
Negat ive mic ro f i lm 64—6752 
r ece ived f rom un ive r s i ty 

SMITH, Gene E v e r e t t , 1936-
SOLID-VAPOR EQUILIBRIUM O F THE CARBON 
DIOXIDE-NITROGEN SYSTEM AT PRESSURES 
TO 200 ATMOSPHERES. 

The Unive r s i ty of Michigan, Ph .D. , 1963 
Eng ineer ing , mechan ica l 

University Microfilms, Inc., Ann Arbor, Michigan 



SOLID-VAPOR EQUILIBRIUM OP THE 

CARBON DIOXIDE-NITROGEN SYSTEM 

AT PRESSURES TO 200 ATMOSPHERES 

Gene Everett Smith 

A dissertation submitted in partial fulfillment 
of the requirements for the degree of 

Doctor of Philosophy in The 
University of Michigan 

1963 

Doctoral Comittee: 

Associate Professor Richard E. Sonntag, Chairman 
Professor Lee O. Case 
Professor Joseph J. Martin 
Associate Professor Herman E. Merte, Jr. 
Professor Gordon J. Van Wylen 
Professor G. Brymer Williams 



To my wife, Darlene Rupp Smith 



ACKNOWLEDGEMENTS 

The author expresses his grateful appreciation to 
Professor Richard E. Sonntag, Chairman of the Doctoral 
Committee, for his constant interest, encouragement and 
advice during the course of this investigation. 

The interest and assistance of Professors Lee 0. Case, 
Joseph J. Martin, Herman E. Merte, Jr., G. Brymer Williams, 
and Gordon J. Van Wylen are gratefully acknowledged. 

The author also acknowledges the financial aid and 
support of the National Science Foundation, the Pord 
Foundation, the E. I. du Pont de Nemours and Co., the 
Mechanical Engineering Department and the Horace H. Rackham 
Graduate Fellowships and Scholarships. 

Use of the facilities of the Automotive Laboratory of 
the Mechanical Engineering Department and those of the 
Computing Center is appreciated. 

iii 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS c iii 

LIST OF TABLES vii 

LIST OF FIGURES ix 

NOMENCLATURE. xi 

I. INTRODUCTION 1 

II. PREVIOUS WORK 3 

A. Experimental 3 

B. Analytical 7 

III. DERIVATION OF THEORETICAL EQUATIONS 11 

A. General 11 
B. Thermodynamic Property Relations 11 
C. Pure Substance Solid-Vapor Equilibrium 12 
D. Solid-Vapor Equilibrium in the Presence of an 

Inert Gas. 13 
E. Pure Gas Fugacity „.. 14 
F. Fugacity of a Component in a Gas Mixture 16 

X V © X i v J U / l X X v J I N O \JL* k ^ X / l X X ^ a « o o « a o « 0 e o o e o o e a « a o o o t f w e a « a o a e « *LtO 

A. General , 23 
B. Pure Component a 23 

1. Beattie-Bridgeman Equation of State 23 
2. Benedict-Webb-Rubin Equation of State.... 25 
3. Martin-Hou Equation of State 25 
4. Virial Equation of State 26 

a. Lennard-Jones (6-12) Potential « 28 
b. Kihara Potential „ 31 

1. Empirical Equation of State 34 
a. Beattie-Bridgeman Equation of State. 37 
b. Benedict-Webb-Rubin Equation of 

State..... 37 
c. Martin-Hou Equation of State 37 

2. Virial Equation of State 39 
a. Lennard-Jones (6-12) Potential 40 
b. Kihara Potential 42 

V. SOLUTION OF THEORETICAL EQUATIONS 44 

iv 



TABLE OF CONTENTS (CONT'D) 

B. Equations to be Solved..... 46 
1. Beattie-Bridgeman Equation of State 46 
2. Benedict-Webb-Rubin Equation of State.... 54 
3. Martin-Hou Equation of State 62 
4. Virial Equation of State 72 

C. Method of Solution 75 

EXPERIMENTAL EQUIPMENT 85 

A. General Description '. 85 
1. Cryostat 85 
2. Test Gas Flow Path 95 
3. Heat Exchanger Coolant Flow Path 97 

B. Construction 98 
1. Cryostat 98 
2. Heater.. 99 
3. Liquid Level Indicator..... 100 
4. He at Exchange r 102 
5. Equilibrium Cell and Coil 104 
6. Solid Filter 106 

C. Instrumentation 109 
1. Temperature Measurement .̂... 109 
2. Temperature Control .*.... 110 
3. Pressure Measurement..... 110 
4. Pressure Control 110 
D « I j 2*S n l l a X y S l S • • • « « e « e o o « « e » * * e ( i o a « « « » i a « t > a X X X 

6. Liquid Nitrogen Level C o n t r o l . . . . . . . I l l 
7. F l o w m e t e r s . . . . . . . . „ 112 

EXPERIMENTAL ERRORS 113 

A. Temperature Measurement 113 
1. Resistance Thermometer-Bridge-

Galvanometer 113 
2. Thermocouple-Potentiometer-Null 

Detector 114 
B. Temperature Control........ 116 
C. Cryostat Temperature Distribution 116 
D. Pressure „ 118 
E. Gas Analysis 118 
F. Flow Rate , o..... 121 
G. Equilibrium Cell 121 
H. Throttling Valves 122 
I. Gas Purity 123 
J. Attainment of Equilibrium 123 

. EXPERIMENTAL PROCEDURES 126 

A. Pressure and Temperature Range.... „ 126 

v 



TABLE OF CONTENTS (CONT'D) 

B. Preparation of Gas Mixtures., 126 
C. Run Procedure 127 

D. Operational Difficulties.. 131 

IX. EXPERIMENTAL RESULTS. 133 

A. General 133 

B. Results and Discussion 134 

X. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS.. 151 

A. General „ 151 

B. Discussion 152 

APPENDIX A - EXPERIMENTAL DATA 173 

APPENDIX B - ITERATIVE METHODS 186 
1. Newton Method for One Equation in One Unknown. 186 
2L, The Newton-Raphson Method for Two Equations 

in Two Unknowns 187 
APPENDIX C - FORM OF ANALYTICAL EQUATIONS USED IN 

NEWTON AND NEWTON-RAPHSON ITERATIVE 
METHODS OF SOLUTION 190 

1. Beattie-Bridgeman Equation of State 191 
2. Benedict-Webb-Rubin Equation of State 191 
3. Martin-Hou Equation of State 192 
4. Virial Equation of State 194 

