 137.07 'K

PRESSURE (/P ) (P, /P, )y
95l Oul1sl ' 1.8661 '
107.0 0.7851 ' 0.6762
119.5 1.2090 ' 1,033
1440 2,18 ' 1.2
172.8 ' 0.7248 ' 2.7363 "
172.0 oo7ily 005268 "
227.5 1.5148 1.022 "'
26,8 2.555 "' 1.5290
293.4 0.7239 """ . 2,083 '
321.) 1189 '  3.0068 "
5.6 16 hosze '
358.0° 22455 """ | 5.6759 '

378.4 ool ' 9. 9919
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TABLE 7

TERNARY EXPERIMENTAL OBSERVATIONS

TEMPERATURE :123.Lk K

(P,/P,)y

#c/ka P(psia) (P /P, (P./P,); (P /P )y
041830 191.3 0,1067 041849 0el9l1 040516
200,0 01523 0.1851 042694 0.0523
212,.7 042287 0.1856 043979 0.0504
231.9 04353k 0.1811 0.6009 0.05L5
255.0 045515 041815 0..5000 04,0603
042095 202,2 0.1818 02081 0.3130 0.0610
2L3.6 03967 042076 0.66L6 0.,0709
267.0 0.71L0 042081 1.1398 0.0816
29040 1.005L | 042102 1.5641 0.0911
322,7 1.7107 0.20%0 2.5530 0,1055
045063 163.0 0.1761 o.50i2 0.3419 0.1?10
198.0 Oelih70 05087 0.8002 001416
228.6 0.7LL7 0500k 142919 0.1487
) 251,6. 1.0564 0.5029 1.7767 041585
316.2 26547 045123 L,05l1. 041972
260.8 1.5352 0.5021 2,496 041743
350.6 Leli273 0.5270 645999 042261
37045 045067 .24k 042807

840667
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TABLE 7 (continued)

LoLL6L 230.5 2.0722  L.4L16 34568k 0.Li147
' 251.8 2.0714 1.h540 4.5159 0.uh59

282,5 348569 1.4130 6.0897 0.L648

306.0. 5.4036 1.4299 8els371 045017

32245 - . 6.9296 1.4167 10.4362 045549

37745 18,2547 14113 25,1282 = 0.6410

L.4531 116.8 042277 1,485k 0.5801" 043217
15345 046708 1.1531 1.2893 0.3368

1%0.5 1.2728 1.4716 é.3oa 043800

186.0 1.1460 . Lali395 2.0713 0.3658

226.5 1.,9955 1.Lkoo 363845 04059

277;0 2.8035 L.Lh7h 6.0306 044730

320.0 648557 1.L4h33 1042680 065639
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AFPENDIX 1V

P-x~y EXPERIMENTAL DATA
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To obtain mole ratio ffom experimentél‘observations,peak ratio of
Appendix 111, Equations, (21), (22), and (23) were used for the binary
system and Equation (26) and (27) were needed for the ternary system.

Calculation of mole fraction were then easily determined from
Equations (2) and (25), and Equations (28), (29) and (30) for the binary
ard ternary systems reépgctively. |

Tables 8(a, b, ¢) and Table 9 give the P-x~y data for each of the

. -

isotherms investizatezd.




BINARY SYSTEM Ar—CHL

P(psia)
26.8

34.8
36.0
Lh.0
LS.6
61.0
75.0
T7e7
78.0
91,0
92.0
95.6
9640
102.9
103.5
103.9
112,0
112.9
118.0
119.6
12).2
1260
128.3

5

TABLE 8a

*a

0.0440
0.1051
0.1169
041695
0.2206
03326
0.L35L
0.14806
0.474L8
0.6153
0.,6015
0.6581
0.6560
0.7245
0.708L
0.7292
0.8019
08068

0.,8610

0.8756
0.9155
0.9313
0.9531

TEMPERATURE : 115.22°K
ya
0.26140
0.14689
0.4531
045935
0.6470
0o 7h7h
0.8180
0.8212
0.8311
0.8629
0.88L8
0.8963
0.8873
049225
049236
00921
04973
0.9481
049619
0, 9623
0.9775
0.9830
0.9862
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TABLE 80
BINARY SYSTEM Ar-CH, TEMPERATURE :123.1li°K

P(psia) Xy Ty
51.0 0.0621 0.3021
o4.0 042896 046766
101.1 04345k 0.7229
106.9 03717 © OuTh7h
118.0 0.hli72 | 0.7882
118.5 0.4333 0.7507
129.0 0500 048145
139.5 045756  0.88Y
145.8 045987 0.86L9
6.5 0.6087 0.8630
152.0 0.6lh6 - 048813
161.0 0.7015 045027
16640 0.72L2 0.5129 ~
173.5 04768 0.9225
1880 - 0.858 049542

T 189.0 0.8670 09568
189.0 0.8616 04955k
190.5 048739 0,9599
191.5 0.8796 0.9621




17

TABLE B¢
BINARY SYSTEM Ar-CH, TEMPERATURE :137.07

P(psia) x, Y

95y 0.0403 041654
107.0 0.0756 0.2608
119.5 0.1136 043710
1.0 0.k 0.L972
172.8 0,298 046133
172.0 0.2918 0.611;5
22745 O.Li70L 04751k
26l1.8 045967  0.819
293.4 046850 0.8617
321.L 047680 0.8993
5.6 0.8359 0.9258
358.0 0.8656 045Ll0

