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CHAPTER I
INTRODUCTION

In Science and Engineering, it is very desirable to be able to pre-
dict the PvT behavior of mixtures by means of an equation of state having
the same form as that for the pure substances and whose constants may be
determined from related constants of the equation of pure constituent
components. This analytical PvT relation is also needed to calculate
the thermodyhamic properties-such as enthalpy, entropy, heat capacity,
and fugacity-of mixtures. Many equations of state for pure substances
have been proposed since van der Walls (1873); however, very few of
these have been tested for mixtures. Those equations which have been
applied to mixtures are not very Satisfactory for the critical region
and for higher densities.

The eight-constant Benedict-Webb-Rubin (BWR) equation (1940), one
of the most frequently used and developed equations for mixtures, has
been tested primarily for 1ight hydrocarbons and for only a few non-
hydrocarbons. Other equations, like the two-constant Redlich-Kwong (RK)
and the five-constant Beattie-Bridgeman (BB) equations, are less accu-
rate, especially near the critical region and higher densities.

The more accurate twelve-constant Martin-Hou (MH) equation (1359)
has been successful in estimating carbon dioxide-nitrogen mixtures (1963)
and, although mixture rules have been suggested it has not yet been
tested with other mixtures. A )

In recent years, because of the availability of high-speed com-
puters, many new attempts have been made to obtain better agreement bet-
ween experimenta} and calculated PvT behavior by means of multi-constant
equations, but these have not been thoroughly tested. Almost no other

-1-
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equation more accurate than the BWR equation has been thoroughly de-
veloped and tested with mixtures.

It is desirable to develop a high precision equation of state for
mixtures in order to be able to predict the thermodynamic properties
and phase behavior of various mixtures with a high degree of accuracy.
Therefore, in this research an attempt was made to develop a generalized
21-constant equation of state for mixtures that is similar in form to
Martin's recent equation. This equation was applied first to the pure
components, namely, argon, neon, and nitrogen, for which constants were
not available. The constants were determined by the method of successive
approach, then the equation was tested primarily with argon-nitrogen
data available in the temperature range 143.15 K to 273.15 K using a
new combining rule obtained from corresponding states theory.

Also, some new experimental PvT data for argon-neon and neon-nitro-
gen mixtures in the temperature range 90 K to 140 K were measured by
the final expansion method; the results were then used to test the equa-

tion.



CHAPTER II
LITERATURE SURVEY
A. EQUATION OF STATE

1. ngera]. Equations of state have been developed by three dif-

ferent approaches: theoretical, empirical, and generalized. In the
theoretical approach, the equation of state is obtained by means of the
partition function of statistical thermodynamics or the virial theorem
of statistical mechanics. The equation can then be transformed into

the virial form which expresses the compressibility factor as a power
series in density. The virial coefficients (which are contributions
from two-particle interactions, three-particle interactions, etc.) are
functions only of temperature. There is considerable information avail-
able on the virial equation of state up to the third virial coefficient
(6, 15, 44, 69).

However, some equations - including the four-constant Keyes equa-
tion (47), the five-constant Beattie-Bridgeman (BB) equation (5), and
the eight-constant Benedict-Webb-Rubin (BWR) equation (11) - were de-
Veloped empirically using least-squares or other mathematical procedures
in order to obtain the constants and then were tested for a number of
substances. As the number of constants increases the applicable den-
sity range is increased with high precision. For example, though the
BB equation gives results of intermediate accuracy, the BWR equation
much more accurately represents the PvT behavior of substances to about
twice critical density (3).

The BWR equation initially was developed (1940) for light hydro-
carbons (7, 11), then it was applied and tested to other substances for

PvT behavior and vapor-liquid equilibria (25,27,46,65,73,81,83,93,106).

-3-
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An excellent collection of the available BWR constants has been
presented by Cooper and Goldfrank (22). Recently (1970), a new set of
constants for the BWR equation - primarily for hydrocarbons, including
neon - was published (68). Yendall has applied a modified BWR equation
with 12 constants to neon (104). Strobridge used a new equation for
nitrogen with 16 constants developed from the BWR equation (96). It is
currently considered to be the best equation of state for nitrogen.
McCarty and Stewart (1964) listed the constants of the Strobridge equa-
tion for neon (51). Crain and Sonntag (1965) determined the constants
for argon and nitrogen from the new experimental PvT data in the tempera-
ture range 143.15 K to 273.15 K (24). Recently (1969), Gosman, McCarty
and Hust redetermined the constants for argon (35). At the same time
McCarty and Stewart modified the Strobridge equation with 18 constants
for neon (52,53). Then (1968) Gibbons and Kuebler redetermined the 18
constants on the basis of new PvT data (34).

In the third type of approach - that of generalized equations such
as Redlich-Kwong (RK) (74) and Martin-Hou (MH) (59, 60) - the constants
are evaluated from the general behavior of substances. The RK equation
is known as the best two parameter equation; however, it often gives
poor results. Therefore, numerous modifications of the RK equation
have appeared in recent years. Gray et al recently (1970) presented a
summary of previous work which attempted to improve the RK equation (36)..

Besides generalized equations, some investigators have generalized
empirical equations in reduced forms. Su and Viswanath (1965) deter-
mined the generalized constants of the BWR equation for both hydro-

carbons and non-hydrocarbons using generalized compressibility charts
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based on experimental data (97). Cooper and Goldfrank (1967) listed
two different sets of generalized constants for hydrocarbons and non-

hydrocarbons (22).
2. Equation of State for Mixtures. The eight-constant BWR equa-

tion is the best known equation of state for mixtures. Prior to this
equation, the other, few equations such as the four-constant Keyes equa-
tion and the five-constant BB equation were developed for mixtures (12).
In many bopks (4,30,76) and papers (3,12) there is adequate information
and references about those early works.

The BWR equation, which was first applied and tested for light hy-
drocarbons (7,8,12) gives satisfactory representation of the PvT behavior
of mixtures with the given combinétion rules in order to obtain mixture
constants from the pure component constants. Then this equation was
widely used to correlate vapor-liquid equilibrium for different mixtures
and was discussed in many papers (9,10,27,65,72,81,93). Crain and
Sonntag tested the equation for the PvT behavior of argon-nitrogen
system (25).

Recently (1970), Starling and Powers developed an eleven-constant
modified BYR equation in order to predict enthalpy behavior of mixtures
and tested it with the methane-propane system (90).

Crain and Sonntag (1965) (24), tried to apply the more accurate
Strobridge equation to argon-nitrogen system and others (87) have tried
to apply the same equation to different binary systems; it has been
found to be impossible to find any reasonable correspondence between
related constants as a function of composition.

Because of its simplicity, the two-constant RK equation (74) has

been used extensively for mixtures since it was developed in 1949.
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Improvements to the RK equation for mi xtures were presented in some re-
cent papers (36,99). Recently (1970, 1971), Sugie and Lu attempted to
develop a modified RK equation for mixtures by shifting the horizontal
inflection point to the critical pcint (the same modification had been
done previously (1967) to the van der Waals equation by Martin (57)),
and they also added a new deviation which is power series in density
(98, 99).A They tested it successfully for PvT behavior and enthalpy
departure yith a few mixtures.

Ackerman compared the RK and the BUR equation for 26 binary mix-
tures at the critical region. The presented results do not reveal a
clear advantage of either the BWR or the RK equation in the critical
region (1).

Smith, Sonntag, and Van Hylen (1963) suggested a combining rule for
the MH equation and tested it only for carbon dioxide-nitrogen system
(85) - -

3. Martin's Equation of State. Martin and Hou (1955) developed a

new equation of state whose constants might be determined from the gen-
eral behavior of substances (59). Later (1959), a modified MH equation
was proposed with 12 constants instead of 10 (60). The constants of

the original equation were calculated for seven different gases and the
equation was tested, with a very high degree of accuracy, up to about

1.5 times critical density. The modified equation was appiied to carbon-
dioxide (60) with even greater precision. Then, Smith, Sonntag, and

Van Wylen (1963) investigated the accuracies of several combining rules
for the modified MH equation for mixtures and then tested it for the
carbon dioxide-nitrogen system (85,86). Since then, no application of

this equation for mixtures has been found. In 1962 Martin proposed a
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slightly different equation (58). Martin then (1967) improved the equa-
tion of state for high densities by using new exponential terms (57).

This equation was tested with 16 constants for chlorodifluoromethane and
was applied to carbon dioxide only for the critical isotherm with better

precision.

B. PvT DATA

1. Pure Substances.

ARGON DATA: The PvT behavior of argon has been adequately studied
experimentally and numerous papers have been‘pub1ished over many years.
The data which is available in the literature has been referenced in
detail in many works (2,21,23,28,40,66,67). Crain, Sonntag, and Van
Wylen (1965) researched previous PvT data of argon and collected some
experimentzi data for the isotherms 143.15, 163.15, 203.15, and 273.15 K
in the pressure range ub to about 500 atm (26). In addition to that
data are the data collected by Michels, Levelt, and DeGraff (63) in the
temperature range 120.65 K to 248.15 K at pressures up tq 850 atm, by
Rogovaya and Kaganer (79) in the temperature range 138.15 to 248.17 K
at pressures up to about 200 atm, and by Michels, Wijker, and Wijker (64)
at temperatures from 273.15 K to 423.15 K, at pressures up to 1800 atm.
A1l of the preceding data (Table I) were4used in this work in order to

test the equation of state.
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TABLE 11
CRITICAL CONSTANTS OF ARGON, NEON AND NITROGEN

Ehbstance M TC,K Pcatm. vc,cc/mole
Argon 39.944 150.86 (63) 48.34 (63) 74.56 (63)
fNeon 20.183 44.4 (37) 26.19 (37) 41.744(61)
_Nitrogen 28.016 126.2 (48) 33.5 (48) 90.1 (48)

The critical constants for argon were listed by Michels, Levelt,
and DeGraaff (1958) (63). Although different values of the critical
constants have been published (41,48), those which were used in this
work were considered to be the best values available (Table II).

No experimental PvT data for the critical isotherm (150.86 K)
were found iﬁ the literature, but 20 data points were obtained by linear
interpolation between isotherms 150.65 and 153.15 K from Michels', et al
data (63) (Table III-1).

NEON DATA: Sullivan and Sonntag (1966) (101) and Scott and Sonntag
(1967) (82) searched the literature for the available experimental PvT
data of neon. Other reports and texts (2,21,66,67,100) also- list numer-
ous references for neon data. Sullivan and Sonntag published (1966) 81
data points at four isotherms from 70 to 120 K, pressures up to 300 atm
(100,101) and then Scott and Sonntag measured, in 1967, 142 data points
at temperatures 30 to 70 K, pressures up to 200 atm (82). Recently
(1968) . Gibborz obtained new data in the range from 27 to 70 K at pres-
sures Qu to 200 atm (33). A1l those data were used to obtain the con-

stants o7 "= equation of state for neon (Table I).



CRITICAL ISOTHERM DATA QOF

DATA NO

SN §..3 N

2035
2025
2025
2045
2055
2065
2075
2085
20095
2105

5
2115
2125
2135
2145
2185
2165
2175
2185
2108
2205
2215

(*)

TABL E
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p
-=ATMa_

302, 684
211,954
150, 897
110,288
B6.,328

65,533

57,203

52~.757

50.203

4R,558

48,340

467,564

46,359

44,123

40,142

35, 695

30.769

254,251

21. 432

16,414

11,307

T-396

111-1

ARSON

v
-CC/MOLE

34,916
35,815
38,835
41.005
43,099
46,420
49.108
51,822
55.00?
62,167
T4.560
107,641
126,970
150,924
189,509
235.640
297,371
386.525
480,811
660,902
995, 756
1585, 804

2000 MICHFLS-LFVFLT-DEGRAAFF
CATA (63)
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TABLF I11-2

CRITICA:

DATA NN p

--LE___ -ATMg
2015 180,119
1015 129,199
207% 98,227
1025 72.420
203S 46,853
Y035 41,739
2045 31.611
1045 29,508
1055 27,305
2055 26,697 -
2065 26,584
.Y 0AS 26,468
1075 26,308
2075 264,305
1085 26,202

5 266190

2085 25,3M
2095 23,957
Y095 23:647
2105 21,750
1105 21. 324
1115 164651
2115 12.736
1125 12.602
2125 B.787
21138 5.809
(*)

I SOTHERM DATA OF NEON

v
~LczvoLe

19,256
20,261
21.050
22,152
244 046
244,827
27,178
28,303
30,851
32,45)
33,786
35.81
3R, 640
39,144
40,079
41,764
66 4,865
B2.637
85,894
104,274
107,924
163, 3318
232,609
236,595
364, 935
579,950

1000 SCOTT-SONNTAG NATA (82)
2000 GIBRONS DATA (32)
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The critical temperature and pressure for neon, which were measured
by Grilly (37), and the critical density measured by Mathias et al (61),
were selected as more accurate values than the others. Also, McCarty,
Stewart, and Timmerhaus (54) and Scott and Sonntag (82) were in agree-

ment with those values (Table II).

PvT data for the critical isotherm, 44.4 K, was found in Scott and
Sonntag‘'s data and in Gibbon's data and some points were obtained by
linear interpolation from the same data (Table III-2).

NITROGEN DATA: A quantity of experimental PvT data for nitrogen

can be found in the literature; most of this reported data, however, is
fragmentary and incomprehensive. Recently, more comprehensive data,

in various ranges, has been reported. The bibliography for the earlier
experimental PvT data of nitrogen can be located in several texts, re-
ports, and papers (21,26,29,66,67). Some of the regent]y collected
data were used in this work for testing the equation of state. Crain
and Sonntag reported data for four isotherms (143.15, 163.15, 203.15,
and 273.15 K) at pressures up to 500 atm (24). Streett and Stavely
measured data, in 1967, for the compressed liquid region, in the tem-
perature range 77.35 to 120.23 K, at pressures up to 680 atm (95). In
1969 Sonntag and Oztiirk collected PvT data for the critical region in
the temperature range 110 to 140 K for five isochors from 45 cc/mole

to 70 cc/mole (88) (Table IV). Later (1970), Weber published data in
the temperature range 80 to 140 K and at densities 0.85 to 2.6 times
critical density (103). In addition to those data, Canfield's (18) and

Friedman's (31) data were used in this study for the other isotherms

and low densities (Table I).
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The critical constants of nitrogen were chosen from Kobe and Lynn
‘(48) as the most accurate values (Table II).

Some of the PvT data for the critical isotherms were found in
Friedman's data (31) and the remainder were obtained from Sonntag and
Oztiirk data measured in the thermodynamic laboratory (Table III-3).

2. Mixtures

In the past, extensive studies on thermodynamic properties of mix-
tures have been initiated and large numbers of papers about experimental
work for mixtures - including PvT data for various mixtures - have
appeared in the literature. Crain, Sonntag, and Van Wylen (26) in 1965-
besides collecting PvT data for three different compositions of the
argon-nitrogen system at the temperatures 143.15, 163.15, 203.15, and
273.15 K and pressures up to 520 atm - also researched and presented
several comprehensive references for mixtures of different substances.
In addition to that work, Clark, Hyman and Wilson (21), in 1966, re-
ported the available data for the thermophysical properties of cryogenic
binary mixtures.

Because of the scope of this present work, only the Titerature
for the PvT data of mixtures - either binary or ternary - of argon, neon,
and nitrogen were surveyed. Zandbergen and Beenakker (105), in 1967,
measured PvT behavior for three different systems - including argon-
nitrogen - at several concentrations between 170 and 292 K and at pres-
sures 3 and 100 atm in order to deter ‘ne the volume change of the
mixing process. Besides this, no experimental PvT data were found for

either neon-nitrogen or argon-neon systems.



TABLE I17-3

CRITICAL ISNTHFRM DATA 0OF NITROGEN

DATA NO P v

I 5. N --AI¥a_ ~CC/MoLE
1215 130.335 44,971
1378 7T1.540 4,70
1225 47,127 54,895
1325 364241 62,348
2078 34,530 65,992
2075 23,900 " 69,782
11335 33,963 69,975
11718 33,581 77,6095
2035 33,510 81,142
5 33,500 90,100
2045 33,460 107,853
205% 33,170 127,244
2065 33,080 130, 504
2075 22,290 148,984
2085 31.870 150,024
2095 31,340 169,325
2105 30.160 190.165
2115 29,110 207,776
2125 27,2 R0 238,717
2135 23,130 317,618
2145 19,1560 417,721
2156 11.930 754,421
2165 8110 1165,912
2175 60513 - 1480, 341

(%) 1000 SCNNTAG-NZTIRK DATA (88)
2000 FRYEDMAN DATA (21)
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TABLE IV

EXPERIMENTAL PvT DATA OF NITROGEN

IN THE CRITICAL REGION

(88)

Data T P v 7
No. K atm cc/mole

121 110.269 20.036 44,758 0.099
1212 114.073 46.428 44,822 0.222
1213 118.022 73.885 - 44,872 0.342
1214 122.004 101. 461 44,920 0.455
1215 126.198 130.319 44,971 0.566
1216 130.010 156.380 45.017 0.660
1217 135.037 190.442 45.072 0.775
1313 117.997 28.739 49,586 0.147
1314 122.002 49.577 49.645 0.246
1315 126.202 71.552 49,702 0.343
1316 130.003 91.499 49.746 0.427
1317 135.022 117.925 49,301 0.530
1318 140.014 143.938 49, 861 0.625
1223 118.008 sat 22.415 54.786 0.127
1224 121.998 30.342 54,842 0.166
1225 126.206 47.152 54.895 0.250
1226 130.004 62.644 54,942 0.323
1227 134.999 83.195 55.014 0.413
1228 140.027 103.931 55,065 0.498
1325 126.199 36.240 62.347 0.218
1326 130.003 47.564 62.398 0.278
1327 135.004 62.834 62.469 0.354
1328 139.996 78.309 62.533 0.426
1335 126.201 33.965 69.976 0.230
1336 129.993 42 .807 70.035 0.281
1337 135.011 54.943 70.099 0.348
1338 139.995 67.258 70.160 0.411




CHAPTER II1
THEORETICAL DERIVATIVES AND
GENERAL BEHAVIOR OF SUBSTANCES
A. EQUATIONS OF STATE

1. General. An equation of state for gas mixtures is expressed as

an analytical relation of pressure, volume, temperature and mole numbers

of the pure components in the mixfure:
f(P.v,Ton;) = 0, i =1,2,...,N (3-1)

where N is the number of pure components. Generally, it is desirable

to express one of the properties, e.g. pressure, in terms of the others:
P =P(v,T,n,), i=1,2,...,N (3-2)

It is generally considered that the equation of state for mixtures
should have the same form as that of the pure substances and that each
constant for the mixture, say KmL , would be the function of corres-

ponding parameters of pure components and mole numbers:
lS“L = KITIL(K'iL’ni), i= ],29...," (3_3)

.where KiL's are the corresponding constants of the pure components.
Therefore, it is necessary to know or to determine the pure component
constants. Then, it is necessary to know a set of combining rules, re-
lations of the equation (3-3), in order to find the mixture constants.

2. Combining Rules. Several form of the combining rules have

been proposed to determine the mixture constants. The procedure for
obtainining combining rules, usually, starts from the theoretical rule
given for the second, third, etc. virial coefficients of mixtures by

Mayer (62), such as,

-16-
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N
% ¥i¥5 Ky (3-4)

| N N N
Kn =§ % % Yi¥ Yk Kisk (3-5)

N
etc. Here Y; = ni/Z: n; js the mole fraction of component i in the
1

mixture. K.. is the parameter characterizing the interaction between

iJ
component i and component j. Early scientists proposed several rela-

tions as follows:

. e s ) 2

Linear combination (13) Kij = 2(K1+Kj) (3-6)
. s _ 1/2

Square-root combination (32) Kij = (Kin) (3-7)
. Ki]/:‘}#(j.'/3 :

Lorentz combination (50) Kij = ( ) (3-8)

. 2
Kijk ijs the constant characterizing the interaction between components

i,j, and k.

Smith (84) discussed third order combinations such as:

. e s 1 )
Linear combination Kijk = 3(K1+Kj+Kk) (3-9)
Cubic-root combination Koo = (KKK )3 (3-10)

| I F TSR R
- 3
Linear cubic-root combination Ki]/3+Kj]/3+Kk]/3
(Lorentz combination) Kijk = ( 3 }{(3-11)

Substituting linear combinations, equations (3-6) and (3-9), into
equations (3-4) and (3-5), respectively,
N

Kn =2 ¥iK; (2-12)

1
js obtained in the same manner, the linear combining rule. By square-

root combination, equation (3-7), and cubic-root combination, equation
(3-10),
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: 2
N
N 3
Kn = @ yik; /%) (3-14)

linear square-root and linear cubic-root combining rules are obtained
from equations (3-4) and (3-5) respectively. This may be generalized as
a linear Lth root combining rule for the coefficients of Lth power of

the density by,

N L
. 7L
Kn = (Zi yik ') o (315)

With the others, equations (3-8) and (3-11), Lorentz combining rules may

be derived such as

.N N Ks '
Kp =2 2_ ¥y¥; ( — ) (3-16)
1 J
and | /3 13, 1/3 3
_ N N N Ki +Kj +Kj
Km -21: ; ; Yi¥ Y 3 ) (3-17)

3. Benedict-Webb-Rubin Equation (BWR). The BWR equation of state

(11) is represented by

¥
2 -
RTB_-A -C /T 2 2
p=RL,_0 0’ + RTb-a  Laoxx ,c/T (1+ T)e v  (3-18)
v v2 v3 v6 v3 v2

which contains eight adjustable constants. This equation gives an accu-

rate representation of PvT behavior to about twice ‘the critical density.
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Cooper and Goldfrank (22) summarized this equation and listed the

constants for 38 substances.

They also correlated the reduced constants

of the reduced BWR equation as follows,

2
T, Bo.T.-Ao,-Co/Ta

brTr'ar + a, oG

P.=—+ +
r ! 12 13 16
Vr Ve Vi Ve
oo, .
+ S r (1 +-L)e vy
ve3 vi2
r r
where—- - ! = = =z L. and
r RT./P, Ve .
Bop. = B,P./RT. = 0.129426
= 2:.2 _
Ao, = AP /RTT, = 0.284623
= 2;4
Co,. = C,P/R°T, = 0.157489
= hp2/met8 =
b. = bP/R"T_ = 0.027364
= ape/p3t3 -
a, = aP /RT . = 0.020839
= ap3/p313 =
04 =OP/RT. = 0.0019427
= p2/R371° -
¢, = cP/RTT. = 0.023222
and )
= Yp2/R272 =
X = IP/RET, = 0.052603

A number
fully applied
in Table V.

for non-hydrocarbons, (22)

(3-19)

(3-20)

of different investigators (12,25,27,72,93) have success-

the equation to mixtures with the combining rules given
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TABLE V
¢ -
THE COMBINING RULES OF THE BWR EQUATION OF STATE

Constants Combining Rule
| /34173
= b S B
Bo K ZZ yi_yj( 7= )
A, c,T = (> «1/2)?
o’ % Ko (2_Y3iK;
3
- 1/3
a’ b, C, d Kfn_ (ZyiKi )

The argon constants given by Zudkevitch and Kaufmann (106), and
the nitrogen constants given by Crain and Sonntag (25) were used in this
investigation (Table VI). Although the neon constants were found-in
recent publications (68), it was found that the equation with those con-
stants deviates greatly from the experimental PvT behavior in the low
temperature range up to about 120 K. Therefore, neon constants were
calculated from the reduced constants, equation (3-20), and fested with

the same data with the results much more reasonable (Table VI).

4. Strobridge Equation. The Strobridge equation (96) with 16

adjustab]e constants was originally developed for nitrogen and was in-
fluenced by the modified BWR equation developed by Bloomer and Rao (14).

The Strobridge equation has the following form,
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2 4
S]T+Sz+53/T +S4/T +55/T

RT
P=—+ +
v VZ
S
S.T4S. S.T  S./T24S, JT34s, /T4~ “lg‘
6757 , SgT , 3o/T +51¢/T Hqy v,
3 4 3 €
v \'J V'
316
2 3 4 - 26
Sy JT4S, T+ /T 7 S
12T 1/ W, ;5 (3-21)
v v

where T is in K, v is in lit/mole, P is in atmospheres, R=0.0820574
1it-atm
mole-K

Strobridge equation (Table VII). The constants S, through S, are de-

is the gas constant and S] through 516 are the constants of the

termined by least-squares fit and 516 by trial and error. Stewart and
Timmerhaus (91) discussed the app]fcation of the Strobridge equation to
the other'cryogenic substances (helium, parahydrogen, argon, neon,.and
oxygen). The equation was found to represent the PvT behavior in both
the vapor and liquid phases very accurately. The constants for argon
(35), neon (51), and nitrogen (96) are shown in Table VII.

The equation was modified for neon by McCarty and Stewart (52),

adding two more constants as follows:

2 2 2
o - BI.+ 5]T+52+S3/T+S4/T . SST +56T+s7+58/T+59/T
v v3 v3
2 3 -8
Lo, S12/T | $13/T7*54/T . v
V4 V5 V3
2 / 3 - §l§
S, /248, /T 2 s
. 15 : 16 . V. _%1_ (3-22)
V' v

Later, Gibbons and Kuebler (34) redetermined the constants of the same

equation for Neon (Table VIII).



TABLE VI

THE CONSTANTS OF THE BWR EQUATION

FOR ARGON, NEON AND NITROGEN

Argon (106)

Neon (22)*

Nitrogen (25)

B, 0.0222825 0.0180075 0.0281066

Ao 0.823408 0.144301 0.872086

Co 13141.1 157.404 7813.75

b 0.00215287 0.000529716 0.0032351

a 0.0288353 0.00147 0.0312319

X 0.0000355384 0.0000052324 0.0000709232

c 798.231 3.22921 547. 364

) 0.002338 0.0010183 0.0045
Units: P - atm., v - liters/mole, T - K

R = 0.08207 1it. - atm./mole-K
*
They are obtained from the reduced constants,

equation (3-20)
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TABLE VI

THE CONSTANTS NF THE STRNARINGF FQUATINN

FNR ARGON, NFNIN AND NITROGEN

ARGOM(35)

0,0820%348

Ns 25073726 =

-0, R89735844F
-0.67273634F
~0.2A4941 75F

0,97631230F

0,7047R540F~
~04676T741F~

D,22640761F~

0,48Y4106K4F
De6L565344F
-0,Y14R52R82F
-0.64R35483F
0. 465748C5¢F

0,100933574F

07

00

02

04

07

04

02

05

03

05

08

00

03

0%

Ne 694323952 RF=-06

0, 47992993F-02

P e ATM.

’

NEON(S51)

0.08205736
0, 15560398F-02
-0, 24655056F 00
0,4%3101692F 01
-0.16879375F 03
0.26561719F 05
0.531R0513€-04
-0.45629055E - 03
-0,670729094F-056
0,53957047F 02
-0.4813414F 04
0. 95157500F 05
-0.23474863F-0)
-0. 96397638F 01
0.51358569 03
0.11034878F-07

0. £33999715-02

LYTERS/MOLF , T

NITROGEN{95)

0, 08205736
042766652498 ~02
-0 5771942735F 00
-0, 11421080025 03
0.8522634277F 03
0, 3440176000 07
0.1354246488F-03
-0, 1578905806F-01
0. 41683560995 -05
0. 3211547852 03
0. 080120000F 06
-0,1066657800% OR
~0. 3304489136F 01,
0.1223693604F 04
-0, 5693538672 05
0¢ 16751 66459F =05

0, $599997938F£-02

s K
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TABLF VITI

THE CONSTANTS 0OF THE MNODIFIED STRORRIDGE
FQUATION FOR NFON (34)

R 0.08203524
st 0. 16937698E-02
€2 -0,17911500F 00
$3 -0,30956793€E 01}
S4 0.21567993F 01
S5 ~0,10347196E-06
Sé6 0e 41318499E-05
S7 0.27543299E~-D2
<S8 0,82426696F-01
Sa -0.R5555255E-01
S10 0.13340195E-05
<11 -0s13761700E-013
S12 ~-0,11055999E-0N4
S13 0.431560170E-02
S14 -0,12671199€ 03
S18 =0, 3 A78BB96E-0T
S16 0.,14593992E 0?
Sv7 0.23412198E-07
S18 0.,27Q5729RE-02

P s ATM, , V @ LITFRS/MOLE , T : K
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Crain and Sonntag (24) applied the equation to argon-nitrogen sys-
tems with their new experimental PvT data for three different composi-
tions. They also determined the argon-nitrogen interaction constants
besides determining new constants for the pure components. Then, Crain
and Sonntag and others (87) tried to extend the Strobridge equation to
different binary mixtures; however, no reasonable combining rules could
be determined. Besides these studies, no other application of the
Strobridge equation to mixtures was found. |

5. Martin's Equation. The original Martin-Hou (MH) equation with

10 constants (59) may be written as,

5 fi(T)

P = 3 (3-23)
1=1 (v-b)

where

£.(T)= a, + b,T + c,e X7 (3-23a)

i i i i

a] = c] =0

b4 =Cy = 0

ag = Cg = 0

and b] = R is the gas constant. Then, in 1959, the constants ag and Cg
were added (60). Although the constants of the original equation had
been determined for seven different gases, the constants of the modified
equation were obtained only for carbon-dioxide (60) and nitrogen (85).
The MH equation is capable of precisely representing the PvT behavior of
gases up to about 1.5 times critical density.