APPENDIX D - COMPUTER FLOW DIAGRAMS FOR ANALYTICAL 
SOLUTIONS 195 

1. Beattie-Bridgeman Equation of State 195 
2. Benedict-Webb-Rubin Equation of State 196 
3. Martin-Hou Equation of State 197 
4. Virial Equation of State 198 

BIBLIOGRAPHY „ 200 

vi 



LIST OF TABLES 

Table Page 

I Values of P°, v| for C 0 2 77 

II Beattie-Bridgeman Constants 78 

III Benedict-Webb-Rubin Constants 79 

IV Martin-Hou Constants • 79 

V Pure Gas Second Virial Coefficients 
Calculated from Lennard-Jones (6-12) 
Potential 80 

VI Pure Gas Second Virial Coefficients 
Calculated from Kihara Potential 81 

VII Force Constants for the Lennard-Jones 

(6-12) Potential 81 

VIII Parameters for the Kihara Potential „... 82 

IX Pure Gas Third Virial Coefficients 
Calculated from Lennard-Jones (6-12) 
Potential „ 82 

X Second Virial Interaction Coefficients 
Calculated from the Lennard-Jones (6-12) 
Potential 83 

XI Second Virial Interaction Coefficients 
Calculated from the Kihara Potential 84 

XII Third Virial Interaction Coefficients 
Calculated from the Lennard-Jones (6-12) 
Potential 84 

XIII Mole Fraction of Carbon Dioxide as a 
Function of Temperature and Pressure 143 

XIV Comparison of Original and Check Points, 144 

XV Enhancement Factor as a Function of 
Temperature and Pressure 148 

XVI Comparison of Analytical and Experimental 
Enhancement Factors „. „ 160 

XVII Effect of Quadrupole Correction on 
Enhancement Factors Calculated from 
Virial Equation of. State Using the 
Lennard-Jones (6-12) Potential 167 

vii 



LIST OF TABLES (CONT^D) 

XVIII Effect of Quadcupole Correction on 
Enhancement Factors Calculated from 
Virial Equation of State Using the 
Kihara Potential 168 

viii 



LIST OF FIGURES 

Figure _ 
_ £ Page 

1 Schematic Diagram of Experimental Equipment.. 86 

2 View of Control Panel 87 

3 View of Control Panel 87 
4 View Showing Equilibrium Cell, Resistance 

Thermometer, Temperature Controller Sensing 
Element and Thermocouple Reference Junctions 89 

5 Heater and Float Actuated Switches for 
Liquid Level Indicator 89 

6 First Step in Cryostat Assembly: Equilibrium 
Coil and Cell, Resistance Thermometer, 
Temperature Controller Sensing Element 
and Thermocouples in Place 90 

7 Second Step in Cryostat Assembly: Heater 
and Float Actuated Switches for Liquid 
Level Indicator Added 90 

8 Third Step in Cryostat Assembly: Centrifugal 
Circulating Pump Added 91 

9 Fourth Step in Cryostat Assembly: Cooling 
Coil Added 91 

10 Fifth Step in Cryostat Assembly: Cryostat 

Bolted to Top Plate 92 

11 View Showing O-ring Grooves in Cryostat Flange °2 

12 Final Step in Cryostat Assembly: "Insulation 

Placed Around Cryostat and Top Plate.. 93 

13 Cryostat Top Plate and Solid Filter 93 

14 Storage Tank and Diaphragm Compressor 96 

15 Heat Exchanger and Solid Filter 96 

16 Schematic Diagram of Liquid Level Indicator.. 101 

17 Heat Exchanger Construction 103 

18 Equilibrium Cell Construction eoffl.0. 105 

19 Solid Filter Construction 107 

ix 



LIST OF FIGURES (CONT'D) 

20 P o t e n t i o m e t e r - N u l l D e t e c t o r , Temperature 
C o n t r o l l e r and Mueller B r i d g e . . . . . . 108 

21 Galvanometer , J u l i u s Suspension and 

Lamp and S c a l e 108 

22 L o c a t i o n of Thermocouples i n C r y o s t a t 115 

23 Mole F r a c t i o n y.. v s . P r e s s u r e a t 140° 
and 150OK. 135 

Mole F r a c t i o n y . v s . P r e s s u r e a t 160° 
and 170OK 136 

24 

25 Mole F r a c t i o n y- v s . P r e s s u r e a t 180° 
and 190OK. 137 

26 Enhancement Factor <t) vs. Pressure at 
Constant Temperature 149 

27 General Solutions at 140°K 154 

28 General Solutions at 150°K 155 

29 General Solutions at 160°K 156 

30 General Solutions at 170°K 157 

31 General Solutions at 180°K 158 

32 General Solutions at 190°K 159 

x 



NOMENCLATURE 

Symbols 

A Helraholtz function 

A Beattie-Bridgeman function defined by (4-3) 

A Benedict-Webb-Rubin function defined by (5-85) 

A Martin-Hou constant 

A Beattie-Bridgeman constant 

A Benedict-Webb-Rubin constant o 

a Beattie-Bridgeman constant 

a Benedict-Webb-Rubin constant 

B Martin-Hou constant 

B Beattie-Bridgeman function defined by (4-4) 

B Benedict-Webb-Rubin function defined by (5-86) 

B Second virial coefficient 

B Beattie-Bridgeman constant 

B Benedict-Webb-Rubin constant 

B* Reduced second virial coefficient 

b Beattie-Bridgeman constant 

b Benedict-Webb-Rubin constant 

b Martin-Hou constant 

b Lennard-Jones force constant 

C Martin-Hou constant 

C Third virial coefficient 

C Beattie-Bridgeman function defined by (4-5) 

