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PREFACE

An apparatus was constructed for making solid-vapor and 1iquid—vapo?
equilibrium measurements over a teﬁperature range of 90 to 300° K. and
a pressure range of 0 to 150 atm. Solid-vapor equilibrium measurements
were made at. temperatures of 90, 95, 100, 105, 110, and 115° K. for the
helium-krypton system and temperatures of. 120, 130, 140, and 155° K.
for the helium-xenon system. - A pressure range of 10 to 120 atm, was
covered for both systems. Second interaction virial coefficients were
determined from the experimental data and compared with data of other
investigators. Combining rules for predicting interaction intermolecu~
lar potential parameters were tested using all the available second"
interaction virial coefficient data for the two systems studied in this
work.
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CHAPTER I
INTRODUCTION

Numerous advances in solution thermodynamics have been made in re-
cent years including several theoretical means of describing gaseous
and liquid mixtures from a molecular standpoint. All transport and
equilibrium properties of both pure substances and mixtures can be de-
termined from an accurate knowledge of the intermolecular interactions
among the molecules within the system.

In pure substances, only interactions between like molecules
occur, whereas in mixtures, unlike molecular interactions occur in
addition to like interactions. Unfortunately, no really satisfactory
means is available for determining the unlike molecule pair potential
of even the most simple molecular pairs. Even when the pure species
obey classical or quantum—mechanical corresponding state behavior, no
existing theory has proven completely successful in predicting inter-
action pair potentials from known properties.of the constituent mole-
cules. Before progress can be made in predicting mixture properties
from molecular considerations, improved mixing rules for predicting
interaction intermolecular potential parameters must be developed.

The development an& testing of interaction pair potential models
are presently hindered by a lack of appropriate déta, One suitable
kind of data for this type of study is interaction virial coefficient

data. However, much of the existing virial data has been taken on



systems contalning components possessing polar or nonsymmetrical poten-

tials. These effects complicate conclusions as to whether a theory is

basically inadequate or has simply been applied to a system where the

theoretical assumptions have been violated. Therefore, data on binary

rare gas mixtures would be helpful because the assumption of a

spherically-symmetrical potential is valid for the pure components.

In order to determine meaningful intermolecular potential parame-

ters from interaction virial coefficients, data over a wide temperature

range are necessary. Because conventional PNT methods are not applicable

at low—fe&ucedtiemp3¥§fﬁ¥é§?'othef hetE3&§“ﬁust be used to determine

interaction virial data at these temperatures. One quite simple and.

useful technique is golid-vapor .equilibrium data, where theAcondensed

phase may be considered to be esgentially pure.

Therefore, the specific goals of this work were

(1)

(2)

(3)

(4)

to design and build a cryostat and phase equilibrium
cell which could be used to make both solid-vapor and.
liquid-vapor equilibrium measurements over a temperature
range of 90 to 3000 Kand a pressure range of 0 to 150
atm.,

to make solid-vapor equilibrium measurements on the
helium—k:ypton and helium-xenon binary systems,

to determine second interaction virial coefficients from
the solid-vapor equilibrium data using conventional
techniques, and.

to determine intermolecular potential parameters from

the second interaction virial coefficients and use these

parameters to test existing mixing rules.



In the following chapters, the procedures used to accomplish these

goals and the results of this study are presented.



CHAPTER II
REVIEW OF PREVIOUS WORK

A complete survey of all solid-vapor equilibrium measurements has
been presented previously by .Hiza (21). Of particular interest to this
work are solid-vapor equilibrium measurements on binary .rare gas sys-
tems. Mullins and Ziegler (43) made both solid-vapor.and liquid-vapor
equilibrium measurements on the helium-argon system over a temperature
range of 68 to 108° K and a pressufé range of 20 to 120 atmospheres.
Ewald (13) studied the helium-xenon system at 155° K over a pressure
range of 4 to 108 atmospheres. Co-currently with this work, Hiza and
co-workers have made . both.solid-vapor and liquid-vapor -equilibrium
measurements on the helium-krypton system (28) and the neon-krypton
system (41) over a temperature range of 100 to 150° K and a pressure
range of 3 to 120 atmospheres. These investigators have reported that,
in general, their composition analysés have.an imprecision of * 2 or 3%
in the mole fraction of the. trace component of the binary vapor mixture.

Also of interest to this ‘work ‘are experimental second interaction
virial coefficients on the helium-krypten and helium-xenon binaries.
Brewer (2) has reported second interaction virial coefficient data for
all ten of the binary mixtures of the rare gases helium through xenon.
In Brewer's work, the quantity actually measured was the excess virial

coefficient,

E = B._ - (B

12 + B22)./2 M

11



The excess virial coefficient of Equation (1) was determined by a dif-
ferential technique which involves measurement of the pressure change
that accompanies the mixing of two gases at constant temperature and
volume. Brewer reported an imprecision in his measurements of the ex—
cess virial coefficient of * 0.l cc/g mole.

A knowledge of reliable pure component virlial coefficient data is
necessary to determine the interaction virial coefficient, B12, from
the experimentally determined values of E. Brewer reported second.
interaction virial coefficients for the helium-krypton system at six
different temperatures between -125° and 50° C, and for the helium-
xenon system at five different temperatures between ~100° and 50° C.

“Recently, second interaction virial coefficients were determined
for the helium-krypton system.at temperatures of -50°, 0°, and 50°C in
this laboratory by Dillard (l1). These interaction virials were ob-
tained from PVT measurements made using a Burnett-type apparatus.
Dillard's interaction virials have an estimated imprecision of approxi-

mately * 1 cc/g mole.



CHAPTER III
THEORETICAL CONSIDERATYIGNS

In this chapter, the equations necessary for the reduction of
solid-vapor -equilibrium data to obtain interaction virial coefficients.
are developed. A discussien of the combination rules to be tested for
predicting interaction intermolecular potential parameters is also

presented.
Data Reduction

The criteria for solid-vapor equilibrium in a binary system may be

written as

foy = fg

~

where f,y = fugacity of component "2" in the vapor phase

f,g fugacity of component "2" in the 'selid phase
and component "2" is the less volatile component. If the selid phase
is assumed to be essentially pure, then the fugacity of component "2"

in the solid phase is equal to the pure component fugacity of -the solid

at the temperature and pressure of the system, f,g. Therefore,
£y = fog (2)

The fugacity of a pure component in the solid phase may be ex-

presged’ as



V.P. P -
an(f,5/£8 ) = (1/RT) l;ovzsdl’ (3)
2
where P9 = vapor pressure of pure component "2"
VZS = solid molar volume of pure component '2"
fZéP' = fugacity of solid component "2" at its vapor pressure
P = system pressure,

For a pure component below its triple point

V.P. V.P.

£,5 = Ly (4)

The pure component vapor fugacity of component "2" is given by
V.P | P RT
fn(f' -5+ /P%) = (1/RT) ] V- 2] dp
n(f, /B = (U/RD) [ 2 [V - S (5)
Combining Equations (3), (4) and (5) yields
. o P = ) P°~ o . .
an(f,5/P9) = (1/RT) | , V25 @ + (1/RT) L}z [V - RT/P] d&  (6)
P
2

In the solution of Equation (6) in this work, VZS is assumed to be.
independent of pressure and the Berlin form of the virial equation is
applied to the vapor phase. The Berlin form of the virial equation is

given by
Z = 1+ B + C'P%2 + . ..
which can be rearranged to
V = RT/P +B'RT+ C'RTP + . . . (7

Substituting Equation (7) truncated after the second virial term (valid

because Pg is very low) into Equation (6) and integrating we obtain

zn(fzs/Pg) = VZS(P - P9)/RT + B /RT (8)

o]
22P2



The fugacity of component "2" in the vapor phase is given by

e (£ /Py ) = (1/RT) jv [(BP/anz)T,V,nl - RT/V] ¥ - iz (9)
where nj, np = moles of component "1" and component "2", respectively
y, = mole fraction of component "2".

Assuming that the Leiden form of the virial equation truncated after

the third virial term applies to the vapor .phase, i.e.,

Z = 1+ B/T+C/V2+ ...
or

P = nRT/V + n?BRT/VZ + n3CRT/V3 + . . .
Then (BP/an)T V,n, may be. evaluated from the virial equation
b b

2
17 T 2nyn,By, + 03By,

2
nlB

where B =

and

n3C + 3n2n C + 3n.n2C + n3c

1 131 . . 1 2 112 1 2 122 2 222
C - 3 2
(n; + ny)
Thus
(3/8np)7,y,n, = RT/V - (2B, + 2n,B,,) (RT/V?)
2 2 3
+ (3n1C112 + 6n.1n20122 + 3n2C222)(RT/V ) (10)

Substituting Equation (10) into Equation (9) and integrating yields
sn (£2v/Py2) = (2y1Byy + 2y2B22)/Vm

+ (3y{Cy1p + 6y1¥2C12p + 378Cp25)/2V2 - an Z (11)



where Vm = molar volume of gas mixture
Z, = compressibility factor of gas mixture

Combining Equations (2), (8), and (l11), we obtain

tn (£,5/P9) - &n (£,y/Py,) = n (Py,/PS) = in ¢

where Pyz/Pg is defined to be the enhancement factor, ¢,, of component

"2". Thus
an ¢y = T,g(P - P9)/RT + B,,P3/RT + 4n Zy (12)
- (291815 + 295B55) /Vn = (3y{C1yp + 6¥1¥5C1ap + 3¥3C2p,)/2V5

Equation (12) is one of the basic data reduction equations used in this
work. For consistency, Z, and Vm must be determined from the virial
equation. The regression of the interaction virial coefficients, Bj,
and Cy;,, from Equation (l2) requires an iterative procedure which will
be discussed in more detail in a later chapter.

If the vapor phase is assumed to be. essentially pure (i.e.,

y1 > 1, yo »0, Zy > Zy, and ¥V, »~ V;), then Equation (12) reduces to
gn ¢ = V,g(P - PS)/RT + B,,PY/RT + &n Z,
v T2
= 2By,/Vy - 3Cy,,/2V] (13)

The interaction virial coefficients, Bjy and Cjj5, can be obtained from
Equation (13) by a straightforward linear regtession requiring no ite-
ration. Unfortunately, Equation (13) is not applicable for data taken
at temperatures close to the triple point of component "2" because the
vapor phase can .no longer be considered pure due to the higher concen-

trations of component "2" in it. The historical development of the
4



10

above eéuatidﬁ;'is given in a review by Rowlinson and Richardson- (52).

Chiu and Canfield (7) have used a similar analysis to develop

the following equation:

(1/y3P) [RT fn ¢, =V, (P -P9) + (1-y2)B,,P-B, P) - (C BZ,) (B3)?/2RT]

2272 222
= (B)) - 2B)p) + (B/2RTy]) [-3C;,5] = 6C,,,y,y, = 3Cyp,93
+ (2¢,,, + 4B11B12)y + (6C ., + 83%2 + 4B, B 12)yly2 (14)
+ (12B,,B,, + 6C,,,)y,v5 + (2¢222 + 4B,)y3 - 3B% ¥}
- 12 B11B12y?y2 - (1283, + 6B B 27)y1y2 - 12B,,B,,y,v3 - 383,y,]

. where the following assumptions apply:

(1) the solid phase is essentially pure;

2) st is independent of pressure;

(3) the virial equation truncated after two virial terms is ade-

qﬁate to describe the vapor phase.

The basic difference between Equations (12) and (l4) is that in Equa-
tion (14) the fugacity of component "2" in the vapor phase, %2V’ was
determined from'the pressure explicit expression rather than the volume

explicit expression presented in Equation (9).

If the left-hand side of Equation (l4) is defined as-

°) + (1 -y2)B L, - B p°

ERT = (1/y%P)[RT ¢n ¢, - 2272

ZS(

- (c B%z)(Pg)Z/ZRT] (15)

222

then we can write Equation (14) in the form

ERT = (By; - 2B;,) + FP (16)
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where F 1s a function of composition and the virial coefficients. A
tempting procedure would be to extrapolate a plot of ERT versus pres-
sure to zero pressure to obtain‘(B11 - 2B12), but this is invalid be-
cause two-phase .equilibrium cannot exist below the wvapor pressure of
component 2", Therefore, the plot of ERT versus P must be extrapolated
to some pressure equal to or.above Pg. Chiu and Canfield suggested .
that an optimum extrapolation pressure, P,o, be used.. This pressure is
defined as that pressure at which the absolute value of FP/ERT is a
minimum subjéc; to the restriction, Po;;Pg..Thus,Equation (16) represents
a simple graphical technique of analyzing solid-vapor-equilibrium data
to obtain the second interaction virial coefficient. This technique-
will be considered in more.detail in a later chapter.
Discussion of Combination Rules for Interaction
Intermolecular Potential Parameters

The combination rules to be tested in. this work are presented in
Table I. The theoretical bases for these rules have been discussed in
some .detail by other investigators (l4, 49).

The commonly used, semi-empirical form of intermolecular potential

between .two melecules is given by
U(r) = - A/f™ + c/E™. (17)

where the A/r® is the attractive force term of the potential and C/r™
is the repulsive force term. Although considerable theoretical work
has provided valuable information on the specific portions of the po-
tential (1, 10, 48, 49), empiricgl models are still required for the
complete description of the pgtential curve. One commonly used empiri-

cal form is the Lennard-Jones 12-6 potential (33),
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TABLE I
COMBINATION RULES FOR THE  INTERACTION ENERGY PARAMETER €19

Rule Nof Rule Reference
I Y
Eij = (Eiisjj) 17, 50
S 6 5 6
I1I Eij (811611 i3 Jj) (1/0 ) 51
IV .= o3 o3 )21 3
eyy = (0440846539326 ) 51
v e g2 )3
= 2
eij (Eiisjj) (oiich/ lJ) [2(I I )2 /(I + I )] 26
6
] (egq + )c /x X5
(Elioll/xl + EJJ JJ/XZ)
= 2 6
VII €1 [2e4; JJ/(sil + ey )](oll JJ/o .) 42
6 -
N { (sli + £ )c /aia%, }
(e41981/91 : “1111/°3)
L 2
VIII Eij = (Eiiejj) [4Iin/(Ii + IJ) ] 56
12 12- 2.6
x [(leIIO%;l + IlalOOIi)g/kj 3933 T QIJaJOOJJ)] }
-13 12 yWi3 12 y/13713 4 3 6 .
2 [(lellcoll) + (5k I. OOJJ) 127 + 31014 I3 /(T + 1. )]a1a30013
€ = energy parameter
0,0, = distance parameters (where 0o=0/4)
I = ionization potential
X = diamagnetié susceptibility
a = ‘static'polarizability

k = empirical constant
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U(r) = 4e[(o/r)i2 - (0/r)8] (18)

where
A = 4eob (19a)
C = 4egl? (19b)

and € and ¢ are the intermolecular energy and distance parameters,
respectively,
If the attractive potential ‘term constant, A, is expressed in,

terms of the London.theory (36) of the dispersion force, then

= 321 = 23
Ay LTy %Ly 5 Ay —Euiaj[Iin/(Ii + Ij)] (20)

where o is the static polarizability and I is the ionization potential,
The static polarizabilities can be eliminated from Equation (20) by

combining the A's in the following manner.

s 1
Aij/(AiiAjj) = 2(Iin)2/(Ii+ Ij) (21)

By combining Equations (19a) and (21), an expression suggested by Hud-

son and McCoubrey (26) is obtained.
. . .
Eij = (eiiejj>6(diicjj/0%j)3[Z(Iin)/i/(Ii + IJ)] (22)

which is Rule V in-Table I. Rules I and III are direct simplifications
of Rule V. Rule III is obtained by assuming Ij & Ij and Rule I is ob-

tained by further assuming that ojj o O34° Rule IV is an empirical
modification of Rule III.
An eQually valid basis for developing combining rules is to use

the Kirkwood-Muller theory (30) by equating the attractive form. of the

Lennard-Jones 12-6 potential to the K-M formula.
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Aii = 3mc2uixij; ‘ Aij - GmCZOLiOLj/(Oti/Xi + Otj/Xj) (23)

where X is the diamagnetic susceptibility, m.is the electronic mass,
and ¢ is the velocity of light. A combining rule independent of the

static polarizability and consistent with Equation (23) is éiven by

Mgy = 285055/ T0G x3)A55 + (x3/x9)844] (24)

By combining Equations (19a) and (24),

= 6 6 6 2
eiy = (2eggeg/xgxy) 4404400 08/ (ey508i G + o098, /3)  (25)
which can be expanded to
(g4 )06 /X3Xs
= PR~ Py P e 4 (T o 2 © 11 1 J
eij [zellEJJ/(ell+€JJ)](OIIOJJ/Oij) [ 3 2 6 zjl (26)
(eiio /x +€JJ 33/%5)

Equation (26) is Rule VI in Table I and Rule II is a direct simplifica-
tion for which the following assumptions -apply: oj4 =~ 943 and x4 X3
A combining rule that is consistent with both the London and Kirk-

wood-Muller approximations is given by

Aij = 2A11AJJ/[(a /a )A + (ai/aj)Ajj] 27

This expression was originally proposed by Moelwyn-Hughes (42) and has
been recently tested by Kramer and Herschbach (31). Substituting Equa-

tion (l9a) into Equation (27) yields

€13 = (2e44 JJ/a LO )(O11 JJ %43 )6/(611 g’_l/a2 + ey g /uz) (28)

which can be rearranged to
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f

€1y = [2€iiejj/(eii +~€jj)](°ii°jj/cij)6
‘(eii )cij/aiaj
X (29)
(eii ii/a + Ejj j/aj)

ﬁqua;ion (29) is Rule VII in Table I and can be reduced to Rule II by
assuming o4, = cjj, and‘ai T‘x aj.

Rules I through VII'Qere derived . by conaideripg only the attrac-
tive force term of the intermolecular potential function. Recently,
however, Sikora (56) has proposed a combining rule (Rule VIII) for
which beth the attractive and the repulsive terms of the intermolecular
potential are conéigergd. The London.theory is applied to the attrac~
tive force term.of the;potential and the repulsiQe force term is associ-
ated with the energy of the distortion of the outermost electron shell
of a molecule. From the nature of the derivation of Rule VIII, the ex-
pression of Hudson-McCoubrey (Rule V) should be a limiting case. This
ig true if the k's in Rule VIII vanish and 0, 1s replaced by o which
produces no numerical changes since 0,/0 does not vary significantly
from system to system.

An empirical mixing rule for the interaction energy parameter is
= (- kyg) (eqqeq) % 30
Eij ( ij)(EliEjj) ( )

where kij is the ''geometric-mean correction factor' and is directly ob-
tainable from experiméntal data. Recently, Hiza and Duncan (22) have

proposed an empirical cerrelation for kij’ which is given by
kyy = 0.17(T3 - Ip)%ea(Iy/Iy) (31)

In order to test the combining Rules III through VII, seme. know-
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ledge of the interaction distance parameter, 949s 1s necessary. Either
the experimental value of 44 must be used, or some combining rule to
obtain‘cij from the pure component parameters must be assumed. One

commonly used mixing rule is the "hard-sphere" model.

05 = %(cii+cjj) (32)

but recently Good and Hope (15) have proposed the rule
5
Gij = (GiiGjJ) (33)
with the contention that this rule is more physically sound than the
"hard-sphere'" model. All three of these means for obtaining Gij‘will

be used in this work when testing the combining rules in Table I.



CHAPTER IV

EXPERIMENTAL APPARATUS

The experimental -apparatus of several investigators (23, 29, 40,
57) who have made solid-vapor equilibrium measurements were carefully
considered before the apparatus used in this study was designed.

A cryostat quite similar to that of Hiza and Herring (23) was de-

signed and constructed to fulfill the following requirements:

(1) the operating temperature range of the equilibrium cell should
be 90° to 300° K (the lower temperature limit was set by the
fact that 90° K is the lowest temperature at which good temp-
erature control of the cell could be maintained using
atmospheric liquid nitrogen cooling);

(2) the pressure range of the equilibrium cell should be 0 to 150
atm. ;

(3) the cell assembly should be applicable to both liquid-vapor

and solid-vapor equilibrium studies,
General Description

The detailed arrangement .of the phase equilibrium cell is present-
ed in Figure 1. Essentially, the equilibrium cell (A) is a large hollow
copper block which contains a removable section of five equilibrium
trays (C) packed with steel wool. The cell is charged with the compon-

ent to be solidified through a fill line [1] at the top of the cell
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cavity., The lighter gaseous componenf enters the cell cavity through
an inlet line [3] near the bottom of the cell and is removed ffom an
exit line [4] at the top of the cell cavity adjacent to the fill line
[1]. The other transfer line attached to the cell is located at the
very bottom of the cell cavity and can be used as a liquid sample line
[2] in studies of liquid-vapor equilibrium.

The cell is wréppea from top to bottom with a cooling coil (D) and
insulated resistance heating wires (R). Two resistance thermometeré
are 'situated in the tbp of the cell. One is a platinum resistance
thermometer for measuriﬁg temperature and the other serves as the probe
for the temperature control unit. The ends of a differential thermo-
couple are located at the top and bottom of the cell.

An adiabatic shield (B) which is also wrapped with a cooling coil
(E) and heating wire (S) surrounds the cell. The purpose of the adia-
batic shieid 1s to minimize the heat losses from the cell due to con-
vection andiradiation to the surroundings of the cryostat. In this
ménner, the ‘amount of input cooling and Heating necessary to maintain
temperature control of the cell could be minimized. The entire cell
and shield assembly are.supporte& from the top-plate (T) of the cryostat
by three nylon rods (N).

A liquid nitrogen.storage vessel (J) is located at the bottom of
the cryostat. This storage vessel is supported by its inlet, exit, and
vent lines. A heat exchanger (0) is situated above the cell which is
used for the countercurrent exchange of heat between the inlet and out-
let vapor streams.

A stainless steel dewar (Y) flanged to the supporting top-plate of

the cryostat encloses the entire cell assembling. Theadewar can be
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evacuated through a vacuum line (V) in the top plate. Vacuum serves
as a very good insulation because convection and conduction from the
cell assembling to the surroundings of the crygstat are quite small in
a system which is evacuated below a pressure of 107> torr. The liquid
nitrogen storage tank and adiaBagic_shield are wrapped with aluminum.
foil and the entire cell assembled 1s surrounded with a radiation
shield of aluminum foil to minimize the radiant heat transfer.

A schematic diagram of the entire phase equilibrium equiPmen; is
presented in Figure 2. The equipment contains sevefal key features,
all of which will be discussed in detail later: The main component of
the equipment is the cryostat and phase equilibrium cell which has al-
ready been mentioned. Another feature is the vapor flow system which
includes éll the pressure measuring and pressure control apparatus.

A third élement of the phase equilibrium equipment is the gas
analysis system in which an ultrasonic detector is utilized te¢ analyze
the vapor phase. This relatively new means of gas analysis proved quite
successful in this work. Other features of the equipment include the
shield and . cell cooling control system, the cell temperature control
unit, the liquid nitrogen.transfer system, and the insulating vacuum

system.
Equilibrium Cell Description

The phase equilibrium cell (A) was prepared from a solid copper
rod 9 inches long and 3 inches in diameter. A cavity 6% inches long
and -1 inch in diameter was drilled out of the center of the cell. At
the top of the cell, the cavity was enlarged to lé'inches in giameter.