In 1962, a stightly different equation,

k

instead of equation (3-23a), was proposed by Martin (58).
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Later, Martin improved the equation for the high density region by

adding two exponential terms as follows (57)

R .

P-; O] (3-25)
where _
F.(T) = a, +b,T+ce kT §=1 7 (3-25a)
i i i i 2 e
(V-b)i i = ‘lg eseey 5

g.(v) = Y, (3-25b)
1 e ™ i=6,7
a; = ¢ = o, b] = R 1is the gas constant and
P b'i’ ¢4 (i =2, ....57), Ogs 0(7 ( 0L7= 2 '046), k, and b

are the constants of the equation. This equation may be arranged as

follows:
P=A(v) +B(v) - T+C(v) - eT (3-26)
where
A = Y (3-26a)
=1 9V
B(v) = '7 '%1:'(\7) (3-26b)
1= 1
v = Y Sy (3-26¢)
=1 %

This equation was applied to chlorodifluoromethane with 16 constants
(c4=c6=a7=b7=c7=0) and to carbon-dioxide only for the critical isotherm
with better precision up to 2 times critical density. Although the Martin
equation does not represent the PvT behavior of the pure substances as
accurately as the Strobridge equation, because the constants of the Martin

equation are determined by means of general behavior of substances, its
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application to mxitures may produce better results with reasonable com-
bining rules. v

Smith, Sonntag, and Van Wylen tested several combining rules for
the original equation (3-23) with 10 constants and twelve constants
(85,86). The suggested combining rules, as shown in Table IX, were only

tested for the carbon-dioxide-nitrogen system.

TABLE IX
THE COMBINING RULES OF THE CONSTANTS
OF THE MH EQUATION (85)

Constants Combining Rules

1/3+ (/3 3

2_ ¥ )

J

3y, 83, 34, 8, Cp, C3, C

= 2
by, by b, T K =() ¥ ”2)
%

Since that time, no application of either the former (3-23) or the
latter (3-25) equation for mixtures has been found.
Martin has recently (1972) been investigating a new form of the

equation as follows:

L I L R/ G I (L)
P= +
(V'b) (V"bHV"E, (V b)3 (V"b)4 eav(Hceav)
£ (T)

2av(]+de2av) (3-27)
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where

kT
£.(7)

a; + biT + cie (3-27a)

However, the investigation is not yet complete.

6. The Modified Martin Equation. The form of Martin's recent equa-

tion (3-25) was the one considered for the prediction of the PvT behavior
of mixtures; however, there was no application to argon, neon, and nitro-
gen. Therefore, it was necessary to determine the consténts for those
pure substances whose mixtures would be studied.

At the beginning the modification that b = 0 would always be assumed
was considered. To use b # 0 was perhaps necessary for the original MH
~ equation (3-23) in order to have an infinite series in density, but the
two exponential terms of the recent Martin equation (3-25) might be able
to represent the infinite series.

Consider the expansions of 1/(v-b)i, i=1,....,5

m-1 & -1
1.4 Iyl 5 (") (3-28)

where (“+ﬂ']) is the binomial coefficient. _
Substituting the equation (3-28) into (3-23) and the MH equation
may be written as

5 f(M) S G
P = — = ——
%;% (v-b)1 i= v‘A

+ G(TQV) (3‘29)
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where
8, (T)=F, (T)=RT
@Z(T)=bf'|(T) + fz(T)
B, (T)=b2f (T} + 2bF,(T) + f4(T)
B, (T)=b3f,(T) + 3b2F,(T) + 3bF3(T) + f4(T)
©5(T)=bA4*, (T)+4b3f,(T) +6b2F3(T) + abFa(T) + () (3-30)
T
6(T,v) = Z ®v]( ) (3-31)
0.(1) - }; ("‘) b1 fj(T), i=6,7,... (3-32)

Consequently, instead of adding those two exponential terms to the equa-
tion (3-23) in order to obtain the equation (3-25) G(T,v) is replaced

with them. Thus, the equation of state may be written as follows

7
@3 (1)
r Z _W_)— (3-33)
i=1
where
«(L -1 .
©;(T) = A, + BT+ Ce™'Tc i=1,...,7 (3-33a)
@.(v) v i=1,...55 ( )
s(v) = 3-33b
i . Og(v-vc) i =6,7
A] = C] =0, B] = R is the gas constant and A;» B; » Ci (i=2,....,7),

G%, (X7, k are the 21 constants of the equation. To write the equation

in reduced form may be considered more convenient, therefore,
L T
P = :z: itr



where
?r =P/P., V.= v/vc, T, = T/Tc and
vl i=1,...,7
$ (v, = rilveel) 1518 (3-34b)
i=6,7

Ary = Cry =0, Bry = V2 and 7, = PoVo/RT, is the critical com-

c
pressibility.

The relation between the constants of the former equation (3-33)

and the latter equation (3-34) may be given by

A; BiT Csi

Ap; = ——=, Bp: = —=S= | Cp. = —— i=1,...,5 (3-35a)
1 Pv.! 1 Py} 1 Py}
"cc cec cc
Ay BiT¢ Cy .

Ari = 'rc s B"i = P 'Y Cr_i = 'p: 1= 6’7 R (3-35b)

c
°(r5 = d%vc, d}7 = OSVC (3-35¢)

This form of the equation (3-34) is first tested with carbon-dioxide

for the critical isotherm in order to compare this equation with equation
(3-25). (Table X). |

B. GENERAL BEHAVIOR OF SUBSTANCES

1. The Critical State. The critical state of a pure substance,

from the classical  viewpoint, may be considered as the state at which,
when the vapor of that substance is compressed at a certain minimum tem-
perature (or is cooled at a certain minimum pressure) condensation does

not occur, but that isotherm (or that constant pressure curve) displays
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TABLE X

A COMPARISON OF THE MARTIN (3-24) AND THE MODIFIED MARTIN (3-33)
EQUATIONS FOR THE CRITICAL ISOTHERM OF CARBON-DIOXIDE

v Pexp Pcal Dev. % Dev. % (57)

cc/mole atm. atm. (Eqn. 3-33) (Eqn. 3-24)
37.336 1417.397 1416.830 -0.04 -4.46
39.533 942.151 955,802 1.45 -2.06
42.234 586.800 599.333 2.14 0.47
. 45.276 359.956 366.371 1.78 2.14
48.729 221.966 223.339 0.62 2.33
52.739 142.461 141.394 -0.75 -0.99
57.581 99.925 98.802 -1.12 -0.43
63.234 81.260 80.850 -0.50 -0.61
94.065 72.850 72.850 -0.00 0.00
130.659 72.326 72.284 -0.06 -0.09
144,800 71.564 71.539 -0.04 -0.10
166.844 69.795 69.792 -0.00 -0.12
198.513 66.447 66.485 0.06 -0.09
244.414 61.101 61.149 0.08 -0.04
322.024 52.734 52.763 0.06 0.00
428.934 43.725 43.732 0.01 0.02
472.579 40.784 40.787 0.01 C.03
486.623 39.912 39.916 0.01 0.03
524.934 37.704 37.705 0.00 0.04
591.884 34.353 34.352 -0.00 0.04
679.309 30.755 30.750 -0.02 0.04
790.370 27.116 27.112 -0.01 0.05
949.198 23.173 23.169 -0.02 0.05
1187.699 19.002 19.000 -0.01 0.05
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a horizontal inflection point on the P-v (or the T-v) plot (Figure 1).

The temperature, the pressure, and the specific volume at the horizontal
inflection point on either the P-v or the T-v diagram are called, as is
well known, the critical constants of the pure substances. The methods
and apparatus used for the determination of the critical constants have

been discussed by several authors (44, 48, 76).

- - -

o

v

Figure 1. The critical state of pure substances

On the other hand, the critical state for mixtures designates more
complex behavior. However, we may describe the critical state for mix-
tures in a similar manner as that of pure substances. When a gas mixture
is compressed at a certain minimum temperature, condensation may start
but cannot be completed and the isotherm passes through two dew points
(retrograde behavior of the first kind), or, when heat is rejected from
the same gas mixture at a certain minimum pressure the similar behavior
may occur and the isobar passes through two bubble points (retrograde

behavior of the second kind). This point is generally called the true



critical point or the critical point of the mixture whose composition
is invariable (Figure 2). From vapor-liquid behavior, the true critical
state of a mixture may be considered as the state that represents maxi-
mum pressure and temper&ture at which two phases may exist. Rowlinson (80)
gives a very c]ear discussion about the true critical state of mixtures.
Reid and Sherwood.(76) give a summary of the estimation technique of the
true critical temperatures and pressures of mixtures.

The critical state behavior of pure substances gives two-well-known,

analytical thermodynamic relations, as follows:

Pr. _ Ve oy - |
(37_) = 5_'(57' =0 (3-36)
at v,.=1 at v,

=0 3-37
G2 = G2 1 (3-37)
e at v,
at vr=

The higher order, such as third and fourth, derivatives of pressure with
respect to volume along the critical isotherm at the critical point are
most often assumed negligible: however, it is very likely that the values
of the third and fourth derivatives at the critical point are small nega-
tive and small positive, respectively. The first and second derivatives
at the critical point, equations (3-36) and (3-37), imply that the value
of the third deriéative, even near the critical point, can, indeed, not
be positive. When the third derivative is zero, the fourth derivative
must be zero mathematically (a). In addition, for this situation, the
second derivative must have a horizontal inflection point at the critical

specific volume so that the critical isotherm should be flatter than the
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real behavior in the critical region (Figure 3a). When the third de-
rivative is slightly negative at the critical specific volume, three
arguments may be deduced: that the fourth derivative is negatfve (b),
zero (c), or positive (d) (Figure 3). The first argument, that the fourth
derivative is negative implies that the third derivative must have a
horizontal inflection point at the specific volume less than the critical.
So, this makes the critical isotherm at the same region much flatter than
is actual (Figure 3b). The other argument, that the fourth derivative
is zero when the third is negative gives almost the same result, less flat
and closer to real behavior (Figure 3c). Martin usually suggests this
possibility and used it in his work (57,59). The last argument, that the
third derivative is negative and that the fourth is positive may be re-
garded as a comprehensive possibility and also includes the other argu-
ments (a) and (c). -

Although the numerical values of the third and fourth derivatives
at the critiéa] point are very small, they of course, depend on the unit
system. The reduced derivatives (the derivatives of the reduced pressure
with respect to reduced volume along the critical jsotherm) perhaps can
be taken into consideration as an essential outcome. Consequently, the
values of the reduced third and fourth derivatives cannot, as shown in

the following relations, be assumed to be negligible.

33P | v3 3 '
r c ,O°P
) = 5= ) =-§& (3-38)
3V2 7= Pe a3 Te 3
at ar=l at ve
o 4 4
( =Y (9% - & (3-39)
av,.z T= Pe (3v4 )Tc
at vr=l. at Ve
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Figure 3. The derivatives of the critical isotherms
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Those values determined for argon, neon, nitrogen, and carbon-dioxide

from their experimental PvT data of the critical isotherms with the method
of successive approach are listed in Table XI. If the reduced isotherms
of those substances for the higher than the critical density are plotted
on the Pv'vr diagram, as shown in Figure 4, the agreement between the
numerical values (Table XI) and the curves is evident. Given these cir-
cumstances, the isotherms of carbon-dioxide and nitrogen are flatter than
the isotherms of argon and neon and so the former substances have smaller

numerical values for 83 and Eﬂ than the latter.

TABLE XI
THE NUMERICAL VALUES OF THE THIRD AND FOURTH
DERIVATIVES OF THE REDUCED PRESSURE WITH RESPECT
TO REDUCED SPECIFIC VOLUME AT THE CRITICAL POINT

g T (TP ¢
aQﬁ'ﬁ=|- 3 6T¢"n=\ 4
ak V=1 ak VUp=|

Argon -2.56 40.3
Neon -2.77 41.3

Ni trogen -1.91 27.3
Carbon-Dioxide -1.43 20.8

(approximately)

2. Second Virial Coefficient. From the PvT behavior of gases it

may be observed that, as the pressure approaches zero (for which the spec-
ific volume becomes indefinitely large) the compressibility factor
(Z=Pv/RT) for all isotherms approaches unity. This may be expressed by

lim Z=1 (3_40)
P—>0 ‘
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; X Nitrogen (31,88)
175 L i A Carbon-dioxide (57) _|
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Figure 4. Comparison of the critical isotherms of argon, neon, nitrogen
and carbon dioxide at higher than critical density
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when this behavior, ideal gas behavior, is indicated on the Z-P or the
Z-(1/v) diagrgm, it is obvious that the compressibility for each isotherm
approaches unity wfth a different slope as shown in Figure 5. The slopes
of the isotherms at zero pressure or infinite volume on the Z-P or the

Z-(1/v) diagram may be defined as the second virial coefficient 8' or 8,

respectively.
1im 3
" = Z
B' = p>o (3P, (3-41)
B = Tim a (3-42)
Vo alllvf

The relation between B and B' can be determined mathematically as follows:

. (3G, - — (3h 1643)

1
(a(m) ) IRT ~ 2y

( ) (3(1/v

As P->0 (and v = @ ) the left side of the equation (3-43) approaches

B' and the first and second terms of the right side approach

Z

P V/xr

Figure 5. Compressibility diagram at low préssure
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B/RT and zero respectively. Then,

. . B
B* = ;& (3-44)

is obtained. Evidently, each isotherm at zero pressure (or infinite spec-
ific volume) has a different slope and, consequently, it can be concluded
that the second virial coefficient is the function of temperature only.
This characteristic of the second virial coefficient is also derived from
statistical thermodynamics by correlating the intermolecular f;rce as a
two-particle interaction. Several texts (42,44,77,89) discuss this
eva]uqtion, and it is not necessary to repeat it here.

' Except at nigh temperatures, the second virial coefficient is nega-
tive. At the temperature which is called the Boyle temperature, the
second virial coefficient is zero, and at any temperature exceeding the
Boyle temperature the second virial coefficient is positive (Figure 6).
The reduced Boyle temperature is about 2.5 for most substances, about
3.3 for hydrogen, and about 2.1 for water. Martin discussed a correla-
tion between the Boyle temperature and theAcritical temperature (59).

At a temperature about 5 times the critical temperature the second virial
coefficient has a maximum value.

The reduced second virial coefficients may be described as follows:

—.B_ . I = Bt ’ -
B, = v or Br B'P (3-45)

8. =B =< (3-46)

To use the second virial coefficient in reduced form is usually more

convenient and more rational because the curves of the reduced second
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Figure 6. The reduced second virial coefficient

virial coefficients for different substances are in point of fact near
each other. Therefore, several investigators attempted to fit an alge-

braic relation empirically to the reduced second virial coefficients as

follows:
v - 0.18764 _0.4758 _0.05 _
Br - TP T 2 T 4 (4) (3 47)
r r
r Ty Tp
B. = 0.430 - :886 _0.694 5, (3-49)
r Tr T e
r

On the other hand, different correlations are used in the equations of
state to represent the second virial coefficients. The equation which

is similar to equation (3-47) and is used in the BYR equation (3-18) is,

- Ao Co
B = Bo “RT - E;h (3-50)
The second virial coefficient of the Strobridge equation (3-21) is,
_S1,52,.53 _S4 . Ss
B=nt+tgrt 72 + 73 + 75 (3-51)
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and the equation which is a combination of the equations (3-47) and
(3-49) in form is used by McCarty and Stewart in the modified Strobridge
equation (3-22),

$1 53 .S
B = A,32, + (3-52)
R-TRT ™ 292 " 73
The second virial coefficients calculated from the MH (3-23) and the

~Martin (3-25) equations are the same:

a

b .
B = 2 + (b + 2) + S2 kT (3-53)

R RT
In 1963 Martin suggested a slightly different form of equation,
a b
B = ﬁ%’+ (b + 2) + SZ_ k/T (3-54)

and in this work an equation similar to equation (3-48) was used:

Ar ZC Cr‘ ZC L -
By = $r + Brolce + i e~k (Tr-1)

(3-55)

3. Third Virial Coefficient. By the same consideration as the

second virial coefficient, the third virial coefficient may be defined as

Tim 322

C' = psp 2 ('apz (3-56)

Tim 2
1,07
Vo 7 (————) (3-57)

c:
2
3(1/v)2 I

On the Z-P or Z-(1/v) diagram, the half values of the curvatures of iso-

therms, which are the second derivatives of compressibility with fespect

to pressure or density, at zero pressure or infinite specific volume give
the third virial coefficient as a function of temperature only. The

correlation between C and C' can be obtained algebraically as follows:
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(3-53)

bz B LA T-1

Then, the fo]]owing may be written,

82 (/) , 2., 3% (l/v) Y

62 B L Oy A ORI
(3-59)

or, on the other hand,

A(1/v)y _ 1 P .(az
= o= - 55— (§%5) (3-60
=57 )T RT ~ 721 oP’ ¢ )

%), _ 2 (DI 2° RY 3%z 2-61
S5 = - 2l 8P, ug—)] 3— &5 e

Substituting equations (3-60) and (3-61) into equation (3-53) and taking

the limit as P > 0 (or v > 00 ), Z approaches unity and the terms which

include P bécome zero; then,
2

C' = c-g (3"62)
(RT)
The third virial coefficient may also be reduced as,

- crp2 i
C", = CIPC (3 63)
C, = = (3-64)

Ve

and then the relation between C; and Cr is obtained by substituting eq-
uations (3-63) and (3-64) into (3-62)
2
¢t = (c.-82) () (3-65)
r ror’ e

Although there is an abundance of experimental and theoretical stu-
dies on the second virial coefficient, much less work has been done on
the third virial coefficient. However, it is possible to find some

correlation in order to understand its behavior.
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Chueh and Prausnitz, in 1967, collected the experimental third virial
cogfficient data available for nonpolar gases including the quantum gases
helium, hydrogen, and neon (19). The plot of the reduced third virial

coefficient, C against the reduced temperature, T., shows that the curves

r?
of different gases separate from each other by reaching a maximum at
about 0.85-0.9 of'reduced temperature and coincide with each other for
reduced temperatures greater than 1.75 and then decrease through a posi-
tive value as the temperature is further increased (Figure 7). The ex-
perimental data having such a maximum value is fairly well in agreement
with the theoretical approach (44,76). Then, Chueh and Prausnitz derived

an equation empirically for the reduced third virial coefficient as

follows (19),

2

_, 0.232 , 0.468 (1-1.89T%) e

cr—(T0‘25+ 28 (1-e r)) + Ac, (3-66)
r r

Cr

s

~.09 - ~

5 T

Figure 7. The reduced third virial coefficient
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where .Amr is a deQiation function and approaches zero for T. > 1.75.
This equation is more complicated than the relations used in the equa-
tions of state to represent the third virial coefficient and those rela-
tions are listed as follows:

In the BWR equation of state (3-18),

c=b -2 --C (3-67)
RT RT3
in the Strobridge equation of state (3-21),
S S S S S
C - _ﬁ__’_ 7 + 9 + ]0 + 1] (3_68)

R A LY E
in the modified Strobridge equation (by McCarty and Stewart) (3-22):

ST S S S, SqtS S
- _§__+ 6 + 7 + d + g 13 + ]4 (3-69)

CCTRTR T R 3 Rt

The third virial coefficient of the Martin equation (3-25) is,

2bb,+b 2bc2 + Cy KT

2ba,+a
=23 RZ 3y + 5T e (3-70)

2
C=—x

+ (b° +

which is the same in form as for the second virial coefficient. Even
for the higher order virial coefficients, the equations are obtained in
the same manner. In this work, also, similar forms of relations for the

third and higher order virial coefficients were used,

_r3 3°¢  -k(Tp-1) _
Cr - Tr + BF3ZC + Tr e (3 7])
Arglc Crglc  —k(T.-1)
Op = 7 *Brgle * T e T (3-72)

and so forth.

4. The Nature of Isometrics. The plot of Py against Tp along the

lines of the constant specific volume - that is, isometric lines - shows

the other important characteristic of substances. Farly investigators
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considered that these isometrics have a linear behavior. It is indeed
true that the isometrics are very close to straight lines.

The behavior of the isometrics may be understood by the slope of
jsometrics which is called the thermal-pressure coefficient (80),

(oPy/ aTr)Vr = xrv’ and by the curvature, that is, ( OZP,/ BT,.Z)W,
of the isometrics on the Pr Vs Tr plot. These characteristics were
thoroughly summarized by Martin (59) and Rowlinson (80).

An observation along an isotherm near the critical temperature shows
that the curvatures of isometrics change signs twice; such that, it is
negative below about critical density; it is positive between the critical
density and about 1.8 or 2.0 times critical density; then it becomes
negative again.

This is fairly consistent with the slope of the constant-volume
specific heat with respect to specific volume at constant temperature.
The constant volume specific heat changes with specific volume at a
temperature near the critical such that it passes through a maximum at
the critical density after having a minimum at about 1.8 or 2.0 times

critical density (Figure 3). Recalling the thermodynamic relation

J2p 1
(S5 - U (a(cgcR) ) (3-73)
oTy" Y r roT.
from this consistency, it may be concluded that
< 0 for vp > 1
32P = 0 for Vp = 1
r
(BT ) g >0 forv < v.<] (3-74)
r = =
Ve = 0 for Vi T Vi
L <0 for vr( Vix




-47-

o|L

~0.5 U

Figure 8. The constant volume specific heat-reduced specific
volume plot

where Vrx is between about 1/2.0 and 1/1.8. As the temperature increases,
the value of the curvatures approaches zero; then, at about more than

2.5 or 3 times critical temperature the curvature becomes negative (Fig-
ure 9).

It is also possible to observe directly the thermal-pressure coeffi-
cients which are fairly horizontal at the temperatures higher than the
critical and then decrease very slowly at high temperatures. At low tem-
peraturé (less than critical), the thermal-pressure coefficient changes

consistently to the behavior of the curvature of the isometrics. Then,

it may be concluded that

2 =
o Py 0 for 1 < T, < Ty

7 N (3-75)
o1y R for T, < T,

(

where Trx is between about 2.5 and 3.
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Figure 9. The nature of isometrics: their slopes (thermal-pressure

coefficient) and curvatures
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It should be noted also that the thermal pressure coefficient at the
critical point (the slope of the critical isometrics) is equal to the

slope of the vapor-pressure curve.

(——-—a P") o (Crsat (3-76)
or dT
at Tr=1

However, it is evident (Figure 9) that the curvatures of the critical
isometrics and the vapor-pressure curve are not equal. Although the

first one is zero, the other is clearly positive.

J2p d2p

2, (=3 >0 (3-77)
roVre r at C-P.
at T,.=1

Consequently, from the behavior of the curvature of the isometrics
and of the thermal-pressure coefficient, it may be stated that the iso-
metrics near the saturated region are concave down below the critical
density, then they curve up between the critical density and about 1.8
or 2 times critical density and they are concave down again. The critical
jsometric and the isometrics in the temperature range between the critical
and 2.5 or 3 times critical and for the large specific volumes are
straight lines. For the higher densities, the jsometrics, at higher
temperatures than about 2.5:3 times the critical, are concave down also.

In this work it was observed that mixtures at moderate density are
almost straight lines in the temperature range between 100 and 140 K.
However, as a matter of fact, they have a negative curvature. Table XII
gives the thermal pressure coefficients of the neon-nitrogen system (51.4%

of Neon; 48.6% Nitrogen) for two isometrics.



TABLE XII
THE THERMAL PRESSURE COEFFICIENT
OF THE NEON-NITROGEN MIXTURE

. (_553_ atm.
AT K
K =211 £ v=403 <X
105 0.233
115 0.434 0.229
125 0.475 0.226
135 0.467 0.224

5. Corresponding States Theory and Generalized Charts. The concept

of the corresponding s:iates generates from the characteristic similarity
of the PvT behavior of the pure fluids with respect to their critical
points. The simplest form of the corresponding states is based on the
assumption that the reduced pressure (Pr=P/Pc)’ the reduced volume
(vr=v/vc), the reduced temperature (Tr=T/Tc) surface is the same for all

substances, which may be formulated as follows:
qb(Pr, Vs Tr) = 0 (for all pure fluids) (3-77)

This form, though rough, is a very simple and useful approximation to
predict the real behavior of substances.

Generalized charts (either the reduced pressure-reduced volume chart
or the compressibility-reduced pressure chart or others) are the repre-

sentation of the corresponding states theory with two-parameters, such

as P=P (v, T.), P=Plve, T, etc.
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One of the most common generalized charts is the compressibility-
reduced pressure chart. Several generalized compressibility charts are
available in the literature (30,45,76); however, the recent charts which
are based on a large amount of experimental PvT data of different gases
are considered to be the best charts, such as Nelson-Obert (67), Viswanath-
Su (102). The comparison of these two compressibility charts in the
reduced temperature range from 1.0 to 15.0 and the reduced pressure up
to 40.0 indicates that the latter chart is more reasonable than the
former.

However, the failure of the two-parameter corresponding states
theory, eéspecially near the critical point, led investigators to use a
th{rd parameter in order to be able to have a better correlation. The
three-parameter corresponding states correlation was thoroughly discussed
by Reid and Sherwood (76). Any of the following may be used as a third
parameter of the corresponding states: the critical compressibility, Zc’

the acentric factor which is defined as (70),
- W = -1.000 - Tog Pp ., (T=0.7) ' (3-78)

or the Riedel factor which is defined as (78),

o = d(1nPr,, ;) - (dprsat (3-79)
¢~ AT T 11

As shown in the above equation, o% is also the slope of the critical
isometric. However, a% is usually calculated from the generalized vapor-
pressure equation developed by Riedel. The correspondence between Zc’

w and o, may be found in the literature as follows (43,76):

Z =0.291 - 0.080 w (3-50)

w = 0.203 ( o - 7.00) + 0.242 (3-81)

and 1-=3.72 + 0.26 (o, - 7.00) (3-82)
Cc



-52-

The acentric factor correlation is more commonly utilized than the others.

The convenient expression to determine the compressibility is given as,
- 70 1

Z(Tr’Pr) =Z (Tr’Pr) +twlZ (Tr’Pr) | (3-83)

where Z° is the compressibility factor of the simple fluids represented

1

by argon, krypton, xenon and methane and Z' is the compressibility factor

correction for the deviation from simple fluids.

Under the same circumstances, Thodos and his co-workers (17,41)
developed the generalized reduced density-reduced temperature charts
which depend on .the critical compressibility for monatomic and diatomic
gases. It is concluded that the PvT behavior of substances having approxi-
mately the same critical compressibility (i.e. 0.221) shows similar char-
acteristics whether or not the substances are monatomic or diatomic un-
less the polarity effect is not present (17). Because of the excessive
quantum effect on helium, different charts were developed for neon and
helium even though their critical compressibilities are very close (41).

Three-parameter corresponding states for nonpclar molecules (neglect-
ing polarity and quantum effects) such as argon, krypton, nitrcgen, carbon-
monoxide, etc., whose critical compressibilities are almost the same,
0.291, may be preduced easily by applying dimensional analysis to the

important system parameters, as follows,

¢](P,V,T,PC,VC,TC,R)=0 (for nonpolar molecules) (3-84)

With the convenient arrangement of the dimensionless groups, the expres-

sion,
g%(pr,vr,rr,zr)=o (for nonpolar molecules) (3-85)

or

Ps(Z,v,sT s Z)=0 (for nonpolar molecules) (3-86)
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may be correlated. The additional shape parameter may be required. Thus,
four-parameter corresponding states correlation may be derived for non-
polar molecules. Martin and Hou (59) proposed the use of the slope of

the critical isometric, 'er=], as a fourth parameter. Hirschfelder et al
(43) included the Reidel factor, ol which is the slope of the vapor-
pressure curve at the critical point and is equal to'ax;r=], as a fourth
parameter. Although the relation, equation (3-82), is given between o
and Z., some substances do not obey that relation and therefore Z. and

O(c may be used independently.