C Benedict-Webb-Rubin constant 

C* Reduced third virial coefficient 

c Beattie-Bridgeman constant 

XI 



NOMENCLATURE (CONT»D) 

c Benedict-Webb-Rubin constant 

D Fourth virial coefficient 

D Martin-Hou function defined by (5-130) 

F Martin-Hou function defined by (4-12) 

F Kihara function defined by (4-36) 

F Martin-Hou function defined by (5-124) and (5-127) 

f Fugacity 

f Function defined by (4-17) 

T Fugacity of a mixture component 

G Gibbs function 

g Molar Gibbs function 

H Enthalpy 

K Dummy constant for writing general mixture rules 

k Martin-Hou constant 

k Boltzmann's constant 

M Kihara parameter 
o c 

N Avogadro»s number 

n Number of moles 

P Pressure 

Q Quadrupole moment 

Q* Reduced quadrupole moment 

R Gas constant 

r Molecule separation 

S Entropy 
S^ Kihara parameter o * 
s Molar entropy 

x i i 



NOMENCLATURE (CONT'D) 

T 

x* 

U 

Uo 
u 

V 

Vo 

V 

y 

z 

cm 

P 
r 
r 
r 
s 
1 
6 

<D 
<P 
e 
cr 

Temperature 

Reduced temperature 

Internal energy 

Kihara" force constant 

Molar internal energy 

Volume 

Kihara parameter 

Molar volume 

Mole fraction 

Dimensionless Kihara parameter 

Benedict-Webb-Rubin constant 

Second virial in Beattie-Bridgeman 

-

equation 

Third virial in Beattie-Bridgeman equation 

Benedict-Webb-Rubin constant 

Beattie-Bridgeman function defined 

Fourth virial in Beattie-Bridgeman 

Beattie-Bridgeman function defined 

Lennard-Jones force constant 

Enhancement factor 

Intermolecular potential function 

Molecular core separation 

Lennard-Jones force constant 

by (5-46) 

equation 

by (5-47) 

and (5-50) 

and (5-51) 

Subscripts 

1, 11, 111 Pure component 1 (Carbon Dioxide) 

2, 22, 222 Pure component 2 (Nitrogen) 

xiii 



NOMENCLATURE (CONT'D) 

12, 112, 1,22 Interaction subscripts 

2, 3, 4, 5 Martin-Hou constant subscripts 

c Critical property 

if j, k Indices 

m Gas mixture 

q Quadrupole correction 

Superscripts 

g Gas phase 

s Solid phase 

o Saturation state 

* Ideal gas state 

(over property)-Partial molar property 

xiv 



I. INTRODUCTION 

In many present day purification processes impurities 

are removed by condensing them from pressurized gas systems. 

Howeverp in order to design the equipment required for such 

processes, it is necessary to have access to phase equilib­

rium data which often are not available. It becomes desirable, 

therefore, to have some means for analytically predicting 

equilibrium compositions with a fair degree of accuracy. 

For this reason, the two-phase binary equilibrium system in 

which the concentration of one of the components in the 

condensed phase is negligibly small is of particular interest 

because such a system affords a comparatively easy means for 

analytically determining the composition of the gas phase. 

An example of such a binary system is carbon dioxide-nitrogen 

over a wide pressure and temperature range, since the solu­

bility of nitrogen in solid carbon dioxide may be assumed 

negligibly small. 

A considerable number of experimental and analytical in­

vestigations have been performed with two-phase binary systems 

in which the condensed phase is essentially a pure component. 

However, in many of these previous studies, the pressure and 

temperature range was such that the condensed-phase compon­

ent was present in the gas phase in only small amounts and 

the analytical calculations were simplified accordingly. 

Only limited data have been collected and analytical calcula­

tions performed in regions where the concentration of the 

condensed-phase component in the gas phase is sufficiently 

-1-
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large so that such simplifications result in appreciable 

errors, thus necessitating a more general and complicated 

solution. 

It would be desirable to obtain additional data in 

this latter region so that various methods employed in the 

analytical calculations and any assumptions made therein 

could be evaluated by direct comparison with the experimental 

data. Such an investigation would not only add to the sum 

total of available phase equilibrium data but could well 

lead to an accurate method for analytically predicting 

equilibrium compositions for systems for which little or no 

data are known. For these reasons it is anticipated that 

the investigation reported here will be of value in further 

phase equilibrium studies. 



II. PREVIOUS WORK 

A. Experimental 

Several investigators have collected phase equilibrium 

data for two-phase binary systems containing an essentially 

pure condensed phase. One of the earliest such works is that 

(1) 
of Hannay and Hogarth J who studied the solubility of 
solid potassium iodide in alchol and other vapors. Several 

(2) years later Pollitzer and Strebel analyzed the effects of 

nitrogen and hydrogen on the liquid-vapor equilibrium of 

carbon dioxide, as well as the effect of air, nitrogen and 

hydrogen on water liquid-vapor equilibrium. In addition, 

(3) 
Bartlett has presented his results on a study of the solu­
bility of water in hydrogen and other gases. Lurie and 

(4) Gillespie ' used the solid amine Ba Clp * 8 NH~ with 

nitrogen to study the solubility of ammonia in nitrogen. 

In 1929, the effect of carbon dioxide on the vapor pressure 

of iodine up to fifty atmospheres pressure was reported by 

Braune and Strassmann . Saddington and Krase analyzed 

the'liquid-vapor equilibrium of water in the presence of 

(7) nitrogen at pressures to three hundred atmospheres. Fieldv y 

investigated the behavior of hydrogen and ammonia, his 

system being similar to that employed in (4) except that 

hydrogen was used rather than nitrogen. A few years later 

( 8") 
Perkinsv J extended the works of (4) and (7) with his studies 

of the effect of helium, argon and nitrogen on the decomposi­

tion of the solid amine Ba Cl? • 8NH3. More recently, 

(9) Kritchevsky and Koroleva determined the effect of hydrogen 

-3-
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nitrogen, carbon dioxide and methane on the liquid-vapor 

equilibrium of methanol at pressures as high as seven hundred 

atmospheres. At approximately the same time, Wiebe and 

Gaddy ' investigated the water-carbon dioxide system". 