The cavity was extended to a depth of 1% inches and was threaded to a
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depth of approximately 1% inches.

As shown . in Figure 1, the cell is sealed by a gasket, plug, and
set ‘screw assembling. A E-inch brass rod 1% inches in diameter was
threaded and a %—inch hole was drilled through its center. Three %—inch-
bolt holes, evenly spaced, were drilled and threaded in the remainder
of the brass rod. A solid copper plug (G) %—ikc% thick by lg inches in
diameter was used . in conjunction with the brass plug and. three ﬁ—inch
brass bolts to produce a compressive force on the gasket. The brass
bolts serve as set screws (I). The gasket (H) used in this work'is a
Parker Metal V-Seal made of inconel coated with Teflon. The gasket has
a nominal 0.D. of 1% inches, a nominal I.D. of 1?% inches, and a free
height of 0.089 to 0.092 inch. The compresion seal obtained by the a-
bove means performed satisfactorily under boeth high pressures and ex-
treme temperature cycling.

At the top of the cell, five vertical ports were drilled in the
cell and are located between the outside edge of. the cell and the cell
cavity. Three of these holes are %—inch'in,diameter‘and %—inch deep.
They are threaded and serve as anchor holes for three threaded nylon
rods (N) from which the entire cell and shield assemply is suspended.
from the top-plate of the cryostat. The two other holes serve as ther-
mometer ports. One hole is f%éinch‘in diameter, 2 inches deep and is
used to héuse-the platinum resistance thermometer (F). The other hele,
located immediately adjacent to the above port, is %-inch in diameter,
2 inches deep, and houses the temperature control probe.

Four:I%—inch, 316 stainless-steel transfer lines are attached to

the cell. The liquid sample line [2] and inlet gas line [3] enter the

cell near the bottom of.the cell cavity on opposite sides of the cell.
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These lines were attached to the cell-by first drilling %-inch holes into

the cell cavity, inserting the tubes, heating the entire copper block,
and soldering the tubes into place., The gas outlet line [4] and.con-.
densation fill line [l] are located adjacent to one anothér and enter
the cell through the copper plug (G) that compresses the sealing gasket.
These lines are attached by silver solder. The two lines in the cell
itself were not silver soldered because heating the entire copper cell
(approximate weight of 20 1lbs.) to a high enough temperature to silver.
solder was not feasible.

The cell is wrapped with a copper cooling coil (D) which serves as
a transfer line for the cooltant. The copper tubing is thin-walled and
has a f%—inch outside diameter. Approximately 15 evenly spaced (about.
% inch apart) loops of tubing surround the cell. The entire cooling
coil was fastened to the cell by soldefing the inside of the tubing (in
good thermal contact) te the cell. Again, the entire copper cell had
to be heated to the melting temperature of the solder and care had to
be taken that the two lines soldered in the base of the cell.did not
come ‘loose.

The equilibrium cell is also wrapped with two lengths of asbestos
insulated chromel A wire (B & S Gauge No. 24) to serve as small wattage
resistance heaters (R). Each piece of wire is approximately 5 to 6
feet long and has a resistaﬁce of about 5 ehms. The wires were wrapped
between the copper cooling coil leeps.and are located at the-tqp and
bottem of cell. The wires are held in position by epexy resin.

A removable tray section (C) is located in the internal cavity of
the cell. The trays are thin circular steel disks slightly smaller than

1 inch in diameter. Each tray was tapped with a %-inch hole so that a
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%-inch long pilece of é-inch 0.D. tubing could be soldered into place in.
the tray. These tubing sections allow the vapor stream to pass through
the tray section. The trays are separated by %—inch long tray spacers
made from l-inch 0.D. steel tubing. The space between the trays is
packed with steel wool. The entire tray section was.assembled using a
%-inch bolt te hold it toegether; then the trays and tray spacers are
soldered in place. A groove was lathed around the bottom of. the tray
section in which a l-inch 0.D. necoprene O-ring (W) was positioned. The
O-ring not enly holds the tray section in place but also prevents vapor
bypass around the trays.

A copper-constantan differential thermecouple was originally at-
tached to the top and bottom of the cell. The purpese of the differen-
tial thermocouple in this position is to detect temperature gradients
across the length of the cell. Later, the top bead of the thermecouple
was attached to the vapoer outlet line about 2 inches above the top of
the cell. In this position, the differential thermocouple can be used
to determine if the vapor outlet line temperature is above that of the
cell. This is important because. coendensation from the equilibrium gas
mixture leaving the top of the éell must be prevented in the vapor out-

let line.
Adiabatic Heat Shield

Surrounding the equilibrium cell is an adiabatic heat shield (B)
designed. to minimize the flew of heat from the surroundings te the cell.
This heat shield is.a 10%-inch long piece of 5~inch nominal, Type L,
hard copper water pipe. The pipe has an.0.D. eof 5% inches and an I.D.

of 4% inches. - Two circular %—inch thick pieces of brass plate, 5
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inches 'in diameter, were used for the top and bottom of the adiabatic
shield. |

A l-inch diameter hole was drilled in the center of each plate and
six %jinch.diameter,heles were evenly spaced around the center hole
near. the outer edge of the plate. The purpose of these holes is to
allow the passage of the various lines and wires from the cell through
the heat shield and .te allew the evacuation of the annular space between .
the cell and the shield. Three %—indldiameter holes were.also drilled
in the top-plate of the shield. They were positiened. to correspond.
exactly with the anchor holes on the top of the equilibrium cell. Thus,
the heat shield can be supperted with the three threaded nylen support
rods (N) by using hex-headéd nuts (X) on either side of the top-plate
te hold it firmly in pesitien.

The bottem—-plate was soldered inte place in ﬁhe bottom of the
shield. For convenience in assembly, however, the shield is supported
from its top-plate using an anchor screw assembly. Three l-inch long
pieces ef g—inch diameter hexagonal brass bar stock were tapped and.
threaded for S —inch screws. These pieces were then attached to the

16

inside of the shield wall at regular intervals. Three f%—inch holes
were drilled in the top-plate of the shield. Thus, the shield.can be
suspended from the top-plate by screwing three T%—inch round head
screws through the top-plate into the three brass stock supports.

A cooling coil (E) of T%—inch 0.D. copper tubing was soldered to
the outside of. the shield. The cooling ceil consists of approximately
20'lqops spaced approximately %—inch apart. A chromel resistance heat-

ing wire (S) was wrapped between . the loops of the ceeling ceil. The

wire is 24 feet long, has a resistance of approximately 24 ohms, and.
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was attached to the shield with epoxy resin.
Liquid Nitrogen Storage Vessel

A supply vessel (J) for liquid nitrogen cooltant to the adiabatic
heat 'shield and equilibrium cell is located immediately under the shield.
and cell assembly. This vessel was constructed from the same Type L
copper water pipe that was used for the shield. Two circular 5-inch.
diameter pieces of.é—inch thick copper plate were soldered into the
grooved ends of a 7-inch long plece of the copper pipe to complete con-
struction of the storage vessel.

Two %—inch 0.D. and one I%—inch 0.D. transfer lines were soldered
into the top of the vessel. One of the %—inch lines serves as a fill
line (K) and the other serves as a vapor vent line (L). A pressure
gauge with a range of 0 to 100 psig and a needle valve were placed in.
the vent line of the storage vessel where it .exits the cryostat. The:
pressure gauge is used to monitor the pressure in the storage vessel
and the needle valve serves.as a back pressure regulator to prevent a
pressure '"build-up". The f%—inch.line (P) is the supply line to the
shield.and cell. The three transfer lines serve as the only support
for the vessel. The capacity of the LN, storage .vessel is approximately

2100 cc.
Miscellaneous Cryostat Components

The two T%—inch stainless steel transfer lines coming out of the
top of the cell are the condensate fill line [l1] and vapor outlet line
[4]. A thermal -short of copper bar stock was soldered between them to

prevent subcooling of the outlet line. Later, a resistance heating
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wire was wrapped around these lines and their thermal short and.epoxyed
into place. The wire has a resistance of approximately 2 ohms and
serves as added insurance against subcooling‘ln the vapor exit line.

Above the shield and cell assembly is a heat exchanger (0) in which
heat is exchanged between the inlet and outlet vapor streams. The ex-
changer was constructed by soldering together two parallel segments of
%-inch 0.D. copper tubing. The exchanger is helical in shape in order:
to conserve space and fit around the three nylen cell support rods.

1

The ends of .the exchanger were easily connected to the Tg—inch stainless

steel inlet and outlet vapor lines because the‘T%—inch tubing fit into
the %—inch'tubing and could be easily soldered.

The cell and shield assembly are held in place by three %—inch 0.D.
nylon rods (N) which are threaded their entire length with right-handed
threads. They are made out of nylon in order to cut down the amount of
heat transferred to the shield and cell by conduction.

These nylon support rods are attached to the top-plate of the cryo-
stat by means of adjustable collars (U) which can be used not only to
suppprt,the cell but to position it as well. Three f%—inch holes were
drilled and threaded into the cryostat's top-plate corresponding to the
arrangement. of the support rods. Three T%—inch-bolts were made by
threading one end right—hanéed and the other end left-handed. The
right-hand threaded side of the bolt was screwed into the top-plate
leaving the left-hand threaded side facing the support rods which had

é—inch right-handed threads. The collars were made from %—inch,O.D.

steel tubing by soldering the appropriate nuts in each end (&—inch

S

le—inch left-hand thread in the other).

right-hand thread in on end and

Thus, when the collar is turned in one direction the cell will be
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ralsed and vice versa.

The shield and liquid nitrogen storage vessel were wrapped with
extra-heavy aluminum foil., Likewise, a circular piece of aluminum foil
large enough to surround the entire shield, cell, and LN, vessel was
cut and fastened into place. These aluminum foil coverings serve as
radiation shields and together with the radiation -shields in the sur-
rounding dewar they help to diminish the amount of heat transferred in-

to the system by radiation.
Cryostat Dewar

Since vacuum is about the best insulation at low temperatures, some
means 1s needed of enclosing the area surrounding the shield and cell.
assembly so that  this space can be evacuated. In this work, a super-
insulated stainless steel open dewar, manufactured by Hofman Labora-
tories, is used to enclose the shield and cell assembly. The dewar,

10% inches in diameter with an inside depth of 30 inches, is flanged
at the top and 1is fastened to the top-plate of the cryostat with twelve
T%—inch bolts. The vacuum seal is between the flagse and top-plate and

is maintained with a Parker Vitoen O-ring which has a 11%—inch I.D. and

1
a g—inch thickness.
Cryostat Top-Plate

The top-plate (T) of the cryostat is a circular steel plate 16
inches in diameter and %—inch thick. In addition to the 12 bolt holes
for attaching the flanged dewar and the three threaded anchor holes for
attaching the nylon support rods, all the transfer lines and electrical

leads to the cell, shield, and LN, storage vessel pass through the top-
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plate.

All liquid nitrogen transfer lines through the top-plate are %—inch
0.D. thin-walled stainless steel tubing. The equilibrium cell transfer
lines are T%—inchkstainless steel tubing. The line through which the
cell is evacuated (V) is lé—inch-O.D.‘copper pipe. All these lines
were soldered in place to .the top-plate,

The ‘electrical leads were brought through the top-plate with Style
F ceramic multi-terminal headers made by Lactronics Corporation. The
outer metal ring of each lead-through was soldered in a groove to the
top-plate and each electrical lead was brought through one of the indi-
vidual tubes in the header and soldered. Three lead-throughs were
necessary. Two of them have 10 terminals and one has 8 terminals.

The cryostat top-plate is>supported from a four-legged angle-iron
stand. The stand is 6 feet high and is 2 feet square at the top. By
suspending the entire cryostat and equilibrium cell in this manner, the
cryostat dewar can be removed easily. Likewise, the cell assembly can.

be worked on and disassembled easily.
Vacuum System

Two vacuum systems are necessary in this work. One system serves
to evacuate fhe cell cavity and vapor system transfer lines and pres-
sure gauges. The othér system is for evacuating the cryostat dewar and
providing vacuum insulation for the equilibrium cell assembly.

The first system is a Model No. 1402B "Duo Seal" vacuum pump, a
large capacity-high vacuum pump manufactured by the Welch Scientific

Company. This pump can produce an‘ultimate vacuum of 0.1 to 1 millitorr

and a free displacement of 5.6 CFM (160 liters/min). The vacuum pump



is linked to the vapor flow system by means of a toggle valve.

The second system is a high vacuum system complete with diffusien
pump, fore pump, cold trap, ionization gauge, etc. The system is mount-
ed on a mobile stand so it could be used for other applications by dis-
connecting the vacuum intake line from this equipment and reconnecting
the line and vacuum system to another -apparatus. (The disadvantages of
this mobile vacuum system are discussed later).

A schematic diagram of the high vacuum system is.presented in
Figure 3. The fore pump for this vacuum system is a Welch Model No.
1402B pump identical to the one mentioned above. A Type EP-2A 2-inch
water-cooled diffusion pump made by Veeco Instruments, Inc. is used.
The pump is high speed with a constant pumping speed of 90 liter/sec
when the intake pressure is below 0.1 millitorr.

Mounted on top of the diffusion pump are a water-cooled baffle and
a liquid nitrogen cold trap also manufactured by Veeco. Their purposes
are, respectively, to prevent oil losses from the top of the diffusion
pump and to condense -any heavy components out of the system being
evacuated. A 60 cc pump oil charge of Veeco Type DC-704 silicon oil is
used in ‘the diffusion pump.

The valves used in the vacuum system are forged brass high vacuum
bellows valves made by Veeco. All the elbows, adapters, unions, and
other fittings used in the vacuum system are copper sweat fittings and
all .the tubing is either copper or brass. All connections were made by
soldering, except the flanged connections, which use Viten O-rings to
produce a .seal.

An ionization gauge is located in the vacuum system, just upstream

of the cold trap, to measure the vacuum. A Consolidated Vacuum Cor-
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poration Type GIC-110 vacuum gauge and a Type VGlA ionization tube are
used in this system., The tube was installed using a CVC brass adapter
which was soldered vertically onto the system tubing. This adapter
uses a compressed O-ring seal to seal the glass base of the vacuum tube
into the system.

Because the pressure in the vacuum system should be below 30 te 50
millitorr before turning on the diffusion pump and below one millitorr
before turning on the ionizatien gauge, a thermocouple gauge is mounted
on the wvacuum transfer line immediately above the cryostat. The ther-
mocouple gauge works very well for a pressure range of 0.00l to 1 torr
and provides an easy means of measuring the pressure during the initial
evacuation of the system with .the forepump. The output of the thermo-
couple gauge is monitored on one of the thermocouple gauge channels of
the GIC-110 wvacuum gauge.

After the vacuum system was constructed, it was leak tested inde-
pendently from the rest of the cryostat assembly., The vacuum system
was flanged off with a circular steel plate into which the thermocouple.
gauge was mounted. When the system was tested in, this manner, a pres-
sure of less than 107® torr could be easily maintained at the vacuum

gauge with the diffusion pump in service.
Temperature Measurement and Control

The temperature in the equilibrium cell is measured as near te the
vapor outlet port as possible, using a Model No. 8164 platinum resist-
ance thermometer (Serial No. 1697602) made by Leeds and Northrup. The
temperature range of the thermometer is -261° to 250° C. and it was

calibrated by the National Bureau of Standards over the temperature
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range ~183° to 250° C. After the thermometer was wired and ready to
install in its cell port, the triple point of water was rechecked using
a triple point cell manufactured by Trans-Sonics, Inc. The results are
presented in Appendix A. The thermometer was sealed in its port (F) in
the cell by wood's metal, which melts at about 60° C.

The output of the platinum resistance. thermometer is monitored with
a Leeds and Northrup Model No. 8069-B Type G-2 Mueller Bridge, capable
of measuring resistances in the range from O to 111.111 ohms in incre-
ments of 0.0001 ohm. A Leeds and Northrup Model Ne. 9834-2 D.C. null
detector is used in conjunction with the G-2 Mueller Bridge for measur-
ing the output 6f the platinum resistance thermometer. The null detec-
tor has a variable sensitivity range and a meter read-out display. The-
temperature of the cell can be measured precisely to *0.001° C.

The temperature of the equilibrium cell is contrelled by balancing
a small amount of liquid nitrogen cooling with a small heat input from.
the resistance heaters at the tbp and bottom of the cell. The heaters
are regulated by a temperature controel system manufactured by Leeds and
Northrup. This system is pictured in Figure 4 and consists of a temper-
ature sensing element, a set point unit, a D.C. null detector, a cur-
rent adjusting controller, and a current controlled A.C. power supply.
The sensing element is a three-lead 100-ohm platinum resistance thermo-
meter which is -covered with a ceramic material and epoxy resin. The
setpoint unit is a ModefiNo, 8064 Resistance Thermeometer Bridge capable
of measuring resistances in;a range of 0 to 160.1 chms.

The imbalance betweén.the set point unit and resistance thermometer
is detected and amplified by a D.C. Null Detector (Medel No. 9834-2).

This amplified signal.is used as the input to the current adjusting
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controller (Model No., 60 C.A.T.) which can deliver an .output current be-
tween 0 and 5.75 milliamps. The controller has three modes of control
action, proportional, reset, and rate. The output of the current con-
troller is used to.control the output-voltage of the A.C. power supply
(Fincor Model No. 1200-2.2-11A). The power supply has two potentiome-
ters for adjusting the upper and lower limits of the output.voltage.
The'eutput voltage can be varied between 0 and 95% of line voltage.
The output voltage is dropped across a series of high wattage resist-
ances and is then applied to the cell heaters. With this system the
temperature of the cell can be contrelled within +0.01° to 0.03° C.
depending upon the operating conditioms.

The emf output of the differential thermocouple.is measured with a
Leeds and Northrup Model 7555-A Type K-5 Potentiometer. This potenti-
ometer unit is capable of detecting emf's with a resolution of +0.02 -
microvolt. The sensitivity of.a copper-constantan thermocouple at.100°
K is approximately 0.019 millivolt/®°C. Thus, temperature gradients of

less than $0.01°C could conceivably be detected.
Liquid Nitrogen Flow Coentrol System

Liquid nitrogen is transferred directly from its storage vessel
into the cooling coill of the adiabatic shield where most, if not all,
of it is vaporized. A tee (Q) was.placed at.the exit of the shield
cooling coil enabling some of the nitregen cooltant to be transferred
into the cell cooling coil while the remainder is vented.

Tees were placed in the vent lines of both the cell and shield
cooling coils. In one branch of boeth vent lines, a needle control

valve and rotameter were installed to carefully moniter and controel the

»
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nitrogen cooltant.flow to both the cell and the shield. Although the
cooling coils were made from f%—inch 0.D. copper tubing, all.the piping
in the LN, flow control system outside the cryostat 1s %—inch 0.D. cop-
per tubing. The rotameter range of the shield cooltant control branch
is 0 to 4600 STD cc/min while the rotameter range of the cell branch is
0 to 850 STD cec/min.

The other branch of the shield and cell cooling coil vent lines
serves as the control branch bypass. A valve was placed in this branch
which would allow full-open flow through the %—inch copper tubing.

This branch of the vent lines is used during the initial cool down of
the shield and.cell assembly when large amounts of liquid nitrogen are
vaporized and cause high vapor flow rates. The control valves will not
pass enough vapor to permit reasonable cool-down.times and . thus, the

bypass branches are needed.
Pressure Controel and Measurement

The pressure is controlled using a "Mity-Mite" (Model No. 94)
pressure regulator, manufactured by Grove Valve and Regulator Co., up-
stream of the cell. The maximum inlet pressure to the "Mity-Mite" is
5000 psi and the maximum outlet pressure that can be developed is 3000
psli. Downstream of the ce}l the pressure is let down to atmospheric
conditions across a regular high pressure valve. Gas is supplied to
the "Mity-Mite" pressure regulator from a high pressure gas bottle
regulator at a pressure 50 to 100 psia greater than. the desired system
pressure. The dome of the "Mity-Mite" is internally loaded with system
gas. During an experimental run, the pressure could always be control-

led to a value less than the precision of the pressure measuring
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equipment.

Three bourdon tube pressure gauges, manufactured by Heise Bourdon
Tube Company, Inc., are used to measure the system pressure depending
upon the operating pressure. A gauge with a pressure range of 0 to 3000

psig 1s used to measure all pressures above 1000 psig (68.1 atm). A
‘-—1-

-

gauge with a range of 0 to 1000 péigrisAused for system pressure between
300 and 1000 psig (20.4 and 68.1 atm) and a gauge with a range of 0 to
300 psig is used for system pressures below 300 psig (20.4 atm). The
precision of these gauges is *0.1% full scale or *3 psig (*0.20 atm) for
the high range pressure gauge, *1 psig (+¥0.07 atm) for the intermediate
range gauge, and *0.3 psia (¥0.02 atm) for the low range gauge. All
three gauges were calibrated against a Model 2400 HL dead weight .gauge
manufactured by Ruska Instrument Co.; the results of these calibrations
are shown.in Appendix B.

The three pressure gauges are valved into the vapor flow system so
that the pressure can be measured on either the upstream or the down-
stream side of the equilibrium cell. In this manner, any pressure drop
across the cell can be detected. In this work, no detectable pressure
drops in the vapor flow system, specifically across the equilibrium

cell, were ever detected.
Vapor Analysis System

The vapor phase which leaves the equilibrium cell is analyzed with
an ultrasonic detector and phase meter unit of a MI-150 gas chromato-
graph made by Tracor, Inc. The ultrasonic detector system measures
changes in the speed of sound in a gas sample, due to changing gas com-

position, by comparing the phase angle of the received signal with that
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of a reference signal. Thus, this change in phase angle due to changing
gas .composition provides a means of analyzing the composition of a gas
mixture. Since the response (phase angle change) of the detector is a
relatively linear function of compoesition when the composition of the
component of interest is relatively small (mole fractons less than
0.01), the ultrasonic detector is an excellent technique for analyzing
gas mixtures containing trace components.

The detector uses very sensitive pressure transducers in making the
speed of sound measurements. The detector is constructed of corrosion
resistant materials and any gas may be used as a carrier although the -
best carrier gases are those that lead to the largest detector response
(phase angle change) when other gases are introduced. The' output sig-
nal of the detector cells is very sensitive to temperature changes and
thus, the temperature of these cells must be controlled to less than
+0,001° C. . The detector cells are operated at 125° C.

A schematic diagram of the gas analysis flow scheme is presented
in Figure 5 and an, individual ultrasonic detector cell is shewn in
Figure 6. ~A gas sample 1is trapped.in -a sampling loop by a compressed
air-activated solenoid valve and is then flushed into the carrier gas
stream leading te one of the two detector cells in.the system. The
output signal of the detector cell is compared to a reference signal-
by means of a phase meter which in turn imparts a emf signal to a re-
corder. The recorder used in this work is made by Minneapolis—Honeywell
(Model No. 15307856-01-05-0-000<715-07 009) and has a range of -0.2 to
1.0 millivolt.