378.L 0.9270 04967k
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APPENDIX V

CONSISTENCY TEST

D

PRELIMINARY TREATMENT OF EXPERIMENTAL DATA




1S

8z

Table 10 shows the results of Chang and Lu's general consistency
test (23) when applied to the ternary system. This table indicates the
non-consistent experimental points of the 123.44 °K isotherm for the

system Ar—Né-CHL.
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8l

Table 1l shows the Redlich-Kister parameters obtain from activity
coefficients calculated by the four proposed methoc-is. Accompanying these
constants are the standard deviation in the activity coefficients of -
methane and argon. The figures shown are those of minimum standard
deviation in Yi ; higher suffix-equations would have higher values of @ .

Also listed are the percent average deviation in Y for CHM and Ar,

Z (v calc - obs )
Da = a a

N
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TABLE 11

REDLICH=-KISTER PROPERTIES RESULTING FROM ACTIVITY

COEFFICIENT DETERMINATION OF EXPERIMENTAL DATA

ISOTHERN LOW PRESSURE Y, FROM HIGH PRESSURE Y, FROM
TEE"E(’@%TURE PRAUSNITZT BYRNETS TYCANTS CRUEA'S
CORRELATION OF EXPERIMENTAL £ £
Big | By CORRELATION CORRELAATON
50.67 B 0.1792 - 0.1502 0.1801
e,  0.0116 - 0.0209 0.0121
o, 0.02k2 - 0.3515 0.0238
a  0.63 - 151 0465
%De 1.46 - 22.00 1.39.
115.22 B 0.1594 0.1610 041707 0.1589
a, 0.0271 0.0271 0.0848 0.021L
@, 0.0879 0.0878 0,087} 0.0872
B 1.71 172 7.l 140
%De Le37 Le39 L.6L Lelo
1234, B 0.2187 0.185 0.1474 0.1358
e, 0.1258 0.0671 0.0199 - 0.0288
e 0.0993 0.0633 0.0479 0.0250
#Da 8.73 - Le55 1.00 1.h9
e 702 k.56 3.1 2.0k
137.07 B 0140k 0.1%40k: 0,13k} 0.1329
a, 001642 0.109) 0.0288 0.0223
e, 0.2198 01235 0.0255 | 0.0163
Da 13.3 8.47 1.51 1.0 .
1.13

@C 11.5 6078 | 1096




APPENDIX V1.

OBSERVED AND CALCULATED LIQUID ACTIVITY

COEFFICIENTS OF ARGON-METHANE SYSTEM

3
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Table 12 (a,b,c) show the observed liquid activity coefficients,

log YiObS , as calculated from Equations (12) and (18) for both
components, argon and methane and the one-suffix Redlich-Kister Equation
representation, log Yicalc .
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TABLE 12a
OBSERVED AND CALCULATED ACTIVITY COSFFICIENTS
TEMPERATURE: 115.22°K REFERENCE FUGACITY

METHANE-- 10,5 psia
ARGON - 112.2 psia

Nd’. P ' Xpn ' logYAgbs iégYC;zs 1o gYArcalc logYC;alc
1 %.8  0.0Lko ;0.1429 0.0109 0.1453 0.0003
2 34.8 0.1051 0.1226 0.0036 0.1273 0.0018
3 36.0 10,1169 0.1122 0.0028 0.1240 0.0022
L Ne 0.1695 0.1138 0.0L31 01097 ~ 0.0046
5 L9.6 02206 0.0856 0.026L  0.0966 0,007
6 61.0 0.3328 0.0527 0.0274 0.0708 0.0176
7 75.0 0.435L 0.0567 0.0340. 0.0507 00,0301
8 777 0.44806 0.0293 0.0752 0.0429 0.0367
9 78.0 - 0.4758 0.0403 . 0.0%80 6.0h37 0.0360
10 91.0 0.6153 0.0042 0.1460  Q.0235 °  0.0602
11 92,0 0.6015 0.0250 0.0592 0.0253 0.0575
12 95.6 046581 0.0101 0.0933 0.0186 0.0689
13 . 9640 0.6560 0.0087 0.1280 0.0188  0.068Y
I 102.9 0.7245 0.0085 0.0857 0.0121 0.0835
15 103.5  0.708) 0.0209 0.0568 0.0138 0.0758
16 ©103.9 ; 0.7292 0.0100 0.0873 0.0117 0.0845
17 112.01 " 0.8019 " 0.0072 0.0895 0.0062 ' 01022
18 1112.9 . 0.8068 0.0079 0.0963 0.0059  0.1035
19 118.0 0.8610 0.0020 0,11 94 0.0031 0.1179
20 - 119.6 0.8756 -0.0002 0.1672 0.0025 0.1219
21 1242 0,955  -0.0009 0.1231 0.0011 0.1333
22 126.,0 ‘ 0.9313 -0.0010 0.0958 ' 0.0008 0.1379