(11) The following year, Kritchevsky and Gamburg ' analyzed 

(12) the behavior of benzene in nitrogen. Gratch studied the 

effect of air on the solid-vapor equilibrium of carbon dioxide 

at pressures up to fifty atmospheres. Shortly thereafter, 

(13) Ipatev, et al. investigated the equilibrium of benzene, 

as in (11), but with hydrogen rather than nitrogen. In 

addition, Diepen and Scheffer studied the influence of 

ethylene gas on the vapor pressure of napthalene. In 1950, 

(15) 
Webster ' reported his results on the effect of air on the 

liquid-vapor and solid-vapor equilibria of water. An addition­

al study was made by Webster on the carbon dioxide-air 
(12) 

system analyzed by Gratch J but at pressures up to two 
hundred atmospheres. Robin ' investigated the solubility 

of phenanthrene in compressed nitrogen as well as other gases. 

(19) In 1954, Donnelly and Katz reported their findings on the 

liquid-vapor equilibrium of the carbon dioxide-methane 

system., In a recent study, Dokoupil, et al. ' determined 

the effect of hydrogen on the solid-vapor equilibria of the 

nitrogen, carbon monoxide, and nitrogen-carbon monoxide 

systems at pressures up to fifty atmospheres. In another 

(21) 

recent investigation Ewald determined the solubility of 

solid xenon in helium, hydrogen, and nitrogen, as well as 

that of solid carbon dioxide in helium and hydrogen. 
(22) Jepson, et al. investigated the solubility of liquid 
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raercury in several gases at pressures to 30 atmospheres. 

( 23) Shortly thereafter Pikaarv ' studied the solid-vapor and 

liquid-vapor equilibria of the carbon dioxide-methane system. 

Prausnitz and Benson ' have reported their investigations 

on the liquid-vapor equilibria of various liquids in hydrogen, 

nitrogen and carbon dioxide. The effect of nitrogen on the 

solid-vapor equilibrium of carbon dioxide has been investigated 
/• Q(T\ • Oft "\ 

by Sonntagv ' and reported by Sonntag and Van Wylen 

This system is identical to the one reported here. However, 

the investigation was performed at a maximum pressure of one 
(27) hundred atmospheres. In 1961, Dokoupil reported his 

findings on the solid-vapor and liquid-vapor equilibria of 

the nitrogen-hydrogen system. 

Many investigations have been made on binary systems 

in which both components were present in appreciable amounts 

in the condensed phase* A few of these investigations, are 

of interest in that one of the components is carbon dioxide, 

this being one of the components in the system under study. 
( ?fi 1 

One such investigation is that of Poettman and Katz ' 

who have presented phase diagrams for carbon dioxide with 

butane, pentane, and propane. Clark and Din studied the 

solid-liquid and liquid-vapor equilibria of the carbon dioxide-

acetylene system among others. In 1951, Haselden, et al. 

presented their investigative results on the carbon dioxide-

ethylene and carbon dioxide-propylene systems. Later Bierlein 

(31) 
and Kay studied the carbon dioxide-hydrogen sulfide system. 
This system was further analyzed by Sobocinski and Kurataw y„ 

(33) 
More recently Sterner extended the work of Donnelly and 
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Katz on the carbon dioxide-methane system. In 1962, 

(34") Davis, et al. ' presented their results on the three phase 

equilibrium of the carbon dioxide-methane system. Haselden 

(35) and Snowden have studied the solid-vapor and liquid-vapor 

equilibria of the carbon dioxide-cyclopropane and carbon 

dioxide-propene systems. Finally, in 1963 Vonderheiden and 

Eldridge reported their findings on the liquid-vapor 

equilibrium of the carbon dioxide-methylene chloride system-. 

Only a few investigations have been made to determine the 

properties of the carbon dioxide-nitrogen system. Abdullaev 

(37 38) (39) 

' and Mills and Miller attempted to determine the 

liquid-vapor phase diagram for this system but their results 

were rather incomplete. However, Dana and Zenner have 

recently reported their findings on the liquid-vapor phase 

diagram for the carbon dioxide-nitrogen system as well as 

the carbon dioxide-oxygen system0 Their investigation on the 

CO^- N 2 system was conducted along three isotherms at pressures 
(41) to one hundred-thirty atmospheres. Ishkin and Burbo as 

(42) well as Fedorova studied the solubility of solid carbon 

dioxide in liquid nitrogen over a narrow pressure and 

temperature range. The single phase behavior of gaseous 

mixtures of carbon dioxide and nitrogen has been investigated 

by Kritchevsky and Markov Michels and Boerboom , 

Pfefferle, et al. , Zaalishvili , and Cottrell, 

et al- . However, the majority of these investigations 

were conducted at or above room temperature. In addition to 

the preceding investigations, the only other known study 

(25) 
performed on the CO- - N ? system is that of Sonntag 



-7-

which has been mentioned previously. Sonntag conducted 

a rather extensive investigation on the solid-vapor equilib­

rium of this system over six isotherms from 140°K to-190°K 

and at pressures to one hundred atmospheres. The present 

study is an extension of that investigation to higher pressures 

B. Analytical 

Several investigators have utilized various analytical 

methods in an attempt to predict the gas phase composition 

of binary systems having an essentially pure condensed phase. 