Since the speed of sound is sensitive te changes in the density of.

the gas mixture, the temperature and pressure of the vapor samples must
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be carefully controlled. Sampling in the manner described insures that -
the only variable affecting the mass density of the gas sample.is com-
position. The sampling valve is insulated and its temperature is con-
trolled at approximately 25° C to x0.1° c.

After the vapor stream leaves the equilibrium cell, its pressure
is dropped to slightly above atmospheric conditions across a high pres-
sure valve. The vapor stream then passes through a line filter and in-
to a rotameter with a range of 0 to 720 STID cc/min. The vapor is trans-
ported to the sampling section of the ultrasoni¢ detector through thin-
walled T%—inch 0.D. stainless steel tubing. The vapor stream flows -
continuously through the sample loop of the sampling valve and then to
vent. A needle valve is located downstream of the sample loop to serve:.
as a back pressure regulator for the sample-loop vapor stream. The
pressure in the sample loop is measured by a closed-end mercury manome-
ter and is maintained at a constant value using a needle valve upstream
of the sample loop. Another line filter is positioned upstream of this
needle valve.

Carrier gas flows through both ultrasonic detector cells simul-
taneously. The carrier gas passes through a head pressure regulator and
pressure gauge and is then split into two streams before entering the
detector cells. A flow restrictor is located in each of the two lines
upstream of the detector cells. The sampling valve is positioned be-
tween the restrictor and detector cell of one of the channels. Down-
stream of -the detector cells, the ‘two streams pass through golenoid
gwitching valves which can be used to direct the flow of one of both of
the streams to a rotameter. These solenoid valves as well as &he sam-

pling solenoid valve are activated by compressed air. Finally, the two

Il
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streams are rejolned and pass through a pressure gauge and back pres-
sure regulator before being sent to vent. The back pressure on the de-
tector cells must be maintained at a coenstant value in the same manner.
as the sample pressure in order to insure reproducible results. Car-
rier gas is also used.to purge.the bonnet of the sampling valve.

Either of the detector cells can be used individually by referen-
cing its output signal to an electronic reference signal. A differen-
tial mode of operatioﬁ which entails using the output .signal of one of
the detector cells as the reference signal is used in this work because
of the following advantages:

(1) the problem of possible hysteresis of an electronic.reference

signal is eliminated,

(2) any signal due to impurities in the carrier gas will tend to
be cancelled because carrier gas flows threugh both detector
cells.

Helium is used as the carrier gas in this study and, since heliuﬁ is
also the major component in the binary mixtures to be analyzed, the mix-
ture can easily be analyzed for the trace component.

No columns ‘are needed in this work because no separation is neces-
sary. Because theé response of the detector results in a smooth, sharp
peak on the recorder and since these peaks are quite reproducible, peak
height rather than area is used.as a measure of the response of the de-
tector to the trace components. Trace cemponents in a helium carrier
that are heavier than helium give a positive phase shift and, therefore,
a positive peak.

When usiﬁg helium as a carrier gas, the response of the detector

is relatively independent of the detector cell pressure when this pres-
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sure is between 10 and 50 psig (16). Likewise, tests in this work
shﬁwed that the detector response is approximately flow rate independent
for flow rates in the range of 20 to 35 STD cc/min at a back pressure

of 48 psig. During normal operation, a back pressure of 48 psig was
maintained on the detector cell and a flow rate of approximately 25 to
30 STD cc/min was maintained through it.

The ultrasonic detector is the key constituent of this solid-vapor
equilibrium apparatus because, with a good.calibration, the detector
can be used . to determine the trace cemponent composition with an im-
precision of less than one percent. The calibration of the detector is
discussed in the following chapter. A more complete discussion of the
theoretical aspects of an ultrasonic detector is presented in Appendik

C.
Equipment Deficiencies

The main problem encountered in the operation of the cryostat is
the high consumption rate of liquid nitrogen. Although the liquid ni-
trogen storage vessel holds over 2100 cc, the cryostat can only be
operated for approximately 10 to 12 hours without refilling the LN,
storage tank. While this does not prevent operating the cryostat in a
normal manner, refilling the LN, storage vessel every 10 to 12 hours is
inconvenient.

In a high vacuum (107° torr or less), conductive and convective
heat leaks through the vacuum insulation should be quite small. Radia-
tion heat leaks should be negligible if r;diation shields are used in.
the cryostat. Thus, the major heat leak should arise from thé conduc4

tion of heat .from the top-plate of the cryostat down the transfer lines
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and electrical leads to the cell assembly.

Preliminary heat conduction calculations showed that the heat leak
from the top of the cell by conduction is about 1.5 BTU/hr which cor-
responds to a liquid nitrogen loss of approximately 10 cc/hr. Theoret—
ically, therefore, the cryostat could be operated about 200 hours with-
out refilling the liquid nitrogen sterage vessel.

Several factors probably contribute to the large discrepancy be-
tween the actual and calculated liquid nitrogen usage. One factor could
be that the radiation heat loss is not negligible. Another is that the
conductive heat leak from the teop of the cryostat could be larger than-
calculated. A third factor is that a small amount of heat is being put
into the cell from the temperatufe controel heaters.

However, the most important factor contributing to the high liquid
nitrogen usage is that the pressure inside the cryostaf is greater than
10-5 torr. In reality, it is probably closer to 10-" torr. When the
pressure on a gas is above 1l torr, the kinetic theory of gases predicts
that the thermal conductivity of the gas is independent of pressure be-
cause the mean free path of the gaseous molecules is small compared to
the distance between the surfaces of the heat source and the heat sink.
However, when the pressure on a gas drops below 10-3 torr, the thermal
conductivity and thus, the transfer of heat by conducting, becomes
nearly proportional to the system pressure (53). Therefore, if the
vacuum pressure was 10-% torr instead of 10-° torr, the conductive heat
leak through the vacuum insulation could be 10 times larger at the
higher pressure and easily account for the major part.of the heat leak
problem.

The difficulty in maintaining the vacuum pressure in the cryostat
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at 10-° torr arises from the fact that the transfer line between the
cryostat and the vacuum system 1s.too long and contains several elbows.
Thus, the diffusion pump assembly should have been mounted nearer the
top of the cryostat to eliminate .the long transfer line. In ‘this man-
ner, an adequate vacuum could probably be establishéd inside the cryo-
stat ‘and liquid nitrogen usage could be diminished.

Another problem associated with cryostat operation is an inadequate
level monitoring system for the LN, storage vessel. As attempt was.
made to comstruct a liquid level indicator using a thin platinum wire
element similar to one designed and tested by Maimoni (37). However,
these efforts proved fruitless when the level indicator failed to show
any sensitivity to the liquid level inside the LN, storage tank. The
insensitivity of the level indicator is probably due to the fact that
the platinum wire used as the sensing element is at least an order of
magnitude too large in diameter. Therefore, noe level indicator was.
used in this study.

Another equipment deficiency is. associated with the differential
thermocouple located on the cell. Ofiginally, the thermocouple beads
were placed at the top and bottom of the cell in order to detect any.
cell temperature gradients. Then the bead .at the top of the cell was.
relocated on the vapor outlet line so that the temperature difference
between the cell and vapor outlet line could be measured. . Unfortunate-
ly, when the thermocouple was relocated, no means remained of detecting
cell temperature gradients. Even though no detectable temperature gra-
dients on. the cell were ever measured during cryestat operation, two
differential thermocouples would be better than one. One could be used

for measuring cell temperature gradients and the other for monitoring
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the vapor outlet line temperature.

A further imperfection is associated with the high vacuum system
and arises from the fact that the ionization gauge i1s located too far
from the cryostat for an;accurate.measur%ment of the vacuum ingide the
cryostat. Therefore, the ionization gauge should be. located in the.
vacuum transfer line where it exits the cryostat.

A problem arose from the plugging of -the inlet gas transfer line
when the heavy component was condensed inte the equilibrium cell cavity.
Helium was paséedfthrough the cell after the heavy component was con-
densed in the cell as a liquid to prevent plugging upon freezing. How-
ever, this did not always prevent plugging and a resistance heater was.
wrapped around the inlet vapor line and epoxyed.in place to help elimi-

nate the problem.
Materials

All the gases used in.this work (helium, argon, krypton, and
xenon) were high purity gases. The source and minimum purity of each.

of these gases is as follows:

Gas Manufacturer Minimum Purity, mq;%l%
helium U. S. Bureau of Mines 99,9997
Airco Rare and Specialty-Gases 99.9999
argon - Airco Rare and Specialty Gases 99.995
krypton Air Products and Chemicals, Inc. 99.995

Xenon Air Products and Chemicals, Inc. 99.995



CHAPTER V
EXPERIMENTAL PROCEDURE

In this chapter, a detailed description of the equipment operating
procedure is presented including initial start-up, temperature control,
and normal operation. The procedure for calibrating the ultrasonic de-

tector is also presented.
General Description

After the cryostat has been completely assembled, it is evacuated
for several days. When the vacuum reaches a suitable level, the liquid
nitrogen storage vessel is filled and the equilibrium cell assembly is.
cooled. The less volatile component (krypton or xenon) is condensed as
a liquid on the equilibrium trays and packing inside the cell cavity.
The cell is then cooled to its normal operating temperature and the .
condensed liquid freezes in place. Finally, temperature control is
established on the cell.

After the equilibrium cell reaches its operating temperature, it
is filled with the miore volatile component (helium) to the highest pres-
sure at which an experimental measurement .is made. In order to accomp-
lish this, the "Mity-Mite" pressure regulator must be set to deliver
the appropriate operating pressure., In this work, measurments are made
in steps of descending pressure for convenience in adjusting the ""Mity-

Mite".

liw)
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After the cell has been pressured, a high pressure valve down-
stream of the cell is cracked open and a flow of vapor from the cell to
the ultrasonic detector sampling valve is established. At the same"
time, temperature control is re-established on the cell, and time is
allowed for the vapor .and solid inside the cell to come to equilibrium.

After an appropriate length of time, sampling to the detector is
begun. When the response of the detector is constant for a reasonable
period of time, a composition measurement has been accomplished. The
vapor flow rate out of the cell is increased significantly by opening
another valve in the vapor effluent stream which bypasses the detector.
Thus, the flow rate from the cell can be increased without changing the
flow rate to the detector sampling system. Again, sampling to the de-
tector continues until ‘the response is constant. This procedure pro-
vides a test for equilibrium because equilibrium inside the cell is im-
plied if the composition of the vapor phase is independent of flow rate,

After a composition measurement is completed, the pressure in the
cell is adjusted (usually decreased) to a new value and another compo-
sition measurement is made. This procedure continues until the desired
pressure range has been covered. Then, the cell is repressured with
the lighter component (helium) of the same cell temperature and . another
series of pressure-composition measurements is made over the same pres-
sure range. This procedure serves to establish the reproducibility of
the measurements.

The temperature of the cell is changed to.a new value and the
above procedure is repeated until several isotherms of pressure-compo-
sition measurements have been completed. For convenience, the measure-

ments are generally made in steps of decreasing temperature. Depending
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upon the amount of solid originally condensed, and the amount of time
required for each experimental run, five to ten isotherms of data can
be taken before the cell needs to be refilled. Given below are detail-
ed descriptions of . the individual procedures which must be performed
before an experimental run can be made. A detailed description of an.

experimental run is also presented.
Evacuation of the Cryostat

After the equilibrium cell and cryestat have been.completely
assembled, the forepump of the high vacuum system (Figure 3) is started.
The valve in the transfer line between the cryostat and the diffusion
pump, and the valve between the diffusion pump and forepump are opened.
As the cryostat is evacuated, the pressure inside the cryostat is moni-
tored with the thermocouple gauge mounted in the transfer line leaving
the cryostat. The pressure range on the thermocouple gauge is 1 to
1000 millitorr.

When the pressure reaches,l@»millitorr, the cold trap is filled
with liquid nitrogen and the diffusien pump is turned on. Cooling wa-
ter to the water baffle and diffusion pump is turned on and the rates
adjusted. The water flow rate to the baffle is set as high as possible,
but the water rate to the diffusion pump should be adjusted so that the
effluent water stream is between 50° and 60° C. 1In practice, however,

a higher water rate than this is often used with no apparent loss of
efficiency in the diffusion pump.

The vacuum system is allowed to pump on the cryostat for several .
days while the equilibrium cell assembly and the inside of the cryostat.

"outgas'. The ultimate vacuum obtainable when the cryostat 1s cooled



50

to normal operating temperatures 1s slightly less than 10~ torr. How-
ever, thisg 1s. the pressure measured at the ilonization gauge. Because
the ionization gauge 1s located some distance from the cryostat, a more.
realistic value of the pressure in the cryostat would be on the order
of 107" torr.

The ionization gauge should never be turned on when the pressure
in the system is.above 1 millitorr. The hot diffusion pump o0il should
never come in contact with pressures higher than 50 millitorr. There-
fore, when the vacuum system is turned off, the diffusion pump 1s valved
out of the system and. the bypass valve to .the forepump is opened. The
diffusion pump can then be turned off with no danger to the pump oil.
The forepump can then be turned off and the vacuum on the cryostat re-

leased by means of the vent valve in the forepump transfer line.
Cooling of the Equilibrium Cell .

When a reasonable vacuum has been established inside the cryostat,
the liquid nitrogen storage vessel is filled through a.é—inch transfer
line from an LS-110 dewar of liquid nitrogen (LN,). When a normal
vacuum exists inside the cryostat (l0™" torr), the liquid nitrogen in-
side the storage tank exerts a vapor pressure of 5 to 10 psig. A
needle valve is,used-in the vent line of the storage vessel as a back
pressure regulator to prevent a pressure ''build-up''. The pressure on
the storage vessel is monitored with a pressure gauge, located in the
vent line, with a range of 0 to 100 psig.

After the LN2 storage vessel has been filled, the bypass valves
in the exit-transfer_lines from the cell and shield cooling coils are

opened completely. This allows the liquid nitrogen to flow into the
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cooling coils where it evaporates and .cools the cell assembling. 1In
this manner, the cell and shield assembling are cooled to a ‘tEMPEFHRdYe
near .the cryostat's normal operating conditions. The LN, storage ves-
gsel has to be refilled at least once.during the cool-down procedure.

After the cell and shield assembly has been cooled, the bypass
valves are closed and the needle valves in the flow control loops of the
coéling coil exit lines are adjusted for the proper nitrogen rates. A
slight excess of nitrogen is used in normal operation so that it can be
balanced by a small amount of heat input -from the temperature control
unit. During normal operation, the flow rate of nitrogen vapor leaving
the shield cooling coil is about 1000 STD cc/min.and that leaving the
cell cooling coil is between 600 to 850 STD cc/min depending on.the cell
temperature. This corresponds to a liquid nitrogen usage of approxi-
mately 160 cc/hr.

Most 1f not all of the liquid nitrogen evaporates in.the shield
cooling coil and cold nitrogen vapor flows in the cell cooling coil.
During normal cell operation, the nitrogen flow rates_fhrough the cool-
ing coils are extremely "bumpy'". This would seem to indicate that a
slug of liquid somewhere . in the cooling coils has flashed and caused.a
sudden surge of vapor to exit the coils. 1In practice, much better tem-
perature control can be maintained when the nitrogen flow through the
shield and cell cooling coils is "bumpy". This is probably true because
the lag time in cooling cycle of temperature control is greatly def

' nitrogen rates.

creased for the case of "bumpy'
The cryostat could generally be operated for 10 te 12 hours with-
out .refilling the liquid nitrogen storage vessel. The storage contain-

er 'is refilled every 10 hours to assure the continuous operation of the
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cryostat. It is filled until liquid nitrogen comes out the top of the

vent line which assures that the container is full,
Condensation of Selid in the Equilibrium Cell

The cell assembly is cooled to a temperature between the normal
boiling point and triple point of the component to be condensed. Before
the initial cool-down procedure, the cell is evacuated and flushed with
helium, so that no impurities will be condensed in the cell cavity.
Since the condensed component.is a gas  at.room, temperature, a one-liter
transfer cylinder is evacuated and filled with enough vapor to produce-
a known.amount of solid when condensed in.the cell cavity.

Generally, about 9 te 12 cc of liquid are condensed into the cell
cavity which corresponds to about 9 to 12 cc of solid after freezing.
Approximately 90 to 100 psia of gas pressure in the one-liter cylinder
is needed to yield this much selid. With all the other transfer lines
to the cell valved off, valve 1 in the condensate fill line is "cracked"
open and the gas slowly bleeds into the equilibrium cell where it is
condensed. This condensation within the cell cavity causes an.upset in
the automatic temperature controel (see below). Therefore, the nitrogen
cooling rate to the cell must be greatly increased until all of the
gaseous heavy component in the transfer cylinder is condensed into the_
cell cavity and autematic temperature control on the cell is restored.

After the heavy component is céﬁ;ensedwiniogghg equilibrium tray
section, valve 1 in the condensate fill line is closed and valves
3 and 4 in the inlet and outlet vapor. transfer lines are opened. The
cell is pressured with helium and a flow rate thfough the cell is es-

tablished. Then the cell assembly is coeled to that temperature below
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the triple point of the heavy component at which an -experimental run
will be made. As the cell is cooled, the liquid on the trays and in
the packing is frozen in place. The helium flew through the cell helps
prevent the plugging of any transfer lines in which some liquid might
have condensed. During the course .of this work, a resistance heating
wire was wrapped around the vapoer inlet line to help eliminate the

plugging problem.
Temperature Control

When the -equilibrium cell has been cooled to the desired operating
temperature as measured by the platinum resistance thermometer and the
liquid nitrogen rates have been properly adjusted, temperature control
must be established. Since the nitrogen.cooling rates are a constant,
the variable to be controlled is the heat input to the cell.

Two separate heaters are located on, the cell, one at the top of
the cell and one at the bottom. Variable high wattage resistors (0 to
100 ohms) are located.in each heater circuit and are used in conjunction
with another constant resistance load to each heater. Either heater
can be used independently of the other. The Fincor A. C. power supply
has two adjustable potentiometers for contrelling the upper and lower
limits of output.voltage to the cell heaters. The potentiometers are
adjusted so that the output voltage range of the power supply is .ap-
proximately 25 to 100 volts. |

The A. C. power supply is controlled by a current input which is
the output of the current adjusting controller. The output current
range of the controller is 0 to 5.75 ﬁilliamps. The controller has

three modes of operation; proportional, reset, and rate. The current.
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output -of the controller can be operated manually until the optimum ar-
rangement of heater usage and variable resistance settings 1s establish-
ed. During normal operation, only the top cell heater is used and de-
pending upon the operating temperature, variable resistor settings of

40 to 70 ohms are used.

When the proper heater circuit resistance setting has been es-
tablished, the proportional mode of the controller is adjusted. The set.
point unit is adjusted so that the temperature oscillates around the -
correct value as measured by the platinum resistance thermometer. The
high sensitivity range of the set point unit is used to monitor the
output of the temperature probe. The highest sensitivity is also used
on ‘the D. C. null detector.

The proportional mode of the controller is adjusted until the mag-
nitude and period of the temperature oscillations have been reduced.to’
the optimum level as indicated by the temperature control unit manual.
Then -the reset and rate are adjusted to 'fine-tune' the temperature
control., During normal operation the proportional mode setting is be-
tween .8 and 20%, the reset mode .setting is between 0 and 100 and the
rate mode setting is zero, i.e., it is not used. By using this tem-
perature control unit, the temperature of the equilibrium cell can be
controlled to * 0.01° to * 0.030° C. depending upon the operating tem—
perature, the nature of the cryostant vacuum, and the nature of the

nitrogen cooling flow.

Experimental Run

When the above procedures have been completed, experimental mea-

surements can be made. First, the equilibrium cell is filled with
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helium to the desired operating pressure. Refering to Figure 2, all
the numbered valves are closed except valves 5, 10, and 15. Helium is
supplied to the inlet of the '"Mity-Mite'" regulator at a pressure 25 to
50 psi greater than the desired operating pressure from: the helium
storage cylinder,

Then, by using the 3000 psig pressure gauge as a guide, the dome
of the "Mity-Mite" is loaded so that it will deliver the desired pres-
sure. Valve 15 is closed, and the pressure is released from all of the
system including the "Mity-Mite" by opening valve 6 and then venting
the gas through valve 13. Gas 1is vented to a pressure corresponding to
the pressure in the equilibrium cell. Valve 13 is clesed and valves 3,
4, and 7 are opened. Valve 15 is cracked open and the equilibrium cell
is slowly pressured through both its inlet and outlet transfer lines.

For convenience, the cell is usually filled to the highest experi-
mental pressure first. Measurements are then made at decreasing incre-
ments because the dome of the '"Mity-Mite' can be more easily vented
than loaded. Although the measurements are usually made in decreasing
pressure steps, several runs were performed in increasing pressure steps
with no detectable difference in the measurements.

Pressuring the equilibrium cell results in an upset . in ‘the auto-
matic temperature control. When this temperature upset has been cor-
rected and good control re-established, valve 15 is opened completely
and valve 5 is closed. Vapor.flow from.the cell to the detector
sampling system is initiated by cracking valve 12 open. Valve 12 is
adjusted until the desired pressure in the sample loop as measured by a
mercury manometer is reached.

Vapor is allowed to flow from the cell for a period of 15 to 30
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minutes before samples are sent to the detector. The vapor is sampled
until the response of the detector remains constant for a reasonable:
period of time., In this manner, .a composition measurement is made. In
order to assure that equilibrium has been attained inside the cell, the
flow rate from the cell is increased by a significant amount (doubled,
tripled, etc.) by cracking open valve 13, The increased flow bypasses
the detector sampling system. Again the vapor effluent is sampled un-
til a constant detector response is obtained. Increasing the vapor
flow rate from the cell never influenced the concentration measuremerits,
a goo& indication that equilibrium exists in the cell.

After a composition measurement.has been made at one pressure, the.
pressure in the cell is lowered to a new value. Valves‘3, 7, 12, and .
13 are closed. Valve 5 is opened; Valve 13 is crackea open and pres-
sure is bled off the dome of the ﬁMity—Mite" until its output pressure
reaches the desired value as indicated by the pressure gauge. Ipéfregu—
lator on the helium storage cylinder is re-adjusted so that the 25 to
50 psi differential across the "Mity-Mite" is re-established. Valves 5
and 13 are closed and valve 7 is cracked open and the pressure bled
from the cell into the pressure gauge until pressure equilibrium is
reached throughout the system. Finally, valve 13 is cracked open and
pressure is slowly bled from the entire vapor.system until the new
operating pressure has been reached at which point valve 3 is re-opened,
valve 12 is cracked open and adjusted, and valve 13 is closed.

At the new. operating pressure, the entire composition measurement
procedure is repeated. The above procedure is repeated until the
measurements at the lowest operating pressure have been made. The cell,

is then repressured and the whole run is repeated to assure reproduci-
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bility of the medsurements.