Then, including the polarity and quantum effects, the theorem of
the corresponding states may be extended and therefore may be more ap-
plicable to many substances. Stie1'(92) summarized thoroughly the ex-
tension of the corresponding states theory. At the present, the corres-
ponding states correlations are used exclusively for the prediction of
the thermodynamic properties. '

The concept of corresponding states may also be applicable to mix-
tures, although the PvT behavior of mixtures around the true critical
point is evidently different than the pure components behavior. How-
ever, considering the empirical pseudo-critical constants concept, ex-
tending the corresponding states theory to mixtures becomes possible.
This method has been reviewed by several authors (75,76,92). Also, the
statistical mechanical approach which has been used by several investi-
gators may be considered for the extension of the corresponding state
theory to mixtures.

The other attempt to correlate the mixture properties by means of
the corresponding state theory is to determine the interaction second

and third virial coefficients. It is assumed that the plots of the re-
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duced second virial coefficients for all substances against the reduced

temperature are the same curve which may be represented by an equation

as follows,
B, = 92(Tr) (for all substances) - (3-87)

where B =B/v., T=T/T.. Guggenheim and McGlasham (38) considered that
the reduced interaction second virial coefficient would be represented
with the same equation (3-87) as,

B
Vc

6 (= (3-88)
]J ‘IJ

where vcij’ Tcij are the interaction pseudo-critical constants. Sub-

stituting Bii’ B,. and Bij which are derived from the equations (3-87)

JJ
and (3-88) into the following equation (theoretical combining rule for

the second virial coefficient)

B, = ? JZyiijij | (3-89)
Then, the equation
D 2 YV .Ve. 2 ( ) (3-90)
i 7 tiu Teij

is written. (This expression is related with the two-parameter corres-
ponding states theory).
Later, Prausnitz and Gunn (71) extended the three-parameter corres-

ponding states theory to the interaction second virial coefficient as

follows,
Bij 0 1, T
Vo = 92 (g #9045 6, (71 (3-91)
C5 ¢4 C. .
J 1] 1]
where “’1j is the interaction acentric factor (the third parameter),

E}g (Tr) is the expression representing the reduced second virial coeffi-
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cient for the simple fluids, 6;_(Tr) is the correction function for
the deviation from the simple fluids. Thus the equation (3-89) may be

written

= T 1, T
Bm = Z JZ yi'ijcij [ eg (Tcij) + w'ij 82 (TCU-)] (3‘92)

From this viewpoint, considering the expressions E}Zi(Tr) and

E}zj(Tr) (in the same form but with different constants), for the re-
duced second virial coefficients of pure components i and j, respectively,
a new combining rule for the second virial coefficient of the mixture of

these two components may be derived.
B Tr) = ¥5 ©,4(Tr) + vy O,5(Ty) (3-93)

where Tr=T/TCm=Ti/Tci=Tj/ch and T,, Tj represent different temperatures.
Those two curves on the By vs. T, plot are almost coincident (Figure 12).
Therefore, the most probable argument that can be considered for the
second virial coefficient of the mixture is that the curve representing
the mixture lies between the former curves. Assuming that the second
virial coefficient of the mixture changes linearly with the composition
between the two second virial coefficizants of pure components at a con-
stant reduced temperature, the above equation (3-93) can be written.
Then, equation (3-93) may be written for mixtures having more than fwo

components, as follows,

N .
{ = -
Bea(Tr) = 2= ¥y Opy(Ty) (3-94a)
Under the same consideration, for the reduced third, fourth, etc. virial
coefficients for the mixtures the following simple equations may be

written,



Figure 10. The reduced second virial coefficients of pure
components i and j.

N

Crm(T,.) =D y; 6534(T,) _ (3-94b)
J
N

Den(Te) =5~ ¥+ Oy (Ty) (3-94c)
i

etc. If the equations (3-94a), (3-94b), and so forth are substituted

into the equation of state in virial form by rearranging the equation,

N N
2¥i BT 5 v B5(T)
i

Z (T ,v)=1+i + ” + .....
myr’r vr vﬁ
N ©,:(1.) Q.:(T.)
=5 ;0 abr L3 . (3-95)
i=] r Ve

N
= zz: yizi(Tr’vr)
i=1

is derived. The assumption of the linear correlation of the mixture
virial coefficients from the pure component virial coefficients at a
constant reduced temperature implies that the compressibility of the

mixture at a given reduced temperature and reduced specific volume may
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be determined from linear interpolation of the compressibilities of the
pure components, which is in agreement with the generalized compressibi-
lity chart. As mentioned above, the generalized compressibility chart
representing two-parameter corresponding state theory implies that all
gases, including mixtures, have the same compressibility factor at a given
reduced temperature and reduced volume (or pressure), although there is
a slight difference between the compressibilities of any two pure fluids.
Therefore, to correct this slight difference, the linear combination of
the compressibilities of the pure fluids, as given in equation (3-95),

may be considered to be the mixture compressibility as illustrated in

Figure (11).

Z

z‘-(“" ;rf)

Z(% %)
Z; Component i
% Component J

10 P

Figure 11. Generalized compressibility chart for two different substances.
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6. Pseudo-Critical Constants. The reduced properties of mixtures

may be estimated by means of the theorem of corresponding states. Use

df the true critical Eonstants of mixtures (mentioned in part B) does

not give satisfactory results. Therefore, it is necessary to find another
technique so that the mixture properties might be determined accurately.
The mixture constants that correspond with the critical constants of the
pure components are called "pseudo-critical constants" for mixtures. The
pseudo-critical constants of a mixture are completely different, in a
physical sense, than the true critical constants.

The pseudo-critical constants are usually deterinined by means of
the combining rules (mentioned in part A.2). The simplest combining
rule, Kay's rule, is that the pseudo-critical temperature and pressure
are determined by the linear combining rule - equation (3-12). There
are several other combining rules for pseudo-critical constants which
produce more accurate results for predicting the mixture PvT properties,
but they are more complex than Kay's rule. Several authors have dis-
cussed and summarized some of those rules (45,76,92).

In general, it is necessary to have sufficient combining rules only
for three of the four pseudo-critical constants (Pcm’ Vem? Zems and Tcm)‘
The fourth one may be determined from the equation PcmvcmzzcmRTcm'

As simpler combining rules, several investigators adopted the linear
combining rule for the pseudo-critical compressibility (20,49,71), volume

(39,71) and temperature (71,92), as follows,
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N

Z,. =Z ¥l (3-96a)
i
N

Vem =2 ViV (3-96b)
N

Tem =) YiTei (3-96c)
1

Besides these, it is common to use the Lorentz combining rule (equa-
tion 3-16) for the volume (20,38) and the linear square-root combining

rule (equation 3-13) for the temperature (38,84), as follows,
i ]/3+

TN R R
Vem =) 2 vy () (3-97a)
i3 '

N
Ty = (O w47 1/2y (3-97b)



CHAPTER 1V
DETERMINATION OF THE CONSTANTS
OF THE EQUATION OF STATE
A.  GENERAL

While the form of the equation of state was being chosen, the first
consideration was to be able to determine the constants of the equation
from the general behavior of pure substances. Thus, the corresponding
constants for different substances would have the same physical meaning;
this would allow the evaluation of the constants for mixtures by using
suitable combining rules, which would themselves have a physical meaning.
The second consideration was to be able to predict the thermodynamic
properties of the pure substances and mixtures more accurately than the
other equations, especially in the critical region. For those consid-
erations, Martin's recent equation (1967) (equation 3-25) was indeed sat-
isfactory. During the evaluation of the constants for argon, neon, and
nitrogen, some modifications were necessary, and finally the modi fied
equation (3-33) provided a satisfactory representation of the PvT be-
havior.

Although the constants would be determined by means of the general
behavior of substances, because of the inaccuracies of the parameters
representing the certain general behavior and also because of thé sen-
sitivity of the equation, it was not possible to directly correlate the
constants of the equation of state from the analytical relations that
will be mentioned in this chapter. Therefore, the method of successive

approach was used to evaluate the constants of the pure components.

-60-
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Perhaps additional work with the numbers and with the analytical
relations was required to get the desired accuracy. Nevertheless, the
process was useful in understanding the character of the equation of
state and the effect of the parameters. Actually, the expression (as
well as the equation of state) borrowed from Martin may explain the un-
expected aspect of the equation of state: "Because of the apparent sim-
plicity of the task, it is not surprising that many have rushed in where

more experienced workers have feared to tread." (46)

B. CONSTANTS FOR PURE COMPONENTS

1. Critical Isotherm. Most equations of state fail in the critical

region; therefore, it may be considered that to first fit the equation
to the critical isotherm gives a better correlation in the critical re-

gion. After rewriting equation (3-34)

L T,(T,)
PAT ,v) =y —tT. (3-34)
r r r i=] ¢1(Vr)
~ “where Pr=P/Pc’ vr=v/vc, Tr=T/Tc and
- -k(Tp-1)
rti(Tr)’Ari +_BriTr * Cri € r (3-34a)
3 . v:n ’ i=]’.ouo,5f
By (v) =4 L) e 7 (3-34b)
Ar] = Cr-l = ‘0’ Brl = 1/Zc

The equation may be written for the critical isotherm (Tr=l) as follows,
iy
(v

r

7
Pellsvp) = Prylvy) = Z (4-1)

i=1



where,
Tl] = Vzc

‘[11 T.‘(") = Ari + Bf‘i + Cr.i 1225 00ees? (4']&)

are constants, dl(v )} are the same as in equation (3-34b). There are

eight unknowns: T , T, T, ., T.,T

31 410 510 610 710 g and &gs but only

three relations, as

P (1,1) = (4-2)

(%—PL -0 (3-36)
‘1 .
at vr=1
2 .
o Pry =0 (3-37)
Eivg
T =]
at vr-I

(

As mentioned previously (Chapter III, part B.1), the third and fourth
derivatives at the critical point might not be assumed to be zero. If

it is desirable to use the relations,

= - £ (3-38)

3

(P, = € (3-39)

at vp=l
two more unknowns { 83, 84) will be added. By the application of equa-
tion (4-1) to the relations (4-2) and (3-36) through (3-39) the following

results are produced, respectively:



P = Ty = (4-3)
=
aPy 8 T 7 . = |
r =) o) it O (4-4)
=1 5 o
at vp=1
3% > !
( aﬁ’ =) iR Type ) oy Ty =0 (4-5)
rTeel s i=6 |
at vp=1
1539 5 7
( avg’ - >t () Ty - 5 o Ty = - & (46)
roTesl il i=6
at vpe=1
% > 7
( bvz) = D iti(is)(isa) Ty, ¢ D> i TGy = & (47
rTe=l 90 i=6
at Vr=1

Consequently, two different equation sets [(i) equations (4-3)
through (4-5); (ii) equations (4;3) through (4-7)] are regarded as being
able to determine the constants of the critical isotherm. Both sets
need five more relations or the experimental PvT data with a high accuracy
for the critical isotherm (Table III-1,2,3) in order to determine the
constants comp]ete]y. The equation sets may be referred to as * T-equa-
tion set" and " £ -equation set" according to whether or not it includes

€3 €4- In the T-equation set, Toys ‘T.'3], T“, o ¢ and the ratio
of the o, to & (m= 0(”/ ) and in the €-equation set, Toys 8,3,
84, fxre’ and m were chosen as parameters; then the other constants

were determined in this work. The preliminary values of some of those

parameters were obtained from the theorem of corresponding states. 't21’
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1:31,..... are related to the reduced second, third, and so forth,

virial coefficients as -- from equations (3-55), (3-71), (3-72)....--

T

21 = B.(N/Z 91/22 (4-8a)

T

= ' 3
31 cr(”/zc 1%/Zc (4-8b)

C ... are the reduced second, third, ... virial

2

respectively. Here, Br’ r
coefficients, B, = B(T)-P/RT., ¥y = c(1.)-P2/RPT,

are the second, third,...virial coefficients (Chapter III, part B.2 and 3).

5005 and B, C,...

Although the values of the second and, perhaps the third virial coeffi-
cients are available in the literature ( B;=1.333, T1w0.04), Ty
dYG’ and m (for the T-set) and 83, Eﬂ’ A es m(for the &-set) are
not known. 'TA] may be estimated, as a first approximation, from equa-
tion (4-3) vanishing ‘Is], ‘t61’ 't7]. Then, °$6 and m may be roughly
chosen as 0%6958.00-10.0 and m=2.0.

At the beginning of this work, the values of 83 and &4, except
assuming them to be zero, were not known. Perhaps, more work is needed
on the third and fourth derivatives for the pure substances in order to
generalize the behavior of the critical isotherm by means of 23 and &,,
or vice versa. However, the reduced pressure-reduced specific volume plot
(Figure 4) and Table XI may be helpful in‘estimating the approximate
values of €3 and §&,.

Thus, Tgys Ty Typs €,, and & are solved as functions of the

parameters of Té], 'tﬁl’ 1%], U$6 and m (from the T-equation set),

or Tys Tyyo Tgy» Tgy and Tyy as functions of the parameters of
't21’ E3, ¢, 096 and m (from the &-equation set). The solutions

of the equations may be written as follows:



Do
T = A'; i=6,7 (4-9)
where '
X X
A(i = (_])1 67 Ti (4-9a)
Yo7 YT
- [*te Xy
At = (4-9b)
Yt Ya7

and for the T-set (Tpy» Tyys Typ» %ego m)

Xg7 = <5+ 4 Uy +3 Ty 2 T+ Ty
x“’-i'_'uri"5 (= 6.7
= ol ol . +20 Ve (4-10a)
Yy = %10 %y -10a
for the &-set ('Ez], 83, 84, drﬁ’ m),
Xy = 63- 60 + 24 T” +6 Ty
Yo7 = & - 20 €3+ 120 -24 T,
- 3 2
4 ° 3 2 1 =6’7 (4—]0b)
= - - .+
Yogi = Xy =20 oy + 120 ok, -240 K.y * 12

After Tsi’ '(7] are solved, Tg, is found by the following equation

T =1 Ty-Ty- Ty - Ty- Tg- Ty (4-11a)

for the T-set. And TS]’ Tyq» and T3] are found by the following

equations 2 8 °(,. 12 0(2 8 "
g™ 6" r?” 7
Tg =63 Ty - Ty - — Ty - 3 Tn
* (4-11b)
Ta=-3+2 Tyt T2 Tl %63) Tyl A3 Ty
' (4-12)
. T . T . T, . i i
Ta=1-Th- % % T Ta - T (4-13)
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for the E-set. It should be noted that 'T]]‘= /Z, is calculated from
the critical constants (Table II).

After evaluating all of the constants, the equation of the critical
isotherm is tested with the experimental data (Table III-1,2,3). The
constants used as parameters have different influences in the different
density region and for the different equation sets (“U-set or E-set).
Therefore, it isvnecessary to determine the effect of each parameter for
each equation set. These may be done by comphting the change of the
calculated pressure or compressibility, or the change of the deviation

percentage, A(Dev. %), as only one of these parameters is changing.

Here,
Pea1Pex Zea1 Zex
Dev. % = <5°€XB . 100 + S~ 2B . 100 (4-14)
exp exp
Pca'l2 Pcal] an12'zcal.I
A (Dev. %) = 100 = 7 100 (4-15)
exp exp :

where Pcall’ Pca12 and an11, an]Z are the calculated pressures and

compressibilities before and after a parameter changes, respectively.
Figures 12 a through 12 j, which have been plotted with the results
for argon, show, as a function of reduced volume, the change of the per-
centage deviation, Dev. %, when each parameter (o(rs, Toys "C3], T“,
m which were used in the T-equation set; Q%S’ Té], 83, &4, m which
were used in the &-equation set and Zc) changes while the remaining
parameters are held constant. (+) and (-) signs represent an increase
and a decrease, respectively, in the change of Dev. % when a parameter
increases (referred to by r ) or decreases (referred to by N ) as a
certain given amount shown in the figures. The numerical value of the

A(Dev. %) may vary according to the different values of the para-



"WAAYOSL 12913149 ay3 buoje 2 °“A3Q ay3 uo 27 30 328449 ayl

*qz| 24nbyy

o
QU
T o0z 8 9 H¥ w0 9 S ¥ € 3 | o'l g o ¥0
1 1] { |} ] ) | i L ) ) 1 1 1 ) 1 1 |
T, MI
[~ s - —2z-
| 13¢- -
~ " R I
. — 10000°% 7 —1!
] | 1 ] ] | I 1 | ] LJzoo ] ] b ] ] 7
(%2q)V
s WJ3YJ0S} |eI1314D ay3 buoje ¢ °AdQ 3y} uo 9% Jojoweded 2y} JO 399449 AYL °eZ| aunbLy
T¢ 02 8 9 # e o 9 9 S + € I/ | 0l 8 9 +¥0
] i T { | | T ! | T 1 | T T T 1 ]
135-3 __ .- e M
=nognzssessizozoocos s Mo H o

T00¥ ¥%

| 1 1




-68-

Ww4sYy3os} |ed13}4d 3y} Huole 9 pue 1% 4o uorjeurquod

p?
¢e o0¢ 8l 9 H e o
T . 3 1 1 | ] '
} 1 | ] i 1 | ] ]
WMdY30S} |ed1314d 3y3 buoje ¢ °AdQ 9yl uo _N.H J332ueded
v
e oOc 8 9 #HN @ o 8 9 !
| | | | | | | | r+
- —

B - T T I L ok kadadiahiy

3y} JO 329443 3yl °pgl a4nbyiy

o'l 8’ 9 40
1] ] ] I LB T

ammaal hm— N'

ﬂ@;—t

— 1000°% /%, o L

“ n..._nmmuwu --—o
13S-)

— —

| ] 1 | 1 |
(% A2Q)V

2y} JO 309443 3yL °oz| a4nbLy

1) 9’ ¥0

_ [ P

1000° X '%,
| | | |

(%A2Q)V



WA3y30s) 1e2}3140 3y} buofe 9ho pue w suajaweded 9y} JO UOLIBULQWOD By} JO 333449 3Y]

"421 84nb}4

0,
T o 8 9 # T o 8 99 S ¥ € 7 1 O g 9 0
=TT =TT T 1 T T 1 T Ty fm T 1T 71T 71T 1 -
= ) —|00~ }— 11"~
135-1 .-
] - - ot
lllll.lllllllllllllll 13s-1, l\q\Tl_o | .._.mww o
S=~a /
III g ¢’
— 1 [~ ;oo ‘A
~d3s-2 !
e III/ \ —Jz00° . ..ﬁwhs — N.
oot 10°0/ W
— | ] ] 1 ] 1 ] | | ] l ] [—i¢o0 [l | | ] 1 ] ¢
wm (% MQV
A WABYIOSL |eI1II4D 3yl Buole % *Aag au3 wo g /L4, =w Jajaweded Byl o 399333 Ayl “dgL d4nbiy
qJ)
TC 0 8 91 4 7w of 8 99 & . € T | .01 8 o +0
) T T T 7T I T T T T T 1 Z-
— N o L
) ﬁ IOWMIWMWI - - / .
s sesnnmeT - 5T Mo } —0
= —or |- -
— oo = ooy w e
I T N N A B B L4 1 1 aker bt 11 1 e

(% M0V



9490 y3m 3 pue mw s4djoweded 3yl JO UOLIRULQWOD BYY 3O 30934343 3yl °Y2| a4nbiLy

")
Q
20 0 8 99 H T o 8 99 S +$ € T ] o] 8 o Y0
I ] | 1 ] | ! | ! ] ] T | ] | |  — ]
— \ th \\\\\ I/ ||—O-l- — -\ULU ) — —.O‘
_o.o\mu/( e \ 100y % TN
e e \ /’ \
IIII.II-\\\\\ ov \\\ \
$unuun.......uu..........n....--------.\-,- i A0 - - -~ - ==zz n -0
ﬁw..v TTees ~— |\|.\\\ X2y \ . \s
oy 3 1'o¢ ™3
] | ] I 1 ] ] ] ] l ] | e ] ] ] ] | I 10
(% reQ)V
0 g *AD(Q 93 uo ¢w pue mw saojaweded 9y} Jo 303449 8yl 62| a4nbig
T 0Z 8 9 4 <. Ol 8 99 S ¥ € 4 { 01 8 o ¥0
1 | I | I | I l | I | | [ ] | ] T ] Y
= ' . \\\lla B A 7 A_.I
. e \\\\ \ \\\
__os/ﬂ 3 e \ 100¢°3[~>
] = \ R
, mmmmmmem =TT . \ .
Wnuu..........nhhhnﬂu.n.n..-.:...u..:-:---. S \uT o) = EELEE RS Sl -0
—.o re \.'llll\\\ \Iltl
‘3 o3| Thal
] ] | | ] | ] ] | ] l Ll | L ] ] i 1 |

(%A2Q)V



Mo yim Lty pue 1€y suojouweded ay3 jo uoLIeuLqUOD BYI JO 393443 BYL °fZ| AUnb)

)
0
7 oz 8 9% 4# 2 o 8 99 § 4 € o | o’ 8 9 0
T T 1 1 T T 1 T 1T T - T L 1T T T 1,
/Q._-Rv :
— . 000" 1, I o
0 —o
\
[ \o._B J00° =10
620007 'L
— 000 —120
T IO N N N N L1 1 1 I I I I
(%a2Q)V
0 | S.H pue L€, saojoweded 3yl Jo 309433 auL 12l auanby 4
~ T2 0z 8 9 H Y O 8 99 ¢ 4 € T | 01 g 9 $'0
' | | |
L 1 T 1 1 I lrs.- S B
— —too- | —+-
63000y ¥
— oo~ |- —z-
: o H-
f— _ 100 —
62000 L
- i B
NN RN T AN N SN N | ISR S A N N N P I I N 9

(% 72q)V



-72-

meters, but the order of magnitude and direction are always the same
as shown in the figures. The results for neon and nitrogen are similar.

Al1 of the parameters are highly effective in the high density re-
gion and the percentage deviation does not change very much in the low
density region (Figures 12a,c,e,g, and i). However, it should be noted
that the parameters are changed in very small quantities (0.0001 for
Tpy» 0.00025 for Ty, 0.0005 for Ty, ete.)

The effect of the °§6’ especially in the T-equation set, was neg-
1igibly small in the low density region; therefore, the combinations of
the other parameters with drﬁ were considered in order to eliminate
their high effectiveness in the high density region (Figures 12d,f,h,
and j). Then, various combinations of these in either the ‘T-set or the
€-set were applied successively according to the preceding result of the
percentage deviation.

Figares 12b show that a very small change on the critical compres-
sibilipy effects the percentage deviation considerably more than all of
thg-other paraheters in the very low density range. However, in this
work, Zc’ was kept constant at the values obtained with the critical con-
stants listed in Table II and with the gas constant R=82.0597 cc-atm/mole K.

The constants for the critical isotherm of argon, neon, and nitrogen,
the experimental and calculated pressure compressibility, aﬁd the per-
centage deviation are presented in Table XIII-1,2,3 as computed with the

co uter.

2. Overall Temperature Range. After the determination of the con-

stants of the critical isotherm, equation (4-1a) gives six constraints

oo
among A Bri’ and Cri S:

ri’

S
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TABLE XIII-1

ARGON__:

TC = 150,860 K

PC = 484340 ATM,

VC = T&,560 CC/MOLF
IC =04291144

T11 = 0,242472F 01
T21 =-0,393676F 01 BET1=-0.333700F 00
T21 = 0.,147270F 01 GAM1= 0. 363446F-01
T41 =-0,110220F 00 DELY=-0,796327E-013
TSl = 0.203571F 00
T61 =-0,638672F-01 ALF6= 0.B879000F 01
T71 = 0.466295F-03 ALF?= 0.162615F 02
P(1,1)= 1,000
NP(1,1)= 0.000
D2P(1,11)=-0,000 '
P3P(1,1)==2,550
N4P(1,1)=40, 299
v P-EXP, P-CAL, 7-EXP  Z-CAL DEV.Z
COIMDLE ~ATM, . LATMa ——— ————— ———
34,016 302,684 302, 634 0,854 0, 854 -0,017
26,815 211.954 212,316  0.630 0,621 0.17)
1g, R1S 150,897 151,063 0,473 0,474 0. 110
41,005 110.2R88 110,291 0,365 0.345 0. 002
413,009 86,228 R6, 206 0,307 0, 300 ~0, 141
46.420 65.532 £5,470 0,246 O, 246 -0. 083
49,108 57.203 57,224 0.227 0,227 0, 0326
51,822 52,757 52,830 0,221 0,221 0,129
55.00? 50,203 50,292 0,223 0,223 0,176
62167 42,558 48,573 0,244 0,244 0,022
74,550 48,340 48,340 0,291 0,29} -0, 000
107.641 47,666 47,63% 0,416 0,614 -0. 064
126,970 46,350 46,336 0.475 0,475 -0, 048
150,924 44,123 44,122 0,538 0,538 0,026
189,599 404142 40,167 0,615 0,615 0. 06}
235, 640 35,695 35,716 0.679 0,680 0, 057
297,371 30,769 30,777 0.739 0,739 0,026
106,526 25.451 25.452 0.795 0,795 0. 005
4R0.811 21,432 21,424 0,822 0, 837 0. 012
650, 902 16,414 16,411  0.876 0,876 -0.022
995,756 11397 11,395 0.917 0.917 -0.018
1585, 804 7.396 7,393 0.947 0,947 -0, 045



—_NEON___=

T1Y
T21
™
T41
751
Tel
771

v
ceMoLE

19,256
20. 261
21,050
22,152
24, 046
24,837
27,178
28,303
20, 881}
32.451
33,786
35,711
AR, 640
20,144
40,079
4,744
66,865
R?2,637
RR, ROL
104.274
107,924
223,609
226,505
364,025
70, 0R)

TC
pC
ve
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TABLE XIII-2

44, 400
264190
41, 744
0. 300066

0.323260E 01
0., 361175E 01
0,'13881E M
0,162608E-01
0. 21006 0F 00

K
ATM,
CL/MOLE

BET1=-
GAMY =
DEL 1=~

0. 5637191€=-01 ALF6&=
0,355911E-03 ALF 7=
P(1,1)=

DP(1,1)=

N2P(1,1) =
D3P, Y )=

DaP(ly1)=4
p-£xp, P-CAL, 7-EXP
ZATM, . _ATHS ———
TR0.119 1RO, 218 0,952
129,109 127,780 0,718
aR,227 99,456 0,558
72,420 T2, 561 N,440
&Lk, 883 47,190 0,309
41,739 41,225  0,28%
21,611 31,483 0,236
29,508 29,5231 0,279
27.205 27,226 0.231
26,697 26,662 0,238
26,584 26,423 0,247
26.468 26,260 0,260
264308 26,197 0,279
26,305 26,194 0,283
26,207 26,191 0. 28R
24.190 25,190 0,300
25,371 25,353  0.466
23,067 231,058 0,543
23,647 23,622 0,557
21,750 21.742 0,622
21,224 21,374 0,632
16,651 16,630 0,746
12,726 12,747 0,217
12,402 12,5619 . N, *°'7
8.787 8, 79! 0.5 0
5;800 5. 803 0. e

0, 325200F 00
0.307681E-01
0.121827E-03

0.888S500F 01
0.164372F 02

1,000
0. 000
0. 000
2770
1.299

7-CAL

—— —— —

0, 952
0,711
0. 575
0, 441
0,311
0. 281
0,236
0., 2?2°
0, 221
06237
0, 245
0,258
0. 278
0, 281
0, 288
0,300
0, 465
0, 543
0, 557
0, 622
0, 622
0, 746
0. 817
0,819
0, e’?
0. 924
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Tl
T21
™
T4
T51
T61
T71

<0
= Ne X
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TABLE XIII-3

v
ChiMOLE

44,971
4, 701
54,8085
67.3648
65,002
69, 782
€9,075
77,695
81,142
90,100

107,853

127,264

130, 504
168,004
159,03
Y169, 325
1¢0,185
207, 776
23R, T 7
1N 7,418
417,721
IS4, 471
Y165,91 2
1480, 341

= 126.200 K
= 33,500 ATM,
= 90,100 CC/MNLE
=0s291461
0, 343099F 01
-0,395529F 01 BET1=-0.326000F 00
0,167961F 01 GAM1 = 0,415361F-01
-0,504855E 00 NEL1==0, 364324F-02
- 0s &20449F 00
=-0,712050F-01 ALF6= 0,908300F 01
0, 204411%-013 ALFT= 0,1%54411F 02

P{1,')= 1,000
ne(1,1)Y= 0,000

p2eP(1,11==0,000
N3P(1,41)==1,910

P-FXP. p"c AL’
AT™, ATM,
130,335 120, 704
71.540 71,556
67,127 46, 813
3R, 241  26,25A
34,530 34,710
33,900 323,997
22,063 32, 974
33,58 23,557
23,510 33,57
213,500 23,500
23,460 33,447
23,170 22,127
33,0R0 33, 03R
32,300 22,265
21, R70 31,897
31,240 21,364
30,160 30,182
27,110 29,122
27.2R0 27.2956
23,130 23,152
19,160 19, 1¢&2
11,930 11.930
8.710  B8.116
6,513 6,517

ALL DATA HAVE BFEN PRNCESSED

STND

0

7-EXP

0.566
D.343
0.250
0,218
0,220
0.228
0. 229
0,252
0. 262
0.2
0, 34R
0. 408
0. 417
0. 466
0. 48¢°
0,512
0,554
0. 584
0. 70°
0,712
0. 869
0.9172

- 0931

- CAL

0.568
0, 342
0., 248
0, 2R
0.221
0. 229
0, 230
0, 252
0. 2A72
0, 291
0., 248
0, 407
0,46
0, 664
0,490
0. 512
0. 554
0. 5R4
0, 629
ND. 7' 0
0. 773
0. B5Q
0.014
0, 92?2

DEV, ¥

0. 352
0, 022
-0. 666
0, 041
0, 548
0. 287
0. 025
0. 020
-0, 000
-Oo 076
0, 086
0. 078
0,072
0, 074
0, 058
0. 097
0. 008
-0, 002
0.078
0., 065
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. = T i = -

Ari + Bri + cri 1] 1 2’ -oo-ou’? . (4 ]a)
On the other hand, Bri = 1/Zc, q;s and (.7 were determined as men-
tioned in the previous section. If k = 5.475 was assumed as proposed
by Martin (59), twelve more relations would be needed in order to evalu-
ate all of the constants. Those relations were evaluated from several
general aspects of behavior of substances, most of them having been

suggested by Martin (57).

a) The Second and Third Virial Coefficients. The reduced second

and third virial coefficients for the equation of state are given by
equations (3-55) and (3-72), respectively. (Chapter III, Part B.2, 3).
The relations between the virial coefficients and 'ti(Tr)'s may be

written as follows:

= = 2 ’ -
Ty(1,) = 8,(T)/Z, = B(T)/Z ‘ (4-16a)
= = 3 ' _
T3(1,) = e (177 = B(TV/Z (4-16b)
where B Cr’ .... are the reduced second, third, ... virial coefficients,
B(T) ¢(T)- P
p(m) = , B(T) = RZTZC s ... and B, C,.... are the second,

third,... v1r1al coefficients.