(12) 

One such study was performed by Gratch who analyzed his 

data on the C0? - Air system using the Beattie-Bridgeman 

equation of state. A few years later, Robin, et al. ^ 

used a statistical mechanics virial equation of state through 

the second virial coefficient in conjunction with the Lennard-

Jones potential in an attempt to predict the data of 

Robin(17,18). In 1953, Robin and Vodar(49) utilized the 

same mdthod employed in the preceding reference in an effort 

to analytically predict the data of references 3, 5, 9, 10, 

lip 13, and others. In the same year, Ewald, et al. ' cos-

pared the data of references 14, 16 and others with a theoret­

ical solution using a virial equation through the third virial 

coefficient along with the Lennard-Jones potential. An 

empirical combination of critical constants was used in this 

investigation to estimate Lennard-Jones force constants for 

evaluating interaction coefficients. At a later date, 
(21) 

Ewald ' improved upon this method by utilizing an empirical 
combination of the pure substance Lennard-Jones force 
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constants rather than an empirical combination of critical 

constants to determine interaction coefficients. Ewald^ 

then compared his experimental data with the analytical 

results based upon this latter procedure for calculating 

interaction coefficients. The results of these comparisons 

were quite favorable. Dokoupil, et al. used the Beattie-

Bridgeman equation of state in a simplified solution to pre­

dict their experimental data. Their analytical predictions 

were quite accurate over a moderate pressure range. In 1959, 

(51) 
Prausnitz developed a generalized procedure for evalua­
ting interaction coefficients based on the 3-parameter 

(52 53) theory of corresponding states proposed by Pitzer, et al ' 

Prausnitz applied his method to the data for one isotherm 

(54) (55) 
taken from reference 14. Ziegler and Kirk, et al. 

used the methods of references 20, 21 and others along with 

the empirical Benedict-Webb-Rubin equation of state to per-

form calculations for the solid-vapor and liquid-vapor 

equilibria of the methane-hydrogen system. Prausnitz and 

Myers have recently calculated second virial pure sub­

stance and interaction coefficients based on the Kihara 

potential for several cryogenic fluids and their mixtures. 

In addition, Prausnitz and Myers utilized these pure sub­

stance and inter-action coefficients along with third virial 

pure substance coefficients based on the Lennard-Jones 

potential and interaction coefficients determined by the 
( 57) method of Sutton ' to analytically predict the data of 

/ -a A \ / i / \ 

Gratch^ } and Webster . Their analytical results compared 

favorably with the experimental data* 
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(25) In 1960, Sonntag ' performed extensive calculations 

on the solid-vapor equilibrium of the carbon dioxide-nitrogen 

system and compared the results with his experimental data. 

Inasmuch as this system is identical to that under investiga­

tion here, Sonntag's analytical results are of considerable 

interest. The calculations were made using the B&attie-

Bridgeman equation of state as well as a statistical mechanics 

virial equation of state through the third virial coefficient 

with the pure substance coefficients evaluated using the 

Lennard-jones potential and interaction coefficients deter-

(21) (51) 

mined by the methods of both Ewaldv ' and Prausnitz 

The analytical results of this investigation agreed closely 

with the experimental data in, and in some cases beyond, the 

density range for which the equations of state can be expect­

ed to accurately represent pressure-volume-temperature dataD 

Of the three methods employed by Sonntag, Ewald8s was in 

general the best, followed closely by that using the Beattie-

Bridgeman equation. The method of Prausnitz gave much 

poorer results compared to the experimental data than the 

other twoo Recently Smith, et al. extended the 

analytical investigation conducted by Sonntag by using the 

Benedict-Webb-Rubin and Martin-Hou equations of state in 

their analytical calculations. The analytical results 

based on these two equations were superior at high densities 

to any of those based on the three methods employed by 

Sonntag in his initial work. This is to be expected since 

both the Benedict-Webb-Rubin and Martin-Hou equations of 

state have been shown to accurately predict pressure-
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volurae-temperature data at densities far exceeding the 

range of applicability of the three equations used by Sonntag. 

Regarding the relative merit of the two equations in pre-

(58) dieting experimental data, Smith, et al. ' indicate that 

the Martin-Hou equation is considerably better than the 

Benedict-Webb-Rubin for this particular system. 



III. DERIVATION OF THEORETICAL EQUATIONS 

A. General 

In order to analytically predict the gas-phase composi­

tion of a binary solid-vapor equilibrium system in which 

the solid phase is essentially a pure component, it is 

necessary to obtain a theoretical equilibrium equation which 

is applicable to the system under consideration. Such an 

equation has been previously developed by various authors 

and the following derivation closely parallels the work of 

(25") these authors, especially that of Sonntag ' and Beattie and 

Stockmayer(59). 

B. Thermodynamic Property Relations 

Consider the following thermodynamic property relation 

written for a binary mixture 

dU = TdS - PdV + G-jd^ + G2dn2 (3-1) 

which becomes 

dU = TdS - PdV + gdn (3-2) 
4 

for a pure substance. Next consider the Helmholtz function 

A = U - TS ' (3-3) 

which becomes 

dA = dU - TdS - SdT (3-4) 

after differentiating. Substitution of (3-2) into (3-4) yields 

dA = - SdT - PdV + gdn (3-5) 

Similarly, differentiation of the Gibbs function 

G = H - TS s U + PV - TS (3-6) 
yields 

-11-
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dG = dU + PdV + VdP - TdS - SdT (3-7) 

and substitution of (3-2) into (3-7) produces 

dG = -SdT + VdP + gdn (3-8) 

Substituting (3-1) into (3-4) and (3-7) yields 

dA = - SdT - PdV + Ĝ dnjL + <?2dn2 (3-9) 

dG = - SdT + VdP + Gjdnj^ + G"2 dn£ (3-10) 

which are applicable for binary mixtures. An additional 

relation may be obtained by expanding (3-8) to give 

dG = d(ng) = ndg + gdn = -(ns)dT + (nv)dP + gdn 

or 

dg= -sdT + vdP (3-11) 

c' P u r e Substance Solid-Vapor Equilibrium 

The requirement for solid-vapor equilibrium of a pure 

substance at a given temperature and pressure (which will be 

the sublimation pressure P°) is 

gS = gg (3-12) 

However, if the vapor behaves ideally then 

v « i~ (3-13) 

If (3-13) is substituted into (3-11) along with the restriction 

that the temperature be held constant then 

dg = %p- dP = RTd (In P) (3-14) 

It is desirable to retain this form for a real gas and therefore 

the quantity fugacity is introduced by the definition 

dg a RTd (In f) (3-15) 

Furthermore, since a real gas approaches ideal behavior as 

P—&>-o then 

pi?0 (f/P) = X (3"16) 
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The criterion for equilibrium can now be written as 

f s
 8 fg S f° (3-17) 

where the superscript o denotes the value at the sublimation 

pressure of the pure substance (or vapor pressure in the case 

of liquid-vapor equilibrium). 