In practice, during the first run for an isotherm, composition
measurements are made at pressures of approximately 120, 100, 80, 60,
40, 20, and 10 atmospheres. During the secend rur, measurements are
made at approximately 110, 90, 70, 50, 30, and 10 atmospheres. Good
reproducibility of measurements is obtained throughout the work. For
each experimental datum point, the following variables are recorded:

(1) G-2 Muellar Bridge.readings.(temperature measurement)

(2) Dbarometer reading (usually made only at the start and end of

each run)

(3) pressure measurement

(4) detector response.

Also, the sample pressure and detectoer carrier gas back pressure are
monitored throughout-a run.to assure their constancy. When two runs
are completed at fhe.same temperature, the equilibrium cell is changed
to.a new temperature, temperature control is re-established, and fhe

above experimental procedure is repeated.
Calibration of the Ultrasonic Detector .

The ultrasonic detector was calibrated over the entire range of
composition to be measured for each of the binary systems studied in
this work. The detector was calibrated with mixtures of known compo-
sition that were prepared in this laboratory using a volumétric tech-
nique. A discussion of the equipment used to prepare the known mixtures
and the results of the calibration for each system are presented in
Appendix D. The results show that the detector response versus compo-—

gition is relatively linear below trace component mole fractions of
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0.002. However, above this value of the trace component mole fractien,
curvature begins to appear in the response versus composition curves,
and an S-shaped curve results 1f the range of .composition is extended

to trace component mole fractions as high as 0.04 to.0.07.



CHAPTER VI

PRESENTATION AND, ANALYSIS OF THE
EXPERIMENTAL DATA

The first part of this chapter consists of the presentation of ex-
perimental data, including preliminary measurements.that were made to
test the reliability of the equipment and solid-vapor equilibrium
measurements .on the helium-krypton and helium-xenon systems. The second
part of the chapter consists of the analysis of the experimental data,
including a discussion of the numerical techniques used and the results

of the analysis.
Preliminary Measurements

Two separate experimental tests were used to verify the servic-
ability of the experimental equipment after it was constructed. 1In
order to assure that. the platinum resistance thermometer was function-
ing properly after it was installed in its cell port, vapor pressure
measurements were made on pure argon. The details and results of these
measurements are presented in Appendix E. The argonvv;por pressure
measurements made in the present study are in good agreement (nominal -
scatter of * 0.25 psia) with the experimental data of Clark, et al (8)
which indicates a nominal temperature-agreeméht in the two sources of
data to within * 0.03° K. These measurements coupled with the measure-

ment of the triple point of water served to establish the reliability

of the platinum resistance thermometer.
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The second test was designed to examine the overall reliability of
the equipment; i.e., to assure that equilibrium was being established:
in the vapor effluent stream, that no temperature gradients or cold
spots exigted in the cell, etc. To accomplish this goal, liquid-vapor.
equilibrium measurements were made on the helium-argon.system. Data
were taken at several different pressures at each of two temperatures,
91.98° K and 108.02° K. Only the vapor phase was analyzed and the
measurements were compared with those of Mullins and Ziegler (43) and
Hiza (20). The measurements and the results of the comparison are pre-
sented in ‘Appendix ‘F. The data taken in the present .study are in gooed
agreement with the data of the other investigators (nominal scatter in
the argon enhancement factors of *1%), providing additional evidence

that the equipment and procedure are reliable.
Presentation of the Experimental Data

After the preliminary measurements were. completed, experimental
solid-vapor equilibrium measurements were made on the helium-krypton
and helium-xenon binaries. For the helium-krypton system, data were
taken at six different isothérms, namely, 90, 95, 100, 105, 110, and
115° K. For the helium-xenon system data were taken at four different
isotherms, namely, 120, 130, 140, and 155° K. Examples of typical ex-
perimental runs are presented in Appendix G.

The experimental equilibrium data are presented in Table II and.
IIT and in Figures 7 and 8. 1In Tables II and III, the experimental
krypton and xenon. compositions. are tabulated as functions of temperature
and pressure. The enhancement factors, ¢; =vai/Pg’ are also tabulated.

Since the enhancement factor is a function of the vapor pressure of the
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TABLE II

EXPERIMENTAL SOLID-VAPOR EQUILIBRIUM DATA FOR THE HELIUM-KRYPTON SYSTEM

Krypton . Krypton i
Tempera- Pressure Mole Vapor Krypton Vzgor Krypton
ture Fraction Enhancement Enhancement
atm Pressure® : Pressure**
oK . Krypton atm..  Factor¥* atm Factor#®#

90.00 119.15 0.000354 0.02653 1.590 0.02668 1,581
117.99 0.000357 1.588 1.579

109.35 0.000373. 1.537 1.529

98.53 0.000397 1.474 1,466

98.53 0.000399 1.482 1,473

90.43 - 0.000423 1.442 1.434

89.82 0.000421 1.425 1.417

77.03 0.000480 1.394 1.386

77.03 0.000480 1.394 1.386

70.16 - 0.000510 1.349 1.341

56.49 0.000607 1.293 1.285

50.33 0.000663 1.258 1,251

39.63 0.000803 1.200 1.193

39.58 0.000805 1.201 1.194

34,12 0.000920 1,183 1.178

30.16 0.001013 1.152 1.145

20.52 0.001430 1.106 1.100

20.27 0.001440 1.100 1.094

10.08 - 0.002790 1.060 1.054

9.76 0.002875 1.058 1.052

95.00 112,75 0.000769 0.05811 1.492 0.05844 1.484
111.39 ©0.000769 1.474 1,466

99.55 - 0.000843 1.444 1.436

90.30 0.000898 1.395 1.388

80.16 0.000985 1.359 1.351

70,02 0.001078 1.299 1,292

60:05 0.001225 1.266 1.259

50.03 0.001412 1.216 1.209

40.02 - 0.001712 1.179 1.172

30.08 0.00224 1.160 1.153

20.09 0.00318 1,099 1,093

10.27 0.00598 1.057 1.051

9.93  0.00621 1.061 1.055

100.00 117.79 0.001450 0.1175 1.454 0.1181 1,446
115.07 0.001453 1,423 1.415

109.21 0.001510 1.404 1.396

100.30 0.001603 1.368 1.361

99.62 - 0.001640 1.390 1.383

89.89 0.00175 1.339 1,332

80.23 0.00193 1.318 1,311

80.09 0.00189 1,288 1.281

70.50 0.00215 1.290 1,283

60.29 0.00244 1.252 1.245
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Tempera-|_ . Male Krypton Krypton Krypton Krypton
Pressure Vapor . Vapor ,
ture Fraction Enhancement| Enhancement
ox atm Krypton Pressure* Factork Pressure®* Factorkk
‘ atm . atm

100.00 58.97 0.00248 0.1175 1.245 0.1181 1.238
58.94 0.00248 1.244 1,237

49,82 0.00287 1,217 1,210

39.89 0.00343 1.164 1,158

39.70 0.00343 1.159 1,153

30.01 0.004415 1,128 1.122

20.49 0.00619 1.079 1.074

20.23 0.00632 1.088 1,082

9.91 0.01235 1.042 1.036

9.66 0.01270 1.044 1.039

9.31 0.01310 1.039 1,033

105.00 116.56 0.00265 0.2217 1.393 0.2230 1.385
110.10 0.00279 1.386 1,378

99.96 0.00302 1.362 1.354

90.16 0.00322 1,310 1.302

80.36 0.00355 1,287 1.279

70.02 0.00398 1.257 1.250

60.17 0.00449 . 1.219 1,213

50.32 0.00524 1.189 1.182

40.11 0.00640 1,158 1,151

30.01 0.00818 1.107 1.101

20.17 0.01190 1.083 1,076

10.00 0.02345 1.058 1.052

9.86 0.02380 1.059 1,052

110.00 119.42 0.00453 0.3947 1,371 0.3970 1,363
111.12 0.00483 1.360 1,352

100.30 - 0.00533 1.354 1.347

90.16 0.00566 1.293 1.285

79.68 - 0.00632 1.276 1.269

70.09 0.00690 1.225 1.218

60.53 - 0.00783 1.201 1.194

49.41 0.00932 1.167 1.160

40.04 - 0.01135 1.151 1.145

30.18 0.01455 1.113 1.105

19.56 0.0219 1.085 1.079

10.17 0.0410 1.056 1.050

9.86 0.0422 1.054 1.048

115.00 119.22 0.00727 0.6682 1,297 0.6721 1.290
110.17 - 0.00785 1.294 1.287

100.03 0.00839 1.256 1.249

90.64 0.00915 1.241 1.234

90.57 0.00916 1.242 1.234

80.50 0.01010 1.217 1.210
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Krypten

Krypton

Tempera- Mole Krypton Krypton
ture Pressure Fraction Vapor Enhancement Vapor - * Enhancement
ox atm Krypton Pressure* Factor* Pressure**| Factork#®
atm atm
115.00 69.95 0.01150 0.6682 1.201 0.6721 1.197
60.09 0.01310 1.178 1.171
48,27 0.01590 1.149 1,142
39.74 0.01910 1.136 1.129
30.12 0.0246 1.109 1.103
19.90 0.0364 1.084 1.078
10.10 0.0695 1.051 1,044
9.62 0.0732 1.054 1.048

*Vapor pressures of Ziegler, et al (61)
**Vapor .pressures from the best fit of the experimental data to
Equation (12)

!
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EXPERIMENTAL SOLID-VAPOR EQUILIBRIUM DATA FOR THE HELIUM-XENON SYSTEM

Tempera-|_ Mole Xenon. Xenon Xenon Xenon
ture. |Fressure Fraction Vapor Enhancement | Vapor Enhancement
atm Pressure* ' " |Presgure®* |“" ‘
oK Xenon - Factor* ‘ Factor**

atm . atm -

120.00 118.49 - 0.000174 0.01485 1.388 0.01495 1.379

118.49 0.000174 1.388 1,379

114.63 0.000173 1.332 1.323

105.17 0.000187 1.321 1.312:

95.08 0.000204 1,303 1.295

95.08 0.000204 1.303 1.295

90.20 0.000210 1.273 1.264

80.06 0.000233 1.254 1.245

70.03 - 0.000257 1.212 1.204

65.06 0.000277 1.211 1.204

65.04 0.000277 1.211: 1.203

60.11 0.000293 1.188 1.180

49.67 0.000347 1.161 1.153

49,57 + 0.000347 1.160 1.152

45,07 0.000380 1.153 1.146

39.99 0.000422 1.136 1.129

29.87 . 0.000546 1.098 1.091

24,96 0.000649 1.091 1.084

24,96 0.000650 1,092 1.085

19.91 0.000796 1.067 1.060

9.98 0.001535 1.032 1.025

9.95, 0.001540 1.032 1.025

9.85 0.001553 1.030 1.023

130.00 119.86 0.000516 0.04951 1.249 0.04964 1.246

109.57 - 0.00554 1.226 1.223

104.08 0.000575 1.209 1.206

100.19 0.000606 1.226 1.223

90.32 0.000649 1,184 1.181

90.32 0.000648 1,182 1.179

84.99 0.000688 1.181 1.178

80.19 0.000723 1.171 1.168

70.35 0.000805 1.144 1.141

65.26 0.000864 1.139 1.136

60.24 - 0.000937 1.140 1.137

50.20 0.001093 1.108 1.105

45.18 0.001197 1.092 1.090

39.94 0.001360 1.097 1.094

30.19 - 0.001757 1.071 1.069

30.14 0.001760 1.071 1.069

24,98 0.002095 1.057 1.054

20.21 0.00258 1,053 1.051

11.18 0.00457 1.032 1.029

10.01 0O 1.031 1.029

.00510
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TABLE III (CONTINUED)

Tempera- Mole Xenon Xenon Xenon Xenon
ture Pressure Fraction Vapor Enhancement Vapor Enhancement
og atn Xenon Pressure® Factor* Pressure** Factorkk
atm atm .

130.00 9.93 0.00517 0.04951 1,037 0.04964 1.034
140.00 118.38 0.001345 0.1383 1.151 0.1382 1.152
118.38 0.001345 1.151 1,152

110.93 0.001412 1.133 1,133

108.97 0.001435 1.131 1,131

108.90 0.001432 1,128 1.128

100.10 0.001555 1.126 1.126

90.39 0.001695 1.108 1,108

90.32 0.001697 1.108 1,108

80.24 0.001905 1.105 1.106

76.58 0.001970 1.091 1.091

70.01 - 0.002152 1.089 1.090

70.01 0.002158 1.092 1.093

64.87 0.002335 1.095 1.096

60.11 0.00251 1.091 1.092

49.83 0.00300 1.081 1.082

49.69 0.00299 1.074 1.075

39.34 0.00372 1.058 1.059

30.06 0.004825 1.049 1.049

29.95 0.00487 1.055 1.055

19.91 0.00720 1.037 1.037

10.15 0.01400 1.028 1.028

9.91 0.01417 1.015 1.016

155.00 121.01 0.00461 0.5015 1.112 0.4990 1.118
120.94 0.004625 1.115 1.121

120.62 0.004625 1.124 1.130

120.41 0.00463 1.112 1,117

114.41 0.00487 1.111 1.117

110.05 0.00500 1.097 1,103

109.65 0.00504 1.102 1.108

100.18 0.00550 1.099 1.104

100.18 0.00549 _1.097 1.102

100.07 0.00553 1.104 1.109

95.42 0.00569 1,083 1.088

90.19 0.00600 1.079 1.085

90.18 0.00600 1.079 1.084

90.05 0.00600 1.077 1.083

90.04 0.00601 1.079 1.085

80.13 - 0.00676 1.080 1.086

80.11 0.00675 1.078 1.084

80.11- 0.00675 1.078 1.084

75.45 0,00717 1.079 1.084

70.15 0.00759 1,062 1.067

65.99 0.00806 1.061 1.066

60.14 0.008875 1.064 1.070
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Xenon

Xenon

Tempera- Mole Xenon . Xenon
ture |PTESSUTE | piaarion| VAPOT Ipphancement| VAPOT Enhancement
og atm. Xenon |Eressure® o .. or% Pressure#®* Factork
atm atm
155.00 660.06 0.008875 0.5015 1.063 0.4990 1.068
55.40 0.00962 1.063 1.068
50.18 0.01050 1,051 1.056
45.14 0.01165 1.049 1.054
39.68 0.01320 1.044 1.050
34.89 0.01513 1.053 1.058
34.89 0.01510 1.051 1.056
34,78 0.01510 1.047 1.053
30.19 0.01722 1.037 1.042
24,93 0.0209 1.039 1,044
24.81 0.0210 1.039 1.044
20.60 0.02515 1,033 1.038
20.31  0.0254 1.029 1.034
14,46 0.03525 1.016 1,022
14.21 0.0357 1.012 1.017
12,18 0.0414 1.006 1.011
11.49.-0+0440 1.088 1.013
11.28 0.0449 1.010 1.015

*Vapor .pressures of Ziegler, et al (62)

*%Vapor pressures from the best fit of the experimental data to Equa-
tion (12)
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solid component (component '"2"), accurate vapor pressures are required
for accurate enhancement factors.

The effect of vapor pressure on the enhancement factor, and thus
the interaction virial coefficients, is discussed in detail later.

Here, two values of the solid component vapor pressure are used in.
Tables II.and III to obtain enhancement factors. In one case, vapor,
pressures for both .krypton and xenon were taken from the work of Zieg-
ler, et al (61, 62). 1In Ziegler's work, the vapor pressures were cal-
culated from heats of vaporizatien and other properties using a thermo-
dynamically rigorous technique. 1In the other case, the experimental
solid-vapor equilibrium data were used to determine the "best value" of
the vapor pressure, i.e., the value of the vapor pressure that gave the
best fit of the experimental data to Equation (12).

The experimental data for the helium-krypton system are presented
in Table II and the helium-xenon data are presented in Table III. The-
results in these tables show that all the vapor pressures obtained from
the best fit of the experimental data to Equation (12) agree with the
values of Ziegler, et al, to within less than one per cent.

The experimental measurements are also presented in Figures 7 and
8 where the composition of the trace component (krypton or xencn) in
the vapor .phase is plotted as a function of pressure for lines of con-
stant temperature. The results for the helium-krypton binary are shown.
in -Figure 7 and .are compared with similar measurements made co-currently
with this work by Hiza, et al (28). Likewise, the results for the
helium-xenon system are presented in Figure 8 and are comﬁared to the
older measurements of Ewald (13) at 155° K. Within experimental errors,

the data of Hiza, et .al, show excellent agreement with the data taken
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in this work, although there appears to be more scatter in the Hiza
data, The Ewald data agree relatively well with the data of this work"
at pressures below 40 atmospheres, whereas the xenon mole fractions
measured by Ewald at pressures above 40 atmospheres are significantly .
higher than those measured in the present study. However, Ewald's
composition data exhibit a larger scatter than the data of this work.

Krypton enhancement factors for the six.isotherms of experimental
measurements on the helium-krypton system are presented in Figures 9 and
10 and xenon enhancement factors for the four isotherms of experimental-
measurements on the helium-xenon system are presented in Figure 11. 1In
each of these figures, vapor .pressures determined from the least squares
fit of the experimental data to Equation (12) were used to determine the
enhancement factors. The smoothed enhancement factors obtained from the
above-mentioned fit of the data to Equation (12) ére also presented in-
these figures.

In Figure 10, krypton enhancement factors obtained at 105 and
115° K by the above method are compared with enhancement factors obtain-
ed by using the vapor pressures of Ziegler, et .al (6l1). 1In neither
case do -the two 'sets of enhancement factor data differ by more than one.
per cent.

Krypton enhancement factors determined at 105 and 115° K from the
experimental solid-vapor equilibrium measurements of Hiza, et al, (28)
using Ziegler's vapor pressures are also presented in Figure 10. Xenon
enhancement factors at 155 ©K obtained from the solid-vapor equilibrium
measurements of the present study and Ewald (13) using the vapor pres-
sures from Ziegler, et al, (62) are presented in Figure 12, Although

enhancement factors provide a more sensitive means of comparing solid-
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vapor equilibrium data, the results of the comparison of the data of
this work with the data of other investigators have been reported pre=

viously in the discussion of Figures 7 and 8.
Data Reduction

Two different methods for reducing the experimental solid-vapor.
equilibrium data were employed. In the first method, the experimental -
data were fit to Equation (12) using both linear and noen-linear regres-
slon techniques. In the second method, the experimental data were ana-
lyzed using the graphical procedure of Chiu and Canfield (7).

In order to determine the interaction virial coefficients B;, and
Cy1o from the experimental solid-vapor equilibrium data using Equation
(12), a knowledge of the following information is necessary:

(1) the pure component virial coefficients, Biis By Cypps and

Cp203

(2) the solid molar volume of component "2", st;

(3) the vapor pressure of solid component .''2", Pg;

(4) a value of the interaction virial ceefficient, Ciooe
A complete survey of the data used in this work is presented in Appen-
dix H.

Before the experimental selid-vapor.equilibrium data were fit to

Equation (12), the equation is rearranged to a more convenient form.
gn ¢, - V,g(P - P9)/RT - B,,PQ/RT - n Zp + 2y,B,,/Vy (34)
2 T2 = V. - 2 72
+ (6y17,C 55 + 395C500)/ 2V = = 2y1By,/Vn = 3y1C),,/2V

Equation (34) may be written in the form
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Y = -BX - Cx? (35)
where
Y = tng, - Vo (® - PO)/RT - B PO/RT - in Z_ + 2y,B, /Ny
+ (6y152C122 + 35C,,,)/2V3
X =-Ay1/§m
B = 2By,
C = 3C115/2

A least squares regression technique can now be applied to Equa-
tion (35) to obtain the constants B and C from the experimental data.
When applying this technique, the criterion for the best fit is that the
sum of the squares of the deviations between the experimental .and calcu-

lated values of Y are a minimum, i.e.,
= 3 212 @= thin
z(Yexp - Ycalc)z/e% = Z(Yexp + BX + CX?)2/e ®= minimum (36)

where each experimental point is weighted by the error associated with
Y, ey. The complete error analysis needed to determine the appropriate
values of ey is presented in Appendix I.

If the sum of squares is to be a minimum, then the following rela-

tions must apply.

) _ 2 =
) [ z(Yexp Ycalc).%,EY ] 0 (37a)
9 1 .

oC [ z(Yexp - Ycalc)z/eﬁzf ] =0 (37b)

These two simultaneous. relations may now be used to solve for B and C



77
which are given by

2(x3/e3)L(X2¥/e2) - 5(X*/e3)T(XY/e3)
B = . ———— : (38)
Z(X“/eg)z(xz/eg) - z(x3/e§)z(x3/e§)

z(x3/e§)z(XY/e§) - Z(X”/e%)Z(XZY/E%)
cC = : (39)
z(x”/eé)z(xz/eé) - z(x3/e§)z(x3/e§)

The subscripts have been left off the X's, Y's, ey's and summation signs
for brevity, but the summation sign implies summation over all data
points used .-in the fit.

All the information necessary to calculate Y and X are directly
available except Zy and Vm. These quantities must be evaluated from
the virial equation to be consistent with the derivation of Equation
(12). 1In order to determine mixture PVT properties from the virial
equation, the mixture virial coefficients, Bj and Cm, must be known for

a binary mixture.
= 2 2 '
Ca = ¥iCipy + 3y1yaCiip + 3y175C 5, + ¥3C220 (41)

However, Bi, and Cj;, are the coefficients to be determined by the
above regression procedure. Thus, the problem is, in reality, a non-
linear one. Fortunately, because the value of Gm (or Zm) is relatively
insensitive to the values of B), and C;;,, the problem can be linear-
ized.’

A simple iterative procedure can be used to solve Equation (35).
For the first iteratién, values of Bj, and C;;, must be assumed in order

to calculatevBm and Cm and thus, Z_ and gm. Using these assumed values

m



78

of By, and-C,,,, new values of B,, and C,,, are calculated from Equa-
tions (38) and. (39) and compared with the assumed values. If the as-
sumed and calculated values of 312 and.C112 do not agree, then the cal-
culated values are used as the new assumed values and the procedure is
repeated. This iterative process .is continued until the assumed and
calculated_valueé of By, agree within #0.000l cc/g-mole and the assumed
and calculated values of Cjj, agree within *1.0 (cc/g-mole)? 1Im all
cases, only 3-5 iterations were required for convergence in determin-
ing the values of Bj, and C;12, a good indication of the insensitivity
of V (or Z;) to the values of Bjp and Cyjp.

The above analysis requires a source of acgurate vapor pressure
data, because, as will be shown later, the interaction virial coeffi-
cients, B;, and C,,,, are more sensitive to vapor pressure than the
other input data. In order to avoid determining which vapor pressure
data are the best, a non-linear least squares regression procedure was
employed to obtain both.the vapor pressure- and the interaction virials .
(By2 and Cyj5) from Equation (12) using the experimental solid-vapor
equilibrium data.