It is well-known that the second virial coefficient becomes zero at
fhe Boyle temperature. The value of the reduced Boyle temperature, TBr’
varies between 2.1 and 3.3, but for most substances it is approximately
between 2.3 and 2.6. For the third virial coefficient, Martin (57),
suggested to read off the value at the Boyle temperature from the gen-
eralized third virial coefficient vs. the reduced temperature plot. Thus,
the following relations may be written:

k(Tg-1)
T, (TBr '(:1B Ani*BpiTprtCri - i=2,3 (4-17)



where

Tpg=0 and Top = € (T )/, = ‘6‘(13)/22.

Other relations for the second and third-viria] coefficients were
suggested by Martin (57). The slope of one of the reduced isotherms on
the Z-Pr plot, in other words, the value of the reduced second virial
coefficient B; at a reduced temperature, T; is equal to Zc-l. This re-
duced temperature is about 0.8. Martin and Hou (59) proposed that T;
is a function of Z.. The value of the third virial coefficient at this
temperature may be read from the generalized third virial coefficient

plot. These yield:

-k(T;-1)

'['i(r;,) = T = Api * B Th+C e i=2,3 (4-18)

2
'= (1=~ Il'_'._ ' ' = ' 3
where To= -(1 Z.) (ZC )" and r[3 C(TL)/Z, (T )/Z_. However, another
feature of general behavior of the third virial coefficient was used in
this work. The third virial coefficient has a maximum value at the re-
duced -temperature, T;, approximately between 0.8 - 0.9. From equation

(3-72), the following relation may be derived,

dc_(T.) A_,Z C..Z -k(T2-1)
rrr’_"r3c,  r3c (1 + kT") e L (4-19)
dTr Tll2 T"2 r
r r
and this yields
-k(T;-i)
Apg *+ C3 (1+KT)) e =0 (4-19a)

Recalling the equation (4-1a) for the second and third virial coeffi-

cients,

the constants of the second virial coefficient (ArZ’ Br2’ Crz) and the

constants of the third virial coefficient (Ar3, Br3’ Cr3) are solved



-78-

similarly to each other and independently from the other constants by

means of equations (4-1a), (4-17) and (4-18) or (4-19a), as follows,

A,
Brj = Ai1 i=2,3 (4-20)
Cpi = 2?" i=2,3 (4-21)
]
and
Ang = Tqp = By - Cpy i=2,3 (4-22)
Here,
i ey Na, N M, Ac,
4, = Apq; = A - (4-23)
Mo M, “ M, I s, T,
where
gz = Mgy = To, -
qcz = %CB = e-k(rBr-]) 1
A, =-Ty
T(T3)
Ay = Tsa B T31 = 3 Ty
[od
Mgz = Tp - 1
Mgg = -1
Me, = k(T -1
Meg = -kt e K(Te 1)y
' T2
My =Ty - Ty =-0-2) z) -t

rt3 = - ’E:ﬂ (4-24)
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Aftér all of the constants were determined it was necessary, by
changing the parameters, to test the equatidn with experimental PvT data
in order to refine the equation. Fortunately, the effects of the para-
meters were more regular than the parameters used for the critical iso-
therm, although the entire PvT surface was considered. At low densities,
small changes in TBr and T; greatly effect the percentage deviation,

Dev. %, equation (4-14). The effect of the TBr increases with temperature,
but T; is more effective at low temperatures (Figures 13a, b). However,
'C3B is more important at high temperatures than T., but T; is effective
at low temperatures (Figures 14a,b).

In Figures 13a, b and 14a, b, (.7 ) or (°\ ) represents an increase
or a decrease on the Dev. %, respectively. The numbers near the arrows

in the figures show the order of the magnitude of the A(Dev. %).

b) The Slope and Curvature of the Isometrics. The equation of

state, equation (3-34), by rearranging, may be written as foliows,

P=Av,) *+B(v) T +cC.lv) e*(Tr 1) (4-25)
where
. AL
Alv,) = i ?‘('\‘,—)— | (4-25a)
=1 70T
7 8.,
B (V ) = 1l 7
r‘''r — g%lvri (4-25b)
'|=
7 cri )
Cr(Vr) = Z W (4-25¢)

e
n
—
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Figure 13a. The effect of the TBr on the Dev. %
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Figure 13b. The effect of the T". on the Dev. %
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30 ru'r

Figure 14b. The effect of the T;



and ;
Ve i=1..., 5

‘ ¢i(v¥‘) = (v.-1) )
o rit'r i=6,7 (4-25d)

By holding v constant, equation (4-25) expresses the isometrics. The
exponential term, e'k(Tr']), approaches zero as the temperature increases.
This yields the fact that isometricﬁiare nearly a straight line at high
temperatures. Although the behavior of the isometrics at very high tem-
perature (isometrics curve down) is not consistent with the equation of
state, our primary attention in this work was focused near the critical
region. Therefore, it was not necessary to add another term for this
curvature at very high temperatures.

The first and second derivatives of the equation (4-25) wifh re-

. spect tb reduced temperature produce the following relationships:

oP |
(3750 = Belwy) -k Celyy) e k(Tr-1) (4-26)
v
r
2p
(=2 ry =g tv,) e7k(Trl) (4-27)
TS
vr

The properties of cr(vr) are related to the constant volume spécific
heat (Chapter III, Part B.4). Combining éqdations (3-73) and (4-27) at
the critical femperature, it may be concluded that Cr(vr) becomes zero
at critical density and at the density @, between 1.8 and 2.0 times
critical density (Figure 8). It is positive inside the density inter-
val (1, f}x) and negative outside the interval. Martin suggested the
use of the densities fﬁy’ Crz which are about 1.4 and 2.1 and their

T2 T8

curvatures which are approximately TooP and - 0P ° respectively.
' ' c c



Thus, the relationships

r =
0 at Vp 1
KIEZEJE—- atv,, = ——% !
Cypc ry Pry 1.4
= .1 =1 -
Cr(vr) < 0 at v = e * 73 (4-28)
2 rX
L Czpc rz €rz 2.1

are written in order to determine C4, C5, CG’ and C7. Here Cy,g 100
and Cz ¥ 50.

From the equation (4-26),
Bu(v) = m(v,.,T,) + k C(v,) e K(Tr-T) (4-29)

anq may be .written. Here mr(vr’Tr) is the slope of the isometrics.
Br(vr) is actually different than the slope of the isometrics; however,
it approaches tne slope as the temperature increases. On the other
hand, Cr(vr) is a very small number, and is zero at the critical density
and at‘the density Prx = 1.8. Therefore, for the high temperatures,

the equation
Bv.) =m.(v., T.) (4-30)

may be written. The following relations are proposed by Martin in order

to determine B4, BS’ 86’ and B7:

( ey at v, = 1
1 o~ 1
cC! -m at v, = T —
5 (v.) = X er rx (orx 1.8 (4-31)
r vr h ﬁ , — 1 1
Cy . mcr at \l'_.y = "—1—€ry = '2-76
\ C;/Zc qt v".z = 1.5
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where Mep is the slope of the critical isometric on Pr VS. Tr plot,

C;‘§'3.5. C; ¥ 4.0, Cé'g 1.0. After By, Bg, By, By and Cy, Cg, Ces Cy
are found by means of the fourth order linear matrices, A4, A5, A6 and
A7 are obtained from the equations (4-1a).

Figures 15a through d and 16a through f illustrate the manner in
which the percentage deviation, Dev. %, changes in different density
regions when one of the parameters [used for the determination of the
constants of the equation of state, equations (4-28) and (4-31)] is
modified. The arrows (4 ) or ( ¢ ) refer to an increase or a decrease,
respectively, on the Dev. %, and the numbers give the order of magni-
tude of the A(Dev. %).

The parameters used for the curvature (Figures 15a through d) pro-
duce small changes, especially in the low temperature and high density
range. The other parameters (mcr, C;, C;, Vix? v;y and v;z) used for
the slope of the different isometrics are much more effective than the
former parameters (Figures 16a through f). Their effect increases as
temperature increases. Their effectiveness is very large in the high
density region.

Although it has a large effect in the moderate density region up
to critical density and in the density région higher than the critical
up to 1.5 times critical density (in different directions) but not at
-high temperatures, in this work the curvature constant k was kept constant
and was assumed to be the same for all substances (k=5.475).

First, Tg. and ’KKTB) were varied in order to have a better fit at

high temperatures and at low and moderate densities by using Figures 13a

and 14a. Then, by using Figures 13b and 14b, the constants of the equa-
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tion of state viere édjusted for low temperatures and for low and mod-
.erate densities by means of T; and T:, respectively. By using the
effect of Mep (Figure 16a) the critical isometric coincided precisely
with the experimental data.” The effect of the f?x and its slope co-
efficient, C;, and the effect of the f?&& and its slope coefficient, C},
.[equation (4-31)] are very important at the densities Lrx ¥ 1.8 and
f;y‘z'z.o; therefore, the high density region of the equation of state
was fit to the experimental data by first using Figures 16¢c and e and
Figures 16d and f simultaneously. Then the high densjty region was
refined with the effect of the curvature parameters ( ?ry and Cy, frz
.and Cz) because their effectiveness is more important in low tempera-
ture rather than high temperature regions (Figures 15a through d).
However, these latter parameters made some changes in the density re-
gion less than critical (1 < vy <€ 2); these undesirable changes were
eliminated as much as possible by means of v;z (Figure 16b). Then,
according to the results of the Dev. % in the overall region, the same
procedure was applied successively in order to get better results.

The numerical values of the final parameters used in order to
obtain the constants of the equation of state for argon, neon, and
nitrogen are listed in Table XIV. Table XV-1 gives the reduced con-
stants which are determined by means of these parameters. The constants
may be calculated from equations (3-35a, b, and c) using the critical
constants listed in Table II,(Table Xv-2).

In appendices I-1,2,3, the calculated results by means of the eq-
uation of state equation (3-34), including the experimental data and
the deviation from the experimental data whose sources and regions were

tabulated previously in Table I, are given as computed with the computer.



TABLE XIV
PARAMETERS FOR ARGON, NEON, AND NITROGEN

ARGON NEON NITROGEN
B, -0.3337 -0.3252 -0.3360
€3 -2.56 -2.77 -1.91
& 40.3 41.3 27.3
olpg 8.790 8.885 9.083
o7/ Heg 1.85 1.85 1.70
k . 5.475 5.475 5.475
Ter 2.620 2.620 2.500
T 0.776 , 0.777 0.787
T(Tg) 0.0120 0.0115 0.0125
T 0.840 0.840 0.820
Crx 1.845 1.845 1.830
Cry 1.43 1.43 1.44
' Prz 2.20 2.26 2.22
C, 110.00 100.00 100.00
C, 55.00 70.00 50.00
Mep 6.05 | 5.85 6.20
€ry | 2.08 2.03 2.07
Vi 1.484 1.504 1.496
Cy 3.45 3.40 3.40
C! 4.45 4.25 4.50
c, 1.00 1.00 1.00




TABLE XV-1

THE REDUCED CONSTANTS OF THE EQUATION OF STATE

CONST.

ARGON

NEON

NITROGEN

Brl

Arz
Br2
cr2
Ar3
Br3
cr3
Ar4
Br4
Cr4
Ar5
Br5
Cr5
A
Bre
Cre
Ap7
Br7
Cr7
drﬁ

Sp7
k

= 'l/Zc

0.3434722x10
-N.5971846x10

0.2279344x10
-0.2442619

0.1813519x10
-0.2059304

- -0.1348870

-0.2065622x10
0.1582401x10
0.3723926
0.1440616x10

-0.1308746x10
0.0717007

-0.2658315
0.2665886

-0.6462431x10~1

-0.0834534x1072
0.1619041x10-2

-0.03201119x1072
0.8790000x10
0.1626149x102
5.475

0.3332603x10
-0.5421801x10
0.2069404x10
-0.2593550
0.1311094x10
-0.0747662
-0.0975173
-0.4392625x10
0.3318498x10
0.1057867x10
0.4286957x10
-0.3312717x10
-0.7542806
-0.6275799
0.5118225
0.5203829x10")
-0.6045260x10~2
0.5154882x10~2
0.1246293x10"2
0.8884999x10
0.1643724x102
5.475

0.3430992x10
-0.6069069x10
0.2427662x10
-0.3138865
0.2208117x10
-0.3783737
-0.1501387
-0.2402857x10
0.1294164x10
0.06038380x10
0.1215963x10
-0.0704270x10
-0.09124547
-0.1514978
0.1289183
-0.4862533x10"]
-0.06598292x10~2
0.09061960x1072
.0058044x10~2
0.9082999x10
0.1544110x102
5.475




TABLE XV-2

THE CONSTANTS OF THE EQUATION OF STATE

CONST. ARGON NEON NITROGEN
B, = R 82.0597 82.0597 82.0597

A, -0.1604821x107  -0.02474381x107  -0.1650502x107
B, 0.4060260x10% 0.2127086x10% 0.5231461x10%
C, -0.6564075x10° -0.1183635x10°  -0.8536244x105
A, 0.3633675x108 0.0249776x108 0.5410546x10°
B3 -0.2735082x105  -0.0320804x105  -0.7346500x10°
Cs -0.2702677x107  -0.0185780x107  -0.3678846x10’
Ag -0.3085892x1010  -0.0349329x10'"  -0.5304828x1010
- 0.1567012x108 0.0594387x108 0.2263984x108
Ca 0.0556328x1010 0.0084128x1010 0.1333104x10'°
As 0.1604662x10'2  0.01423160x1012  0.2418737x1012
Bg -0.0066311x1010  -0.0247689x1010  -0.1110063x10!?
Cs 0.0798654x1017  -0.02504018x1011  -0.1815012x101"!
Ag -0.1285029x10° -0.1643629x102 -0.05075177x102
Bg 0.0854228 0.3019060 0.03422157

Ce -0.3123939x10 0.1362882x10 -0.1628950x10
A; -0.0403414 -0.1583253 -0.022104

By 0.0518788x10-2  0.3040682x10"2  0.0240551x1072
Cy -0.1547420x10"1 0.3264039x10"1 0.0194448x10~1
ot 0.1178916 0.2128450 0.1008102

o 0.2180994 0.3937630 0.1713773

k 5.475 5.475 5.475

P: atm. v: cc/mole, T: K
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The beauty of the equation of state and the technique used to de-
termine the constants is in its apbroach to better results. The re-
.sulté, the best obtained in this work, are not final and there is'amp1e
»opportunity to achieve better outcomes with new constants. Perhaps
future research in this area can be done for further improvements in the
‘equation of state itself or for further calculations in order to deter-
mine other thermodynamic properties. However, the main purpose of this

research was to apply the equation of state to mixtures.

C.  THE CONSTANTS FOR THE MIXTURES

As mentioned previously (Chapter III, Part A), the form of the
equation of state for mixtures would be the same as those of the pure
cémpqﬁents and the constants of the equation would be correlated with
the corresponding constants of pure components, as functions of mole
fractions.

Perhaps, first of all, as done previously by many investigators.
fhe different combining rules (Chapter III, Part A.2) could be applied
fo each constant and the equation could be tested with the experimental
PvT data in order to get the best agreement. However, if one of the
three combinations (linear, square-root, and Lorentz) was tried with
each constant, the tremendous amount (320) of combinations to be tested
would indeed necessitate a vast amount of work. Therefore, in this
work, this kind of evaluation of the mixture constants was avoided.

On the other hand, a different approach which was derived pre-
~ viously by assuming a linear combination between the reduced virial
coefficients of a mixture and its pure components at a reduced tempera-

ture [equation (3-94)] might be considered. That assumption yielded
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the result that the compressibility of the mixture at a given reduced
‘temperature and reduced specific volume might be' determined from the
compressibilities of the pure components with linear interpolation
[equation (3-95)]. Thus, a new combining rule for the reduced con-
stants, which was much simpler in application and testing than the former

ri
(i = 2,...5). Although the derivation of a similar combining rule for

approach, was derived for the constants, Ari's, B.:'s, and Cri's

the other constants was not able to be obtained by the same procedure,
in this work the same combining rule was used for all Ari's, Bri's,

]
and Cri s as follows,

N
J:—'

where Zcm is the pseudo-critical compressibility of the mixtures.
Zcm may be determined from equation (3-95) by substituting Tr=] and

vr=1, such that the equation derived is the same as equation (3-96a)

N
Z,, " Z] Yiles (3-96a)
J=

The constants 096 and o$7 which are used in the exponential terms

were combined by the linear combining rule,
s = Z Y5 %5 i=6,7 | (4-33)

It is, of course, necessary to correlate two of the pseudo-critical

constants of the mixture (T Pcm) in order to be able to esti-

cm® Vem?
mate the volumetric properties of the mixture.

The linear combining rule was used for the pseudo-critical volume
[equation (3-96b)]. Then, the linear [equation (3-96c)] and the linear
square root [equation (3-97b)] combining rules were applied to the

pseudo-critical temperature in order to compare the results.



The pseudo-critical pressure was determined from the equation
Pcmvcm = zcmRTcm°

If the non-reduced constants are needed for equation (3-33) for
mixtures, they may be calculated similarly to equations 3-35a, b, and

¢, by means of pseudo-cfitica] constants.



CHAPTER V
EXPERIMENTAL METHOD AND APPARATUS
A. FINAL EXPANSION METHOD

1. General. The final expansion method consists of measuring the

mass of the fluid in the test cell by two successive expansions into two
evacuated expansion tanks which are of much larger volume than the cell
(Figure 17). The voiumes of the cell and the expansion tanks, VC’ VI,
VII’ respectively, are known. After the first and second expansions the
pressures and temperatures are measured.

This method was used previously by Scott and Sonntag (82) to measure
PvT behavior of neon at low temperature and the method was compared with

the other methods used to measure PvT data.

2. Theory of Mass Determination. After a series of temperature

and pressure neasurements of a substance in thermodynamic equilibrium at
an appraximately known density, the following technique is uséd to de-
termine the mass of the fluid in the system: the fluid is first expanded
into tank I which is evacuated, and the pressure is then measured at a
certain temperature. After that, the second expansion is made into tank
II, which was previously evacuated, and the pressure again measured at
the same temperature. After the first expansion (subscript 1) and the
second expansion (subscript 2), the following relation for the mass of

the system may be written:
n=ney tnp tIng =Nt X, (5-1)
where the number of moles and subscript C, T, i are cell, tank, and vari-

ous segments along the tubes, respectively. Using the equation PV=nZRT,

-97-
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Vo= 74.93 cm
Vp = 1050.3 cm
VK:'- 1063.3 C"?

V" =

145 cm
VV = 0.02 cm

SEGMENTS| H em | V e
) 19.35 | 0.8464"
2 71.41 | oi570
3 2413 | 0.1229
4 — 0.1023
5 4.75 0.0843
6 17.78 0.0360
7 25.40 | 005i5
8 2032 | 00412
9 j9.05 | 00386
10 508 | 2.0l03

Figure 17.
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* Valve is open. When the valve
is closed, 0.8358 cc.

thermocouples and segments

The test cell and the expansion tanks location of
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the equation (5-1) may be written as:

perctVa  Pofn .S PV | Pele, PVt
IoRTe "InRn e LRy T IR, Y L RTr2
P..V.
i2'i
) iz (5-2)
ZIZRTIZ

where P is the pressure, V is the volume, Z is the compressibility, T is
the temperature and R = 82.0597 atm-cc/mole-K is the universal gas con-
stant. The pressures are subscripted differently because of the hydro-
static pressure difference at different locations due to elevation changes.
In equation (5-2), pressures, volumes, and temperatures are known
but, in general, compressibilities are unknown. Some of these compres-
sibilities (Zﬂ and Ziz) can be obtained from published data for pure
substances or from the generalized compressibility chart using pseudo-
critical constants for mixtures. This is actually satisfactory even if
- the values are not accurate because the contribution of 2:"i1 or 23%2
is very small when it is compared with other terms Neys My OF Nepe Prpe
respectively.
IfFT>» T

1 and P &« P 1° the compressibility factor,

critica critica
Z, may be determined accurately by

Z=1+8(T) - P (5-3)

where B'(T) = E—&-P—-and B is the second virial coefficient. Scott and
Sonntag (82) used equation (5-3) for the density measurement of neon.
He: - ver, in this work, the maximum temperatures at which the fluid is ex-
_ panded is not much greater than the pseudo-critical temperature of either
the argon-neon or of the nitrogen-neon system; therefore, the compressi-

bility might be written more accurately by
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1.0 |

1
1
I
i
1
[}
1
1
]
|
Figure 18. Compressibility approximation for low pressure

Z=1+B'(T) « P+C'(T) - P2 (5-4)

-B2

where B'(T) = 5%%L , C'(T) = %—5—2 and B and C are the second and third
RT

virial coefficients, respectively (Figure 18). Writing equation (4-4)

for ZC] and ZCZ

Z

\ . 2
¢y = 1+ B'(Tgq) Py + TP (5-5)

- ; ' . p2 -

and eliminating B' between equations (5-5) and (5-6) because TC]‘g TCZ:
P

= _C1 - ' . ; : -
g = 1 gy, e O - (PyyPep) - Py (5-7)

may be obtained. Substituting equation (5-7) into equation (5-2) and
solving it to obtain ZCZ’

Zgp = O + (& - AL | (5-8)
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where

P P v
- T2 ) ‘c2 Cl
u1 - {[] C] C (Tc) (Pc] P 2) P 2] + 8 (TCZ TC])
(5-9)
P.,V P
. g2°C2 “c2 _
§ . n'mn PraV2 12V
= (Z T = 7T )+( (5']])
T1' N T2 T2 12 12

Then Z., is obtained from equation (5-7).
The equation (5-4) may be used to determine the compressibilities

in the expansion tanks as:

Z

J 1 2
'R 1+8B (TTI) . PT] +C (TTl) PT] (5-12)

! ' 2 .

This also makes it possible to determine the mass in the tank. If the
expansion tanks are filled with gas or with gas mixtures at low pres-

sure (PL P 1) and much higher than the critical (or the pseudo-

critica
critical) temperature, the mass may be calculated by:
B} PrVy
e [14B8*(Ty) -P#C' (T)P 2]-R-T
7T 7T T

(5-14)

Thus, after measuring a series of temperatures and pressures at a constant
mass of fluid, some of the substance is blown, at a low pressure, into
one or two of the evacuated expansion tanks and then the mass is calcu-

lated by equation (5-14) by measuring the tank pressure and temperature.
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3. The Determination of the Second and the Third Virial Coeffi-

cients for Ar-Ne and'Ne-sznixtures. In order to be able to use equa-

tions (5-7), (5-12), and (5-13) to calculate the mass of the system it is
necessary to know the value of the second and third virial coefficients
of gas mixture§ at the cell and tank temperatures. Those could be de-
termined by the well-known theoretical combining rules, equations (3-4)

and (3-5), for binary mixtures written as follows:

2 2 ,»
B = ¥1Bi1 * 21¥28y5 * ¥28) (5-15)
C = y3C 1y + 3y2y,Cren + 3yyy2Can, + yoC (5-16)

m - Y11 1W2b112 T Yotz T Yata22

where ¥qs ¥p are mole fractions of pure components, B]], 822 and C]]],
6222 are the second and third virial coefficients of pure components re-
specti?e]y, and B]2 is the interaction second virial and CIIZ’ (:]22 are
the interaction third virial coefficients. The second and the third
virial and the interaction second and third coefficients may be obtained
in two ways: experimental or theoretical. The latter is the analytical
integration of the virial coefficient integral for the Lennard-Jones
(6-12) potential or for another potential function (44).

The values of the second virial and the interaction second virial
coefficients used in this work were obtained from experimental data (16)
(Figure 19), and then those values were compared with theoretical values
that were derived for the Lennard-Jones (6-12) potential (44). There
was a large difference between the two values of the interaction second
virial coefficients (Table XVI). On the other hand, after finding Z.,
or Zc2 it was possible to get the second virial coefficients for the

cell temperature by
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(0] Argon
B8 Neon ]
X Ni’crogen

B Argon -Neon
~100} %) Neon—Nikrogen _

~120

R R R N BN N A
-150 =100 -50 ) +50 T (°¢)

Figure 19. Second virial ccefficients for Argon, Neon and Nitrogen, and
interaction second virial coefficients for Argon-Neon and Neon-

Nitrogen systems (16).
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ZC-1
B'(Tc) =5 - c'(T) - P (5-17)
2
where B'(T)= Eé%l_’ C'(T)=%;$;§-, ZC is the compressibility at the cell

temperature. By this way, the final PvT data were checked; it was found
that the effect of the large difference of the interaction second virial
coefficients at the cell temperature was negligibly small.

The values of the third and the interaction third virial coeffi-

cients were obtained only by the latter method (Table XVI).

B.  EXPERIMENTAL APPARATUS:

The overall equipment used to measure the PvT behavior of the argon-
neon and neon-nitrogen systems is shown in a schematic overview in Fig-
ure 20. The same system, in 1967, was previously used for neon between
the temperatures 30-70 K by Scott and Sonntag (82) and,éfter some devel-
opments in the system, was also used for nitrogen in the temperature
range 110-140 K by Sonntag and Oztiirk (88).