D* Solid-Vapor Equilibrium in the Presence of an Inert Gas 

The requirement for solid-vapor equilibrium in the 

presence of an inert gas is 

g\ = <3ff (3-18) 

where the subscript 1 signifies the substance present in 

both phases. For component 1 of the mixture, an equation 

analagous to (3-15) is written as 

dGx = RT d d n T p (3-19) 

with the requirement that the fugacity of component 1 

approach its partial pressure as the mixture approaches 

ideal behavior, or 

p ™ 0 ( y ^ H * 1 <3-20> 

Therefore, the requirement for solid-vapor equilibrium 

in the presence of an inert gas can now be written as 

f\ - Tx
s (3-21) 

If equations (3-11) and (3-15), both written for solid 1 at 

constant temperature, are equated then 

dg x = RT d(ln f^) = v^ dP (3-22) 

Integration of (3-22) from P? to the pressure of the system 

gives 
f s A> 

RTln-i= J o4 ^ <3-23> 
f l Pi 
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Substitution of (3-21) into (3-23) yields 

?g rP 
RT In • — * / n v? 

fo I o 1 
f l J P 1 

dp (3-24) 

which is the theoretical equilibrium equation for the system 
g 

in question. Since T. is dependent on the composition of 

the gas phase, equation (3-24) may be solved to determine the 

composition provided the values of T° and f1 are known. 

Therefore, it is necessary to determine expressions for 

Tf as a function of the behavior of the gas mixture and f? 

as a function of the behavior of pure component 1. Such 

expressions are determined in the next two sections. 

E. Pure Gas Fugacity 

Taking a cross partial differential in equation (3-5) 

produces 

V T V T,n c-iL-) 
,^yin ;T,v 

(3-25) 

which reduces to 

dg = - <4£. T, V "V (3-26) 

while holding T and n constant. Substitution of (3-15) 

into (3-26) yields 

RT d(ln f) = - (-̂ -2; dV (3-27) 

which may also be written as 

RT d(ln f) + RT d(l.i V) = -(-yf>T v
 dv + ^y~ d V 

or 

RT d(ln fV) = <-
i P. RT dV (3-28) nf T,V V 

Equation (3-28) is now written for component 1, component 1 

being that present in both phases, and is integrated from 
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some a r b i t r a r i l y low pressure P* to the sublimation pressure 

p j to y ie ld 

Jtf? V?) 
RT Jd(ln fV) - -J* [<-|£T f V * T - ] dV <3'29> 

(fx vx) 

However, as P* —•• O component 1 will behave ideally and 

(3-30) lim •,.* *\ * * 

iim (fx V1) = Px Vx = nxRT 
P-^0 

In addition 

co as P -• 0 (3-31) 

so that equation (3-29) may be rewritten as 

:o o ^oo ^ _ 

< T r » I l t - ^-Jd V (3-32) .RT l n sntT O 
V l 

However 
o o / 

V l " V i / " ! 
so that equation (3-32) becomes 

rO .0 r 

(3-33) 

RT 

or, finally 
f°i 

RT In -~— 
p l 

= 

- RT ln - i - i 

J 0 
Vl 

oo 

/ . 
Vl 

RT 
T dV (3-34) 

a n T,V dV 

RT 
(3-35) 

which relates f° to the behavior of pure substance 1. 

It is possible to obtain an expression analagous to 

equation (3-35) which has V rather than P as the independent 

variable by taking a cross partial differential of equation 
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(3-8) rather than (3-5) to obtain 

("fp ) T, n ~ (~lpAv (3-36) 

and, at constant T and n, this becomes 

Substitution of (3-15) into (3-3) gives 

RT d(ln f) =(-yH>r P d P 

(3-37) 

(3-38) 

which may be rewritten as 

"RT d(m f/p) = [(-|̂ >r,p - nr] * $ H dP (3-39) 

As before, equation (3-39) may be written for component 1 

and integrated from a pressure P*, which approaches zero, 

to the sublimation pressure P° to yield 

rO 

RT In 11 -
o 
1 t±JL) RT 

T dP (3-40) 

which is analagous to equation (3-35). 

The evaluation of the integrals on the right hand side 

of equations (3-35) and (3-40) will require a pressure-

explicit and volume-explicit equation of state, respectively, 

However, since pressure-explicit equations of state are 

much more accurate than those explicit in volume, equation 

(3-35) will be used to express f. as a function of the 

behavior of pure substance 1. 

F. Fugacity of a. Component in a. Gas Mixture 

Taking a cross partial differential in equation (3-9) 
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yields 

as. ap (TT°rfn
 = - (TH1

)T,V,n2 
(3-41) 

which may be w r i t t e n as 

dJJjL = - ( 
3 p 
Tn7)T,V,n2 

dV (3-42) 

while holding T and n constant. Substitution of equation 

(3-19) written for the gas phase into (3-42) gives 

RTdClnT/) . . ( | 2 i ) T | V dV 

which may also be expressed as 

(3-43) 

RT d(ln F1 ) + RT d(ln V) = - (—£ ) T v „ dV 1 j n, i f v , n 2 

+ ^ dV 

or 

RT d(ln F| V) = - 'r * P >> 
l7U1

;T,V,n2 
RT 
T dV (3-44) 

which is analogous to equation (3-28). Equation (3-44) is 

now integrated from some arbitrarily loxv pressure P* to the 

pressure P of the mixture to yield 

RTjdCln T^V) = -J [( "jl^T.v,^ " ££] dV 
(T^V*) V* (3-45) 

As P*-*0 the mixture will behave ideally so that 
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litfc (F, V*) = ytP* V* = y-nRT 
p * _ ^ o 

Also 

V*-»» oo as P* —*- 0 

and equation (3-45) becomes 

Tfv 
yxnRT y 

However, 

v= v/n 

so that equation (3-48) may be written in the form 

RT l n
T l V = [ I <LP) . RT 
y.nRT % I **1 T,V,n0 . 