In the non-linear regression procedure, a two parameter relation
is assumed to approximate the vapor .pressure curve over the temperature
range of interest. A typical form of a vapor pressure curve is given
by

log P° = A - B/T (42)

Equation (42) can be modified to

1 1
o - o = E N
log P log Ptp B(T Ttp) (43)
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where
P:p = vapor pressure at the triple point
Ttp = temperature of the triple point

Equation (42) or (43) can be further modified to an approximate form of
the vapor pressure curve presented by Ziegler, et al (61,62) by adding
a deviation function to Equation (43)

log P° = log P° + 3(1-- —l—) + Deviation (44),
tp T T tp '

The deviation function in Equation (44) is obtained from the following
procedure:

(1) the vapor pressure datd of Ziegler over the temperature range

of interest are fit to Equation (42) by using the endpoints
to determine the constints A and B
(2) the non-linearity associated with the fit, i.e., the differ-.
ence between the experimental and calculated vapor pressures,
is set .equal to the deviation function (for the two endpoint
temperatures, the deviation function is zero).
This ‘procedure, in effect, allows for the non-linearity in_the log
(vapor pressure)-reciprocal. temperature relationship, establishing this
non-linearity from the vapor pressure work of Ziegler, et al.

Equation (44) is the two parameter relation which is used in this
work to approximate the vapor pressure curve. The two unknowns are the
endpoint pressure (triple point pressure in this work) and the constant
B. The experimental solid-vapor equilibrium data are used to determine
the best values of these two parameters in addition to the:ipteraction

virials (Bj2 and Cij2). This technique was used to.determine the vapor
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pressures rather than regressing a value at each temperature in order
to decrease the total number of parameters to be determined from the
experimental data.

The major difference between .the non-linear and linear regression
methods is that, inlthe non-linear regression procedure, the parameters
of the vapor pressure curve and. the interaction virials are determined
from the minimum overall sum of squares; i.e., the minimum total of the
sums of squares of  the individual linear .regression problems at.each.
temperature. When known vapor pressure data are used (linear problem),
the minimum sum of squares at each temperature determines the fit inde-
pendent of the results for the other isotherms.

The non-linear regression problem was solved.by a pattern search
technique. The parameters of the vapor pressure curve were assumed and
the interaction virial coefficients (B;, and C;;,) were regressed at
each temperature using the previously mentioned linear method. Another-
set of vapor pressure parameters were assumed and the above procedure
repeated. In this manner, a pattern search was conducted until the -
overall sum of squares was a minimum. An example of this kind of search
is presented in Table IV for the helium-xenon system.

The krypton and xenon vapor pressures which were determined by the -
above non-linear regression technique have been presented in Appendix
H (Table XXV) where they were compared with the experimental data of .
Ziegler, et .al (61, 62) and Leming and Pollack (32). A graphical com-
parison.is given in Figure 13 where the vapor pressures calculated from
the non-linear regression of the solid-vapor equilibrium data are com-
pared to the experimental vapor pressures.,

The experimental krypton vapor pressures of Ziegler, et al (61)
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TABLE IV
EXAMPLE OF THE PATTERN SEARCH TECHNIQUE USED TO SOLVE EQUATION (35)

P Sum of Squares, Dimensionless
£
,

g L
Va- -809.50 [-809.40 [-809.30 |[-809.20 {-809.10 |[-809.00 [-808.90
porPres
sure mmHg

2.0247 | 2.0244 | 2.0252 | 2.0268
379.75 | x 107% | x 107% | x 107% | x 107"

: 2.02345 |2.02342% |2.02420
379.50 x 1074 | x 10-% | x 10-%

2.0236 | 2.0237 | 2.0246

379.25 x 107% | x 107% | x 1074

2.0250 | 2.0251

373.00 x 1074 X 10'“_

*This value represenits the minimum overall sum of squares.
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are all 0.5 to 0.6% lower than the values calculated in this work where-
as the data of Leming and Pollack (32) are only 0.2 to 0.4%Z lower than
the calculated values with the exception of the wvalue at 90° K. The
experimental xenon vapor pressures of Ziegler, et al (62) cut diagonally
across the values calculated in this study, i.e., the values of Ziegler
range from 0.6% below the calculated values at 120° K to 0.6% above the:
calculated values at 155° K. The experimental data of Leming and.Pol-
lack (32) are 0.6 to 0.9% above the calculated values except at 120° K
where the data point is 1.7%Z above the calculated value.

The least squares regression program used in this work is presented
in Appendix J, Typical examples of the least.squares regression of the
experimental solid-vapor equilibriﬁm data to Equation (35) are presented
in Figures 14 and 15. The error bands associated with each experimental
point are included to demonstrate the ‘ability of Equation (35) to fit.
the experimental data within its estimated experimental uncertainty.
With few exceptions, the smoothed curves pass through the error bands
on -the data points.

The smoothed enhancement factor data for the helium-krypton and
helium-xenon systems, determined from the least squares fit of the ex-
perimnetal data to Equation (12), are presented in Figures 16 and 17.
Temperature cross—-plots of the smoothed enhancement factor data of both
the helium-krypton and helium-xenon systems appear in Figures 18 and 19.
Smoothed curves were drawn through the cross-plotted data.by inspection.
Careful examination of these figures indicates that, although some sys-
tematic deviations are apparent among. the isotherms, the deviations are
within the experimental uncertainty of the data with the exception of

the higher pressure data (above 80 atm).
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Another method of analyzing solid-vapor equilibrium data 1s the
graphical procedure of Chiu and Canfield (7). Equation (15) was used
to calculate values of the ERT function from the experimental data,
These éRT values were plotted as'a function of pressure [see Equation
(16)] and extrapolated to the vapor pressure to obtain the value of
(By; —~ 2Bjp). Chiu and Canfield suggested using an optimum extrapola-

FP |

tion pressure, Pye, where the value of ] ERT is a minimum. However,

the value of P ., and the vapor pressure are beth quite small for solid-

e
vapor equilibrium data and thus, in this work, the vapor pressure was
used as the extrapolation pressure. The error associated with each
value of ERT was also calculated using an error analysis similar to the
one presented in Appendix I.

Two typical examples of the abplication of Chiu and Canfield's
graphical technique to the solid-vapor equilibrium data of the helium-
krypton system are presented in Figures 20 and 2l. The smooth curves
are placed through the data by inspection. The main difficulty in using
this method is immediately obvieus, i.e., the large errors associated
with the data at lower pressures. The errors associated with the values
of ERT also increase with increasing temperature. Thus, extrapolating
the ERT versus pressure curve by inspection to obtain the second inter-
action coefficient can lead. to an undesirable degree of uncertainty.
Because of the high uncertainty associated with the values of ERT at
low pressures, values of Bi12 determined from the Chiu and Canfield
method for any system could possibly be in error by as much as 2 to 5

cc/g-mole.
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CHAPTER VII
DISCUSSION OF RESULTS

A discussion of the results of the analysis of the experimental
measurements made in this study is presented in this chapter. The in-
teraction virial coefficients determined from the procedures discussed
in ‘the previdus chapter are presented and discussed. The B12 values
obtained in the present study are compared with the data of other in-
vestigators and the results are analyzed. Finally, a discussion is
presented on.the testing of various combining rules fer determining
interaction potential parameters using all available Bi2 data on the

systems studied in this work.
Interaction Virial Coefficients

The second interaction virial ceefficients (Bjo's) determined by
the procedures discussed in the previous chapter are presented in Table
V. Interaction virials for both the helium-krypten and helium-xenon
systems are tabulated. For every case in which a least squares regres-
sion technique was used. to determine the interaction virial coefficient,
B1o, the standard .deviation is also presented.

For the helium-krypton system, the second interaction virial coef-
ficients determined by each of the various methods eof data.reduction
agreed with one another within 1.0 cc/g-mole, including the Bl2 values

obtained by the graphical procedure of Chiu and Canfield (although

no
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EXPERIMENTAL SECOND INTERACTION VIRIAL COEFFICIENTS (Bj,'s)

Hglium—K;ypton'Syétemv

Temperatureb 312(‘1) 3127(2) 312‘(3) B12(4)
oK cc/g-mole cc/g-mole ce/g-mole cc/g-mole
90 1.73(0.61) 0.85(x0.62) 0.39(x0.65) 1.57
95 2.97(£1.13) 2.04(%1.28) 2.37(x1.22) 2.92
100 4.,06(£1.03) 3.19(£0.94) 3.65(£0.97) 4,26
105 5.66(x0.99) 4,67(x1,.10) 5.28(x1.02) 5.33
110 6.99(x1.34) 6.00(x1.41) 6.56(x1.36) 6.38
115 8.52(%0.66) 7.50(£0.72) 8.18(+0.66) 7.73

Helium-Xenon System

Temperature 312(1) B12(2) B12(3)
oR cc/g-mole cc/g-mole ce/g-mole
120 . 9.38(0.96) 8.11(+0.91) 12.64(£1.40)
130 13.05(x0.85) 12.49(20.91) 14.40(20.77)
140 16.42(+0.85) 16.52(*0.85) 17.81(*0.83)
155 20.47(£0.82) 21.63(x0.89) 22.58(%0.96)

(1) Determined simultaneously with the vapor pressure by a nonlinear
regression technique from Equation (35)

(2) Determined by a linear regression technique from Equation (35)
using the vapor pressure data of Ziegler, et al (61, 62)

(3) Determined by a linear regression technique from Equation (35)
using the vapor pressure data of Leming and Pollack (32)

(4) Determined by the graphical procedure of Chiu and Canfield . (7)

using the vapor pressure data of Ziegler, et al (61)
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these values required some artistry). However, for the helium-xenon
system, the 312'5 calculated using Leming and Pollack's vapor pressure
data disagreed with the B12's obtained from the other regression methods
by significantly more than 1.0 cc/g-mole, especially at the lower tem—
peratures.,

Although the principle objective of .analyzing the solid-vapor equi-
librium measurements was to determine accurate second interaction virial
coefficient data, third interaction virial céefficients (Cllz) were
also determined from the experimental data using Equation (35). The
values of C,,, determined by the various regression techniques of data
reduction are presented in Table VI, As can be seen . in this table, the
Ci1p's exhibit a significant amount of scatter and have a large uncer-
tainty associated with them. Although the values of C;;, should de-
crease slightly with increasing temperature in the reduced temperature
ranges studied in this work, the excessive scatter and large standard
deviations of the C;;, data precluded any conclusions as.to the trend
of the C;,, data of the present study.

At this point, the effect of the various quantities in Equation
(12) on the regressed values of the second interaction virial coeffi-
cient should be discussed. Calculations of these effects are detailed
in Appendix K. The results show that the only variable having a large
effect on the B,, values is the vapor pressure of the condensed compon-
ent. Upon careful examination of Table XXV (or Figure 13) and Table V,
a 0.5 to 0.6% change in vapor pressure produces a change in the value
of By, of approximately 1.0 cc/g-mole for either the helium-krypton or
helium-xenon systems.

Because of the sensitivity of the value of Bjy to the vapor pres-
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TABLE VI
EXPERIMENTAL THIRD INTERACTION VIRIAL COEFFICIENTS (Cllz's)
Helium~Krypton System
Temperature Cy12 (1) C112¢2) C112¢3)
OK | (cc/g-mole)? (cc/g-mole)? (cc/g-mole)?
90 573(£57) 646 (£58) 684(£61)
95 572(%113) 654(x129) 625(x123)
100 611(x106) 689 (x97) 652(x101)
105 517(x106) | 610(x118) 553(1110)
110 439(£147) 534(x155) 480(x150)
115 606 (£75) 709(x82) 640(276)
Helium-Xenon System
Temperature Cry (D Cyp,(2) C 12(3)\
oK (ce/g-mole)? (cc/p-mole)? (cc}g—mole)2
120 516(£115) 649 (£109) 173(x167)
130 564(x114) 629(x122) 405(x£103)
140 683(x114) 672(x114) 524(%112)
155 296(£118) 148(x128) 25(x139)

(1) Determined simultaneously with the vapor pressure by a non-
linear regression technique from Equation (35)

(2) Determined by a linear regreéssion technique.from Equation (35)

using the vapor pressure data of Ziegler, et al (61, 62)

(3) Determined by a linear regression technique from Equation (35)

using the vapor pressure data of Leming and Pollack (32)
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sure of the condensed component, the previously mentioned non-linear
regression technique was used to simultaneously determine the condensed
compdﬁent vapgr pressure as well as the interaction virial coefficients,
B12 and 0112' This technique eliminated the necessity of choosing be-
tween the various sets of . experimental vapor pressure data. The values
of By, obtained by the non-linear technique are the values that are used
in all further discussion; i.e., comparison of the experimental B,'s
with those of other investigators, testing combination rules, etc.

In Figures 22, 23 and 24, 'the B;,'s obtained for the helium-krypton
system in this wogk are compared with the data of Brewer (2) and Dil-
lard (11). 1In Figure 25, the B;,'s obtained for the helium-xenon sys-
tem in.this study are compared with the data of Brewer (2). Also ap-
pearing in these figures are the smoothed Bj, curves obtained.from the
fit of the B;, data to the Dymond-Alder potential.

The recently-proposed potential of Dymond and Alder (12) is a tabu-
lar presentation of the reduced potential, U*(R) = U(r)/e, as a function
of the reduced distance, R = r/o. The form of the potential was es-
tablished to yield a simultaneous fit to the ‘available gas phase equi-
librium and transport.properties of rargon. Thus, this petential form.
does not suffer as do other simple potentials from inadequacies due to
restrictions imposed by an.analytical .form. Although the potential was-
developed for argon, Lin and Robinson.(35) have recently applied the
potential to other rare gases within the framework of two-parameter cor-
responding states theory.

A more meaningful comparison. of the B;, values obtained in this work:
to the B, data of the other investigators is presented in Figures 26

and -27. In these figures, the deviations between the experimental malues
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of By, and the values predicted by the Dymond-Alder potential are
plotted as a function of temperature (error bands are also included).

In Figure 26, using the above technique, the By, values of this
study for the helium-krypten system are compared simultaneously with
the data of Brewer. (2) and Dillard (11). 1In the same figure, the data
of this work are also compared individually to the Brewer data and to-
the Dillard data. When the data of Brewer and the data ovaillardkwere
individually fit with the dafa of this work to the Dymond-Alder poten-
tiai, Figure 26 indicates that the égreementufor both cases was good
(nominal scatter of *1 cc/g-mole). However, the results of the simul-
taneous fit of all the data to the Dymond-Alder potential revealed that
the data of Brewer and Dillard failed t¢ agree with each other as well
as they individually agreed with the data of this work.

Examination of Figure 27 reveals that the B,, values for the helium-
xenon system of this study and of Brewer are not in as good of agreement
as the By, values of the helium-krypteon data. The agreement for the
helium-xenon system is ' *2 cc/g-mole. The apparent systematic deviation
from the Dymond-Alder potential exhibited by this system could result
from the failure of the potential to adequately fit the data, but this
is unlikely because of its ability to fit the data of other rare gas
systems. Brewer claims a precision in his measurements of the excess
virial coefficient [Equation (1)] of #0.1 cc/g-mole, but examination of.
Figures 23 or 26 for the helium-krypton system and Figure 25 or 27 for
the helium-xenon.system indicates that the nominal scatter in his data
for either system is significantly larger than #0.1 cc/g-mole. This
does not imply. that Brewer's .data are not of excellent quality, but

merely that some of his data points have a higher uncertainty than



105

0.1 ce/g-mole.

An attempt was made to resolve the question of this possible (mar-
ginal) inconsistency of  the present.data and that of Brewer on the he-
lium-xenon system. A method was devised to test the consistency of the-
virial coefficient data on the present systems through the use of recent
data on gas phase diffusivities in the same systems. The test would
rest only on the assumption of the applicability of two-parameter cor-
responding states theory.

The method of superposition of logrithmic plots (39) was used, in-
dependent of any empirical potential model, to determine potential para-
meter ratios from the diffusion coefficient data for the helium-krypton
and helium-xenon systems. The potential parameter ratios from the gas
diffusion data were .then used to superimpose the virial coefficient
data for the helium-xenon system on the data for the helium-krypton sys-
tem with the hope that such superposition would reveal whether the
values of this work or those of Brewer superimposed more readily. In
this manner, any inconsistency in the virial coefficient data of this
work or that of Brewer for the two systems of interest would be reveal-
ed.

The virial coefficient is classically related to the reduced virial

coefficient (19) by

B(T) = %—ﬂﬁo3B*(T*) (45)
where
N = Avogadro's number
B*¥ = reduced virial coefficient
T* = reduced temperature, T/(e/k)

Taking the logrithem of Equation (45) yields
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log B(T) = log (%mﬁ) + log o3 + log B*(T*) (46)

In order to compare the interaction virial coefficient data of two dif-

ferent systems, the following equations are examined.
2~
log B;,(T) = log (EWN) + log 0%2 + log B*(sz)

log BIS(T) = log (%ﬂﬁ) + log 0?3 + log B*(TTS)
where
12" indicates helium-krypton binary
""13" indicates helium-xenon binary.
If the B versus temperature plots are to be superimposed on one
another, the reduced temperatures for both systems must be equal. The

corresponding shift in the temperature axis is given by log T;3-log Tj,.

= T%
But because T?S T%,, then
log (T;3/Ty5) = log Tj3 - log T;,

- - %
log T13 log T13 log T, + log T%,

* - *
log (T,,/T§;) - log (T ,/T§,)

log (e/k) 5 - log (e/k);, = logl(e/k);3/(e/k) ,]

Thus, when the temperature axes are shifted so that the B versus T cur-
ves are superimposed on a log-log plot, the ratio of the temperatures,
Tl3/T12, corresponds to the ratio of the potential parameters,
(e/k),3/(e/k){,. Similarly, when the B axes are shifted so that B ver-

sus T curves are superimposed on a log-log plot,
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= log 0}y - log 03, = log (of;3/0%,)

and the ratio, B,;3/B;,, gives the ratio of the potential parameters,
3 3
013/012'
According to the Chapman-Enskog theory (6, 19), the gaseous state

binary diffusion coefficient is given to the first approximation by

( 3 ) (kT/2u12)%

2 1,1 %
g/ 02,a{lrDx(T% )

P Dy, = (47)

where
D;; = binary diffusion coefficient (ecm?/sec)

p = molar density (g-mole/cm3)

k = Boltzmann's constant (erg/®K)

u = reduced mass (gm/g-mole)

T = temperature (%K)

o, = distance parameter (R)

Qf%’1>*(TT2) = reduced collision integral
™ = reduced  temperature, T/(e/k)

If we assume that the ideal gas law applies, then p = P/RT. Substitu-

ting the ideal gas law into Equation (47) and rearranging yields
02,1 % (1%,) = 0.0018583(T3/u1,)%/D1,P (48)

If the curves of 0.6018583(T3/u12)%ﬂh22 versus temperature for the two

systems are superimposed on one another on a log-log plot, an analysis

similar to the one for the virial coefficient .data shows that the ratio
of the shift in the temperature axes, T13/T12, yields the parameter

ratio, (e/k)13/(e/k)12, and the ratio of the shift in the diffusion
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function axes yields the parameter ratio, 0%3/0%2.

When using the superposition of logrithmic plots.technique to de-
termine parameter ratios independent of a potential function from virial
coefficient .or binary diffusion coefficient .data, theory (19) tells us
that the classical values of the virial and diffusion coefficients
should be used. To obtain these classical values from experimental
data, quantum corrections must be subtracted from the experimental data.

For example, for virial coefficient data,

3
= _(n2 C(h2 /2R (Y o 2742
Bep (1 = [By, (1) - (h2/m)B (D) - (02 /m)2B (D) = . .1 & (h2/m)2By (49)
where
Bexp(T) = experimental virial coefficient
BCL(T) = classicial virial coefficient
BI(T), BII(T)’ B, = quantum corrections,

or in terms of .the reduced virial coeff_icient,
- 2~ 3 2 L + 3n
* %) = .1 * *) = * *(TH)~-(\® * %)~ * *

where

A% - = h/[G(Me)%]
Quantum corrections.for the virial coefficient data were approximated
by corrections to the Dymond-Alder potential as evaluated by Lin and
Robinson (35).

Iman~Rahajoe, et al (27) have demonstrated that the quantum correc-
tions to the collision integral, Q(lsl)*(T*), are significantly less
than one percent for reduced. temperatures greater than 5.0 and a value
of A* = 1, Since the values of A* for the helium-krypton and helium-

xenon systems are 1.07 and 0.94, respectively, and because the binary
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diffusion coefficient measurements cover an approximate reduced temper-
ature range of 5 to 36, quantum corrections.to the diffusion data were:
negligible and were ignored.

Binary diffusion coefficients for the systems of interest over a
wide temperature range have been measured by Hogervorst (24) and.Van
Heijningen, et al (59). The estimated uncertainty in. these measure-
ments is %0.5 to fl%. The virial coefficient data are assumed to have
an uncertainty of *1 cc/g-mole.

The binary diffusion coefficient and virial ceoefficient data for
both the helium-krypton and helium-xenon systems were plotted on log-
log coordinates. = The error bands associated with each data point were.
also plotted for both the diffusion and the virial coefficient data.
Because the gas diffusion coefficient data were rather insensitive to
the values of the parameter ratios, no unique set of potential parame-
ter ratios were obtained from the diffusion data. Thus, several sets
of potential parameter ratios were obtained from the diffusion data by
shifting the two curves to several different values of.(s/k)13/(s/k)12
and determining the upper and lower limits of (013/012)3. The uncer-
tainty in~(013/012)3 at each value of (s/k)la/(s/k)12 arises from the
uncertainty in the experimental data. Using a similar procedure,
values of potential parameter ratios are obtained from the virial coef-
ficient data. The potential parameter raties from both diffusion data
and virial data are plotted with their associated error in Figure 28,

Figure 28 indicates only a small region of overlap for the poten-
tial parameter ratios obtained from the diffusion and virial data.

This region can be approximated by potential parameter ratios of

(e/k)13/(e/k) 1, ® 1.0l and (013/07,)% & 1.32. The values of the
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potentlial parameter ratios predicted from the fit of the virilal coeffi-
clent data to the Dymond-Alder potential are (e/k);3/(e/k);, = 1.067
and (0,4/0,,)% = 1.418,

The results of the superposition of the helium-xenon virial coef-
ficient data onto the helium-xenon virial coefficlent data for both of
the above-mentioned sets of potential parameter ratios are shown.in
Figures 29 and 30. The virial coefficients are plotted with their asso-
ciated error bands. Figure 30 demonstrates that the superposition of
virial coefficlent datawas not greatly altered by the use of the potential
parameter ratios consistent with the binary diffusion coefficient data.
Thus, within the combined accuracy of the data, the diffusion data re-
vealed no significant inconsistency in the B;, data for the helium-
xenon system.