To briefly summarize, the apparatus consists of a two-walled (in
order to balance the pressures within the cell) stainless steel cell
surrounded with an evacuated test package which is in the liquid nitrogen
cryostat and of two stainless steel expansion tanks in the constant tem-
perature 0il bath. Temperature control is maintained by the electrical
heating of several resistors at different locations around the test cell
and by the cooling of liquid nitrogen around the evacuated test package
in order not to have diffusive heat transfer between the liquid nitrogen
and the test assembly. The temperatures in the cell and in the o0il bath
- are measured using two platinum resistance thermometers and a Mueller
bridge. Also many thermocouples (Figure 17) (#7 through #12 Cu-AuCo, others

Cu-Con) are 10cated along the stainless steel tube from the cell to the
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differential pressure indicator (DPI) to measure and to check the tempera-
tures around the cell and in'the oil bath. A dead weight gage (DWG) is
used for the measurement of the cell pressure and an air piston gage (APG)
is used to measure the pressure in the expansion tanks.

For further reference, a quite detailed and thorough description of

the apparatus may be found in reference 82.

C. VOLUME MEASUREMENT

The volumes of the test cell, the expansion tanks, and the header
were_measured with a device whose schematic diagram is shown in Figure 21.
The same kind of apparatus, in principle, had been used previously (82).

The device consists of high-precision diameter glass, measuring tubes,
‘an evacuation system, a gas filling and a mercury supply system, a differ-
ential pressure indicator, and a platinum resistance thermometer.

‘ The basic principle of the device is to move the gas in the measuring
tubes (which is initially at ambient conditions), into a tank whose volume
is unspecified by rep]icing the gas with mercury and then, to bring the
gas back to its initial state. If ambient coﬁditions, room pressure, and
temperature do not change during the replacement process, VM’ the volume
of mercury filled into the glass tubes, will be equal to the unknown vol-
ume, VU. —

Scott and Sonntag had used a mercury manometer with a high gain near
zero to balance the system pressure to atmospheric pressure. The correc-
tion due to temperature differences between the - t:tial and the final
temperatures of the measuring tube and the volume measured was made using a
perfect gas relation and it was assumed that the atmospheric pressure did

not change. Thus, the equation,



g -108-

-

! r“‘%\m )

ST T ) |
mercuRy () T 970 Test
VOLUME
(D |
VAC. -
D &5
JII
3,,. o 4 ( /8 e 4® [
] pt A TGN iy NEEDLE
VALVE
VAC.
PUMP
Y )
"
TEST GAS
REF. )
Tusk Q}
MEAS SRS VENT.
TULSS

g@fﬁf\b—é jb TPUMP

Figure 21. The schematic diagram of the volume measurement apparatus.
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Tay Tou  Tou
VU = T—]——VM + (_ﬁ - T-z-—) Vo (5-18)
was used by Scott and Sonntag. Here VU is the unknown volume, VM is the

volume filled with mercury, V_ is the volume above the mercury, T] is the

o
initial and T2 is the final temperature of the gas in and above the mea-
suring tubes and T2U is the temperature of the gas in the unspecified
volume tank. It is pointed out that the magnitude of the volume above
the mercury affects the result.

In the new device, the mercury manometer was replaced with a differ-
ential pressure indicator, Ruska Instrument Corporation, model 2416.5,
cell s/m 13727, control box s/n 13641, in order to balance the system
pressure more accurately with the reference pressure., Then a constant
volume reference system, which is similar to and thermally in contact

with the measuring tubes, was used to eliminate the effect of the change

of atmospheric pressure (Figure 22). From the real gas relation,

VM Vo Vy Vo
n R=P, 5——=P + (5-19)
meas ., 1 Z]T] 2 ZZUTZU ZZTZ
sys
and
| _ Vreef _ . Vref
ef R =P zT " P2 T, (5-20)

Sys
may be written for the system in the measuring tubes and the reference

system respectively. The notation is the same as in equation (5-18) and
vref is the volume of the reference tube. Dividing equations (5-19) and
(5-20) side-by-side and eliminating V

.-_EZL'_I_@_U_V

ref?

v (5-21)

M
can be obtained. Actually, T2U is very close to T2, therefore it may be

assumed that ZZU = 22. Thus, equation (5-21) gives a simple relation,
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Figure 22. The comparison of the volume measurement device with Scott
and Sonntag's (82).
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_ Tay

VT (5-22)

v v

M
in order to determine the unknown volume.

The unknown volume is attached to the volume measurement device
shown in Figure 21, and is evacuated using the vacuum pump. After closing
the connecting valve, the measuring tube is filled with ambient air and
is balanced easily with the reference system which is also filled with am-
bient air. Then, the filling valves are closed and the connecting valve
is opened to fill the volume being measured with the air above the mer-
cury. The pressure above the mercury is balanced with the reference pres-
sure by filling the measuring tubes with mercury. Temperature is mea-
sured with a platinum resistance thermometer attached to a copper block
which is in thermal contact with the tubes. Several thermocouples are
at different locations along the measuring tubes in order to check the
thermal equilibrium of the system.

In this work the unknown volumes were the volumes of the cell, the
expansion tanks, and the header which were at different locations in the
cryostat and in the oil bath. Their temperatures were also measured with
the platinum resistance thermometers which were already mounted on the
density measurement apparatus.

The change of the mercury level in. the measuring tubes was deter-
mined by a Gaertner model 911 cathetometer. During each measurement, it
was determined, by means of the cathetometer, whether or not there was any
displacement on each tube due to the mercury weight. Measurements for
each volume, at room temperature, were repeated several times. The values
of the volumes of the test cell were then changed to the temperature of
293.15 K and of the expansion tanks to 300.15 K, which is the constant oil

bath temperature, by using the prior results of the thermal expansion test (82).
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There is approximately 0.5% difference between the values measured
with the volume measuring device by Scott and Sonntag and with the values
measured with the modified apparatus in this work. The values obtained
with the volume measurement by the method of filiing water and weighing

it has better agreement (Table XVII).

TABLE XVII
THE VOLUMES OF THE TEST CELL AND THE EXPANSION TANKS

Cell Tank I Tank II
Scott and Sonntag's values? (82) cc cc cC
1) Volume measuring device 75.704 1055.22 1068.60
2) Weight 75.4 1052.5 1063.0
This work with the modified
apparatusP 74.93 1050.3 1063.3

a) At the temperature of 299.08 K
b) The cell volume at 293.15 K and the volumes of the expansion
tanks at 300.15 K.

On the other hand, the volumes of the expansion tanks were checked
with the modified Burnett method by Sonntag and Oztiirk (88) using both
helium and nitrogen. At zero pressure, the ratio of the pressures before

and after expansion, approximately 2.0136,1s in agreement with the ratio

of volumes:
Y2 . Vit Vvatves | 2115.09 |, 014
] 7, T050.3 - 2-0138.



CHAPTER VI
EXPERIMENTAL RESULTS
A. REDUCTION OF DATA

1. General. A computer program whose flow diagram is shown in

Figure (23) was made to obtain the corrected PvT data from the raw data
collected during the experiment. In this section, the evaluation of all
the quantities, corrections, and so forth will be discussed.

A1l of the temperatures measured with the resistance thermometers
which are in the cell and in the oil bath were calculated by linear in-
terpolation from the calibration report supplied by NBS. The resistance
thermometer in the oil bath was changed before the experiment of the
argon-neon system and the new thermometer was calibrated in the Thermo-
dynamics Laboratory with the former between the temperatures 295 and
305 K. Temperature differences measured with thermocouples were deter-
mined by means of large scale sensitivity diagrams (EMF per degree Kelvin
against temperature) which viere plotted for the copper vs. constantan and
the copper vs. gold-cobalt thermocouples.

The compressibilities were determined from the generalized compres-
sibility chart by means of the reduced temperatures and the reduced

pressure. The pseudo-critical constants were calculated using Kay's rule.

2. Pressure calculations. The pressures for the test cell were

measured by means of the dead weight gage (DWG), and then the hydrostatic
pressure correction was made. On the other hand, the tank pressures were

measured by the air piston gage (APG).
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a) DWG. The pressures measured by the DWG were calculated using

the method given by the Ruska Instrument Corporation, as follows,
TWx f;, x f
1~ 2 4+ P

+P (6-1)
Anomx f3 X f4 oil

P =P +

DWG BAR DPI

where PDWG is the gage pressure measured by the DWG and PBAR is the am-
bient pressure measured with the barometer. The temperature correction
for the barometric pressure was done by means of the correction-pressure
diagram (temperature is a parameter) obtained from the table given by
the manufacturer. The gravity correction'(gL/gS) for the barometric
pressure was made in the computer program.

TW (1bf.) is the total weight of the mass used for the pressure
measurement which is calculated by means of the standard gravitational
acceleration, 9g = 32.174 ft/secz, as

™(1bm) x gs(ft/secz)

32.174 —195213%?
1bf-sec

Therefore, it is necessary to make corrections, f], due to the local

TW(1bf) = (6-2)

gravity, as

9%
f, = 5 (6-3)

where 9 is the local gravitational acceleration which has correlated
accurately as 980.302 cm/sec2 for the laboratory's location in Ann Arbor
by Scott and Sonntag (82) and gg is 980.665 cm/sec?; and f2 is the buoy-

ancy correction due to the air surrounding the mass which is given by

. 0.0012 _
fa=1-"32 (6-4)

Thus, the true weight of the mass may be obtained.

Anom (inz) is the nominal area of the piston at the temperature of

25c and 1 atm. pressure, which is given as 0.13022 inZ for the low range
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piston or 0.0260417 inz for the high range piston. f3 and f4 are the
corrections due to thermal expansion and elastic distortion, respectively,
which may be calculated by

=1+ 1.6x10 (1 -25) (6-5a)

=14Cy P (6-5b)

3

f

fa

where Tg is the gage temperature in Celsius and C4 is -5.4x10°8 inzllbf

for the low range piston and C4 is -3.6x10"8 for the high range piston;
.2= o . .

Pnom(]bf/1n ) Tw/Anon is the operating pressure.

Poil is the pressure due to the hydrostatic 0il head between the

reference planes of the DPI and the DWG. The reference planes of the
]o& range and the ;igh range pistons are different and the difference
from the fixed reference line which is on the gage is given for each
piston in the DWG report. The distance between the reference line on
the gage and the reference plane of the DPI has been given as 0.681 cm
(0.268 in) (82). Thus, the oil head for the low range and high range
pistons are found to be 0.268 in. and 228 in., respectively. Then, Poil
may be calculated from

g
- L -
Poi1 = Foi1 * 9c h (6-6)

using the density for oil of 0.85 gm/cc. So, P is found to be

oil
0.00831 lbf/in2 for the low range piston and to be 0.00707 lbf/in2 for
the high range piston.

The DPI has a zero shift as a function of pressure, which may be

derived as

P (6-7)

- -6
= 3.56x10 Pnom

DP1

Consequently, the equation used in the computer program as derived

from equation (6-1) is,
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g
™ x §§'x (1- 0. 00]2) .
P =P + P ., + 3.56x10°
DWG BAR -5 oil
nom[]+] 6x10 (T -25)](]+C4P )
+Poo * 3.56x107°p (6-8)
where Pressures : = 1bf/in2
Weight = 1bf
Temperature = Celsius
9, = 980.302 cm/sec2 (Thermo.Llab., Ann Arbor)
B = 980.665 cm/sec?
A Cq Poil
(in2) (in2/1bf) (1bf/in2)
Low range piston 0.13022 -5.4x1073 0.00831
High range piston 0.0260417 -3.6x10°8 0.00707

b). In the equipment, as shown

in Figure 17, the DPI which is in the constant temperature oil bath is

Hydrostatic pressure correction.

connected to the test cell in the cryostat with a long (0.020 inch in-
side diameter) stainless steel tube. Along the tube temperature changes
from about 300 K to about 100 or 140 K. Even though the pressure diff-
erence along the tube is not too large, it is necessary to calculate the
cell pressure including the effect of hydrostatic pressure.

The pressure in a fluid changes with the height due to the weight of

the fluid and this may be written as
9L

%G
- o % dh = ‘Iﬁ7ﬁj“ 9

" where f, P, Z, T, and M are the density, pressure, compressibility,

dh (6-9)

temperature and molecular weight of the fluid in the tube, while R is the

universal gas constant, g, is the local gravity, and g, is the conver un
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factor. Then the equation (6-9) may be arranged as

dP_ O dn (6-10)
P (R/MFgC T

Here, the term gL/(R/M)gC is constant for a certain fluid and at a certain
place. Though the compressibility, Z, is a function of the temperature
and the pressure,Z may be assumed to be only a function of temperature
because the pressure difference along the tube is negligible. Thus,
equation (6-10) may be integrated along the tube as

e L a " odn_ (6-11)
P (R/Mjgc Z-T
DWG °
Considering the increments, as shown in Figure 17, the integration may

be written
J

P ~
In g—F%
PDwG R/M 9c ;E:

where hi's are the height of the segments given in Figure 17. Let us

(6-12)

define the hydrostatic pressure correction for the segment i, as
gL ('])th
(R/M)gc Z{Ti

where n=0 for the segments on the side of the DPI and n=1 for the seg-

n f (6-13)

ment on the side of the test cell. Then, the pressure in the segment j is
J

Ps = Poug ] | f; (6-14)

i=1

and the pressure in the cell is

0
Pe = Pous ] [ % (6-15)
i=1 |
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c) APG. The pressures measured by the APG were determined in the
computer program (Figure 23) with the method given by the Ruska Instru-

ment Corporation as follows,

_ ™
Pap = Pref Y K~

(f +f,+f,) (6-16)
nom 12 '3

where PAPG is the gage pressure measured with the APG and Préf is the
pressure surrounding the weights. It is the ambient pressure for the -
manual weight loader or it is a vacuum if the vacuum weight loader is
used. The ambient pressure is determined by using the barometer, which
is calibrated by means of the APG with the vacuum weight loader. Correc-
tions were made for the effects of temperature and local gravity on the
barometric pressure readings, as mentioned above in part a (DWG pressure
calculation). Vacuum pressure was measured by the vacuum gage which was
calibrated using the Mcleod gage.

TW (1bf) is the total weight of the apparent mass including the
piston which was used for the measurement, and the weight which was cal-
culated under the effect of the standard gravitational acceleration as
given by equation (6-2). A (inz) is the piston area at the tempera-

nom

ture of 20 C. Anom is 0.0130045 in2 for the high range piston and is
0.520266 in2 for the low range piston. Then, f], f2, f3 are the correc-
tions due to the local gravity (as given in equation (6-3)), due to

the buoyancy, and due to the thermal expansion of the piston, respec-

tively.
_ -5
f2 = -1.0x10 Pref (6-17)
f3 = C3(Tg-20) (6-18)

where Pref(1bf/in2) is the same mentioned in equation (6-16),
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C3 = 1.0x10'5 k! for the high range biston or Cy = -2.0x107° k™! for

the low range piston and TgAis the gage temperature in degree Celsius.

Thus the equation (6-16) was written for the computer program as

follows,
Pape = Pref * K:—‘i; (-g—;- =107 x P + Cg (T-20) ) (6-19)
where,
Pressures: 1bf/in?
Weight: 1bf
Temperature: Celsius
9 = 980.302 ;m/secz (Ann Arbor)
g9g = 980.665 cm/sec2
Anom C3
(in2) (/K)
High piston range: 0.0130045 -1.0 x 107°
Low piston range: 0.520266 -2.0 x 10-5

3. Mass Calculation. Recalling equation (5-1), the total number

of moles in the system may be found as follows,

P, V

c1 'c1
Neq = 57— , (6-20)
C1 ZC]RTCI

where PC]’ Vc], TC]’ and ZC] are the cell pressUre, volume, temperature,
and compressibility after the first expansion. The pressure and the com-
pressibility may be determined by equations (6-15) and (5-7) respectively.
TC] is correlated as mentioned before. The corrected volume is found by

" using the following equation,

= 3 -
VC—('I +o )’ Voo | (6-21)
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where V. and V,, are the cell volumes at the cell temperature T. and
293.15 K (Table 18) and o= (L-Lzo)/L20 is the thermal strain.
Previously (82), the thermal strain of the cell material had been

measured. The results were fitted empirically to the following equation

T
Ol= -0.00453 + 0.01545 (Tféﬁﬁ + 0.004 24 75(1000) (6-22)

for temperatures higher than about 70 K. The equation
P

v
=111 (6-23)
IR Ty

"
gives the number of moies in the expansion tank. PT1 and ZT] are de-
termined by the equations (6-19) and (5-12). The isothermal expansion
correction of the tank volumes due to pressure may be estimated from the
diagram of the pressure vs. the volume change which is given in reference
(82).

The number of moles in the tube, even though very small, should be

determined by
10

—
o

_ Pivi
"TuBE 1 n; ZRT.
i i=1

(6-24)

]
-

The Pi]'s may be calculated by equation (6-14). The Vi's are the volumes
of the segments given in Figure 17, and the Zi]‘s are estimated from the
generalized compressibility chart as mentioned above.

The same calculations may be done after the second expansion and the

result, of course, will be the same.

It should be noted that the number of moles in the tube at each data
condition is subtracted from the total number of moles in the system in

order to determine the specific vo]ume as follows,
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Ve
v, =—— (6-25)
TP n-(2Xny)
T,P

4. Composition Determination. Neon-Nitrogen mixtures were prepared

in the Thermodynamics Laboratory and the composition of the mixture was
determined in the Mass Spectrometer Laboratory of the Chemical and Met-
allurgical Engineering Department of The University of Michigan. The
samples were taken after each expansion into the expansion tank and also
at the end of the experiment in order to check whether the composition
changed or not during the expansion process. The argon-neon mixture was
purchased from the Union Carbide Corporation with the composition analy-
sis report.
The compositions of mixtures are as follows:
1) 45.82% Ar, 53.18% Ne
2) 51.4% Ne, 48.6% N,

B. CALCULATED EXPERIMENTAL RESULTS

The calculated experimental results, pressure in atmospheres,
specific volume in cc/mole, temperature in Kelvin, and compressibility
are listed for the argon-neon mixture in Table XVII1 and for the neon-
nitrogen mixture in Table XIX.

One run was made for each system mentioned above. Two expansion
processes were done during each run; in other words, the experimental data
were obtained for three different densities. Thus, 13 experimental data
points were obtained for the argon-neon system (46.82% Ar, 53.18% Ne) in
the temperature range from 115 K to 145 K, at pressures between 20-120
atmospheres, and 12 experimental data points for the neon-nitrogen system

(51.4% Ne, 48.6% Np) in the temperature range from 100 K to 140 K, at

pressures between 20-90 atmospheres.
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TABLE XVIII
EXPERIMENTAL PvT DATA OF THE ARGON-NEON SYSTEM

46.82% Ar; 53.18% Ne

T P v
Data No. K atm. cc/mole Z_
1511 100.007 sat. 61.299 83.970 0.627
1512 109.209 sat. 69.684 84.001 0.653
1513 119.453 sat. 81.095 84.112 0.696
1514 129.934 sat. 95.585 84.223 0.755
1515 134.848 sat. 102.718 84.279 0.782
1516 140.109 111.140 84.353 0.815
1517 144,897 118.062 84.403 0.838
1523 125.314 sat. 57.257 140.916 0.785
1524 129.946 61.973 141.050 0.820
1525 134.817 65.697 141,107 0.838
1526 139.706 69.406 141.214 0.855
1527 144,888 73.281 141.296 0.871
1530 110.000 sat. 20.013 362.884 0.805
1531 114.991 23.020 363.884 0.886
1532 119.955 24.361 363.491 0.900
1533 124,971 25.637 363.684 0.909
1534 129.960 26.895 363.805 0.917
1535 134.911 28.140 364.042 0.925
1536 139.894 29.389 364.226 0.932
1537 144,862 30.622 364.427 0.939
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TABLE XIX
EXPERIMENTAL PvT DATA OF THE NEON-NITROGEN SYSTEM

51.4% Ne;  48.6% N,

T P v
Data No. K atm. cc/mole L
1411 79.996 sat. 31.070 114.978 0.544
1412 90.002 sat. 37.215 114.950 0.579
1413 100.031 sat. 45.352 114,942 0.635
1414 109.983 sat. 55.056 115.060 0.702
1415 119.993 66.638 115.226 0.780
1416 129,999 76.738 115.374 0.830
1417 139.998 86.688 115.525 0.872
1421 79.989 sat. 17.269 210.810 0.555
1422 89.998 sat. 21.382 210.994 0.611
1423 100.000 sat. 27.778 211.276 0.715
1424 109.999 34.908 211.593 0.818
1425 119.999 39.745 211.828 0.855
1426 129.999 44.490 212.079 0.884
1427 139.994 49.174 212.325 0.909
1431 80.004 sat. 9.667 401.354 0.591
1432 90.008 sat. 12.916 401.857 0.703
1433 100.007 17.738 402.615 0.870
1444 110.004 20.069 402.989 0.896
1455 119.996 22.356 403.387 0.916
1466 130.005 24.620 403.838 0.932
1477 140.000 26.863 404.278 0.945
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The pressure-temperature and the compressibility-pressure plots are
shown in Figures 24, 25, and 26. The dew-point line for the neon-nitrogen
system was estimated from Streett's data (94); however, the argon-neon

system was plotted approximately.

C. ERROR ANALYSIS

1. General. Since the same equipment was used previously (82), the

details of the uncertainties for each gage is not given unless there is

significant difference between the two error analyses.

It should be noted that (R) and (S) in the equations will refer to

random and systematic errors, respectively.

2. Temperature. The temperatures of the thermometers in the cell

and in the o0il bath were read to within #0.001 K with the Mueller Bridge.
Thermodynamic equilibrium was maintained at each data point for approxi-
mately one minute. However, an uncertainty of about ¥0.001 K due to
thermal lag was assumed for the cell temperature. Thus the uncertainty
of the cell temperature is ¥9.002 K (R).

The oil bath temperature was controlled at 300.15 20.01 K by a mer-
cury thermostat. The tiwe-period was about 6-7 minutes. Usually, during
the first and second expansions and the expansion processes two measure-
ments were made at the maximum and the minimum values of the oil bath
temperature. Therefore, an uncertainty of about $0.003 K was added for
the thermal lag and for the error due to the change of the tank tempera-
ture. Thus, the uncertainty for the. expansion tanks was assumed to be
$0.004 K(R)

The temperature uncertainty for the thermocouples along the tubes is

not really important because of the extremely small volumes of the seg-———--o

ments.
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Figure 24. Pressure - temperature plot of the experimental data of

the argon-neon mixture.
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Figure 26. Compressibility-pressure plot of the experimental data.
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3. Pressure.

a) DWG. The uncertainty of the pressure measurement with the DWG

may be found from the equation derived from equation (6-1), as follows,

o o A(TH) , _AA
BPys OPpuet [T, Ahyp s AP

.4 * AP (6.26)
W nom nom oil DWG

where A designates the uncertainty of each quantity.

The barometer has an uncertainty of ¥0.001 psi (R) because of its
reading with the vernier attachment to $0.05 mn. of mercury level.

The resolution which is given in the test report of the DWG is less
than 5 ppm. This gives an uncertainty for the total weight as *leo'ﬁx(Tw).
The value of the local gravitational acceleration is uncertain to about

4 percent systematic error on the

$0.002 cm/sec? and this produces 12x10°
total weight. Considering the smallest mass, 0.00013 1bm, which was
used during the measurement, the error in pressure due to the mass uncer-
tainty may be evaluated as,
—_T§_—l Pnom = . =0.7x10 Pnom(S) (6.27)
£0.005 psi(R) (HRP)
where pressures are in psi, and (LRP) and (HRP) designate- the low range

and the high range pistons.

The error Contributed from the piston area is

AA -
AA L S 1om g k10 5 A(AT) ¢, - AP (6.28)
nom nom )

which is derived from A . x f3 x £y substituting equations (6.5) and

(6.6). As given in the test report by NBS the piston area of the DWG has
an uncertainty of 100 ppm, then zsAnom/A°= i'le'lO"s(S). Thé gage tem-
perature is read from a glass mercury thermometer with 1 K division, so

A(AT)=10.5 K(R). Because C455x10'8 in2/1bf. is quite small, the second
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term may be neglected and then equation (6.28) yields,

f%%ﬁ' *0.8x10"°(R) *10x1073(S) (6.29)

The uncertainties in pressure due to the oil head and due to the DPI
shift are ¥0.002 psi (S) and t5x10°2 psi (negligible), respectively.

Consequently, substituting those uncertainties (due to the barometer
~read"rng and the oil head correction) and equations (6.27) and (6.29) into
equation (6.26), the total uncertainty in pressure measurements with the

DWG is:

.\ [40.002(R)(LRP
APpyg(psi)= to.oosgaggukpg] %0.002(S)

+ (*0.8x107°(R) *10.7x1073(S)) - P, (psi) (6.30a)

_ [£0.00014(R) (LRP
APpyglatm)= [t0.00040§R;((HRg)] %0.00014(s)

+ (20.8x1073(R) 10.7x107%(s) ). P__ (atm) _  (6.30b)

nom

b) APG. The uncertainty of the pressure measurement with the air

pi#ton gage may be calculated by the equation as follows,

- A(TW) , DAnom A9, -5
AspAPG' APr'ef +[ W + Anom + g 10 APref

+Cq - A( AT):lPnom
(6.31)

which is derived from equation (6.19). Here

‘spref = ¥0.001 psi (R) (barometer reading)

A(TH) , . [10.001 psi (R) (HRP)] £1x10°5 P (S)

TW nom | +0.001 psi (R) (LRP)
AA
-77—JE£E ~ 0.0 (is not reported)
nom
AgL -

+ -5
=0. S
oL 0.2x10°°(S)
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-5 = + -8 . . s
1077 . ‘spref 10°° psi (negligible)
. - -5 + _ + -5
C3 A(AT) = 2x1077x(¥0.5) = -1x10 “(R)
Thus, equation (6.31) produces, .

Brapglos) =133 (8} L 1005 (011.2107505) st

(6.32a)
ASPAPG(atm)={§8:gggé§ (R) (RPN (+1x1075 (R) 11.2x1075(5)) P o (atm)
(6.32b)

4. Volume. From equation (5.22), the possible uncertainty on the

volume measurement is

ATyt .AJZ
AVU = AVM + ——-—T—;—— . VM (6.33)
or
AVy Vv ATyt AT
vu= %M+ UT 2 (6.33a)
U i 2
where
AVy= AA - L +A - AL ] (6.34)
or
DV A
vMM = AA * ziL (6.34a)
The diametrical tolerance of the high precision bore tubes is
+ 0.0002 in. = ¥0.0005 cm. Then,
AR _, ,  _AD._ +0.0004 (S)for 1" diameter tube (6.35)

A D +0.0011 for 3/8" diameter tube

The change of height of the mercury and the reference point shift
were determined with a cathetometer with an error of 0.005 cm. at each
reading. Because of four readings for the measurement of the tank vol-

umes, and two readings for the cell volume and other volumes,
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AL - ¥0.02 em. (R)  (for the tank volumes)
+0.01 cm. (R) (for the cell and other small volumesz )
6.36

is obtained. The change of the mercury level is 15 cm. in one tube for
the cell volume, 70 cm. in three tubes for the tank volumes, and about
2 cm. in one tube for the header and lead tube volumes. Therefore, the

equation (6.34a) yields,

AvM +
—y— (TANK) = -0.0003 (R) *0.0012 (S)

M
AV
_T',]& (CELL) = *0.0007 (R) f0.0004 (S)
v |
%ﬁ (TUBES)= *0.0050 (R) *0.0004 (S) (6.37)
M

On the other hand, the uncertainties of temperatures is mentioned
in part C.2: AT = %0.002 K (R) for the cell and AT = $0.004 K (R) for
the tanks. AT = ¥0.004 K(R) may be assumed for the uncertainty of the
measuring tubes temperature. A1l volume measurements were done at room

temperature which is approximately 300 K. Thus,

AT tﬁfSTZ

T2

U

=t oég%_ = 3x107° (R) (6.38)

which may be neglected by comparing it with the values of z&VM/VM in
equation (6.33a); the absolute errors in volume measurement are $0.08 cc.

for the test cell, ¥1.5 cc. for the tanks and $0.008 cc. for the header.
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5. Compressibilify.
a) Tank. The values of the second and third virial coefficients

used for the mass calculation of each system are listed in Table XVI).
The pressure in the tank during the expansion process is between about
2 and 5 atm. Recalling equations (5-12) or (5-13), the numerical contri-
butions of each term to the compressibility factor may be calculated
as follows;

For the argon-neon system,

P.l Satm. ; Z =1+ 0.00110 + 0.000018 + ...