23 ~128.3 0.9531 -0.0012 0.1766 0.0003 0.1hhL
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TABLE"12b

OBSERVED AND CALCULATED ACTIVITY COEFFICIENTS

TEMPERATURE: 123.LL°K

REFERENCE FUGACITY ~ .
METHANE -~  33.1 psia

‘ ARGQN  ~7: 166.2 psia
NO. P X, logt, o 1ong;iS logY,?1° long;Zlc
1 51.0 - 0,021 0.1525  0.018F  0.1198 0.0003
2 ol4.0 0.2896 0.0768 - 0.0318 0.0685 0,011}
3 101.1, 0.345k 0.0519 0.0289 0.0575 0.0166
L 106.9 0.3717 0.0607 0.0232 0.0536 - 0.0188
5 118.5 0.14333 0.0573 0.0215 0.0436  0.0255
6 118.0 0.Lily72 0.0L06 0.0360 0.0415 0.0272
7 129.0 0.500L 0.0391 0.0517 0.0339 0.0340
8 139.5 0.5756 0,024} 0.0602 0.02145 0.0450
9 5.8 o§5987 0.0316 ~ 0.0483 0.0219 0.0487
10 146.5 0.6087 040252 0.0667  0.0208  0.0503
1 152.0  0.6Mh6 0,025  0.0578  0.0L72 0,056
12 161.0 . 0.7015  G.0064  0.0647  0.012L 0.0668
13 T66.0 0.7242 0.0161 0,0600  0.0103  0.0712
1l 173.5 0,768k 0.0121 0.0977 0.0073 0.0802
15 188.0 ' 0.8580 0.0059 0.1045 0.0027 0.1000
16 189.0 . 0.8616 0.006l; Q.1055  Q.0026 0.1008
17 189.0 0.8670 0.0043 0.1050 0,002l 0.1021
18 1%0.5 0.8735 0.0049 0.1020 0.0022 0.1037
19 191.5 08796

0.0048 0.0990 0.0020 0.1051
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TABLE 12¢

OBSERVED AND CALCUIATED ACTIVITY COEFFICIENTS
TEMPERATURE: 137.07°K - REFERENCE FUGACITY °
METHANE —  70.8 psia
ARGON -~  274.3 psia
o.. P x,. logT, 0°° 1og¥bﬁzs' logy, 21¢ long;ilc
&l
1 954 0.,0403 0.133%7 0.0010 o.12és 0.0002
2 107.0 0.0756 0.12L) 0.0033 0.1136 0.0008
3 119.5 0.1136 0.1110 0.0038 0.1045 0.0017
L 1hk.0 0,192 0.0757 0.0048 0.0863 " 0.0050
5 i72.8 0.2948 0.0522 0.0086 0.0661 Q.0116
6 172.0 0.2918 0.0558 0.0040 0.0667 0.0113
7 227.5 0.L70L 0.0333 0.0233 0.0373 0.0294
8 264.8 0.5967 0.0%72 0.04420 0.0216 0.0473
9 293,y 0.6850 0.0109 0.0589 040132 Q.062},
10 321.) 047630 0.0067 0.Q737 0.0072  0.078L
11 | 3L5.6 0.8359  0.0049 0.0816 0.0036 0.0929
12 358.0 08696 0.0038 0.0897 0.0023 0.1005

13 378.4 0.9270 0.0013 0.1161 010007 0.1143
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APPENDIX V11

TERNARY EFFECT IN

ARGON-NITROGEN-HETHANZ SYSTEM




g
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The ternary éffect in Ar;Na—CHh‘system was analysed. The basis for
analysis was the consistent points obtained as the error in composition,
E(x), varied from 0.0005 to 0.0030 . For the sake of comparison, the
smoothed and #he experimentally determined BAr-CHL were selected from
Bij vs 1/ T curve of Figure (8)e Furthermore, the ternary constants -
were determined from Lyckman's correlation of fi,Lo and Equgtion (18).

The results of such study were compiled in Table 13 .
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TABLE 13

THRNARY EFFECT IN Ar-N,-CH, SYSTEM
= =1

Parameter : Error in composition, E(x)
Constants : Error in pressure , E(p)=0.5 psia
Error in temperature, E(T)=0.5°K
'5123 calculated from Equations (25) and (26) from: a oﬁé-—.‘berm

Redlich-Kister Equation.

Byr _CHh- 0.1521 , 0o1h7h (smooth)
E(x) No.Pts. qu a AQRB a

040005 9 162 1.63 1.65  1.62

0.0010 10 1.60  1.54 1.63 152

0.0015 15 1.80 1.9 1.83 1.L8.

Ty} calculated from Equations (25) and (26) from a two-term

Redlich-Kister Fquation.

\

B, - , 0.1475 061475
Ar-C}E‘ , (smooth)
Cap o, = =040310 ~0.0017
E(x) No.Pts, 5123. a ' 5123 a
00005 9 0.560 1.9 0.57 1.94
- 0,0010 10 0457 1,87 0.59 1.83

0.0015 .- 18 0.78 1.77 0.80 l.7h