(3-46) 

(3-47) 

dV (3-48) 

(3-49) 

RT In-
F^v 

YlRT / I ^nlT,V,n2 

RT! 
vj dV 

(3-50) 

or, finally, as 

RT ln 
yjP 

tto 

1 
V 

[v j n^T,V,n2 

RT 
V dV 

- RT ln Pv 
RT* (3-51) 

As indicated in the preceding section, it is possible 

to obtain an expression analogous to equation (3-51) which 

has V rather than P as the independent variable. This is 

accomplished by taking a cross partial differential of 

equation (3-10) rather than (3-9) to obtain 

^ T . n ^ a ni T,P,n2 
(3-52) 

which reduces to 
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d^1 = < Vz >T P n dP <3"53> 
1 d nx T»P»n2 

at constant temperature and composition. Substitution of 

(3-19) written for the gas phase into (3-53) yields 

RT dUn V ) = ( f^x.p,^ « (3-54) 

which may be rewritten as 

RT d(ln ~J_) = [( fX1JT,P,n2 " T ] dp <3-55) 

Equation (3-55) may now be integrated from a pressure P*, 

which approaches zero, to the pressure P of the mixture to 

give 

F J 
RT In Jy 

x 0 
( 4 4 Xr T, .. - ̂ 1 dP (3-56) 3 V . RT 
TH1^T,P,n2 " *TJ 

which is analagous to equation (3-51). 

In order to evaluate the right hand sides of equations 

(3-51) and (3-56), equations of state for the gas mixture 

explicit in pressure and volume, respectively, will be re­

quired. However, as indicated previously, pressure-explicit 

equations are superior in accuracy to those explicit in 

volume and, therefore, equation (3-51) will be used to ex­

press F-g as a function of the behavior of the gas mixture. 

G. Enhancement Factor 

Equations (3-24), (3-35), and (3-51) may be combined to 

give 
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y P 
RT ln (-—•) = RT In £-—^ + I v" dP »• l< p i p ! VI 'p; 

v° 

_ f^L j dV (3-57) 

in which the first integral refers to jpure solid 1, the 

second to pure gaseous 1, and the third to the gas mixture. 

Before proceeding further, a dimensionless parameter 

called the enhancement factor </> is introduced, ty being de­

fined as the ratio of the actual mole fraction of component 

1 to that predicted for ideal behavior, or 

* = V ^ l (ideal) <3-58> 

If the system is assumed to behave ideally then f^ and 

F.£ may be expressed as 

fl = fl = Pl (3-59) 

V B *1 (ideal) P ^3-60> 

Substituting (3-59) and (3-60) into (3-21) yields 

yl (ideal) = Y~~ (3-61) 
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which in turn may be substituted into (3-58) such that the 
»*• 

enhancement factor is now expressed as 

d> = -i- (3-62) 

Pl 

It should be noted that the enhancement factor has the 

value of unity for ideal behavior and other than that for 

non-ideal behavior. Thus the enhancement factor is a con­

venient parameter for determining deviation from ideal be­

havior. 

With the definition of enhancement factor as given in 

(3-62), equation (3-57) may be rewritten as 

p oo 

RT m ^ - RT m p - j • / vl dP +/v0[( l 2 ) T V 
1 1 " 1 v l 

RT 
V 

dV 
oo 

/ 4 V T . V , » 2 - ¥ ] d v <3-«> 

In order to evaluate equation (3-63) a pressure-ex­

plicit equation of state for pure component 1 (second in­

tegral) and for the gas mixture (third integral) are re­

quired. In general an equation of state for the gas mix­

ture is obtained by determining coefficients for the mix­

ture as some function of composition and the pure substance 

constants. Thus the equation of state for the mixture is 

a function of pressure, volume, temperature, and composition. 

At any given temperature and pressure equation (3-63) 

contains two unknowns, volume and composition. However, the 

equation of state for the gas mixture affords a second 
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relation in the same two unknowns and the set may be 

solved simultaneously to determine composition for the 

given temperature and pressure. 



IV. EQUATIONS OF STATE 

A, General 

There aire two general classes of equations of state 

widely used at the present time, the theoretical or virial 

equation of state and the empirical equation of state. The 

virial equation based on statistical mechanics requires an 

intermolecular potential function for evaluation of the 

virial coefficients. Various potential functions have been 

proposed in the past and two of these shall be considered 

in the present investigation, the Lennard-Jones 6-12 potential 

and the Kihara potential. In addition, several authors have 

proposed various forms of empirical equations of state, 

three of which will be considered here, the Beattie-Bridge­

man, Benedict-Webb-Rubin, and Martin-Hou equations. 

In order to utilize the foregoing equations of state to 

evaluate the integrals in equation (3-63) it will be 

necessary to apply them to pure carbon dioxide as well as 

to a mixture of carbon dioxide and nitrogen. Therefore, 

the equations of state will first be discussed as they 

apply to a pure component and thereafter as they apply to a 

gas mixture. 

B. Pure Component 

1. Beattie-Bridgeman Equation of State 

The Beattie-Bridgeman equation of state (60, 61, 

62) is presented as 

-23-
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P » S ( 1 - ^ ) ( v + B0 - - v ^ - ) - -£(1- #) (4-D 
v2 vT*5 o v yz v 

or alternately as 

p s £ | (i-c) (v+B) - £* (4-2) 
v v 

where 

A = AQ (1- i) ' (4-3) 

B = BQ (1- b/v) (4-4) 

C = c/vT3 (4-5) 

in which A , B , a, b, and c are the five empirical constants 

that have been evaluated for several pure substances. The 

Beattie-Bridgeman equation of state may also be presented in 

a virial form as 

P=SI + -^+-^ + -4 (4-6) 
v 

where 

{3 = BQRT - AQ - c R/T
2 (4-7) 

f = Arta - B b RT - Bn c R/T
2 (4.-8) 

o o o 
J = B be R/T2 (4-9) 

fi, 7"» and <£ are often referred to as the second, third, 

and fourth virial coefficients, respectively. However, they 

should not be confused with the virial coefficients in'the 

equation of state written in terms of the compressibility 

factor Pv/RT. 