The original purpose of the above test was to use a set of poten-
tial parameter ratios obtained from binary diffusion coefficient data
for the systems of this study to. determine whether the virial coeffi-
cient data of this work or that of Brewer could be superimposed more
readily on one another. In this respect, the test provided no informa-
tion due to the insensitivity of the diffusion data to the choice of
potential parameter ratios. No attempt was made to determine potential
parameter ratios independent of empirical potential forms from other
types of transport properties (thermal conductivity, viscosity, or
thermal diffusivity) because the superposition of logritpmiC‘plotS can
not be conveniently applied to these data. _

Recently, Buck (4) has developed a technique for directly inverting
molecular crossed beam scattering data without assuming any analytical

form of the intermolecular potential. If this technique were applied
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to high quelity crossed beam data such as that of Lee, et al (47) on
rare gas pairs, a valuable source of interaction intermolecular poten-
tial parameters .could result. If successful, the above technique could
provide a more valuable source of interaction potential parameters than

do macroscopic properties.
Test of Combination Rules

In this section, the various combining rules presented in Table I
for predicting the interaction energy parameter, (e/k);,, from the pure
component parameters were tested using all the available experimental
second interaction virial coefficient on the helium-krypton and helium-
xenon systems. The two rules for predicting ¢, from the pure component
parameters by Equations (32) and (33) were also tested. The pure com-
ponent potential parameters were taken from the werk of Lin and Robinson
(35) and the values of I, o, and x were taken from Pitzer (49).

The results of these tests are.given in Tables VII .and VIII for the
helium-krypton and helium-xenon system, respectively. 1In each table,
the values of (e/k),, regressed from the experimental B;, data are com-
pared to the values calculated from the various combining rules. Also
presented are the average deviation, maximum deviation, and root mean
square deviation between the experimental value of Bjp, and the value of
By, calculated from the Dymond-Alder potential using each of the com-
bination rules.

For the helium-krypton systems, Rules III, VII, and VIII all ap-
peared to give excellent results. Since these three rules were each de-
veloped from different.theoretical considerations and.since each gave

similar results, no differentiation between thecoretical developments
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TABLE VII

HELIUM~-KRYPTON - SYSTEM*
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s c (/%) Deviation** in Deviations. in Bio
ource o e/k) _ .
(/1) 1, ox 12 Predicati? (e/k)12 cc/g-mole
° . Average Maximum RMSD*%%*
Direct
Regression 30.83 - -0.01 1.90 0.80
(ky,=0.342)
Rule I 46.82 51.86 -7.49 -22,50 12.29
Rule II 21.12 -31.49 5.17 10.14 - 6.23 "
Rule III 30.57 -0.84 - 0.15 1.97 0.82
Rule IV 37.83 22.71 -4.32 ~-9.42 5.13
Rule V 29.40 -4,63 0.82 2.20 1.26
Rule VI 29.26 -5.08 0.90 2.23 1.34
Rule VII 30.43 -1.31 0.23 2.01 0.85
Rule VIII 30.70 -0.42 0.07 1.94 0.81
Source of G120 Devi?tion** in
Predicated o)
g12 K v .
Direct. 3.181 o
Regression ’
(0, +0,)/2 . 2.999 -5.72
% - _
(0102) 2,963 6.85

*Using the value of o,

2

**Deviation = calc - exp x 100

exp

*%*Root mean square deviation

regressed from the experimental data.
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TABLE VIII

HELIUM~-XENON SYSTEM¥*

116

Deviation®** in

Deviatibns in Bi12

Source of (e/k). cc/g-mole
(c/k) .o Predicated (£/k) -
% Average Maximum RMSD**#*
Direct

Regression 32.87 — -0.03 1,83 1.37
(k =0.392)
Rule I 54.07 64,50 -16.29 -25.71 17.67
Rule II 21.41 ~34,87 6.87 13.68 7.63
Rule III 24,27 -26.16 5.30 11.00 5.93
Rule IV 36.23 10.21 -2.83 -4.29 2.97
Rule V 22,84 -30.53 6.10 12.31 6.79
Rule VI 23.52 ~28.45 5.72 11.71 6.39
Rule VII o 24,14 -26.55 5.37 11.15 6.01
Rule VIII 25,91 -21.18 4,36 9.27 4.93

Source of 01 Devi?tion** in

o Predicated 0,
12 Q 9
A
Direct 3.577

Regression

(014-02)/2 3.196 -10.63

(0105)% 3.131 ~12.45

*Using the value of 0;, regressed from the experimental data

e

**%Deviation = EELE;§~E§R X 100

*%%*Root Mean Square Deviation
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could be ‘made for this pafticular system.. For the helium-xenon system,
no rule predicated the B;, data within its experimental -accuracy, but
Rules IV and VIII gave the best results.

Lin and Robinson (35) have tested various combining rules (Rules
I-VI) on the availlable second interaction virial coefficient .data of all
ten binaries of the rare gases helium through xenon. (excluding data of.
the present study). They found that Rules II and VI (similar theoreti-
cal development) gave the best results for the helium-krypton system
and that Rule IV gave the best results for the hellum-xenon system al-
though (as in this work) the results for the helium-xenon system were
not as satisfactory as thoese for the helium-krypton system.

In conclusion, the testing of the various combining rules for de-
termining values of (a/k)12 failed to indicate any rule which gave uni-
formly good results in.predicting second interaction virial coefficients
for both the systems studied. These results are in agreement with the
conclusioné of Lin and Robinson (35) on the rare gas binaries of helium.
Likewise, neither the hard-sphere model [Equation (32)] nor the geomet-
ric mean rule [Equation (33)] gave satisfactory results in the predic-

tion of the interaction distance parameter, ¢ However, the recent

12°
suggestion of Good and Hope (15) appears worse than the hard sphere
model.

The interaction constant of the attractive potential term has been
well studied within the-kimits ofthe London theory, the Kirkwood-Muller
theory, etc.; i.e., for symmetrical systems of spherical molecules con-
taining a small number of electrons (49). However, the combining rules

derived from these considerations . often fail to apply even to systems

which approximately obey the above assumptions. This indicates that
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conslderation of the attractive potential term only does not providé a
completely adequate means of develéping mixing rules. A more extensive’
study of the repulsive potential term would seem desirable.

Finally, the values of k), determined in this work from Equation
(30) were compared with the correlation of Hiza and Duncan (22), Equa-
tion (31), and values of k), obtained by other experimental methods as
tabulated in a recent paper by Hiza (21). For the helium-krypton sys-
tem, a value of k12 of 0.342 was obtained in this work as compared to
values of,k12 of 0.359, 0.350, and 0.312, which were obtained, respec-
tively, from beam scattering data, diffusion data, and Equation (31).
For the helium-xenon system a value of kj, of 0.392 was obtained in this
study as compared to values of 0.406 and 0.422 which were obtained,

respectively, from beam scattering data and Equation (31).



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

In this study, an apparatus was constructed which can be used to
make both solid-vapor and liquid-vapor equilibrium measurements over a
temperature range of 90 to 300° K and a pressure range of 0 to 150 atm.
The following conclusions were drawn about the apparatus:

(1) the apparatus and procedures employed successfully combined
precision with a relative ease of operation;

(2) the use of an ultrasonic detector to analyze for the trace.
component in the vapor effluent stream from the equilibrium
cell is a composition measuring technique that is at least as
good and probably better than any other technique used.in
studies of this type. |

Concerning the experimental apparatus constructed in this work, the

following recommendations are offered:

(1) the vacuum transfer line from the cryostat -to.the high vacuum
system should be shortened considerably in.an attempt to im—
prove the vacuum inside the cryostat by an order of magnitude.
(from 10™% torr to 107° torr);

(2) the ienization vacuum gauge should be mounted closer to the
top of the cryostat in order to obtain a more reasonable

measurement of the actual vacuum inside the cryostat;.



(3)

(4)

(5)

(6)

(7)

(8)
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a servicable level indicator for the liquid nitrogen storage
vessel should be developed;

the number of differential thermeocouples on the cell should

be increased so that both temperature gradients on the cell
and the temperature difference between the top of -the cell

and the vapor .effluent line could be monitored during experi-
mental operation;

the problem of plugging of the bottom of the cell and the cell
inlet vapor line with solid cendensate should be carefully
studied and a dependable method of heating the inlet vapor
line should be developed;

an attempt should be made to apply the ultrasonic detector to
composition measurements of binary gas mixtures in which the
trace component mole fraction is less than 50 PPM; if the
ultrasonic detector can be used in this composition range,
lower temperature solid-vapor equilibrium measurements can be
made (within the temperature control limitations of the ap-
paratus) ;

a vapor recirculation pump should be added to the apparatus to
decrease condensed phase losses and to provide better liquid
mixing when making liquid-vapor equilibrium measurements;

a more elaborate system for metering the amount of the heavier
component being condensed into the equilibrium celi should be

developed.

As -another part of this study, solid-vapor equilibrium measurements

were made on the helium-~krypton and heljium-xenon systems. The follow-

ing conclusions were reached about the experimental data:
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(1) the measurement of the vapor phase composition is the most
eritical factor influencing the precision of solid-vapor
equilibrium measurements;

(2) the composition of the vapor phase was measured with an es-
timated uncertainty of *1Z in the mole fraction of the trace
component; similarly, the enhancement factors (sz/Pg) of the
solid component exhibited a nominal scatter of *1Z.

Concerning the experimental .measurements of this type, recommenda-
tions for further studies are as follows:

(1) the applicability of this apparatus to liquid-vapor equili-

brium measurements should be tested;

(2) solid-vapor and/or liquid-vapor equilibrium measurements
should be made on other rare gas pairs which have not been
studied previously, namely neon-xenon and argon-xenon;

(3) since solid-vapor equilibrium measurements are limited to
systems in which the critical temperature of one component is
below the triple point temperature of the other component,
further studies of this type could be considered for systems
containing such low critical temperature gases as helium,
hydrogen, neon, or nitrogen as the lighter component (com-
ponent "'1").

The solid-vapor equilibrium measurements were analyzed using con-
ventional techniques to determine interaction virial coefficients (B,
and Cy;5). The values of By, obtained in this manner were compared to
the experimental data of other investigators. The following conclusions

were reached regarding this part of the study:
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(1) the By, data obtained in this study are considered to have a
nominal imprecision of *1 cc/g-mole;

(2) the B12 data for the hellum-krypton system showed excellent
agreement with the data of Dillard and Brewer (nominal scat-
ter of less than *1 ce/g-mole); the B;, data for fhe\heliumr
xenon system is in reasonable agreement with the data of
Brewer (nominal scatter of -*2 cc/g—moie);

(3) binary diffusion coefficient data were used to test (inde-
pendent of any specific intermolecular potential model) their.
mutual consistency with the By data; within the combined
accuracies of the virial and diffusion coefficient data, .the
data appear to be consistent.

Finally the various combining rules presented in ,Table I for pre-
dicting interaction potential parameters from the pure component parame-
ters were tested using the availlable second interaction virial coeffi-
clent data on the two systems studied in this work. No single rule
proved uniformly successful in predicting B, data for both systems
although several rules gave reasonable results for the helium-krypton
system,

Although the interaction constant of the attractive potential term
has been extensively studied, no such claim can .be made for the inter-
action constant of the repulsive potential term. Before combining
rules for interaction potential parameters can be developed which are
uniformly applicable to all simple systems, a closer.study of unlike-
molecule repulsive forces would seem desirable.

In summary, the apparatus and procedures developed in this study

provide an excellent means of making solid-vapor equilibrium measure-

l
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ments., Solld-vapor.equilibrium measurements yield .a source of suffic-
lently accurate low temperature.data to provide valuable input to.the
low temperature behavior of second interaction virial coefficients.
These data are useful if virial coefficient data are to be used to test.

combining rules for interaction intermolecular potential parameters.
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APPENDIX A

CHECK OF PLATINUM RESISTANCE THERMOMETER
AT THE TRIPLE POINT OF WATER

The triple point of a substance is that point at which all three
phases, solid, liquid, and vapor coexist in equilibrium. The triple
point of water is defined as 0.01° C. In this work, a triple point cell
manufactured by Trans-Sonic, Inc. was used to check the platinum re-
sistance thermometer. Two separate tests were made and these tests
were performed eight months apart. The results are shown in Tables IX
and X. The measurements are in excellent agreement with the National

Bureau of Standards calibration.

170



TABLE IX

MEASUREMENT OF THE TRIPLE POINT OF WATER (10/69)

Resistance Readings

gk et e i
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Reading No. N R

Average Reading

1 25.5310 25.5360 25.5335
2 25,5295 25.5355 25,5325
3 25.5293 25.5353 25,5323
(Apparent Equilibrium Occurs)
4 25,5293 25.5352 25,5322
5 25,5292 25.5352 25.5322
6 25,5292 25.5352 25.5322
7 25.5293 25.5352 25.5322
8 25.5293 - 25.5351 25.5322
9 25.5292 25,5352 25,5322
10 25,5292 25,5352 25.5322
11 25.5293 25.5351 25.5322

(Ice Melted)

Overall Average 25,5322

NBS Calibration 25.5321




TABLE X

MEASUREMENT OF THE TRIPLE POINT OF WATER (6/70)

Resistance Readings
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Reading No. N R

Average Reading

(20 minute wait)

1 25.5365 25.5258
2 25.5366 25.5258
3 25.5366 25.5258
4 25.5365 25.5258
5 25.5365 25,5257
6 25.5365 25.5258

(Ice Melted)

Overall Average 25.5321

NBS Calibration 25.5321

25.

25

25

25.

25.

25.

5321

«5322

.5322

5321

5321

5321




APPENDIX B

PRESSURE ' GAUGE CALIBRATIONS

All three Heise bourdon tube pressure gauges used in this work were
calibrated against a Ruska dead weight gauge which has a precision of
20.01 psia. Each of the gauges were compared with the dead weight-
gauge at evenly spaced pressure increments over the entire pressure
range of the gauge. Measurements were taken for both increasing and de-
creasing pressure increments as a check for hystersis.

The 3000 psig gauge was calibrated in increments of 100 psi from O
to 2000 psig, the 1000 psig gauge in increments of 50 psi over the en-
tire range of the gauge, and the 300 psig gauge in increments of 20 psi
over the entire range of the gauge. The results of these calibrations
are presented in Figures 31 to 33. 1In these figures, the Ruska pres-
sure reading is considered to be the actual pressure reading. The
Heise gauge readings are corrected by adding the appropriate pressure

deviation (Ruska gauge-Heise gauge) to the Heise gauge reading.
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APPENDIX C
ELEMENTARY THEORY OF THE ULTRASONIC DETECTOR

Directly or-indi;ectly measuring the velocity of sound in gas mix-
tures is a technique that has been utilized for more than 70 years in
gas analysis problems. However, Noble (44) was one of the first to
apply this technique to gas chromatography. In 1964, Noble, Abel, and
Cook (45) presented the theory and instrumentation for an ultrasonic
detector as applied to gas chromategraphy, and discussed the influence
of factors affecting the sensitivity of -the detector.

The time required for a sound wave of velocity, c, to travel a dis-

tance, s, is given by
t = s/c

The phase delay, ©, of a sound wave in electrical degrees corresponding
to t is

C

where f is the frequency of the sound wave.

For pure ideal gases at low frequency

. = [%];”’ (c-2)
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where
M = molecular weight.
Y = ratlo of the specific heat at constant pressure to the
gpecific heat at constant volume
R = universal gas constant (8314 m%/g-mole - °K)
T = absolute temperature.

Combining Equations (C-1) and (C-2) yields

= 0L s (c-3)

(RT)

For a binary gas mixture in which a sample gas of mole fraction
Yy molecularfweight, M,, and specific heat ratio, Y, the equation for

the phase delay of a sound wave is

L X%

1/ » . ‘
o = 380sf My Y2 gy, 2 (1 ]y (C-4)
(RT)’E Y1 2 My Cp1 Yo

where Cp, and Cp; are the specific heats at constant pressure of com-
ponents "1" and "2", respectively. In Equation (C-4) both gases are
assumed to be ideal and the gas mixture is assumed to be homogeneous.

The phase delay change, A9, caused by the addition of gas "2" to
gas "1" is

3% MZ CPZ Y1
A = 180sf|M,/RTy." = -1} + = {—=-1 (C-5)
5 ( 1/ Ylj Y2 [(Ml ) CPl (YZ ]:l

Equation (C-5) is valid when the specific heats at the frequency of a
sound wave are the same as the tabulated values determined by calorime-
try. At high frequencies, the tabulated values are generally valid only

for monatomic gases. Equation (C-5) indicates that a sample gas ("2")
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whose molecular weight is greater than the reference gas ("1") will
yield a positive phase delay change.

Several factors influencing the sensitivity of an ultrasonic de-
tector are the temperature, pressure, and carrier gas flow rate. ' Over
a temperature range of 50 to 250° C., Equation (C-5) predicts that the
average phase change per .degree centigrade temperature change at a
sound frequency of 4 megacycles per millimeter of path length is approx-
imately 1.6 electrical degrees for helium. Therefore, when helium is
used.as a carrier gas, a phase stability of 0.001 electrical degrees
requires a temperature stability of roughly 0.0006° C. which is obtain-
able with suitable lagging and insulation.

The RT/M term in Equation (C-2) is equivalent to P/p for an ideal
gas where P is the pressure and p is the density of the gas. This ratio
is a constant for an ideal gas at constant temperature. Thus, the ve-
locity of sound appears to be independent of pressure for the ideal gas
case., This is true for monatomic gases except at very high frequencies.
For all other gases, the value of v is a function of pressure or, more
exactly, a function of the ratio of frequency to pressure when working
near a region of frequency dispersion because the relaxion frequency is
proportional to pressure. At a frequency of 4 Mc., a 2.0% decrease in
pressure will result in an approximate increase of 0.04% in the velocity
of sound in hydrogen at 0° ¢. This results in a phase change of about
0.5 electrical degree per millimeter of path length.

For a tube of length s with gas flowing through it at some speci-
fied velocity:vg parallel to the direction of sound propagation, the
time required for a sound wave to travel through the tube will be in-

creased or decreased by s/vg. The change in phase associated with a
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change in Vg will be

36gff (C-6)

1

|ae| =2 |av

gl
where Vg is the change in the gas flow rate and c; is the velocity_?f
sound in the unmoving gas. However, if the length of the tube is short.
compared with the diameter so that the gas flow can be directed at:
right angles to the propagation of the sound wave with essentially no
holdup of sample in the ends of the tube, then there will be no change
in phase associated with a change in carrier flow rate.

Examination of Equation (C-5) shows that the phase change (i.e.,
detector response) is linear with respect to the trace component mole
fraction (y,) when the assumptions inherent in Equation (C-5) are
obeyed. However, Noble, Abel, and Cook (45) have stated that the accur-
acy of Equation (C-5) and thus, ‘the linearity of phase change with
respect to yp, decreases as the trace component mole fraction increas-
es, They have derived an expression for the maximum allowable mole
fraction, y,, for which Equation (C-5) is applicable.

yooo = I@‘/%;)é-:—f (c-7)

The results of the calibrations performed in this study on .the
ultrasonic detector (Appendix D) are in agreement with the above obser-
vations. The calibration curves for all the systems considered in the
present study are linear below mole fractionms (yz) of 0.002, A slight
curvature in the curves appears above this mole fraction and an s-
shape occurs in the curves at mole fractions near the values of ygax

as determined by Equation (C-7).



APPENDIX D

CALIBRATION OF THE ULTRASONIC DETECTOR

The ultrasonic detector was calibrated using mixtures of known com-
position prepared in this laboratory using a volumetric technique. The
equipment used to prepare these mixtures is presented in Figure 34,

The equipment consists of a constant temperature bath which houses the
mixture sample bomb, two pressure gauges, a vacuum pump, and the com-
ponent gas storage cylinders.

Solute pressures are measured with either a fused quartz precision
pressure gauge (Texas Instruments, Inc., Model 141 A) or a 100 psig
Heise bourdon tube pressure. The fused quartz gauge contains a fused
quartz tube capsule with a pressure range of 0-1000 mm Hg, The preci-
sion of the Heise gauge is *0.1 psi and the precision of the fused
quartz gauge is *0.15 mm Hg., Gas mixture pressures are measured with a
3000 psig Heise bourdon tube gauge whose precision is *3 psi. The vacu-
um pump is a Welch Model No. 1402B. The mixture sample bomb is a one-
liter aluminum transfer cylinder with a pressure rating of 3000 psia.
The  constant temperature bath is capable of controlling the temperature
of the gas mixture sample bomb to *0.05° C.

All mixtures are made up at a temperature of 25 *0.05° C. The
mixture bomb is evacuated to 1.0 millitorr and solute gas is injected
into the mixture bomb and its pressure measured. After the bomb has

reached thermal equilibrium, the transfer lines are evacuated and solute
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gas is injected into the mixture bomb and its pressure measured. After
the bomb has reached thermal equilibrium, the transfer lines are evacu-
ated and solvent gas 1s injected into the cylinder and the mixture pres-
sure is measured.

The number of moles of the solute gas in the gas mixture sample

bomb is given by

n, = P (D-1)

1 1Vsons’ %1 Rl poms

Likewise, the number of moles of the gas mixture in the mixture sample.

bomb is given by

ny = PrVeoms/ZaRTBoMB (b-2)
Combining equations (D-1) and (D-2) gives

Equation (D-3) can be. used to determine the mole fraction of the gas.
mixture directly from pressure measurements if a knowledge of the PVT
behavior of the solute and the gas mixture is available. In a similar
manner, one.can show that the mole fraction of a gas mixture obtained

by diluting a previously prepared gas mixture is given by

y! = [@®1/21)/@®/Zp) ]y, (D-4)
where .
y; = mole fraction of component "1" in the new mixture
P] = pressure measurement of solute (i.e., mixture to be diluted)
Z! = compressibility factor of solute (i.e., mixture to be di-

luted).
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A typical example of a mixture prepared by each method is shown in Table
XI,

Calibration mixtures were prepared for three different systems,
namely, helium-argon, helium-krypton, and helium-xenon. A summary of
the compositions and average detector responses for the calibration

mixtures of these three systems is presented in Tables XII, XIII, %pd
XIV. The gases used in preparing the gas mixtures are the same as%

1

those used in the actual solid-vapor equilibrium measurements. Their

minimum purities are summarized elsewhere. The calibration mixtures
can be made with an imprecision in the ‘trace component mole fraction
of *0.35 to *0.657%.

In calibrating the detector, the response of each sample mixture
was measured at several different attenuations. The results of the
calibrations for all three helium-trace component systems are presented
in Tables XII to XIV and in Figures 35 to 43 which show the response of
the detector plotted as a function of trace component mole fraction for
lines of constant attenuation 6f the phase meter of the ultrasonic de-
tector.

Originally, three commercial helium-krypton mixtures of known com-
position (516, 2400, and 9600 PPM mole fraction krypton) were purchased
to calibrate the ultrasonic detector. Unfortunately, the uncertainty
in the trace component mole fraction was *5%Z for these commercial mix-
tures which is approximately ten times greater than the uncertainty in
the mixtures prepared in this work. However, the commercial mixtures
could still be used as.a partial check on the-reliabiiity of the cali-
bration mixture technique used in this study.