: (6-39)
P2 =2atm. ; Z=1+0.00044 + 0.000003 + ...
For the neon-nitrogen system,
P] =batm. 3 Z=1+0.00180 + 0.000023 + ...
(6-40)

P2 =2atm. ;3 Z=1+0.00072 + 0.000004 + ...
Now, considering the total differential of the equation (5-12) or (5-13),

such as

AZ = ( %ﬁ% ‘},P)B-p + (____éé?'+ 2 %’-) c'p? (6-41)

the possible error may be estimated.

From the equation (6-32b) AP/P is found that

] AP
5+ = tx10°, 52
1 2

which may be neglected with respect to AB'/B' and equation (6-41) yields

~* 9x107°

Z =~ AB' - P+ AC' - PP = AB' - P (6-42)

In reference (16) an error of #¥0.1 cc/mole was estimated for the excess
second virial coefficient which is defined as E=812 - 1/2 (B]+BZ). If

the error of the second virial coefficients of the pure components are



-134-

to be assumed 0.1 cc/mole the same order of magnitude, 13812 will be

+ 0.3 cc/mole. Then,

n

AB

Y2 . AByy + 2y, ¢ ABp, + 5 - ABy, (6-43)
gives the error of the second virial coefficient of the mixtures by
ngglecting the uncertainties of the composition which are less than
$0.001. aB = 0.2 cc/mole AB; = $2x107° 1/atm. are obtained. Sub-
stituting the latter value into equation (6-42) z&zT]=¢10x10'5 (S) and
zszz=*4x10'5 (S) may be concluded as the errors for the compressibility

factor of the expansion tanks.

b) Test Cell. Differentiating the equation (5-8), the error of

the compressibility of the test cell is obtained as,

o Ac
3 71 8% - — 172 (6-44)
(- oG) 2( o4~ o)

AﬁZc2=s 1+

Here Ao, Ao(2 are derived from the equations (5-9) and (5-1C) as

follows
P AP AP
Cl 1 c2
Aot = PeaVe2 . Pea., 8Pc1 . AV | Al ad
ol & T (1- 5 ) ( 5 + + + ) (6-44b)
c2 ¢l ‘ci c2 c2 )
where
A8 AP, A, An Al
S M Ym In T
AP AV AZ AT
- ( 5 12, V'T? +— 12 T T2) (6-44c)
T2 12 12 T2
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1/2
It may be calculated approximately that 0(] = 0.25, (0(% - 0(2) = 0.75,

Pea/Peyae 0.5 and Pey - Vepf 8. Tep==-1.  Substituting these values
into equations (6-44), (6-44a), and (6-44b)

Y 4 . g— - -
AL, A -5 - A, (6-45)
AP APe2
Ao, =1 (8. £7C2 (6-45a)
174 P Pe2 |
A, ~- Y + + + ) (6-45b)
2" 2 Py V2 Te2 S

are obtained. The random and systematic errors on the pressure, tempera-
ture, volume, and compressibility at the approximate state of the expan-
sion processes are listed in the Table XX.

It is evident that the systematic errors on the properties measured
with the same gage will cancel each other if they have different signs
in the equations written above.

Thus, the equations (6-44c), (6-45a), and (6-45b) produce the

following results:

AS

5=t 7.7x10"4(R) *0.6x107%(5) (6-46a)
Aot = 10.8x10"%(R)  0.1x107%(s) - (6-46b)
Ao, = tg ax10-4(R) 2.5x107%(s) (6-46¢)

On the other hand, substituting equations (6-44c), (6-45a), and (6-45b)

into equation (6-45) and using the values given in Table (6-3),
Az, = ¥6.5x1074(R) *-1.8x107%(s) (6-47)

is estimated.
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TABLE XX
RANDOM AND SYSTEMATIC ERRORS DURING
THE MASS DETERMINATION PROCESS

- TEST CELL ff:s140 K)

P, = 4-5 atm. Py 2-2.5 atm.

Random Systematic Random Systematic
LR aax0t | ox oot | f 1.8x107% | * 0.8x107%
AL 1t 700107 ta,0x0% | t7.0x0% | ta.0x0?
_é%l t 0.2x1074 t 0.2x107%

EXPANSION TANKS (T =300 K)
P, = 4-5 atm. P, ~ 2-2.5 atm. -

Random Systematic Random Systematic
2P | £ o.5x107 to.1x10% | to.sao? | to.xo™
AVt 30m07 | tizuoxio™? | f30x107t | 12,0007
A%I( + q,2x1o'4 * 0.2x1074
_éZ_Z_ * 1.0x107% t 0.4x1074

Using the following equation, which is derived from equation (5-7),
cl APy APy Alg

A~y = 57— (205-1) ( +
€1 Py "7C2 Pey Pca g2

AZ,, may be calculated as *3.4x10°% (R) f1.2x107% (5).

-

+ ) - (6-48)
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6. Mass Calculation.

n AP AV AZ AT
Ancy a, Sa, 2a, 2o

= ( ) (6-49)
ey P Vel Loy o’
(S, ST, T, (6-50)
T T T m T

are produced from equations (6-20) and (6-21). Then

An - -
——5—91-= £12.0x10"%(R) *5.6x107% ()
c1
An
— T . #3.7x107% (R) *13.1x1074(s)
mn

are obtained. In the same manner

An _ -

—L2 - 15,5x10 4 R) *6.6x107% (5)
c2

An

112 14.0x107% (R) 112.5x107% (5)
T2 -

On the other hand, from equation (5-1)

n AN n AN n AN n An

Ann = g] ( > C]) + I]{ > T])_ rCIZ ( ~ CZ) + 12 ( . TZ) (6'5])
C1 Tl c2 T2

may be derived. Although the uncertainties of the number of moles in the

cell are larger than in the tanks, the ratio of the number of moles in

the cell to the total number of moles is smaller, as

n )
a. __¢a ~ 0.13 (6-52)
Tgl'VT1+ Vol
T
Nea Ve2
==y ~ 0.07 (6-53)

L2
T, ‘12t Ve2

Then equation (6-51) yields the uncertainty of the total number of moles as
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4n . 14.8x10"4(R) *12.1x107%(s) = *0.17%

The uncertainty of the number of moles which are blown into the ex-
pansion tank or tanks are the same uncertainty obtained for the tank
from equation (6-50) which is about ¥9.17%. This means that the error
on the mass determination never exceeds ¥0.17%.

The uncertainty of the specific volume can be found now as follows,

Av _ An Avc
v ~n V. (6-54)

The errors on the total number of moles in the system and on the cell

volume are rather large; however, the systematic errors due to volume
measurements, and also the random errors due to the cell volume measure-

ment cancel each other. Thus, the equation (6-54) yields,

A - 110831074 (R) *8.2x107%(s) = %0.19%

It is necessary to say that all of these uncertainties are maximum but

not probable.



CHAPTER VII
CONCLUSIONS
A. GENERAL

The constants of the equation of state studied in this work, which
was mainly concerned with mixtures, were determined for argon, neon,
and nitrogen (Table XV-1,2) from the general behavior of substances. In
the selection of the equation of state and the technique used for ob-
taining the constants of pure components it was essentially considered
that, if a generalized equation and a generalized approach to determine
the constants were utilized, the corresponding constants might have more
consistency in the equation than in other empirical equations of state.

Under these circumstances, the equation has been applied to the
mixtures with a new combining rule and tested primarily with the argon-
nitrogen system and partially with the argon-neon and neon-nitrogen
systems. As known, it is difficult to represent the overall Pvl surface
of a pure substance with a single equation and more difficult with a
single set of constants. Therefore it is evident that to represent the
PvT behavior of a mixture is much more difficult because it not only de-
pends on the equation of state, but also depends on the combining rules
and the constants of the pure components. On the other hand the mixtures,
especially in the critical region, behave quite differently than the
pure substances (Chapter III, Part B.1).

The combining rule which has been derived essentially from the
corresponding state theory is quite simple. The pseudo-critical con-
stants have been correlated by means of basic combining rules.

In order to compare the calculated results with the experimental

data and the other more accurate equations, the PvT surface has been
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divided into different regions, as shown in Figure 27, according to

temperatures, specific volumes, and pressures, as follows:
I : Tr <1 , 1« Ve
ITa : Tr>'l s l(vr s Pr<'l
Ib : T, >%1 ., 1<&v. » P>
Mla: T.>1 » pE<v<!
b : T,.>1 » 754V <Ts
e = To> 1 5 75 <% < T3

v o T. < T, v, 1
Appendices 1.1,2,3 for pure components argon, neon, and nitrogen and
Appendices 11.1,2,3 for argon-nitrogen (three different compositions),
argon-neon, and neon-nitrogen systems show experimental PvT data in
atmospheres, cc/mole, and Kelvin with their sources, calculated pressures
at the same temperature and specific volume of the experimental data,
atm.cc

experimental and calculated compressibility using R=82.0597 -3 = and

Dev. % defined by equation (4-14) as

P.,-P Z. .-Z
Dev. % = —5%1——559-x 100 = —E%l——§52~ 100
exp exp

-

In the appendices, the percentage deviation of the other equations, which
may be accepted as the best equation for that particular substance, is
given. In each region, the average percentage deviations of both equa-
tions (Avg. Dev. %), which is the average of the absolute values of the

individual percentage deviations, is also given for comparison.
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Figure 27. The regions of PvT surface for the comparison
. of the results
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B. COMPARISONS FOR PURE SUBSTANCES

1. Comparison with the Experimental Data. The calculated pressure

and the compressibility with the equation of state by using the constants
determined in Chapter IV have been compared with the experimental data
whose sources are listed in Table I. Table XXI illustrates the average
absolute percentage deviations in different regions. It can be noted
that in the low density regions (Regions I, Ila, and partly 1Ib), the
results are reasonable, however, the agreement with the experimental data
js less in the high density regions.

On the other hand, as temperature either increases from approximately
2.5 times critical temperature or decreases from the critical tempera-
ture, the fluctuation of calculated values becomes greater. Because of
the method used to evaluate the constants, the critical isotherm of the
equation was first fit to the available experimental data as accurately
as possible. Therefore, the agreement between the equation of state and
the experimental data is excellent. However, the particular character
of the equation which represents jsometrics is such that at high tempera-
tures they approach straight lines rather tnan the slightly concaved line
figuration of the experimental results. when, in this investigation,
attempts were made by changing constants of the equation to improve the
results of the high temperature region, it was noted that some of the
greater accuracy of the temperature region closer to the critical iso-
therm was altered. For example, in Appendices 1.1,2,3, it can be seen
that in region IIb, at a temperature approximately 1.5 times critical,
a negative percentage deviation was obtained in order to get better

agreement at higher temperatures, or when the percentage deviation is
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quite small at lower temperatures the deviation becomes greater at higher
temperatures. If greater accuracy in the high temperature region (over
2.5 times critical temperature) is to be attained, other modifications -
such as additional curvature terms - will be necessary. |

The curvature term in the equation is the result of two terms:
Cr(vr) which is a function only of specific volume [equation (4-25c)]

and the exponential term e k(Tr-1)

The Cr(vr) is negative and quite
small in the low density region and is positive and small between the
reduced densities 1 and approximately 1.8, but is negative again at the
densities higher than 1.8 times critical and rapidly becomes large as
density increases. The exponential term, evidently, approaches zero as
temperature increases and becomes large at low temperatures. Conse-
quently, it may easily be pointed out that a systematic deviation ori-
ginates from the form of the equation of state at high temperatures and
lower than the critical temperature. |

In regions I and IV, because Tr.<'1, the exponential term becomes
larger and more effective as temperature decreases. Therefore, the per-
centage deviation is quite negative in region I, although Cr(vr) is
small. However, down to the reduced temperature of 0.8, the result is
quite acceptable. In region IV, because the deviation increases rapidly,
the equation of state is not satisfactory at the reduced temperatures
lower than about 0.9.

In regions Ila, IIb, IIla, IIlb, and IIIc, because Tr > 1 the ex-
ponential term approaches zero as the temperature increases, the slope
term Br(vr) [equation (4-25b)] is therefore more important. When the

slope was decreased in order to get better results at high temperatures,
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the deviation became negative at moderate and lower temperatures. To
attain an optimum result was attempted in this work, but in order to

do that it was necessary to decrease the slope of the isometrics at
higher densities and, thereby, the curvature term became more important.

Then, of course, the results vere less reasonable.

2. Comparison with other Equations of State. The percentage de-

viation for other equations [the Strobridge equation for argon (35) and
nitrogen (96), and the modified Strobridge equation for neon (34)],
which may represent the PvT behavior of that particular pure substance
better than the other equations, are given in Appendices 1.1,2,3 for each
data point. These appendices illustrate the fact that the accuracy of
the equation of state near the critical isotherm is much greater than any
other equ&tion of state.

A comparison of the average absolute percentage deviation in differ-
ent regions between this work and those equations is shown in Table XXI.
In regions I and Ila the results are comparable. Because the high tem-
perature for argon and neon is about 3 times critical and because the
deviation is large at high temperatures, the average absolute deviation
jn the other regions becomes worse than the other equations. It should
be noted that it is possible to obtain better results at the tempera-
tures near the critical without testing high temperature data in region
IIb, I1Ia and high pressure data in regions IIlb, Illc.

In fact, this equation of state excellently represents the PvT
behavior around the critical isotherm and in the low density regions and

fairly represents the behavior in the moderate to high density regions
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at the temperatures up to 1.5 and 2 times critical. Therefore, the
thermodynamic properties such as enthalpy, entropy, etc. may be deter-
mined by ﬁeans of this equation with the given constants more accurately
than the other equations around the critical isotherm and overall tem-

peratures up to moderate densities.

C. COMPARISONS FOR MIXTURES

1. General. As mentioned previously (Chapter IV, Part C) a new

combining rule which has been derived from the theory of corresponding
states was used to determine the reduced constants of the equation of
state for mixtures. Simultaneously, the pseudo-critical constants of
mixtures were needed in order to predict the mixture properties by using
the equation of state in either the reduced or non-reduced form. The
linear combining rule, because of its simplicity, was used in order to
correlate the pseudo-critical compressibility, specific volume, and
temperature. On the other hand, the pseudo-critical temperaiure was
a)so correlated by means of the linear square root combining rule because
it has been utilized by several investigators. Then, the resuits ob-
tained by means of both of the combining rules were compared.

The calculated values of the pseudo-critical constants were listed
in Table XXII and were plotted from those values on the pressure-tem-
perature diagram (Figure 28).

The pseudo-critical temperature correlated from the linear com-
bining rule is larger than that from the linear square-root combining
rule. Although the difference between the two calculated pseudo-critical
temperatures for the argon-nitrogen system is small, it is large for the

argon-neon and neon-nitrogen systems because of the critical tempera-
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tures of the pure components. The other fact is that the‘maximum dif-
ference for any system is at 50%-50% composition for binary systems.
Evidently, the pseudo-critical pressure changes linearly depending on
the pseudo-critical temperatures, when the others are held constant.
However, the calculated pressure increases, although both the pseudo-
critical constants (temperature and pressure) decrease with the use of

the linear square-root combining rule.

2. Comparison with Experimental Data. The equation of state for

mixtures was tested with the PvT propefties of the argon-nitrogen system
whose data were collected by Crain, Sonntag, and Van Wylen (26) for the
three different compositions, and of the argon-neon and neon-nitrogen
systems whose data were obtained as a part-of this work (Table XXIII).
Appeﬁdices II.1a, 1b, 1c (the argon-nitrogen system), II.2 (argon-
neon system), and I1.3 (neon-nitrogen system) illustrate the calculated
values of the pressure, compressibility, and their percentage deviation
from the experimental values at the same specific volume and tempera-
ture with the experimental data, by using the linear combining rule for
the pseudo-critical temperature. For the argon-nitrogen system the de-
viation of the calculated values from the experimental data in the low
to moderate density region (Regions I, Ila, and partly IIb) is negligibly
small. In other words, the agreement with the experimental data is ex-
cellent. In the moderate density region (Regions IIb and partly III)
the deviation increases with the pressure and temperature similar to that
for pure substances. The deviation is larger for the composition of
approximately 50% argon and 50% nitrogen than the other compositions of

the argon-nitrogen system. For the argon-neon and neon nitrogen systems,
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TABLE XXIII
A COMPARISON OF AVERAGE ABSOLUTE DEVIATIONS FOR MIXTURES

I Ila 1Ib 199

ARGON-NITROGEN®:
48) 79.85% - 20.15%

No. of Data 16 40 18 10

Avg. Dev. % - This Work (b1} 0.066 0.051 0.157 1.318
- This Work (b2) 0.065 0.044 0.216 1.396
- Other Eqn. (c) 0.934 0.095 0.494 1.500

45) 51.55% - 48.45% :
No. of Data 55 21 14

Avg. Dev. % - This Work (b1) 0.072 0.363 2.792
- This vork (b2) 0.054 0.248 2.625
- Other Eqn..(c) 0.152 0.709 2.478

42) 20.10% - 79.90%

No. of Data 52 24 14

Avg. Dev. % - This Work (b1) 0.054 0.216 1.193
- This Work (b2) 0.046 0.147 1.070
- Other Eqn. (c) 0.101 0.437 1.172

ARGON-NEON3Z ;
55) 46.82% - 53.18%

No. of Data 7 6

Avg. Dev. % - This Work (b1) 0.248 1.527
- This Work (b2) 1.637 3.818
- Other Eqn. (c) 1.303 3.360

NEON-NITROGEN2Z:
65) 51.40% - 48.60%

No. of Data 5 7

Avg. Dev. % - This Work (b1) 0.720 1.000
- This Work (b2) 2.075 4.328
- Other Eqn. (c) 0.187 0.471

(al) Data from Crain, Sonntag and Van Wylen (26)
(a2) Data obtained in this research

(b1), (b2) Using linear and linear square-root combining rules
respectively for the pseudo-critical temperature.

(c) BWR equation with the constants in Table VI and the combining
rule listed in Table V.
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the calculated values are in less satisfactory agreement with the ex-
perimental data.

The results are summarized in Table XXIII by different systems and
regions. In Table XXIII a comparison of the calculated values using the
linear or linear square-root combining rules for the pseudo-critical tem-
peratuce is given. When the linear square-root combining rule is used
the average abso1ute deviation for the argon-nitrogen system becomes
slightly better, but for the argon-neon and neon-nitrogen systems the
deviation increases.

The other combining rules for the pseudo-critical constants and the
tremendous amount of combinations for the constants of the equation of
state may be considered and may be tested. The results obtained in this

work, at least, will be in reference to those works.

3. Comparison with Other Equations of State. For the same experi-

mental PvT data, the percentage deviation is determined for the BWR

" equation of state, which is usually supposed to give better representa-
tion of the PvT behavior of mixtures than other equations, with given
constants (Table VI) and with the fully tested combining rules (Table V).
These deviations for each data point are also listed in Appendices Il.la,
1b,1c,2,3 for comparison. Generally, in the low to moderate density
regions the modified Martin equation gives more accurate representation
than the BWR equation for the argon;nitrogen and argon-neon systems.
However, in the high density region for the argon-nitrogen system and in
the moderate density region for the neon-nitrogen system, with available

data, the results are comparable.
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It should be noted that the predicted values of mixtures are depen-
dent upon the constants of pure components and the combining rules.
These results are not final, but they are the first results for this
equation of state. By means of the redetermination of the pure component
constants with a better agreement with the experimental data, and with
the different combining rules, either for the pseudo-critical constants
or for the constants of the equation of state, better agreement for

mixtures may be obtained.



APPENDIX I.1
ARGON

11) Crain-Sonntag data (24)
12) Michels-Levelt-DeGraaff data (G3)
13) Michels-Wijker-Wijker data (64)

14) Rogovaya-Kaganer data (79)

(*) The Strobridge Equation whose constants were determined by
Gosman, McCarty, and Hust (35).
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APPENDIX 1.2
NEON

21) Scott-Sonntag data (82)

ggg Gibbons data (33)

24) Sullivan-Sonntag data (100)

\

(*) The modified Strobridge equation whose constants were determined
by Gibbons and Kuebler (34).

-172-



-173-

£9%°0

L95°0

9L9°0

99v°0-
Yt5°0-
99%°0~-
gev°0~-
820°0~
CHe 0~
c0e°*0-
t0t°0~

esd*1=-
6L°0-
¢l%* Q-
EEs°0-
t69°0~-
6LL°0

$94°0~
$99°0~
969 * 0=
Y8L°0~

Region 1

tl8°0~-
¢L1°0-
bev*0~-
SHy*°0-
894 °0~
lo1°0~
00%°*0~-
690°0
82€°0~-
1L2°0
(«)"E*AJT

oteze*o

Lev*0
612°0
L9t 0~
00c*0~
t91°0~
101°0-~
£%0*0~
L60*0~-
¢80°0
£s1°0

o111~
LI%°0~
<100
9¢0°0
eel°0
61L°0
te0°0
LL0°0
650°0
101°0-

st l1*°0~
19%°0
9¢e*0
evi*o
040°0
21°0
210°0~
%0¢e*0
€00°*0
¢90°0-
FYRIT

£*A3U*OAY

tB8*0 6.8°0
8980 998°0
968°0 006°0
906°%0 606°0
$16°0 L16°0
€60 60
L2B*0 8E8°0
S%9°0 9%8°
0vy*d 668°0
£l8°0 148°°0
BYL°0 LSL°0
99L°0 0LLl°0
LLL®*0 9LL*0
86L°0 86L°0
918°0 S1u°0
SLL®0 69L°0
LoL®0 96L°0
GI8°0 H18°0
G89°0 H89°%0
StIL*0 91L°0
I9L°0 2%L°0
6890 989°0
809°0 L09°0
9290 429°%0
0bs*0 684°0
649°0 B8Z4°0
8%5$°0 8%¢°0
ule®0 LIiS°O
evs 0 e%s°0
19%9°0 19%°0
wir- T

*0¢

9%04 *Yy
1461y
BE8Y8 *Y
olyl s
Y699 °Y
YL9L"S
8116 °9
BYyo L
Li%6°*L
99¢Ev

L9el *

Love *01
L8LL°01
Wwey*ll
665%°2(
éLic*ol
Stol* 1l
96e9°21
evLle 1
9480 °5 1

BYse *91
96l 81
64y ‘6 1
8866 °0¢
b8Lg's1
YR * R 4
B8iB0*C(¢
¥9el®ed
OLod *té
B920°4¢

YWIV=IVId “RIV=dX3d

SINIOd VivQa 40°UN

LY °H
bal *y
0995 °Y
¥eI31°9
tBSY g
ceddl*s
8% 16°9
1éav°L
cuEbH L
INTA A

0es8 °6
Teoe °0L
yLLL ot
6cdy 1l
€oeh el
L6t *01
9L8L 11
¥6 <9<l
1998 °cl
0e01°s1

0L0Y *°91
Bell®*Bi
21y *61
1806 *0¢
26499 *6{
108L°1¢
L9980
uB9l *&<
Z9bl *t e
$0%0 *°4¢

194l *6ls
S900°6LS
tedy *6Ls
96 °6LS
148 %645
0Y¢b'ols
9704 *99¢E
LGe9°99e
6LIL*H9¢
Y888 *%9¢

Sy oLl
6loy*Llel
tely *9el
Uy *9¢ed
cYvBs *9td
0dgs ®*eed
LY XA 2 X4
0B5G *ted
1092 *°t91
96L2°L91

it *eyl
6464 °L01T
¢ets Lol
o816 °L01
caLL*v01
GHdl *uY
106L°%9y
Qouyy * 2y
0999°<¢e
%098 *99

FTOA7IT=R"

610°9¢
Lo0°%¢
col’dt
911°0Y
8LOCY
A AN A
cli®Le
[$ 9 a1
2s0°1 Y
966 °¢Y

YLl9°Le
060°5 ¢
000°0%
200°y
C00°%y
¢60°0%
Z1°¢Y
A A% X )
800°0 %
6LL°LY

?10%°%%
6861y
000 °e Y
L00*%Yy
C94°CYy
001t
c00 *9%
ST A
6oty
XXM
S

[$%

tlede
2leee
wceed
»leee
Yéeld
slece
£lacdd
vé5ee
%19¢c
%¢acd

tildd
téLed
1319 ¥4
Y13 %4
P11 ¥4
AV R4
heLee
siLee
168212
¢eele

13T B4
1sei¢
toe (&
o9eld
A ALY X4
gv612
ov512
$T0c¢
$i0e¢
sllced
~vIR-



-174-

19%° 0~
88%° 0~
%96°0-
019°0~
09s°0~
L99° 0~
9%4°0-
695°0~
evy°®0-
9¢5°0-

LL9°0~-
6180~
6¥8°0~
0L0°0-
1Z1°0-
01c¢*0-
90<°0-
8%Z*0-
Lle*0-
08e°0-

Region Ila

806¢°0-
08%°0~-
L69°0~-
%6%°0~-
GEG* 0~
¢09°0~-
66e*0-
99¢°1
L60°¢
geL°l
() T*RA3T

¢82°0-
90€°0-
tLe®0~
S0%°0-
6el°0~
880°0~-
%80°0-
1000
£91°0
L01°0

0%€*0~
10Z°0-
¢el1°o-
80€°0
$6¢°0
£6C°0
L62°0
¢0e*o
1¢c*®0
19¢°0

1L1%0
012°0
¥£2*0
L02°0
%10°0~
€91°0-
220°0
Zv8°0
6.8°0
190
AT

L96°0
¢96°0
$%6°0
9¢6°0
%06 °0
868 °0
ées 0
LG8 %0
S¥8°0
1€8°0

L98°0
108°0
€E9L°0
0s8°0
0%8°0
6¢8*0
0¢8°0
608°0
B6L°0
869°0

6499°0
£49°0
£c9°0
9%9°0
§86°0
045°0
€95°0
€94 °0
y1€°0
$0€°0
WIT

0L6°0
696 °0
6%6°0
0%6°0
906°0
646 °0
1e8°0
LS96°0
ey¥8°0
0e8°0

0L8*0
£08°0
%3L°0
8%8°0
8£8°0
1<8°0
L18°0
L08°0
96L°0
989°0

899°0
¢%9°0
¢e9°0
5% 9°0
685°0
1Ls°0
€96°0
6e¥°0
TLe0
e0c°0
—7—

20€6 %61
coBl *t?
8008°81
wedld*le
6L8L°81
8el8°H1
089C °t}
¢080°s1
864¢*y1
eesy el

8160 *°9¢
6c11°0¢
%6e9 L1
0201°9¢
6c1l°s¢
£Le0 ¢
1§ Fa X
Beee °C¢
A28 Ra ¥4
8801°s¢

0250 °td
%%00°Lc¢
cose *1¢
VT- Y X4
86L8°5¢
I XTR Aa F
9es¥v s
6009 *4¢
8680 °9¢
9691°9¢

WIV=TIVdd *WIv-d¥X3d

9686 *61
€09¢°ec
cits*sl
éele®cd
Bces *81
6988 °%1
694 °cl
2080°s1
L2ed *91
6BeYy °cl

6081 °9¢C
tEsT *0¢
0Ls9°Lt
8120 °9¢
16€0°s¢
99L6°el
syl el
L99¢2°¢¢
089t °1¢
09%0°s¢

8210 °ed
€896 °1¢
¥0ee*1d
otec*ed
8868 °5¢
ce1s *%e
18%%°sd
OLBe *s¢
9298 *9¢
9190 *9¢

Ll81°9¢lc
LLSe *dLe
L%98°88¢
08L5°1¥%¢
1eL5°9¢¢
LOSL*9¢C
Lee3°9¢ed
90e8°Eel
Lesl®eed
9619 *ted

£L66°E91
¢8ey °e9l
686t °£91
0%9c°*ss1
18le °ssl
Lele *ssl
S6€C°951
6s0c *6s1
9LGeT1 %661
1695°L01

8L%5°L01
0c%5°L01d
L926°L01
2%1e *%01
£6lL*S8
9¢5J *98
s8iv°Zs
1840°e9
tHyve °ZS
gdiv ey

ITOR733=R"

000°08
000°08
000°0L
000 0L
866 °6%
666°6Y
266 °SYy
cci®os
080 °*8Y
ci1*9y

L066%66S
¢10°0s
566°SY
921°8s
569°9¢9
958°%S
995t S
tg1°es
cGL°0¢
200 8%

s00°9Y
100°s%
G0%7 %9
808 °9 ¥
100°94
c10°9Y
10%°%aYy
56¢€ *YYy
10%°9%
Y6e v Y
%I