Average detector responses to the mixtures of composition 2400 and



TABLE XI

TYPICAL EXAMPLES OF SAMPLE MIXTURE CALCULATIONS
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Example l: Helium-Krypton System

Solute Pressure Reading (T. I. Gauge) = 184.54
Mixture Pressure Reading (3000 psig Heise Gauge) = 800 psia
Corrected Solute Pressure = 182.65 mm Hg (4.7880 psia)

Z of Pure Krypton = 0.999313 (34)

Z of Helium-Krypton Mixture = 1.0242 (11)
4.788 . 1
yke = (®B1/2))/®n/Zy) ( (8002/2 8222)3) (108) = 4532 PPM

Example 2: Helium~Xenon System

(Mixture Dilution Technique)
Original Mixture Compoesition = 1218 PPM Xenon
Barometer = 14,15 psia
Solute Pressure Reading (100 psig Heise Gauge) = 80.50 psig
Mixture Pressure Reading (3000 psia Heise Gauge) = 783 psia
Corrected Solute Pressure = 54.65 psia
Z of Mixture Being Diluted = 1.0031 (2, 34)

Z of New Mixture = 1.0256 (2, 34)

(94.65/1.0031)
(783/1.0256)

Ve = @®1/Z21)/®y/Zy) (1218) = 150.5 PPM
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TABLE XII
HELIUM-ARGON -CALIBRATION MIXTURES

PVT Behavior Reference: Argon (34); Helium-Argon (3)

Mixture Composition
(Trace Component.
Mole. Fraction)

Average Detector Response

iy X256% X512% X1024%
19,850 40.1 19.9 9.7
34,873 66.6 33.1 16.2
49,950 93.0 46.3 22.8
49,990 93.2 46.5 23.0
63,110 60.0 29,8
80, 350 82.2 41.0
99,460 52.0
118,960 | 61.3
120,320 61.6
138,240 . 70.5
139,000 \ 70.7

*Detector Attenuation
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TABLE XIII
HELIUM-KRYPTON CALIBRATION MIXTURES

PVT Behavior Reference: Krypton (34); Helium-Krypton (11)

Mixture Composition
(Trace Component .

* * * * * * *
Mole Fraction) X16 X32 X64 X128 X256 X512 X1024

PPM
489 38.1 18.4

1,195 93.2 46,3 22,8 11.0

2, 400%* 95.3  47.5 23.3

2,516 94.2  46.6 23.1

4,517 82.7 41.2  20.0

4,532 - 83.1  41.4  20.2

6,640 59.7  29.6  14.2

9,600%% 88.1  43.7  21.9

9,978 87.2  43.3  21.3

10,000 87.2  43.2  21.2

19,770 80.1  39.8 19.4
22,260 86.9  43.1 21.3
31,350 65.2 32.2
39,790 89.5 b4, 5

69,460 77.0

*Detector Attenuation
i\

**Sample Mixtures from Air Products and Chemicals



TABLE XIV
HELIUM-XENON CALIBRATION MIXTURES

PVT Behavior Reference: Xenon (34); Helium-Xenon (2,34)

Mixture Composition
(Trace Component
Mole Fraction)

PPM

X2% X4% X8%* X16* X32% X64% X128* X256% X512* X1024%

74.2 68.8 34.5 16.8
150.5 70.0 34.7 17.1
297.3 69.1 34,7 16.9
301 69.5 34.9 17.0
603 70.1 35,0 17.0
1218 71.3 35.4 17.4
2526 71.8 35.9 17.7
2535 71.9 36.0 18.0
5034 69.2 34.6 17.1
5035 69.1 34.6 17.2
7611 51.1 25.4 12.4
io,110 66 .4 33.2 16.3
14,920 98.0 49.1 24.3
20,240 71.5 35.7
30,340 55.8
49,560 91.2

*Detector Attenuation
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9600 PPM mole fraction krypton are shown in Figure 37. Compositien
error bands are included on these points. Figure 37 indicates that the
results of this work agree relatively well (approximately within the
uncertainty of the data) with the commercial mixture results. However,
a more meaningful test of the reliability of the calibration mixture
technique used in.this work was provided by making liquid-vapor equili-
brium measurements on the heliumééfgon,system (discussed in Appendix -
E). The measurements taken in this work agreed well (nominal scatter
of 1% in argon enhancement factors) with the data of other investi-
gators, a good indication of the reliability of the calibration mixture

technique of the present study.



APPENDIX E
ARGON VAPOR PRESSURE MEASUREMENTS

Argon vapor pressure measurements were made in order to confirm
the reliability of the platinum resistance thermometer. The argon used.
for these measurements had less than 50 ppm impurities. Measurements
were made on two separate occasions, namely, before the solid-vapor
equilibrium data were taken on each of the two systems studied in this
work. The first argon vapor pressure data were taken before the helium-
krypton solid-vapor equilibrium measurements were made. This data
covered a temperature range from 100 to 116° K. The vapor pressure
measurements were repeated over a temperature range of 100 to 125° K.
before the helium-xenon system was stuﬁiéﬂ. 

Before the vapor pressure measurements were made, the equiliﬁrium
cell was flushed with argon and then well evacuated. Next, argon was
loaded into the cell through the cell fill line from a transfer cylinder
which contained argon at a pressure of approximately 200 psig. The
afgon was leaded at a cell temperature of 90° K. in order to place as
much liquid as possible into the eéuilibrium cell. Finaily, the cell
was sealed off except for the line to the pressure gauges and measure-
ments were made at various temperatures.

The vapor pressures were measured using a Heise bourdon tube pres-
sure gauge with a pressure range of 0 to 300 psig and:.a précigion of

*#0.3 psi. The results of these measurements for each case are presented
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in Tables XV and XVI where the data in this work were compared with
that of Clark, et al (8). These results show that the vapor pressure
measurements agree well with the other experimental 'data within the
precision of the pressure measurements. ' Therefore, the platinum resis-

tance thermometer measurements were considered to be reliable.



TABLE XV

ARGON VAPOR PRESSURE MEASUREMENTS
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(lst Trial, 6/70)

Experimental Experimental Calculated Deviation| Calculated |Deviation
Temperature Vapor Vapor Exp - Calc|Temperature*#*|Exp - Calc"
og Pressure Pressure#*#* psia og oK

psia psia
104.99 68.66 68.73 -0.07 104.97 0.02
110.00 96.56 96.82 -0.26 109.95 0.05
116,00 140.16%* 140,39 -0.23 115.97 0.03
110.00 96.76 96,82 ~-0.06 110.00 0.00
99.99 47.76 47.15 0.61 100.10 -0.11

*Hiza obtained 140.43 psia

#*Determined from the smoothed

experimental data. (8)



TABLE XVI

ARGON VAPOR PRESSURE MEASUREMENTS
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(2nd Trial, 11/70)

Experimental Expe;imental,Ca%culated Deviation| Calculated |Deviation
Temperature apor apor Exp - Calc|Temperature**|Exp - Calc
og Pressure [Pressure** . og o

. psia K
psia psia
100.15 47.63 47.91 -0.28 100.10 0.05
lOS.OQ 68.73 68.63 0.10 105.04 - -0.04
110.00 96.73 96.70 0.03 110.00 0.00
116.00 140,23* 140.39 -0.16 115.98 0.02
120.00 176.43 176.50 -0.07 120.0 0.00
125.00 229,83 229.70 ~0.13 125,0 0.00

*Hiza obtained 140.43 psia

**Determined from the smoothed experimental data (8)



APPENDIX F
LIQUID-VAPOR EQUILIRRIUM MEASUREMENTS ON THE
HELUIM-ARGON SYSTEM

Liquid~vapor equilibrium measurements were made on the helium-
argon system as another means of establishing the reliability of the
experimental equipment. Because pure argon remained in ‘the equilibrium
cell from the vapor .pressure test, refilling the cell was unnecessary.
The cell was cooled t0'108.029 K., pressured with helium, and measure-
ments were made at three different pressures beginning with the highest.
pressure first. In a similar manner, data were taken at 91.98° K.

Only the vapor phase was analyzed.

The experimental results, i.e., the concentration measurements of .
the argon in the vapor phase, are presented in Table XVII where they
are compared with the data of Mullins and Ziegler (43) and Hiza (20).

A sensitive graphical comparison of these experimental data can.be made
by plotting enhancement factor data. The enhancement factor ¢; is the
ratio of the partial pressure of a. component in the vapor phase to the
vapor pressure of that component, YiP/Pg- The enhancement factors ob-
tained in this work are compared with those of other investigators in
Figures 44 and . 45. The agreement of all the data appears to be quite
good indicating that the experimental equipment was functioning

properly.



TABLE XVII
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LIQUID-VAPOR EQUILIBRIUM DATA FOR THE HELIUM~-ARGON SYSTEM

Temp., °K | Press., atm

Vapor Phase Mole Fraction of Argon:

This Work | Hiza (20) | Mullins and Ziegler (43)
108.02 102.75 0.0856
102.68 0.0856
100.7 0.0877 -
91.7 0.0960
80.50 0.1042
80.43 0.1043
80.00 0.106 0.1034
60.00 0.131 0.129
59.76 0.1293
59.65 0.1299
91.98 119,80 0.02252
107.99 0.0238
100.27 0.02535
99.55 0.0254
80.20 0.02947
79.55 0.0294
79.41 0.0294
60. 30 0.03616
59.40 0.0367
40.28 0.0500
40.14 0.0504
19.92 0.0916
19.84 0.0922
19.60 0,0942




ARGON ENHANCEMENT FACTOR, ¢ = Yar P/PSe

163

2.000 . T T T 1 1 I
TEMPERATURE = 91.98 °K
O MULLINS AND ZIEGLER (43)
B O THIS WORK N
1.800} -
5 A -
1,600} @) 1
JAY
JAN
Q
1,400} -
0.}
o
1.200} ]
i 1 L L 1 1
100% 20 40 60 80 100 120 140
PRESSURE, ATM ‘
Figure 44. Argon Enhancement Factors for the Helium-Argon . System



164

2,000 T T ‘ T T T T
TEMPERATURE = 108.02°K
O HIZA (20) ‘
- A MULLINS AND ZIEGLER (43) -
O THIS WORK '
1.800¢1- B
%s 1
~ = -
o
3
L]
g
©- 1,600} -
€
g ,
& o % 1,
5 3
-2
W , JAY
Lz) .
a 1L.400F 7
I
3 .
w a
2
O
o " -
x
<
1.200} i
1 . 1 1 1
0005 20 26 80 80 100 120 120
' ' PRESSURE , ATM ‘
Figure 45. Argon Enhancement Factors for the Helium—-Argon System



APPENDIX G

SAMPLE EXPERIMENTAL RUNS

For each experimental run the following data were recorded:

(1
(2)

(3)

(4)

(5)

(6)

the barometric pressure

the G-2 Muellar Bridge resistance readings of the platinum
resistance thermometer

the Heise gauge readings

the actual system pressure

the attenuation setting and response (peak height) of the
ultrasonic detector .
the mole fraction of the trace component.in the vapor phase

(determined from the detector response and.detector calibra-

tion curves).

Some . typical examples of experimental runs are presented in Tables

XVIII through XXI.



TABLE XVIII
EXPERIMENTAL RUN NO. 16 (7/4/70)

Barometer = 743.5 mm Hg (14,38 psia)

ﬁata Resistance Readings of the Heise Cauge | Actual System Aver Mole
. Platinum Resistance Thermometer . e Pressure* Detector age .

Point Reading Attenuation Detector | Fraction

No. N R Average psig psia atm Response | Krypton#**
1! 8.9627 8.9463 8.9545 1604 1619 110,17 X128 70.2 0.00785
2 8.9627 8.9463 8.9545 1315 1332 90.64 X128 80.7 0.00915
3! 8.9627 8.9463 8.9545 - 1314 1331 90.57 X128 80.8 0.00916
4 8.9627 8.9463 8.9545 1011 1028 69.95 X256 49.7 0.0115
5' 8.9627 8.9463 8.9545 694.2 709.4 48,27 X256 65.8 0.0159
6 8.9627 8.9463 8.9545 427.0 442 .6 30.12 X512 49 .8 0.0246
7! 8.9627 8.9463 8.9545 133.8 148.4 10.10 X1024 77.0 0.0695

Average = 8,9545; Average Temperature = 115.00+0.02° X.

'Indicates that the vapor flow leaving the equilibrium cell is at least twice the normal rate.

*Determined by adding the appropriate calibration correction and barometric pressure to the Heise
Gauge reading.

**Determined from the detector response and the detector calibration curves.
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TABLE XIX
EXPERIMENTAL RUN -NO. 22 (7/10/70)

Barometer = 738.4 mm Hg (14.28 psia)

Resistance Readings of the . Actual System

gaFa Platinum Resistance -Thermometer Heise gauge Pressure* Detector Average Mole
oint Reading Attenuation Detector | Fraction
No. N R Average psig psia atm Response | Krypton*#*
1! 6.7662 6.7500 6.7581 1642 1657 112.75 X16 60.0 0.000769
2 6.7662 6.7500 6.7581 1447 1463 99.55 X16 65.7 0.000843
3 6.7662 6.7500 6.7581 1161 1178 80.16 . X16 76 .7 0.000985
4° 6.7662 6.7500 6.7581 867.0 882.5 60.05 X32 47 .3 0.001225
5 6.7662 6.7500 6.7581 572.8 588.2 40102 X32 66.0 0.001712
6' 6.7662 6.7500 6.7581 280.4 295.3 20.09 X64 58.9 0.00318
7 6.7662 6.7500 6.7581 136.5 151.0 10.27 X128 54.0 0.00598

Average = 6.758l; Average Temperature = 95.00+0.03° K.

'Indicates that the vapor flow leaving the equilibrium cell is at least twice the normal rate.

*Determined by adding the appropriate calibration correction and barometric pressure to the Heise
gauge reading.

**Determined from the detector response and the detector calibration curves.
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TABLE XX
EXPERIMENTAL RUN NO. 34 (12/3/70)

Barometer = 744,6 mm Hg (14.40 psia)

Data Resistance Readings of the Heiée Gauge Actual System Aver Mol
. Platinum Resistance Thermometer . g Pressure#* Detector verage ° ?
Point Reading Attenuation Detector | Fractiomn
No. N R Average psig psia atm Response | Xenon*#*
1 9.5063 9.4913 9.4988 1731 1746 118.64 X8 36.7 0.000160
2 9.5063 9.4913 9.4988 1435 1451 98.76 X8 42.7 0.0001855
3! 9.5063 9.4913 9.4988 1435 1451 98.76 X8 42.9 0.0001865
4 9.5063 9.4913 9.4988 1162 1179 80.25 X8 51.0 0.000221
5 9.5063 9.4913 9.4988 872.1 885.7 60.27 X8 66.9 . 0.000289
6 9.5063 9.4913 9.4988 576.8 592.3 40,30 X16 48.1 0.000414
7! 9.5063 9.4913 9.4988 574.8 590.3 40.17 X16 48.2 0.000415
8 9.5063 9.4913 9.4988 275.8 290.9 19.79 X32 46.3 0.000798
9 9,.5063 9.4913 9.4988 135.6 150.2 10.22 X64 43.5 0.001500

Average = 9.4988; Average Temperature = 120.00+0.02° K.

'"Indicates that the vapor flow leaving the equilibrium cell is at least twice the normal rate.

*Determined by adding the appropriate calibration correction and barometric pressure to the Heise
gauge reading.

*%Determined from the detector response and the detector calibration curves.
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TABLE XXI
EXPERIMENTAL RUN NO. 56 (2/5/71)

Barometer = 738.0 mm Hg (14.27 psia)

Data Resistance Readings of the Heise Gau Actual System Aver Mole
. Platinum Resistance Thermometer >auge Pressure¥* Detector verage o€
Point Reading Attenuation Detector | Fraction
No. N R Average psig psia atm en ' Response | Xenon**
1 13.2699 13.2549 13.2624 1762 1777 120.94 X128 63.9 0.004625
2 13.2699 13.2549 13.2624 1456 1472 100.18 X256 37.7 0.00550
3! 13.2699 13,2549 13.2624 1456 1472 100.18 X256 37.6 0.00549
4 13.2699 13.2549 13.2624 1160 1177 80.11 X256 45.6 0.00675
5 13.2699 13.2549 13.2624 1160 1177 80.11 X256 45.6 0.00675
6 13.2699 13.2549  13.2624 867.2 882.7 60.06 X256 59.0 0.008875
7 13.2699 13,2549 13.2624 497.3 512.7 34.89 X512 49 .9 0.01513
8' 13.2699 13.2549 13.2624 497.3 512.7 34.89 X512 49 .8 0.01510
9 13.2699 13.2549 13.2624 197.9 212.5 14.46 X1024 65.1 0.03525

Average = 13.2624; Average Temperature = 155.00+0.01° K.

'¥Indicates that the equilibrium cell outlet temperature has been increased by approximately 3-4° C.

*Determined by adding the appropriate calibration correction and barometric pressure to the Heise
gauge reading.

#*Determined from the detector response and the detector calibration curves.
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APPENDIX H

SURVEY OF THE INFORMATION NEEDED TO ANALYZE
THE SOLID-VAPOR EQUILIBRIUM DATA

The solid molar volumes of krypton and xenon for the temperatures
of interest are presented in Table XXII. The krypton solid molar vol-
umes were obtained by interpolating between experimental values of the -
density at 80° K.and 115.78° K. (triple point of krypton) using the
volume expansivity, 8 = (8V/3T)p/V. The experimental solid densities
and volume expansivity were obtained from the tabulations of Cook. (9).
The xenon solid molar volumes were obtained from the experimental data
of Packard and Swenson (46) as tabulated in an article by Trefny and
Serin (58).

The experimental helium second and third virial coefficient data
of several investigators are presented in Figures 46 and 47. Also ap-
pearing in these figures aré values from the work of Levelt-Sengers, et
al (34) who have performed an. extensive compilation of second and third
virial coefficient data. In order to obtain second and third virial
coefficients at the appropriate temperatures, smooth curves through the
experimental data were drawn by inspection.

The second virial coefficients of krypton and xenon at the tem-
peratures of interest were obtained from the Dymond-Alder potential
(12) using the krypton and xenon potential parameters obtained in the
work of Lin and Robinson (35). These predicted krypton and xenon second

virial coefficients obtained from Figure 46 are presented in Table XXIII.
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TABLE XXTI

SOLID MOLAR VOLUMES OF KRYPTON AND XENON

Krypton | Xenon

Temperature ‘Density Vgit:: .vTemperature Vgii;:
°K g/cn’ cc/g:@ple °K cc/g-mole
90 2.900 28.92 120 37.25
95 2,886 29.06 130 37.58
100 2.872 29.20 140 37.91
105 2.858 29.34 155 38.31
110 2,844 29.49

115 2.829 29.64
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SECOND VIRIAL COEFFICIENTS

TABLE XXIII

Temperature

Second Virial Coefficient, B,

x T e T &
90 11.14  -560.44

95 11.35 -498.16

100 11.52 -447.55

105 11.66 -403.21

110 11.77 -367.64

115 11.87 - ~335.13

120 11.95 -780.86
130 12.08 -657.13
140 12.18 ~561.57
155 12,29 -456.75
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The third virial coefficients of pure krypton and xenon, .the inter-
action virial coefficient, 0122, and the first guess for the interac-~
tion virial coefficient, Ciyp, were all obtained from the tabulated re-
duced third virial coefficients for thevLennard—Jones potential pre-
sented by Sherwood and Prausnitz (54). The L-J parameters for krypton
and xenon were obtained from Sherwood and Prausnitz (55) and the para-
meters for helium were obtained from Hirschfelder, Curtiss, and Bird
(19). All the third virial coefficient data, including the values of
the helium third virial coefficient which were obtained from Figure 47,
are summarized in Table XXIV.

Several sources of krypton and xXenon vapor pressure data were used
in this study. Ziegler, et al have developed an excellent calculation-
al technique for determining the vapor pressure of krypton (61) and
xenon (62) which agrees relatively well with most of the experimental
data of other investigators threugh 1964. Recently, Leming and Pollack
(32) have experimentally determined krypton and xXenon vapor .pressures
over a wide temperature range in the solid phase region.

In order to avold relying on the available experimental vapor pres-
sure data, the experimental solid-vapor equilibrium data were also used
to determine the value of the vapor pressure in addition to the values
of the interaction virials, B, and Cllz' A non-linear regression
technique (discussed in detail elsewhere) was used to obtain the values
of the vapor pressure, Blz’ and Cllz’ that would give the best fit of
the experimental solid-vapor equilibrium data to Equation (12). All

the vapor pressure data used in this study are presented in Table XXV.



TABLE XXIV

THIRD VIRIAL COEFFICIENTS
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Helium-Krypton

-y

Tempg;ature ( i, Cr12” Cra2 Cooo
_ gc/g—mole) (cc/g—mple) (cc/g-mole) (ce/g-mole)
90 220. 286, 577. -74750
95 212, 287, 617. -51250
100 205. 288. 637. -31500
105 199, 289, 650. ~20000
110 193, 290. 655, =11920
115 189. 291. 655, ~ 5900
Component "1" = helium
Component "2" = krypton
Helium-Xenon
Temperature Ciia Ciip* Ciosp c
oK (cc/g—mole)2 (cc/g-—mole)2 (cc/g—mole)2 (cc/g—mole)2
120 185, 467. 2698. -114,800
130 178. 455, 2450. - 57,600
140 172. 442, 2233. - 26,300
155 163. 428, 2013. - 4,080
Component "1" = helium
Component "'2" = xenon

*This value serves as a first guess for
of Equation (12).

C112 in the iterative solution
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TABLE XXV
VAPOR PRESSURE DATA

Krypton

Best Fit of Solid-Vapor
Ziegler, et al Leming and

Temperature Equilibrium Data
og Data Pollack Data* to Equation (35)
atm. - atm. atm.
90 0.02653 ». 0.02645 - 0.02668
95 0.05811 0.05823 0.05844
100 0.1175 0.1178 0.1181
105 0.2217 0.2225 0.2230
110 0.3947 0.3960 - 0.3970
115 0.6682 0.6708 0.6721
Xenon
' Best Fit of Solid-Vapor
Temperature Ziegler, et al Leming and* Equilibrium Data
og Dgta Pollacﬁ Dgta to Equation (35)
atm. atm. atm,
120 0.01485 0.01520 0.01495
130 0.04951 0.04994 0.04964
140 0.1383 0.1392 0.1382
155 0.5015 0.5036 0.4990

*Interpolated values



APPENDIX I
ERROR ANALYSIS

In this study, the solid-vapor equilibrium data were used to re-
gress the interaction virial coefficients (B12 and C112) from the fol-

lowing equation form

Y -BX - CXx2 (35)

where
Y = fn ¢, - V,g(B - P))/RT - B,,P)/RT - fn Zy + 2y,B,,/V_

+ (6y,5,C,, + 375%0222)/2‘73:1

X = yl/\7m
B = 2312
C = 3C112/2

In the least squares regression each experimental value of Y was weight-
ed by its associated standard error, Eye
When a quantity Q is a function of several experimentally determin-

ed quantities,
Q = Q(Xl’ oy o o o xn)

then the effect of the independent random error in these quantities on.

Q is given by

n .
= I G eg)? (1-1)
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All the experimental errors in this study are assumed to be independent
errors.
In order to determine the value of Eys the equation for Y is writ-

ten in the form

Y = A-B~-~C-D+E+TF (I-2)

where

A = n ¢o

B = nZ

C = V,g( - PY)/RT

D = By,PY/RT

E = 2y,B,,/V

F = (6y3y2C120 + 3Y%0222)/2§§

By applying Equation (I-1) to Equation (I-2), the following expression

is obtained.

€2 = g2+ €2+ 2 4+ g2 + 2+ g2 (1-3)
Y A°B ¢ D E F }

Thus, the problem of determining the error in Y must be subdivided into
determining the error associated with each of the terms in Equation
(I-2).

Applying Equation (I-1) to the term A of Equation (I-2) yields
2 - 2
N (€¢2/¢2)

But there are two errors assoclated with the quantity ¢,, namely, the
random error in ¢, and the error in ¢, associated with the error in the
composition, y,, which arises from the calibration of the chromatograph.

Therefore,
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2 -
e [(ey,/65)?] (1-4)

: + ey, /v2)?]

RANDOM CALIB

The overall randem error in ¢, was determined by
(1) fitting the experimental data to Equation (12) using an un-
weighted least squares regression technique
(2) determining the value of ¢EXP - ¢2ALC from step (1) and assum-
ing this value equal to €4y
(3) plotting (€¢2/¢2)2 versus pressure and examining the plot for
the overall average value of (€¢2/¢2)20
The results of this analysis for the helium-krypton and helium-xenon
systems are shown in Figures 48 and 49, respectively. Careful examina-
tion of these figures shows that there is no apparent pressure or tem-
perature influence on the value of (e¢2/¢2)2.
The error in y, (and ¢2) which arises from the error in the compo-
sitions of the mixtures used to calibrate the chromatograph is derived

by examining the equation

v, = (2,020 ®ylZy) (1-5)
where
"2" indicates the trace component (krypton or xenon)

m" indicates the mixture.

Applying Equation (I-1) to Equatioen (I-5) yields

[(ey 19202 guppg™ (0 /P2)2 + (ep, /Bu)? + (7 [2)% + (o) Tm)® (1-6)

The errors in the individual measurements are as follows:

€7 = €y +0.001 (worst case)
m
ep = =3 psia (for a 3000 psig Heise gauge)
m
ep, = #0.lmm Hg = 0,002 psia (for the T.I. gauge)

2
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ep = £0.12 psia (for the 100 psig Heiée gauge) -
2

Because the temperature never varied more than *0.05° K. in 300° K., the
error in the above varlables due to temﬁérature errors 1s negligible.
The values of [(Eyz/yz)z]CALIB calculated from Equation (I-6) are
plotted versus composition (y,) in Figures 50 and 51 for the helium-
krypton and helium-xenon systems, respectively. For méle fractions

(y,) greater than 0.001, the [(ey values were fitted to a

2
Z/Yz) learts
straight line function of y, and for mole fractions (Yz) less than
0.001, an average value of [(eyzfyz)z]CALIB was determined. These re-
sults are given in Figures 50 and 51 and Table XXVI.

Applying Equation (I-1) to the term B of Equation (I-2) yields
2 _ 2 -
€3 = (ep /) (1-7)
The value of Z, must be determined from the virial equation

Zp = 1+ By/Vy + C/VE+ . . . (1-8)

Because Zp and Vy are inter-related, the error in Z is assumed to arise
only from errors in By and C;. Thus, applying Equation (I-1) to Equa-

tion (I-8) gives

ef = (eg /Bp)? + (e /Cp)?

t
The values of B, and C, are determined from Equations (40) and (41).

Applying Equation (I-1) to these equations yields

2 b 22,2 2
€ yla + 4y1y2€B12 + yZEB

(I-9)
22 :

2
Bll

62 4 2,2 2 kg2 602
€ = € + 'yie + £ + yi€ I-10
Y0y, T2, V2%, 1 Ca22 (1-10)
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Combining Equations (I-7), (I-8), (I-9), and (I-10) gives

2 b.2 2..2.2 b2 v2

+ (y8e2 + 9yty2e2 + 9y2yte2 + y8e2 ) /URy/z2 (I-11)
17Ci1y 1727Cy 5 1727Cy 50 27C,,,7 M m

Applying Equation (I-1) to term C of Equation (I-2) yields
(60/0)2 = [(eq, /V,9)% + e3/ (@ - PD? + efo/ @ - PD)?]  (1-12)

where the temperature error term has been ignored because (eT/T)2 is
negligible compared to the other error terms. Applying Equation (I-1)

to term D of Equation (I-2) gives
2 2 2 _
(ep/DV? = (g, /B20)? + (cp,/P)) (1-13)

where the temperature error term has again been neglected.
By applying Equation (I-1), the error in term E of Equation (I-2)

is given by
2 - 2 - /532 - 2 _
(eg/E)° = (eyzlyz) + (evm/Vm) + (-322/322) (1-14)
where the error term (eyz/yz)2 is obtained from

(e, 1920% = ey 1y2) % ppmon * [(ey, /v2)2]gpp1p  (T-15)

The term [(eyz/yz)z]CALIB has been discussed previously and the

2 —
[(eyz/yz) I paNDoM Eerm was back-calculated from the value of

[ (e 2/¢2)2]RANDOM and is presented in Table XXVI. At a given pressure

¢

and temperature, the value of Vm can be obtained directly from the

value of Zm and thus,

(55 [T)? = (& /2



TABLE XXVI

SUMMARY OF THE ERRORS ASSOCIATED WITH THE EXPERIMENTAL QUANTITIES IN EQUATION (34)

Helium-Krypton System

Helium—Xenon System

Term Symbol Value Term Symbol Value
Random error in ¢, (e¢ /$5)2 0.0000473 Random error in ¢, (e¢ /$2)2 0.0000395
2 2
. g _ . 2
Random error in y, [(EYZ/Y2) 1 R ANDOM 6.0000200 Random error in y, [(syz/yz) ]RANDOM 0.0000200
Calibration error {[(e_ /y»)2] for y, > 0.0010; (Calibration error |[(e. /y2)?] for yo > 0.0010; -
in v, y2 CALIB 16 0000130 y2 CALIB |4 0000130
+0.000722y, + .000624y5
for y, <« 0.0010; for yo, < 0.0010;
0.0000260 0.0000360
Error in system £ £0.204 atm Same as helium~-krypton system
P for P > 65 atm
0,068 atm
for 27 < P < 65
*#0.020 atm
for p < 27 atm
Error in solid (EPQ/Pg)2 0.000050 Same as helium~-krypton system
vapor pressure ]
Error in solid (EV /st)2 0.000100 Same as heljum~-krypton system
molar volume 28

!

L8T



TABLE XXVI (CONTINUED)

Helium-Krypton System

Helium—Xenon System

Term

Symbol

Value

Term

Error in krypton
second virial-

Error in krypton
third virial

Error in helium
second virial
Error in helium
third virial

Error in helium-
krypton second
interaction virial

Error in helium-
krypton third
interaction virials

+10 cc/g-mole

+Cyp5 (cc/g-mole)?
+0.20 cc/g-mole

+30 (cc/g-mole)?

+1 ce/g-mole

$C112/2
1C122/2

(cc/g-mole)?

Error in xenon
second virial

Error in xXenon
third virial

Symbol Value

€ +25 cc/g-mole
Boo

€. . +Cp99 (cc/g-mole)?
Cu2z

Same as helium-krypton system

| (

Same as helium-krypton system

Error in helium-
xenon second
interaction virial

Error in helium-
xenon third inter-
action virials

' Same as helium-
b krypton system

Same as .helium—
krypton system

881
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Finally, applying Equation (I~1l) to term F of Equation (I-2)

yields

€2 = [(6y)7,Cyyp + 3y35C,,,) /T3] <€vm/‘7m)2 + <3y1y2/vm)2e§122 (1-16)

+ <1.5y2/v§1)2€g122 +(1.5y,/2)2[2(1 - 2y,)Cy,p + 2y2C222]2(Ey2/y2)2

The values of each of the individual experimental errors are sum-
marized in Table XXVI. The information summarized in Table XXVI to-
gether with the analysis presented above was used to "determine the over-
all error in the function Y.

At this point, a brief explanation is presented concerning the ap-~
parent inconsistency of inserting assumed values for the standard error
in By, and Cy,, (eBl2 and ECllZ? into the error analysis for ey and
then using this value of ey in calculating the standard errors.in B,
and Cy,, based on the fit of the experimental data to Equation (34).
This inconsistency arises from linearizing the non-linear problem
associated with fitting experimental data to Equation (34), a technique.
which was discussed earlier. Fortunately, the problem is resolved by
the fact that the values of EBlZ and EC112 have 'a negligible effect on -

the value of e,, and thus, the assumed values of ¢ and e have a
Y B1o Ci12

negligible effect on their.calculated values.



APPENDIX J

COMPUTER PROGRAM FOR THE REDUCTIONOF SOLID-VAPOR
EQUILIBRIUM DATA BY LEAST SQUARES REGRESSION

IMPLICIT REAL*8(A-H,0-2)

DIMENSION T(IO)qul(IO).Clll(lO)vBZZ(IO'vVDZ(IO) RT(10),P02({10),P(
170’OYZ(70)!Z(7D’9DENS(7°’!ZLN(70'  PHI20T0) o PHI2LNTTO0) 78010 sC( 100
2812(10’oY(70’vSQERY(70)'BIZASS(IO"Cllz(lO'vClZZ(IO)nCZZZ‘IO"Vl(T

; 30"X(70'ySQERA(TO)!SQERB(?O"SQERC(70)'SQERE(70)050ERF(70)'SQEYZC(
470) ,ED{T70) ,FD(70)4DEVVP(10)

100 FORMAT(F10.64,F10.3,13)

101 FORMAT({F10.2,F10.4,F10. 3,F10. Z’FIO 3;[3'F10 6)

102 FORMAT(F10.3,F10.7)

103 FORMAT(F10. 3 3F10 o)

104 FGRMAT(FIO-3) :

200 FORMAT{1H] lZHTEHPERATURE='F7 212Xv23HKRYPTGN VAPGR PRESSURE‘-FB 6
142Xy 27THKRYPTON SOLID MOLAR VOLUME=4FT7.3//)

201 FORMAT(1Xs14HITERATION NOe=,13,3X,32HINTERACTION VIRIAL COEFFICIEN
I1TS2,3X,4HB12=4F9, 3.3X.5HC112“!1X1D[5 8//50X.5HBDIF-.1X.DIS 8.3X.5Hf
2COIF=,1X,D15.8/)

202 FORMAT(1X’SHPRESSURE’5X12HY2|6x14HZMIXg7X,7hDENSl‘V'1IX!‘HYEXP IIX'
1,5HYCALC,12X,4HYDEV,11X, 6HSQYDEV,Sx'7HPH12EXP.2X.6HPHICLC.3X.4HXEX
2P/)

203 FORMAT(1X,F8. 391X9F9.691XsFB8.5,41XyD15. BplXpDIS B'IX,DIS B.IX.DIS.
191XeD15.8 41X sF Tty 1XsFTo44F9.67)

204 FORMAT(1HO,15HSUM OF SQUARES~1IX'014 8)1“.3! 20HMEAN SU" OF ‘SQUARE
1S=,1%X,D14.8) -~ :

205 FORMAT(IXp8HPRESSURE|6X.5HSQERA'IIXpSHSQERB'IIX'5HSQERC.11X.5HSQER
1Dy 11X, 5SHSQERE ) 11X9SHSQERF 411 Xy SHSQERY ¢9X3HERY/)

206 FORMAT(1X,FB.341X4D15.8, 1XyD15,851X+D15.8,1X,015.8, 1X 015.8,41X,015
1.891X4D15.891XsF9.6/)

207 FORMAT(1HO,32HESTIMATED STANDARD ‘ERROR OF B12=,1X,D15. 8.1H-v33HEST
LIMATED STANDARD ERROR OF, CllZ—,lX.DlS 8//24H ROOT HEAN ‘SQUARE" ERRO

2R=4y1X,D15,8)

READ(5,100) Ay XBoNT

DO 10 I=1,NT

READI{S,101) TUI¥,B11(1},C20(1),B22(1),V02(1) NP,PO2(X)}

READ{5,103) B12ASS(I),C112(1),C1l22(1),C222( )}

RT{1)=82,056T7T%T{1) .

VO2DM=VO2(I}/RT(I)

B22DM=B22( 1 }*PO2{I)/RT(L}

SQEVPT=0.000050

SQESVT=0.00010

SQERD=(625.0/B822( 1) %% 2+ SQEVPT) *¥B22DN¥%*2

WRITE(64200) TLI)yPO2(1},v02¢(8) .

DO 20 J=1,NP

READ(5,102) P(JY,Y2(4)

YliJ)=1.0-Y2{J)

IF(P{J).GT.65.0) GO TO 21

IF(PLJ)LLT27.0) GO TO 22

ERP=0.068

GO TO 25

21 ERP=0.204
GO T0O 25

22 ERP=0,020

25 IF(Y2(J}.LT.0.001) GO TO 26
SQEYZC(J)«O 0000130+0.000624%Y2(J)
GO T0 27



26
27

20
31

SQEY2C(J)=C.000C0360

SQERA(JI)=0.0000395+SQEY2C(J)

SQERC(JI=( SQESVT+(ERP/{P(J)=-PO2(1))1*%2+(PO2(IV/(P{JI=PO2(T)) J%%2%
1SQEVPT) *(VO20M*(P{J)-PO2(1)}))*%2

CONTINUE

D0 6N K=1,10

SUMX2=0,0

SUMX3=0,0

SUMX4=0,0

SUMXY=0.0

SUMX2Y=0.0

DO 40 J=1,4NP
BM=YL(J)*YL(JI*BLL(TI)42.0%YL(J)I*Y2(J)*BL2ASS{I)+Y2(J)*Y2(J)*B22(1)
BP=BM/RT(I)
CM=Y1(J)**3%C111(T)+3,0%Y1(J)**2%Y2(J)*CLL12( 1 )1+3,0%YL(J)*Y2(J)**2%
1C122(T)1+#Y2(J)**x3%C222(])

CP=(CM-BM%BM) /RT (] )*%2

Z(J)=1.04BP*P(J)+CP*P(J)**2

DENS(JI=PLJI)/(Z(J}*RT(I))

X{J)=Y1(JI*DENS(J)

PHI2(J)=Y2(J)*P(J)/PO2(])

ZLN(J)=DLOGIZ(J))

PHIZLN(J)=DLOG(PHIZ2(J))

SQERB(JUI=((0.04*Y1(J)* %444 ,0%(YL{I)I*Y2(J))*%24625,%Y2(J)*%4 }*DENS(

LIV *%24( 400,k V1(J)*%642,25%Y1(J)kkauw¥Y2(J)*%20C112( ) %%242,25%¥Y]1(J)*
2%2*Y2(J)R*4kC122( ) **2+ Y2 (J) **%6%C222( [)**2)*DENS(J)**4) JL(J)*%2
E=2.0%Y2(J)*DENS(J)*B22(])

ED(J)=E
SQERE(J)=(0.000020+SQEY2C{JI+SQERB(J)+625.0/B22 (1 )*%2 ) *E**2
F=1o5%DENS(J)*#2%(2,0%Y1(J)RY2(J)*C122( 1) +Y2(J)*%2%C222(]})
FD(J)=F

DENSDS=(1.5%DENS(J) #%2) %x%2

SQERF(J) =4 ,0%F*%2%kSQERB(JI+DENSDS* ((YL(J)I*Y2(J) x#2%C122( 1) **24Y2(
1J)%%4%C222( T )**2)+DENSOS*Y2(J) %%k2% (2, 0%(1.0-2.0%Y2(J) }*C122(1)+2.0
2*%Y21J)%C222( 1) )**%2%(0.,000020+SQEY2C(J))
SQERY({J)=SQERA(J)+SQERB(J)+SQERC(J)+SQERD+SQERE(J) +SQERF (J)
Y(J)=PHI2LN(J)-ZLN(J)~-B22DM-VO2DM* (P (J)-PO2( 1)) +E+F
SUMX2=SUMX2¢X(J)**2/SQERY(J)

SUMX3=SUMX3+X(J)**3/SQERY(J)

© SUMX4=SUMX4+X({J)*%4 /SQERY (J)

40

60

61

SUMXY=SUMXY+X(J)*Y(J)/SQERY (J)
SUMX2Y=SUMX2Y+X(J)**2%xY (1) /SQERY (J)
CONTINUE

SUMDM=SUMX4*SUMX2-SUMX3*SUMX3

Bl2CLC=( SUMX3%SUMX2Y-SUMX4¥SUMXY) /SUMDM
Cl12CL=( SUMX3*SUMXY=SUMX2% SUMX2Y)/SUMDM
BDIF=DABS(B12ASS(11-812CLC/2.0)
COIF=DABS{Cl12(1)~C112CL/1.5)
IF(BDIF.LT,0.0001.AND.CDIF.LT.1.0) GO YO 61
B12ASS(I1)=B812CLC/2.0

Cl12¢(I)=C112CL/1.5

CONTINUE

K=11

BOM=B12CLC /2.0
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 COM=C112CL/1.5

50

30

10

WRITE(6,201) K,B8DM,CDM,B0IF, CDIF

WRITE(6,205)
DO 50 J=1,NP
ERY=SQERY( J)**0,5

WRITE(6+206) P(J)SQERA(J) 4SQERB(J)+SQERC(J)ySQERDySQERELJ) +SQERF(

1J) ySQERY(J) 4 ERY
CONT INUE
WRITE(6,4202)
SUMSQ=0.0

DO 30 J=1,NP

YCALC=-1,0%B12CLC*X(J)~CL12CL*X{J)*%2

YDEV=Y{J)-YCALC
SQYDEV=YDEV*%2/SQERY(J)
SUMSQ=SUMSQ+SQYDEV

PHICLN=YCALC+ZILN(J) +B220M+VO2DM*(P(J)-PO2LI))-ED(J)-FO( J)

PHICLC=DEXP(PHICLN)
PHIDEV=PHI2(J)-PHICLC

WRITE(6,4203) P(J)eY2(J)oZ(J)DENS(JYY(J)oYCALC +YDEV,SQYDEVPHIZ2(J

1) ,PHICLC ,X{J)

CONTINUE

XNP=NP

XNPDM=NP-2

XMSSQ=SUMSQ/ XNP
STSQE=SUMSQ/XNPDM

ESEB12=( SUMX4*STSQE /SUMDM) %0, 5
SECL12=(SUMX2%*STSQE/SUMDM) **0,5
RMSER=STSQE**0,.5

WRITE(6,204) SUMSQ,XMSSO
WRITE(6,207) ESEBL2,SEC112,RMSER
CONTINUE

CALL EXITY

END
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APPENDIX K

EFFECT OF THE PARAMETERS IN EQUATION (34)
ON THE REGRESSED VALUES OF B,,

The effect of the parameters in Equation (34) on the regressed val-
ues of B;, was determined by changing the value of each variable by an
incremental amount and noting the effect on the B, values. The vapor
pressure and solid molar volume were varied by *2%. The value of B,,
was varied by *5Z and the value of B;; was varied by %1Z. These incre-
mental changes . are all larger than the assumed imprecision of the indi—f'
vidual variables and should give a good test of the effect of each
variable on B,.

The results of this analysis are presented in Table XXVII. These
results indicate that the only variable that has any significant effect
on the value of B;, is the vapor pressure. A two percent change in the
vapor pressure gives rise to a change in B;, of appréximately
3 cc/g-mole, whereas the effects on By, upon incrementing any of the
other variables are all less than 0.5 cc/g-mole. This is well within
the stated imprecision of the regressed B;, values of I ce/g-mole.

The effect of the variables, C;j; and Cy,,, on the values of Bj, were
not tested because B;; and Byo had no significant effect on B;, and

C,,, should have even less effect.
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EFFECT OF CERTAIN PARAMETERS IN EQUATION (34) ON THE REGRESSED

VALUE OF B,, FOR THE HELIUM~KRYPTON SYSTEM

Temperature =

90° K.

Temperature = 115° K;
Vapor Pressure - By, Vapor Pressure - By,
atm. cg/g—mole atm. cc/gfmole
0.02600 ~2.246 0.6548 3.953
0.02653% 0.853 0.6682% 7.502
0.02706 3}890 0.6816 10.970
B11 . By B11 B12
cc/g-mole cc/g-mole cae/g-mole cc/g-mole
11.03 | 0.800 |, 11.75 7.446
11.14% 0.853 11;87* 7.502
11.25 0.916 11.99 7.558
Solid Molar Volume “B1s Selid Molar Volume Bi2
ce/g-mole cc/g-mole. cc/g-mole ce/g~mole
28,338 0.572 29.050 7.202
28.916% 0.853 29.643% 7.502
29.494 1.134 30.236 7.802
B2 Bio By By,
cc/g-mole ce/g-mole cc/g-mole 1 cc/g-mole
-588.46 0.871 -351.89 7.739
~-560.44% 0.853 -335,13%* 7.502
~532,42 0.835 -318.37 7.265

*Experimental value



NOMENCLATURE

A = attractive potential term constant

A, B = constants in Equation (42)

A,B,C,D,E,F = dummy variables in Equation (I-2)

B = second virial coefficient (Leiden form)
B' = gecond virial coefficient (Berlin form) /’
Bio = second interaction virial coefficient
Br,Br1sB, = quantum corrections to the second virialgésefficient
B, C = constants in Equation (35)

C = repulsive potential term constant

C = third virial coefficient (Leiden’farm)
c' = third virial coefficient (Berliﬁ’form)
Ci12s Cypp = third interaction virial coefficients
Cp = molar heat capacity

c = velocity of light-

cy = velocity of light in an unmoving gas

D ‘ =. gas diffusion coefficient

E = excess virial coefficient.

ERT = term defined by Equation (15)

F = term in Equation (16)

£ = frequency of a sound wave

£ = pure component fugacity

% = fugacity of a component in a mixture

h = Planck's constant
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ionization potential

empirical parameter in combination Rule VIII
Boltzmann's constant

geometric mean correction factor defined by Equation (30)
molecular weight-

electronic .mass

exponents in empirical potential fofm [Equation (17)]
Avagadro's number

number of moles

pressure

vapor pressure

optimum extrapolation pressure

universal gas constant

distance

temperature

intermolecular potential

volume

molar volume

gas flow rate through ultrasonic detector cell
variables in Equatioen (35)

mole fracticn

compressibility factor

static poelarizability
constant in Equation (43)
diamagnetic susceptibility

change in a quantity
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€ = dintermolecular potential energy parameter
€ = error in a quantity
Y = ratio of the constant pressure heat. capac1ty to the con-

stant volume heat _capacity

A = quantum correction parameter
U = reduced mass

Q(l’l) = collision integral

o) = enhancement factor

p = density

= summation sign
g,0 = intermolecular potential distance parameters

e = phase angle

Subscripts

cale = calculated value

exp = experimental value

i1j. = interaction of molecules i and j
m = mixture property

s = sgolid

tp = triple .point

v = vapor

1. = component "f” property
2 = component "2" property
Superscripts

* = reduced quantity

exp . = experimental quantity
calc. = calculated quantity



Miscellaneous
log =
in. =
3 =

logarithm

natural logarithim

partial oeperator

identity sign, denotes a definition
approximately equal to

infinity

‘absolute_value sign

integral sign
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