LS1%¢
IRAS T4
95 14%¢
w4l
goe 1¢
L5eid
9stlé
L1Lee
9dLcc¢
9iL¢d

96¢1¢
11T Y
I TAYA
8cvcd
81822
L4983
leBdd
Leged
Li3dde
89e1d

Lveld
9vetl
sveld
516¢¢
19612
05612

- 910k ¢

ovcice
Leeld
6celd
-vgR-



-175-

68¢°0-
¢el®o-
eLe* 0~
1L2°0~
1%¢*0-
56¢°0-
§2e*0-
$2e° 0~
16£°0~-
%590~

6%2°0~-
L65C°0~-
9el°0~-
2eeto-
L06°0-
be1°0-
S»1°0-
%40°0-
6.1°0~
LS1°0-

L11°0-
1ci°o-
t11°0-
9¢1°0~
y1°0-
Les°®0

950°0~
6%2°0~
1Le°0-
18€°0-

(x)"EAT0

eL1°0-
1100

€Ee0°0-
ot1t1°0~-
ell°0~
€eveto-
9¢0°0-
eel1°0-
8% °0-
062°0~-

¢Ltto
002°0
€%Z°*0
161°0
62t°0-
0%0°0
6£0°0
121°0
0¢0°0
890°0

£€21°0
%€ 1°0
0L1°0
2L1%0
61°0
806°0
2e€°0
991°0
690 %0
0s1°0~-

E¥A3T

086°0
0L6°0
t00°1
£66°0
9L5°0
L96°0
%00°1
c66°0
¢Le*0
196 °0

116°0
£06°0
%68°0
%88 °0
%56 °0
966°0
€96°0
0s6°0
L%6°%0
%96°0

1%6 °0
6£6°0
%e6°0
0e6*0
L25°0
0¢6°0
L16°0
¢16°0
906°0
066°0

Wi

286 °0
0L6°%0
€00°1
%66 °0
8L6°0
656 °0
%00°1
€66°0
SL6°0
£96°0

016°0
106°0
¢68°0
£88°0
L56°0
55640
£66°0
6%6°0
LY6°0
%%6°0

0%6°0
Le6*0
le6°0
8¢6 °0
926°0
¢16°0
716°0
016°0
906°0
¢56°0

—y—

IATARA Bt
0%00°01
L96S°0<
0e00°L1
9928 °¢1
6t0d°’ll
1819 *%¢
9182 *0¢
oty °91
ovov el

H2es 01
c996 %6

BY9% 6

1¥96°8

¢v88°5 1
ylee*sl
9656 *% 1
9964 *% 1
66¢c*1
ceaeg el

%5058 °¢t
9+%22°tl
eSyLC1
629¢ ¢l
8801 °¢1
Leos*il

9Lel il

<9L8°01
Li6%°01
616l °%¢

SRAIV-TV04d *WIV=d¥3d 3IOA733-A"

Yev9*ll
6200°01
9¢0%°0<
IRTARINS
1966 *t1
§9ce 1l
6929°%¢
980t *0¢
0s5L%°*91
YA A Ad A

€716 °01
L9495 %6

6lv%*6

9046 8

L9es°6l
£ode sl
86406 °%1
061591
L1cc *71
gey8 el

8B8Y °c1
690c°tl
Lecl °¢l
give ci
L9802 °cl
¢00%7 11
%00c 1l
968 *01
y498%°01
£82¢ *%¢

BLYHy*E6S
9e09°L6S
9GLy*ely
98¢0 *oL%
5055 °E9Y
91cv*16%
L2e¢s*107
9%91°10%
Le6°88E
L9911y

L9T1E®S9¢
Ev¥91°99¢
8690°99¢
£835 *H9¢
98¢8 *v%¢
1202 *o5¢t
stll®est
%.e0°65¢t
5%06 *°8S¢%
§6€3 °8SE

608L°85¢
Slel st
O%e3°BSE
g8%49 °tot
¥els°86t
80cE *84t
£60¢€ *8S¢E
Tecc*sst
5H¢1°85¢
§L85°6¢EE

000°08
L%0°0L
000°0¢1
000°001
000°08
000°04
000°0¢1
000°001
000°08
000°0L

1 2L Al 8
LET®6Y
so1°LY
To0°s"
000°0L
¥¢c®0L
089°89
BOC*L9
189°69
g8sl*y9

6el°C9
G65°19
1%9°6S
t80°89
SG0°LS
B6S *Y S
HCG®ES
%90°Z%
8¢6°0¢
000°001

T

L1y <
6l%cc
651%¢
891¥%<
LLIYC
98 i¥v?l
6%lyc¢
8olvc¢
L91%2
9Ll%7¢

L1sec
9e6l<d
9¢sce
91sce
991%¢
6L9¢<e
693c¢d
689cd
6v3¢d
6922

6¢9¢¢
613¢<¢
8L9¢¢
Bcycd
Yivod
LY Icd
LEdcc
1¢9¢¢
L13¢¢
By1%<

~*3N~



-176-

6S1°0-
Z0é*o0-
191°0-
181°0-
9¢22°0~-
0LZ° 0~
160°0~-
100°0-
161°0~
1120~

%6¢°0-
862°0~
621°0-
9¢0°0

gec* 0~
SI1°0-
8e1°0-~
$82°0-
881°0-~
¢9¢e°0~

60t°0-
9Lc®0-
81c*0-
61%°0~
922°0-
gel*0-
S%¢°0-
16%°0-
g6e°0-
L6%°0~

(%) X¥A3T

S90°0-
si1°0-
L10°0~
5L0°0-
octL*o~-
LS1°0~
%¢0°0

681°0

¢20°0-
060°0-

6%1°0~-
0L1°%°0~
000°0~-
€810
€80°0-
150°0
8e0°*0
001°0~
¢l10°0
9e1°0~

990°0~
020°0-
050° 0~
SE1°0-
L20°0~=
L60°0~-
1020~
691°0-
950 *0-
€s1°0-

EYA3T

966°0
§86°0
100°1
$66°0
986°0
086°0
086°0
€L5°0
Z00°1
%66°0

£86°0
9L6°0
6L6°0
¢L6°0
046°0
696°0
196°0
966 *0
£96°0
656 °0

165°0
$56°0
¢s6°0
6%6°0
c00°1
%66 °0
ZL6°0
0%6°0
$€6°0
6€¢6°0

Wi~

L66°0
686°0
200°1
966°0
L§6°0
166°0
6L6°0
iL6°%0
c00°1
$66°0

%86°0
6L6°0
sL6°0
0L6°0
Le*0
8960
L9¢°0
L96°0
£96°0
196°0

LS6°0
566 °0
£56°0
066°0
c00°1
566°0
%L6°0
¢?6°0
9¢6°0
Te6°0

——

gl6t *s
1688 °9
0Le0°cl
se10°01
910¢°s
ceel*9
2868 %9
569%°S
L2941
sL%6°11

6S9L °6
ZL00*8
¥25¢°8
8668 °L
9%eLeL
L1gs L
105€°L
¥602°L
Y886 °9
6€%9°9

S0¢%°9
019¢°9
Hell*y
$988°S
s9¢ec°Ll
geod 71
9616 %6
66%9 *S
06%¢c°9
%990 °9

YRIV=TV3d “WIV=dX3dd 3TOW7I3=A"

tloe 'y

0£68°9

1640°21
11¢0°01
€clic*s
BevL 9
gles 9
60%%°S
L0ty *H1
£865°11

608L %6
80¢0 °8
heoe s
7588 °L
Oleds*d
6L1y°L
eLvecl
9elc L
9LE6°9
0£s9°9

LYyev*9
€L9¢°9
S311°9
7968 *S
119 %L1
€L9c¢ *1
£SES %6
¢199°9
§¢IL*9
L8 L0°9

§L06°ElS
L0eb*THo
LOLY °S 18
5¢09°s18
98¢6°88L
$§600°9¢8
0s¢t°L18
6899 °ts8
99eL*t89
£820°€89

$08L°099
Lele *00L
66%9°1L9
g6 *1L9
S6Lc¢* 1LY
09<¢1°1L9
£900°1L9
9006°0L9
Y9el*0L9
06L%°0L9

9882 °0L9
0sL1°0L9
26L0°0L9
LS5L8°699
L%96 *2LS
9500°<LS
90%9 *949
$9¢% %089
94%9¢ * 086
9ell1°086

000°001
000°08
000°0¢1
000°001
000°08
000°0L
¢L0°0L
y1e°09
0oo°ocl
000°001

000°08
000°0L
€60°0L
605°99
121°99
%16°c9
gs1°¢9
clo°i9
Lol® S
186°9¢%

16 °%%
696 °tS
clv®cy
%£9°0%
000°0¢t
000°001
000°0¢
0%0°09
160°8%
Y91°9%

)

80<Z%¢
L12%¢
681%<¢
851%¢
L0c%¢e
91¢ve
6551¢
6SETC
6L1%¢
g61%¢

L61%¢
90<Zv¢e
6L1cc
6sl1décé
6%1d¢
6elcd
6cidce
6licce
81l
Bl1dc¢

Lyidd
Lelcd
Leiéc
L1ice
631%¢
8L1%¢
961%7¢
Lledd
9ctdd
91ecd

—ONT



-177-

0s€e°0

$c0°0

L60°0~
0s0°0-
€00°0~-
¢si°0-

() Z*A3T

oLT1°0

9L0*0
L%0°0~
¢e0°0
901°0
820°0~

IAIT

Z°A30 *OAY

L55°0 L66°0
§66°0 966°0
886°0 886°0
¥86°0 €86°0
100°T 100°1
wWITT T

*%o

LL%8°0
%906 °1
BE6S °c
Liel ®e
L01T1°01

YRIV=T1V9d “RIV=aX3d

SINIOd vivd J0°UN

14%8°0
160s°1
Glob °t
%821°¢
ge11°01

6601°e899
¢1%b°008¢t
0e9e *68%i
6CeEL eSS
¥635°49L6

ITON7I0=R"

G2C°b9
866 69
090°0L
$£2°09
000021

——

ey

09cic
65¢1¢
0961¢
09e1d
eelve

-vgR-



-178-

Region IIb

1€6°0-
899 *0~-
G6¢* 0~
s10°0~-
9%0°0~
€90°0
062°0
%¢2¢*0
%%0°1
18L°¢-

B91°2~
L1~
6ls°1~
059°0~
L95°0~-
¥19°0~-
9LS° 0~
L6E°0~
99¢° Q-
6€c*0

L26°0
%96°0~
265°0~

%25° 0=

6el1°0=-
%40°0
%90
€91°0
166°0
T4 ML

(x)"Z*A3T

1s1°0~
L12°0-
¢o01°0-
$00°0~
Bec*0-
<Le*0-
cev*0-
¢sd®0-
851°0

vec°l

%56°0
8% 0~
£9%°0~
%5e°0
£62°0
981°0
0%0°0
L10°0~
LL1®0~
%6C°0~

290°0-
210°0
661°0~
210°0
952°0
262°0
62G°0~
S01°0
90L°0
LL6°0
$TAIT

956°0
%¢s 0
S06°0
8% 0
8S%*0
Sev°0
£Eiv°0
61%°0
16€£°0
LTl

L10°1
#€6°0
8¢8°0
8é8°0
%9L°*0
6890
109°0
%6%°0
¥9%°0
16€°0

c9e 0
vc8°*o
Oo6% *0
SL%°0
ge%%0
60%°0
0se*0
08¢c°0
$5¢°0
%2¢e°*0
Wi7T

L55°0
62s*0
906°0
€84 °0
65%°0
9c¥°0
ST»®0
0Z¢%°0
16¢°0
091°t1

1L0°1
Be6°0
ce8*o
628°0
¢eL*0
889°0
1390
%64%°0
Shv°0
c6e*0

¢9e o
8<8°0
1649°0
SL%°0
Se%°0
80%°0
16s€°0
08€°0
€9€ 0
¢le*0
—y—

telg ey
YclL 8¢
99v9 °9¢
Lide *He
2¢s98°1¢c
Lel9%6 ¢
Y9l9*Le
92el °0¢t
Lis9°Le

11¢0°2%2

TTy1°s81
9ecs°lel
BILL*96
2598°86
L9718 *98
90ci 0L
5¢6% °9¢4
88LC%CcY
186%°9¢
9ell *0¢

9c68°LC
Ecte 001
0¢2s ¢y
9%2E*SY
Bley 0V
080T°Lt

9%L%°0¢

7691 °t¢
L06S *1¢t
BG91Z°8¢

*RNIV=TTVId “WIv-dX3d

cLit *eYy
896L °8¢
0%649 *9¢
L5ZE e
71%6°1¢
¥36L°6C
0%s6L°L¢
680t *0¢
¢h19°Le
61L0°6e¢

tlci*y81
LE60 °cel
YL2¢°LS
G914 °86
%¢09 *Y8
¢68% *0L
669% °95
898 °¢Y
L2596 °3¢
[24B °0¢

8506°L¢
c0ce *001
9909 ¢y
e6 1l °sh
c0tte *0Y
1000 °Le
e 8% *0t
6Lel *ce
B59¢c 1t
€920 °8¢

6922 °Ss 661°1¢ IRTAX
0¢£02 °S% 489°% 4 952¢2
9912°¢ss 1¢8°8%  98¢2¢c
¢68l°%sg osg°LYy 9L2¢e
$€£02 °SS L2899 992¢e2
681 °ss 616°5Y 952¢e2
1%¥02°5g 160°sY 9%2¢€2
L2792 °¢s 000°9% 6ee12
€2682°%25 G00°sY Beele
OLLL*LY 000°021 620%2
02sL Ly 000°00T 8¢0%2
0%82°9% 000°08 LyI%2
0esl *6% 000°0L 96342
LSB) %89 266°69 €951¢
Z9e 0 *89 H66 *49 Y9512
9L66°LY S00°09 ve6l1e
0LI0® 8% S00°sg 19512
S0%6 °LYy 900°0¢ ov61e
LLIG5%LY 166°LYy 6€512
LIl LYy L66°SY BESTC
G906 °LYy 866°9Y%  Lg6le
9GLE *LYy 166%9 20112
g£llc tiy c66°%6Y 10112
SOLT ey 502°06¢ IR FAYA
06%1 *°¢y L1L*64% 9e2ee
YAARLL 80L°LY 92ced
o%el*ey L69°SY 902€l
gell gy %69°GY  91¢2ce
91Ev 2y 000 °94% iceie
¢Sihey 000°s% Ot€le
ER YA N=1 DN



-179-

128°0~
1L¢°0-
1Le®0-
L12°0-
60¢°0~-
E49°0-
$2s° 0~
€99°0~
08%°0~-
SH%°0-

81%°0~-
90¢° 0~
¢01°0

¢01°0~
9%0°0~
101°0~-
¥80°0-
¢10°0-
190°0

610°0

%¢0°0

£€60°0-
SyC*0-
gee*o

ceeto~
88c ¢~
seL 1~
16e°1~-
860°1~-
L€0°0~

(«)"Z¥A3T

L9¢°0
001°0
180°0-
<70°0-
vlc*0-
6160
61%°0
€9¢°0
2e0°0
951°0-

882°0~-
87%°0~-
%5¢°0~-
691°1
sli°1
£L6°0
806°0
¢16°0
¢06°0
208°0

Z7L°0
16%*0
LLZ*0
€080
£c0°0
86¢°¢C
885°1
£2s°0
g91°0
86e°0

P (O

L98°0
119°0
LLS*0
1%6°0
£06°0
0%8°0
68L°0
ecL *0
L99°0
696°0

826 %0

t8%°0
8s% 0
8e8°0
618°0
€08 °0
g8L 0
0LL®0
6%L %)
£el®0

60L°0
$59°0
6€9°0
g19°0

085°0

sel’l
1s0°1
§2¢6°0
$e8°0
¢Ls 0

WITT

%8 *0
119°0
LLS°0
rAA MY
s0s°0
Seg°0
G8L°0
LEL®0
969°0
0L6°0

0es*0
§8%°0
09+%°0
828°0
018°0
§5L°0
8LL°0
£9L°0
¢7L°0
LeL*®0

%0L°0
199°0
Le9°0
019°0
089°%0
601°1
6e0°1
0Z6°0
2£86°0
oLs*0

S

019% %69
9199t
69867t
12L9°1¢e
tv0y *8¢
BEyZ*9L
88e G *99
T194°%98
Bo16°5%
g166°9¢

2996°2¢
GL0L Y
HHe8 *Y <L
(9¢e6 %6 L
9G690°9L
£9c6°2L
9994 %69
1610 *L9
el 9
0868°09

%90¢€ °LS
00L8°0%
£E999°Ly
6189 °%%
1949 °0%
9688°961

nedeetisl

9206 *601
5981 °18
1022°%%

YRIV=TVId *WIv=dXdd

1962 °69
€e0¥ "t
€S10 %6t
663y 1t
994 %8¢
6908 *sL
S19¢ *9%
1¢19 *9%
L%06°9%
16%0 °Le

9190°¢ce
sLel 6l
8£06 *°9¢
8cio 6L
¥9¢l *oL
heel®il
1ot {69
Le12°99
905 23
seiv°09

¢h88°94
91<3 °05
Lies*LlYy
09¢ce®y
8¢99°0%
68u% *lol

206 °8Y%1

0Tcc %601
9149y *le
05%0 *%Yy

0¢%0°0L
L120°L9
Y666 °99
¢955°99
8605°99
SE8¢ L9
61ec*e9
2061 °¢9
69919
2¢01 *¢9

G680 %9
86L2°%e9
©G90 *¢9
T1L2°09
tiv¢*09
#222°09
L102°09
g761°09
1691 °09
L%4T1 09

65821°09
7%63°09
¢sLd 09
to%0°09
6810 °09
0s%0 LS
0s10°LS
6942 °SS
0%L9°8S
%Le2°SS

FION7I3=A"

000°0L 9L0%2
18e°1ls Lilee
719°%6% 9e 1e¢
9¢lL®Ly  921¢l
100°9% 911l
000°0L 8%21¢
€00°69  L%v21¢
Lo6%6S 99212
gob%hy  Gv2ie
200°0s w9212
€008y  ewele
900 *94% mele
96699 1212
180°0L  6L1€2
60¢°89  691€2
L69°99  e6slel
691°99  évitec
BY8°t9  6Elcd
ch1%9 6clec
L0609 6l1gl
syl*6s  82led
811%96 811E2
9t *s L91€?d
€EB1*es Leled
coe®ls  L21€¢
000°021 6c0%¢
000°00T 8%2%<
000°08  LSO%¢
000°0L  992%¢
200°2¢S ls2ee
=1 “TON



-180-

890°0
€80°0
611°0
cl0°0
8%1°0
6L1°0
960°0
¢s1°0
0L0°0
L90°0-

$80°0~
1Le°0~-
€0€e*0~
$6C°0~
89¢°0-
SL%°0-
1%6° 0~
6L%°1-
980° 1~
L9L°0~

169°0~
tot1°o-
08<°0~
16¢°0~
%22°0~
Sec*0-
€82°0~-
8e8° 1~
[$ 1
0L6°0~

(%) E*A3T

509°0
Tos*0
L66°0
199°0
9Ls*0
186°0
640
L%6°0
QL %*0
86e*0

18¢°0
¢8e’0
%L2°0
991°0
960°0
910°0~
690°0~
g10°¢
cee’l
099°0

s01°0
0ec*0
%s1°0
991°0
£12°0
$61°0
82¢1°0
|§ 2 A
gLl
148°0

E¥YRIT

L98°0
098 °0

‘168°0

0%8 °0
0e8°0
L18°0
%08°0
06L°0
0LL®0
¢sL*o

LeL*0
¢98°0
£é8*0
8LL°0
€dL*0
969 °0
%29°0
sL0°1
%10°1
£20°0

098°0
1L9°0
199°0
€£9°0
819°0
109°0
18s°0
¢ot°l
0¢0°1
2¢6°0

WIT™

238°0
558°0
9%8°0
L8°0
§28°0
2i8°0
008°0
98L°0
99L°0
6%L°0

5¢L*0
658°0
i¢8°0
LLL°0
£CL*0
969°0
%¢9°0
950°1
000°1
L16°0

0s8°0
699°0
069°0
8£9°0
L19°0
664°0
085°0
9L0°*1
c10°1
st6°0

—y—

CLES Y
Leet *BY
2088 °9%
92te *SY
61e8 ey
8%t0°CYy
621e *07
6L€9 8L
9E€9C°I¢C
cyee *ve

£s88° 1t
GEs6°LS
%680°16
BcoS *Y
9Ll6b°LE
Tave*1cC
DA S Bl T
98%1°0¢l

ge6t 20l

£8006°9L

€190%%
0116 °%e
IL%9 *ce
96¢5°1¢
6ldl%6d
960e 82
eL9L*y¢
#25€°0s1

tgol *421

geyL *l6

YRIV=1V]d

96¢l ol
45%0 *8%
1209°*9%
9%c1°sYy
808G %ty
%68L°1Y
¢alloYy
Led7*8e
0¢60 *9¢
810c¢ vt

€ev9L°Te
Yhyee®ls
0066 *09
16L%°%%Y
19L5°Lt
t06e *1t
61e9°8¢
Lels*Lil
6L66°001
%4%0% *°9L

¢666°8S
#LbE e
8966 *Ct
Le3v it
8869 ol
9%4¢*8e
leel *9e
L5485 °661
9460 *221
%ec0°16

RIv=3X3a

06v1°66
1621 *66
9L0T *66
1150 ®66
%860°%66
6o ld *6b
%166 °86
G996 °86
LB16 *8B6
$c68°86

YEY3 *Bo
€L20°%98
9696 *48
9H556°4€
L126°%¢8
0edp*sB
¢2938°*48
Ocet °18
98¢ 18
029L sl

0219 °¢8
INAR DL
6414 °%¢8
0c13*¢s
Boyn *cC8
Q194 °¢8
LSYy°*¢8
Ov11 *89
0LL0°89
6695 °S69

SV0A733=A"

6L0°%9
816°L9
L9G*99
€el®s9
6eL®e9
9L0°29
98%°09
L6 °89
1LL°9S
L00*sS

008°<¢S
$00°0L
200°¢9
166°6S
100 s
€00°09
c66°LY
000021
000°001
gC0*08

000°0L
Tel*ls
01406
€Z9%6"Y
Y5E 6y
65l
t0e 9"y
000°0¢t
000°0061
000°0¢8

—5=T—

6L5¢C
696¢c¢
665¢¢2
6%6¢2
662
oédce
ol6el
8€6¢C
veo6de
616¢¢

Leoce
9651¢
9%61¢
6951¢
7651¢
ts6id
é551¢
650%¢
890%¢
LLIY<

980%¢
LeDe
Li0te?d
960¢e¢
9%0¢ ¢
9e0cd
9¢0e
6%0%¢
850%¢
L90%¢

“YONT



-181-

1LS°0~-
L11°0-
819°0-
%650~
699°0~
5%9°0~
1%1°0-
101°0-~
L10°0~
811°0~-

£80°0~-
8L0°0~
820°0~-
€L0°0-
6e8°0~-
€69°0~-
919°0~
169°0~
866°0~
98L°0-

2€9°0~-
659°0~
SLE® O~
%6%°0-
$60°0~
80Z°*0-
%021~
806° 0~
6L9°0~-
869°0-

() E*A30

teve0-
61e°0
0%0°0
8%2°0~
61%°0~-
Lge*0-
1e1°0
691°0
%52°0
851°0

10¢°0
€Zi*o
58¢2°0
%L2°0
6L5°0
Lez*o
LET®0-
l6e*0-
¢56°0
%1s°0

090°0
L92°0~=
950 °0
%L0°0
66£°0
18€°0
€sy°1
916°0
see*0
L01°0-

EYRIT

€C6°0
610°1
686°0
£v6°0
%16°0
116°0
806°0
€06°0
968°0
068°)

%88 °0
6L8°0
0L8°0
668°0
L20°1
1€6°0
9e5°0
106°0
8e0° 1
c66°0

0e6°0
888 °0
69L°0
%1L°0
tel*0
269°0
%3901
€00°1
926°0
%L8°0

Wil

926°0
sTto°l
686°0
$%6°0
816°0
si6°0
L06°0
106°0
268°0
888°0

¢88°0
€ELE®0
898°0
L98°0
1¢0°1
636°0
ge6°0
G26°0
820°1
066°0

0e6*0
068°0
69L°0
21L°0
0cl®0
069°0
geo0°1l
%660
cc6°0
2L8°0

R A

9%6l *Le
L299°09
STIL®o%
§989 *B ¢
EgI6°0¢C
$086°1¢t
1L0G °tt
G669 °2¢
11eL*1c
BBEB°0¢

0L50°0¢
0e56 8¢
161t *8¢
2950 °L¢e
2966°¢L
6e9L°8G
9098°%%
616L°9¢
t021 88
$0L9*0L

166¢€ *%S
998L 2%
Oell*ce
L%el1°Le
1e40 *0¢
1129°9¢
%628 °901
6GLL *%8
6C19°%9
6692 °05

YRIV=1VId TWIV=dX3d

€88 *Le
L59%°09
LT60°6%
L1081 °8t
€3%0 1
L%01°%Cc
€E9y *te
tyv9 %l
9069 °1c
c08L *0t

L966°6¢
9848 *8¢
Shed *8e
%¢86 °9¢
LsLG %L
60t9°8S
Leih *Gh
L%€5 %3¢
668¢ °Ly
201t1°0L

G99¢€ s
e106°¢y
0660°ce
9%01°Le
BECH *6¢
10¢s °9¢
2562 °611
<900 °%8
€Lée *%9
s£2e *05

Le20°sol
0%9¢t *691
06%¢*991
690 °091
0008 *691
cevL *e9l
98L9°4s1
gyr3*asl
9¢09 *551
6896 °6s1

06€6°641
126% °641
2eE9v°6s1
ey *6sl
02Zey *8¢cl
006t *8El
61970 °%el
(S]] YA B
00Ls5°*S 11
0968 *°S 11

o0LZ°c¢tl
6151 %611
9L50°801
9500°801
S%3%°%01
B%0%*%01
o611 *L6
C190°Lé
05€d *%6
0el8*66

FWON7II=A"

600 °0L
00G*0<¢1
000°001
000°08
000 *0L
ci0°0L
810°0L
eTIL 89
0sl°®L9
L6959

9¢9*4%9
€929
099°19
9%495 %S
00UN*0dl
Gi.. oDl
00608
000°0L
000°0<¢1
000°001

000°08
000°0L
466 %S
166°6Y
10c *2S
SE6 8%
000°021
000°001
000°08&
000°0L

-4

8651¢
©60%¢
801%¢
L11%¢
9¢1y¢
Ls¢1¢
648¢2¢
698<c¢
653¢¢
o¥8cc¢

6e8l<
6beBcd
618¢<
Beddd
68I%¢
850%¢
LD1%¢
911%2
6LIY<¢
B80%¢

L53%¢
901%¢
05e1¢
6ve il
Llbcc
9¢6¢¢
690%¢
8LO%Z
L8J%¢
953%¢

-3~



-182-

L15°0

88e°0-
€S%°0-
Se4°0-
8cs°0~-
%6 49°0~
£€s®0-
t16°0-
966°0-
$96°0~-
$%9°0-

(x)"3¥A30

81%°0

0e0°0~-
100°0-
6%1°0~
$50°0

821°0~
61c*0~-
9s1°0

¢L0®°0~
10€°0-
eeHy*0-

E¥R3T

% °A30 *OAV

$00°T S00°1
LOO°T L00°1
686°0 166°0
C10°1 600°1
686°0 066°0
$56°0 656°0
€10°1 210°1
886°0 686°0
056°0 €56°0
9¢5°0 0€6°0
Wi TTTTT

‘0ctl

cseh 6l
seld st
€858 °8¢
L8s1°cY
oeey*ve
gsla*Le
10es°0S
AL & ]
y1e9°ce
L1e2°*9¢

TRIV=TTVId “WIV=dX3d 3ITOW7I3=A

SiNIUd viv3 40°UN

1994 *6l
0oy 1 st
€106°82
SSET Yy
1LLY *Ye
Be09 *L2
¢1s%°0s
geel*ly
85¢L %k
Ot 7€ *9¢

9%H%C *9tt 000°0¢1
98ls *18¢ 000°0c1
903c *18¢ 000°001
0008 *6¢d 000°021
0819°6¢c 000°001
09c¢l1*8¢cd 000°08
099% L6l 000°0¢1
ocee*Lel 000°00T
ocLd*lel 000°08
020L *20¢ 000°0L
A~

icY

6t 1¥%¢
621492
gelvd
611%¢
geive
Lelwd
601%e
81TH»e
L2192
9el¥e

-*gR-



-183-

Region Illa

€09°0~-
t6%°0-
L56°0~
606°0-
6Lc®0-
L82°0-
s8t1°0-
881°0~-
¢81°0~-
992° 0~

661°0~
980°0

€g1°e~
%9Z°1~-
L60° 1~
96¢°1-
cei®l-
8280~
98¢ °0~-
1910

625°0
S61°0
91c*0
0%%°0
891°e~-
866°%¢-
%L6°0
160°1
266°1-
el

(»)"2%A30

524%°0-
9¢c°*0-
g6e 0~
¢ve*0-
061°0-
[LO°0~-
€90°0
061°0
942°0
L82°0

60%°0
89L°0
12L°1-
gs0° 1~
£68°0~
0%6°0~
c69°0-
eei®0-
1L1°0
102°0

€20°0
169°0
896°®0
160°0
662°0-
2¢6°0-
sic*o
£%0°0-
69s6°1-
000°0~-
EYAIT

Y48°0
$¢8°0
108°0
181 °0
€sL°0
6¢L°0
§0L°0
Z%5°0
809°0
896 °0

%496°0
905°0
%96 °0
c¥8°0
9GL°0
6L9°0
6Ls°0
0s%°0
€6e 0
Tee®0

862°0
16€°0
8sc°0
€1c°0
gLl
ve1el
80€°0
862°0
%€8°0
00€°0
aviIzTT

8¥8°0
9¢8°0
%08°0
06L°0
96L°%0
0eL®0
LIL°0
0%9°0
909°0
996°0

Z%s°0
¢06°0
i86°0
148°0
eLL®o
589°0
8LG°0
16%°0
€6¢*0
1ee®0

86C°0
68¢c°0
96t °0
ele*0
6ee°cl
vel°l
L0e*0
88¢2°0
L98°0
00€°0
—

0€se *9<1

glig*oct

o1L6°*%11
216111
Lyge *e01
¢L00®8B6
coLeee
18%6°6L
6€C9 °tl
2L2L°99

£9¢el *29
01%L°96S
048¢°c91

8909 *%¢1

94494 901
%9 ¢l *98
%986 °99
weelL LYy
#660°0%
Ehoe et

9498% *8<¢
L69T %6t
1250 °6t
cLtel®6d

L118°c0¢

gLES *0¢EL
€69t °8¢
gve1°9¢
6282°911
6681 °9¢

YRIF=1973 “WIV=6X3d

L168 %921
§90¢ *1c1
gyew °oll
ghee*111
184 °c01
1LL0°85
sl1c*eo
€96l 64
olcheted
<9¢es *99

0% °29
880¢€ °9S
24991 °991
05¢6°621
290L *901
ehv0°LlB
268E °L9
26L°LY
2L36°%°¢C
968¢ *CL

cBLy 8¢
6006 *8B¢t
0v48 *he
¢00L ol
988L * %0t
ZhgI *2ké
208l *8d
960¢ *9¢
96e1°811
0061 °9¢

666t *8¢t
195¢ °8¢
LB9t *B¢E
616t °8¢L
Jlee*8t
92¢e *8t
601t *8¢
9¢le °8t
¢6sC 't
64%cd*8t

A XA Ae'E"
102 *BL
oOTLL®8¢E
€208 °8¢t
G09L 6t
4%eSl °8¢
9c¢eL8¢e
9889 °8E
9¢L9 *BE
9¢69 °8¢

5699 °8E
%1¢2°6¢
8LOC *br
vL51°6t
0L10°0%
0966 *bt
<280 *0Y
06LJ°0%
oLL1*1Y
oYyL° 1y

IO 733-R"

7%0°0L
$19°89
g01°L9
922°99
101°%9
S4L°29
0es 19
s11°8s
L6%°9S
Yel*nS

SiL*ES
e81°¢s
000°08
$00°0L
S66°%9
900 °09
¢00°99
806 6%
€00°8 Y
100°9%

S66 *% Y
SHB°LY
1sL 9%
8EL *9Y
000°0<1
000°001
L66 %Y
109 %%
000°0L
00%°*9%
-1

eLeed
69ced
65eed
6heed
6cecd
bceed
6lecd
gceed
gleec
Leeed

Lieed
Lieed
Le0%Z
Lec1e
9¢21¢
geele
yecld
eecie
el
1edie

0eclie
9teted
9Zeel
91eed
610%¢
520%<¢
€leld
2celd
9%0%¢
$2J00¢
~vOR-



-184-

Te1°0~
010°0-
LEO®O~
960°0
991°0
¥el°®0
¢i1°o0
0%¢°0
c69°2~-
120°0

690°0~
g61°0-
L1120
91s6°0
€190
9es*0
982°0
9Le e~
£96°0~-
oOts®0~

L69°0-
¢8y*0-
1eEc®0-
180°0
¢géto
8LC*0
£9¢°%0
LL2%0
£20°0
£E81°0-

(«)"Z*A30

620°%0
L81°0
éteto
90%°0
996°0
8€9°0
eel*0
696°0
10%°1~
69L°0

LSL®0
699°0
ell°l
goe*l
81v°1
gci®l
9L%°0
96t~
9%6°0~
59L°0~-

16%°0=-
990°0~
$09°0
168°0
0¢L*0
162°0
€02°0~

- 619%0

9Z1°0-
g8L*0-

EYRIT

TLL°0
€e2L°0
%1L°0
%89°0
9%9°0
c19°0
896°0
§25°0
6cc°l
¢0s°0

89%°0
A"
tlv*0
Oue *0
6%c*0
c1e o
§12°0
$18°0
8968°0
s8L°0

689°0
9L6°0
0%%°0
8le 0
11e°0
sLe°0
¢sac*o
s1e°0
08¢ °0
8920

wWiTT

1LL°0
1%L°0
ciL*o
¢89°0
éy9°0
909°0
%956°0
0¢s°0
4 XA
86%°0

%9%°*0
0%%°0
80 %*0
sLe*0
s%¢e°0
80€°0
€L2®0
668°0
9L§°0
164°0

£69°0
9LS°0
Lev°0
GLe*0
60¢c°0
2L2°0
£6¢°0
ele®0
08Z*0
092°0

——

Lewe *1cl
5669°y (1
Leb6l*L01
S0%1°101
9L06°%26
<296 °68
9%iw°*LL
G186 %69
89L6°66¢
%86€ °L9

91LL LS
L91B°¢LS
gged oYy
Cisn %Yy
¢%80°0%
0d%6 *7¢e
les1 *0t
CR AT R R A
€89 %2 vl
1009 *6 11

9e%6°96
%6cc v
a189 °1g
EQu9 ey
1299 °te
L921°%6¢
§¢BE°9<
Gvll®ce
LoBB8°8¢
89Lc°92

FWIV=TVIe “WIV=dXda

oels*1dl
91hy *%11
9696 *L01
elel *001
e78¢ °¢6
08¢J°S3
0¢T16°9L
C¥8k *89
¢C%l *%0¢t
BY15°¢9

Llee*lS
€54 °ts
G969 °8Y
25¢8 ey
9t ¢y ‘ot
6696 *ve
6000°0¢
9190 °6%1
9Lc9 eyl
14¢5°021

91249 LS
¥8LC *YL
L0Le 1S
46L2°CYy
910% *tk
LesD ®6¢
2Iev*9¢
81L6°C%¢t
1326°8¢
L8y *9¢

i

i

1228 *¢e

. 890 *€9
0908 *2€ €0L°19
626l *Z€ 6YE 09
918L *Z€ 6€0 %S
€L9L *TE 61%°LS
2esL o2 ¥L6°95
€SEL °TE €8€ *%S
BETL *2€ 926°25
0206 €€ 000°00T
LY98 €€ 1e1°29
2053 *€€ %66 °06
6548 *Et 621°06
9 1€3 *€€ TL1°6%
0228 *€€ 1L1°8Y
%218 * €€ 8ST LY
718 °€E 981%9 Y
E96L *E€ 6L1°5Y
0L6Y *¥E 000°0L
69€0 *S¢E €86 °5 9
100 *s€ 1L6*%9
6266 %€ 786 °6 6
6145 *vE 186 °%S
BEELYE 900°06
6015 *%E 210°8%
8406 *vE 220°9Y
8858 *vt €20°5Y
€8L8 %€ ST 4y
9608 °S€ L66°SY
6018 *SE 800 °5 4
ST18°SE 70% ¥
31047 33=A A=1

6evtEd
6Chtc
6lwed
geved
Bived
BlYed
159t
Lohec
810%¢
IR A Y4

Leved
L1%¢d
AR A4
99htec
9ehve
9¢ed
9i%¢d
9e 0% ¢
§Z61¢
9¢51¢

Lestie
8colc
6c61¢
Ot6ld
1e61¢
eeold
tes1é
Lield
91e 1¢
sleld

- K-



-185-

80L°0~-
606°0~
19¢°0~
0%0°0
0ec°0
12¢¢°0
6%71°0
L9L%¢~-
18¢° 0~
062°0-

1%1°0-
1s0°0~-
880°0
061°0
€L2°0
08e°0
Y89°1~-
yL8°0~
09%°0~
0se°0~

s%1°0-
%0Z°0~-
ey 2=~
LsS°0

682°0

L90°0

SG%°0-
¢le 0~
122* 0~
Lee*o-

(%) Z*A3T

6£2°0
021°0
186°0
611°1
9L6°0
869°0
L80*0
clg°T~
L9€°0
9€€*0

Ly*0
L65*%0
%0L°0
¢és*o
1%6°0
0s1°1
£18°0~-
%60°0
0¢s°0
¢s5e*0

8s1°0

$82°0-
1%0°%¢~
AT

165°0

L0 1°0~
75¢e°0-
612°%0-
811°0~
€01°0~

§¥A3T

68L°0
1490
69%°0
68t 0
%0e°0
¥se*0
0ec*0
£L66°0
%66°0
226°0

988°0
858°0
6¢8°*o0
%61L°0
8%L°0
%95°0
009°0
s%%°0
%l *0
L6¢°0

96¢ °0
1e2°0
8v0°1
€0e 0
892 °0
8eC*0
968°0
¢98°0
8¢8°0
€6L°0

WIT™

£8L°0
0%9°0
59%°0
68¢ *0
10€°*0
96 ¢°0
6220
¢io0°1l
0s6°0
616°0

288°0
£S8°0
6149°0
884°0
124°0
L99°0
509°0
S%%°0
éle*o
96¢°0

$52°0
1e2°o
0L0°1
00t *0
992°0
6ec*0
006°0
%98°0
628°0
008°0

——

9%71°9¢l
59¢6 *101
1esB8°L9
Tlecl °vs
0906 °0%
L209°¢e
9996 *6¢

99t Lol

log% *¢8l
10c2 2Lt

£20¢°191
$¢96 *°¢si
610L *evl
¢eéstael
9018 *c21
Slol*%01
0616 °.8
5801 *6S
BelL LY
69EE *G¢E

6665°0¢
£69¢°L¢
e [06°T1C
1 X°TA %23
L 209 °0¢
0884°9¢
6004 °961
Evle *991
09%9 *9¢t1
cl%L 8¢t

*RIV=T1933 “AIV=axId

00Zb *sel
£v08°101
S092 °LY
B5€4 *°¢S
9% 11 *0%
%919t
60%5%¢
6Lel*T10¢
clcu *181
eI Ll

ELY%°091
62711 *¢51
1L59 *Zv 1
SLIY *7¢el
L9599 °¢¢1
¥900°c 0l
L9el*68
8<S0°69
6G99% LY
L83 °9¢

166 *0¢
4% A N
661¢°91¢
8100 °%g
8¢e7 0t
LeTB*9¢
eL»1 LSl
9659941
BLOB *9¢E1
el *gel

RACIALT 666 °6 6
O%LE *82 L66°%§
6YEE *BE €00°06
452E *8T Lob*LY
Leii*ue #00°9%
§90€ *82 566 %0
YEOE *82 S0% *% 4
0406 *82 000°0L
YLEL 6T LEL*69
LETL *62 ¥99°L9
Y669 *62 2u8°59
L169 *62 815 *%9
6949 *6¢ 010°¢9
1099 *62 629°19
SE¥9°62 €6L%S
6609 °6¢ 01995
1925 *0€ 66 °4§
$€68 0 $00°0¢
$618 *0€ 200 %8 Y
6498 *0¢ %0099
1593 °0€ 9669 Y
4168 *0€ LOY %Yy
06LY *2€E 000°08
Eely°2¢ SO *9Y
159% *2¢ L91°SY
£15% °2¢ AL
1568 *2E L20°0L
Y948 *2E €66°L9
bESB °ZE 090 °99
29€8 °2¢ 16% %9
IICR733=A =1

el
 XXA R4
'TXA ¥4
1ectle
0cclé
olcic¢
8121
9¢0%¢
695¢¢
665¢c¢

b%sted
6esed
bcatd
6lstc¢
BcSEl
gigec
0ile1¢
60ele
80el¢
L0eTe

90e1¢
S0el¢
Ledne
9LYye
999t
Slhed
oLyt
69htd
12 4 %7
oyvec

~*ON™



~-186-

965°0

9.0°1-~
66L°0~

(%) T¥A3T

L65°0

010°0~-
¢91°0

E¥R3T”

T4

$°AN30 °OAY

010°T oO10°1
L06°0 S26°0

WITm T T

*¢o

6860 °*%0¢
¥902°0L1

SINIOd V1VG dJO°ON

S3 11 *%0¢ 09ev°82 .
LGCH %691 Gad¥ 8¢

*WIV=TVId *WIV=dX3d 3I0R733=R"

000°02
£66°%9

-—g=T—

1§53/

9¢é1¢e
9elle

~v3R-



-187-

9¢0°1

Region IIIb

Lyete-
§¢C°0-
6ec*0

821°0
€80°0
€1L°0~
t1L°0-
c68°0-
110°1-
gol’i-
%60° 1~
9ee*l-
86%°* <~
(%) Z"A3T

806°0 :

08L°0~-
8%l
cel®l

hee°l
%8°0
AL A
%62°1
106°0
9966°0
020
LL0°0~
699°0-
906 ° 0=
E¥A3T

£°A33°ONY

992°1 9Lc°1
¢e9°0 €29°0
£06°0 65%°0
01%°0 %0%°0
Ldt®V %Ce*0
¢80T 990°1
€eo0 L6°0
0LL°0 €9L°0
696°0 ¢94°0
L0 TL%°0
0Le*0 0Lc*0
91£°0 o61c°0
99¢*1 062°1
Wizt T

‘el

€581 °00¢
9898°801
861l *°¢8

LOSY *H%
L6188 6%
868C °T1ec
¢L0s 6yl
%966 °6¢l
999¢°co
L1798 °%L
181Z°9s
8L80 °LY
9.80°00¢

TWIV=TVOd *WIV=dX3d

SINIOd vivd JO°ON

6t%5°20¢
L8ic Lol
91cL°08

2¢09 °e3
¢Hoy oYy
BeGb *Led
1502°¢es1
§Jst *btl
90%L 5
6069 °%L
€19¢ *9¢%
csov Ly
Se19°10¢

0cée*we
SelIl*%e
9e80°%¢

8490 *%¢
C6%) *° %<
geeEsS *He
1116 *°%¢
6088 *H¢
SILB *%¢
%858 *4¢
56%8 °%¢
Leed*%e
021é°lLe

30A733=R"

000 0L
¢09°%0¢9
Leg LYy

6CT1°9Y
£99°%y
186 °%9
L86°6S
800 °GS
L00°09%
L10°8%
%10°9%
420 °sY
000°08

TEelTT

1% 4

91042
L19¢c
93¢l

913¢2
s13ee
€c61¢e
Zcole
1¢61e
0c61¢
61612
81612
L1612
L1392
TYONT



-188-

Region Illc

¢%6°0

¥60°0~
0ev°*0-
27L%°0-
goe*l-
1¢%°0~
{€e9°0-
8s1°0

Te0*0

9¢¢e°0~
L05° 0=
19L°%¢~-
S65° -
Ye0°6~-
6ZL°S-
¢el*o

¢%0°0-
001°0

111°0

%¢0°0
o%1°0-
¢ee*0-
%22°0-
8i¢e°*0
2iv*0-
€e0°0
620°0
99L1°0~-
0S0°0~
(%) 2¥A3T

c09°1

8¢8°0
11s°0
£95°0
%9¢° 0~
iL6°0
Ls91°1
Loe°1
eel*l

eL8*o
%0L°0
9¢1°%¢~
Sy71°¢e-
¢19°%°e~-
Yle®h=-
Biv*1
196°1
gLLl
VAT

T4%9°1
135 A
1 FA
6es°1
080°*¢
écel
%90°¢
100°¢
611°1
L8L°1
T¥A3T

% *A33 *9AV
900°T 866°0
L¥6°0 246°0
8%8°0 4+8°0
€8L°0 SBL°O
989°0 6L9°0
L85°0 185°0
L66°0 €36°0
9%5°0 %£6°0
L68°0 068°0
LY8°0 1%9°0
266°0 %»10°1
Z9L°0 98L°C
959°0 189°0
196°0 $95°0
000°T 286°0
%96°0 8%6°0
5€6°0 616°0
S68°0 618°0
8¥8°0 +$€8°0
208°0 061°0
ESL°D  ¥9L°0
08L°0 894°0
Y0L*0 269°0
%59°0 9%9°Q
900°1 986°0
$96°0 9%6°0
G06°0 $68°0
6¥3°0 %€8°0
Wi T I

*8e

9148 *c0¢
Ls9te L8l
EveL*191
190L°9+%1
22¢c el
8%80°201
%096 °10¢
yecl Ll

6L6l*YL1
SYIL*191
0999°10¢
eLs8 °0%1
80%9 *911
08L0°¢6
Z8L1°%0¢
99¢9°col
2069 *981
%609 *%L1

06t °¢91
Y%¢€9 °0¢1
€018 *8¢el
6%5L *vvi
9hdc°Lcl
6%ce °sl1
€L9% *90¢
2s8Z w61
YrecoLLt
8L9€°291

FAIV=TIVId SWIV=aX3d

e

SINIOd v1iVQ 40 °ON

sL51°%°¢0¢
L1 °931
€518°091
%160 °941
69¢e1 °¢?1
sL16°001
87t 661
S9ev el

1182 °eLl
Ge85°091
96060°90¢
Otev°s¥l
LTTI0°1Z1
6622 °%6
17 1% °00¢
tely *061
65Yv% °Z281
LE6S*TLT

SLIL®6GT
8506 °g41
69%1°Lel
¢d9s *¢v1
gced *vel
€ceo6°cell
%¢6¢°¢0¢
Yely °061
0192 °sl1
cL1s*5s61

YIv1°®ic
L9¢1°1¢
8601 *1¢
7¢60°1¢
0T1L0°*1¢
£es0°i¢
§c0s *1e
LobY *1¢

L88% *1¢
cLLly*1e
6.0¢2°%2¢
9081 *<2¢
Y0L12¢2
9¢91°%¢¢
68ee *2¢
0l2e*éc¢
vlZe *ce
gele*dd

9¢0e *¢¢
916¢*dd
606¢ *¢¢
1L66°¢¢
99L6 °¢cC
Ev95°2d¢
S86J *ed
94%d°¢d
€020 °¢ce
¢010°€c

3TOR733=R"

O61°CHS
6%6°0%
tt0 %6
6e8 LYy
691°9%
90G9°hYy
260°t S
110 °2s

900°14
066°%6Y
010°s%
966 °6Y
800 *8Y
000°9+%
L596°GS
999 °%S
So6°tS
090°ts

§¢0°¢cs
Le0°1¢
¢%0°0¢S
0co0°®¢s
8Z%7°0S
79E°6Y
0s9°LS
94 °99
2s6°%9
gl9°ts
==%=I—

[$%/

Léled
LiLed
9cled
9cled
91ted
siLec
Lsied
L7Led

Leted
9uled
4 4 ¥4
1 ¥4 ¥4
4 ¥ ¥4
ttete
galed
ByLed
BeLee
Lelec

LBLec
LiLtec
LolLee
Belted
giLed
9%Led
8¢9t
gloec
Lejec
Levted
= 3gR-



-189-

Region IV

ghv°6-
gIy® G~
Ole*e-
SL0°¢c~-
AR A
gv¥8°1-~
8250

199°0~-
986°0~-
16%°0-

t68°2~
98L° 1~
0y8° 1~
L5e*91-
1506~
18g8°9-
160°¢
L0c*2-
%86° 1~
g8L%°0~

s%0°0
GG9°%y -
L1~
Y16°2
LLT®*O
LL2°0
061°0
9690~
€5s°0
089°0

(%) Z¥A3T

LsB8°8
L96°1
061°0-
6%0°1~
6ge* 1-
1¢9°1~
10L°%1
099°s
goli°t
¢v0°¢e

loc’e
tle®te
0Le*¢

656°%1~

986~
16%°G~
9ce*¢

¢0s°¢e-
716%1-
099~

%6 1°0-
908°L-
699°1~
Lol

L1e°0~
9¢e*o0

£Es2°0-
itie1-
6Z%°0~
915°0~
E¥R3T

e1c¢*0
8¢ °0
¢%%°0
%89 °0
218°%0
¢%0°1
s%1°0
09c‘*o
69¢ *0
18%°0

201°0
§¢1°0
1s1°0
9¢1°0
842°0
%1%°0
€10
1%1°0
%91°0
oL1°0

%20
9¢1°0
652°0
¢61°0
2120
9€2°0
602°0
€E€C 0
gL2*0
LL2*0
WiT™

10¢°0 L69L *tt
8L€°0 €L8%*29
€Evs°0 evLl *26
169°0 siLg*1dl
S¢8°*0 9L99° (sl
090°1 6608 *01¢
Lei*o 1LL6°1¢
S%¢°0 92eLL0%
Lse®0 502L°%6S
1L%°0 £80L°08
001°0 €00% °s1
921°0 6L0c°%1
g91°0 Besl *cd
6%1°0 0892 °81
10€°0 #20€°cY
BE»*0 E6%5°L9
0¢1°0 cL60 %61
s%1°0 9298°0¢
L91°0 G8ZY *H¢
YL 1°0 Le0s *H2
5¢2°0 Eeds *he
8% 1°0 Oteo6 *dl
£92°0 L9e9°LE
681°0 ¢iLe*se
€10 £901°8¢
9e 0 %099 ° 1¢
0iceo 191L°9¢
9¢2°0 78%6°9¢
6LC°0 YLL1°9¢
8LC*0 %199 °6¢
1

TWIV=TVId “WIV=4X3d

0<c0*1¢e
918¢ °19
109%°¢26
¢eI1°ell
8%786°ts1

Ls%e*y1e

€091 *61l
%88s°6¢L
9598 °LS
9e60°6L

1668 *41
2i8s 81
0el1c*2e
9490 *¢¢
6958°9y
Ivyh 1L
ZYBI°*LT
6L6¢€ *1¢
1508 *%2
§911°%4¢

€065 *He
19€5 *0¢
669¢ °8¢
\AJ- T4 X4
9661°8¢
4-1- R §
6l *9¢
L8 *s¢
106¢ *9¢
%641 °S¢

L122°0¢2 €L0°8¢
99¢2°0¢ 200°0%
2ev2 %02 11024
§852 °02 100 *% %
g0L2 °02 210°9%
6062 °02 200 *0S
6995°02 699°8¢
0685°02 950 0%
8800 °12 Yoy °ly
00€0 *1¢ 900 °t ¥
gsl9°1e 602 *6¢
€089 *°1¢ 604°6 ¢
0%89°1¢2 06L%6¢E
%911 *22 866 °6¢
véel'ee 200°%¢4
Loév1ee 066°cYy
E0Ls °2¢ E19°0Y
16L6°22 259°0%
L6LSG°2¢ 656°0%
1910 °%2 6ET*2Y
6620 *%¢ 9t1%cYy
2618°%9e 800 °CY
Y6€3 *%2 8{0°HY
G491 °Le GHG °Eh
QzL1 L2 €26 %Y
08LT L2 LeE hY
000t *8¢ 886 °CH
0€8L *eE 160°9Yy
€0Y3°8¢ S6E%Y
09€1 *6€ 6629y
FI0A7II=A N=1

BI51¢
6061¢
o161
Tleld
clo1e
el61¢
elied
v1Led
hiLed
helLed

elied
eeled
celed
80c1¢
6021¢
0121¢
21Lel
Yeled
heled
?13¢d

%29¢e¢
s151¢
9161¢
715t
%¢5ed
glael
Lieie
Slyee
6ccle
Glckd
TYONT



U3LVNIWY3L N3ILNJ3X3
0 d01$

03SS330dd N3d¥ 3AVH vivd v

-190-

191°¢ LiLeLl : Z°A30°9AV *e? 3 SINIOd vivd dU°ON ey
yle®le=  8E2°992 Y%1°0 0%0°0  s¢ce®le  0%s8°S G011°%61 % vt dlBkd
216y~ £9s 8y 1 181°0 €L0°0 6900°c 3%9u°01 gsil*6l Yol *ve  ZBBEL
6e1°€~ £69°06 91¢°0 E11°0 ¢9e6S°ce  8.80°L1 tect el Ly1°se  €98€¢
A TAR A 606°99 6¥2°0 6%1°0  %699°Le  6%dL°2C 8821°61 G9%7°se  El3EC
1L0° 1~ ZE0°LE GZE®O BEC°0  ZES9°0s  6%95 *9¢ L1916l GLC*9E  €88El
862°0- 168°61 cv?°0 69€°0  691T°1lL OB 1EL®6S et ol €95°LE  €63EL
€2e* 0~ 906 °%1 L0G6°0 €¥%°0  1€s1°®c8  0619°2L 9eLl%61 60€ *8€  ¥EBEZ
¥49L°0- L1 GeS 0  9%6°0  Ze9€°001 2ite°l6 681 %61 LBE®oE  Yv9EL
A TAS & L96°s 6L49°0 €99°0  %8LZ°LT1 9¢62°111  290¢°61 9¥GH 0%  %s3ce
810°1~ 991°¢ 08L*0 96L°0 0Gb62°6El 8610°SEl  LEdd ‘ol 1€6°1y  %93¢l
1€6°0- cev°l 648°0 L98°0 L981°291 0Le8*6ST  S2vi°el 692 %ty  9lBEl
Lrec 1~ $S0°0 266°0 256°0  €091°081 %1s0°081  19s2°61 90e°9y  618e2
9%0° 1~ L0~ 6T0°T %20°T s89t°lel 220L*86T  0b9¢°6l BLY°*sy  918€e
(«)"X¥A3T E¥NIT” WI7TT TT7T - PRIVEIWId *RIV=dRId ITOA7IIFAT TOESITT TTONT



APPENDIX 1.3
NITROGEN

31) Sonntag-Oztirk data (88)

32) Friedman data (31)

33) Crain-Sonntag data (24)

34) Canfield-Leland-Kobayashi data (18)
35) Weber data (103)

36) Streett-Stavely data (95)

(*) The Strobridge equation whose constants were determined by
Strobridge (96).
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APPENDIX I1.1a
ARGON-NITROGEN
79.85% Ar - 20.15% Ny

48) Crain-Sonntag-Van Wylen data (26)

(*) The Benedict-Webb-Rubin equation with the constants in Table VI
and the combining rule listed in Table V.
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APPENDIX II.1b
ARGON-NITROGEN
- 51.55% Ar = 48.45% N,

45) Crain-Sonntag-Van Wylen data (26)

(*) The Benedict-Webb-Rubin equation with the constants in Table VI
and. the combining rule listed in Table V.
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APPENDIX II.1c
ARGON-NITROGEN
20.10% Ar - 79.90% N,

42) Crain-Sonntag-Van Wylen data (26)

(*) The Benedict-Webb-Rubin equat1on with the constants in Table VI
and the combining rule listed in Table V.
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APPENDIX II.2
ARGON-NEON
46.82% Ar - 53.18% Ne

55) data obtained in this research

(*) The Benedict-Webb-Rubin equation with the constants in Table VI
and the combining rule listed in Table V.
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APPENDIX II.c
NEON-NITROGEN
51.40% Ne - 48.60% N,

65) data obtained in this research

(*) The Benedict-Webb-Rubin equation with the constants in Table VI
and the combining rule listed in Table V.
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