The Beattie-Bridgeman equation has been utilized in 

accurately predicting the behavior of many gases up to 

0.8 critical density. Beyond this density range the 
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equation deviates lar; ily from actual behavior. 

2. *§mto<famA*M* mmtio* »jr state 
The Benedict-Webb-Rubin equation of state (63) is given 

as 

T> ^T x
 Bo R T " A0 " CQ/T \ bRT - a 

p = _ + + 
V V V 

+ v ^ • c(^r /v 2 ) exP (-r/v2) 1 0 ) 

which contains eight empirical constants. This equation is 

capable of accurately predicting gas behavior at densities 

much larger than possible with the Beattie-Bridgeman equation 

of state, which is to be expected since the Benedict-Webb-

Rubin equation contains three additional constants. In 

general, the Benedict-Webb-Rubin equation of state is very 

accurate to 1.5 critical density and for particular gases 

has been used with good accuracy to 2.0 critical density. 

3o Martin-Hou Equation of State 

The Martin-Hou equation of state (64) is written as 

p - RT +
 F 2 ( T )

 +
 F 3 ( T )

 +
 F4(T> 

P = . + + + 
v-b (v-b)*4 (v-b)J (v-b) 

^ F 5 ( T ) - (4-11) 

(v-br 

where 

F.(T) = A. + B.T + C.exp(-kT/T ) (i=2,3,4,5) 
1 1 1 1 C (4-12) 
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and 

B4 = c 4
 = ° * (4-13) 

Combining equations (4-11), (4-12) and (4-13) the Martin-Hou 

equation of state may be expressed as 

R T A2+B2T+C2exp(-kT/Tc) 

v-b (v-b)2 

A3+B3T+C3exp(-kT/Tc) A 4 

(v-b)3 ' Tv^b)4 

A,-+B1.T+C£-exp(-kT/Tc) 
+ -2—2 ± _ (4-14) 

(v-b)D 

The Martin-Hou equation of state, like that of Benedict-

Webb-Rubin, is capable of accurately predicting gas behavior 

at densities as high as 1.5 to 2.0 critical density. An 

earlier form of this equation was proposed in 1955^ ' in 

which Ac = C 5 = 0. The constants Â -and C- were added in 

1959 ^ to produce the equation as it appears in (4-14), 

the form to be employed in the present work. 

4. Virial Equation of State 

The virial equation of state is often presented in 

terms of the compressibility factor Pv/RT as a power 

series in reciprocal volumes, or 

Pv _ - B C . D . ,, 1C, 
W r ~ 1 + - + - 2 + ~ 3 + ' - ' (4-15) 

V V V 

whe*re 8, C, and D are termed the second, third, and fourth 

virial coefficients, respectively. To date there has been 

no success in determining virial coefficients beyond the 
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third for accurate potential functions. Therefore, the 

virial equation of state as applied in the present investigation 

shall be truncated after the third virial coefficient, or 

|v = x + B + C (4-16) 

In terms of r. ., the distance between two molecules 

i and j, and the function 

- <P . ./kT 
r 1J 1 

fij ( r i j } = I- e ^ J ..<4-17> 
the second and third v i r i a l coefficients , as derived from 

s t a t i s t i c a l mechanics * , may be expressed as 
cO 

. f. -T ( r ) / kT 
*N J e _ -l] 

-f(r)/kT 
B = - 2 1TN / |e - 1 | r fcdr ( 4 - 1 8 ) 

o 

"3 JJJ112 i13 l23L12113"-23ut12ul13UJ1-23 

(4-19) 

C = - -8. ,ft.N.'. H / f ^ f ^ f ^ r ^ r ^ r ^ d r ^ d r ^ d r . 

where the last expression is to be integrated over all r 
12 V 

r13* tp^which form a triangle. CD., is a potential 

function, also dependent on r.., which represents the 

intermolecular potential energy between two molecules i and 

j. Thus, evaluation of equations (4-18) and (4-19) for the 

virial coefficients will require an expression for this 

potential function. Various molecular models have been 

proposed to determine intermolecular potential functions, 

two of which shall be considered here, the Lennard-Jones 

(6-12) potential and the Kihara potential. These two 

potential functions will be discussed in more detail in the 

following two sections. 



- 2 8 -

a - Lennard-Jones (6-12) Potent ial 

The Lennard-Jones (6-12) intermolecular potent ia l 
c .. (67, 68, 69) . 
function ' T is expressed as 

f(r) = 4€[(-f)12 - O^)6] (4-20) 

where <T is the separation distance between two molecules 

for which the potential energy is zero, and 6 is the. maximum 

attractive energy between two molecules, occurring at 

r = 2 ' <T . An alternate expression for the Lennard-

Jones (6-12) potential is 

qp(r) = e [ ( ^ ) 1 2 -2(^) 6] (4-21) 

where £ has the same interpretation as before, and r = 2 ' (T 
IT O 

is the separation distance for which the potential energy is 

a .minimum, that is, equal to - £ . 

The Lennard-Jones potential assumes the molecules to 

be point centers with spherically symmetric force fields. 

For this potential, the inverse sixth-power attractive 

component is dominant at large separations (r»CT), and the 

molecules are attracted to one another with a force inversely 
7 proportional to r. At small separations (r «(f) the 

inverse twelfth-power repulsive power dominates, and the 

molecules are repelled from one another with a force inverse-
13 ly proportional to r 

Equation (4-20) may be substituted into (4-18) and 

integrated analytically to obtain the second virial coeffici­

ent * . The result of this integration is 

B* (T*) = [_^ b. T* H (4-22) 
j=0 J 
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where 

b.= 
2j+^ ^ ,2j-l j= - i-yr r (±t"±) (4"23) 

and 

T* = kT/£ (4-24) 

B* (T*) = | ' (4-25) 
o 

bQ = § ff N (T
 3 (4-26) 

Values of B* (T*) as given by equation (4-22) have been 

( f\ T\ 

evaluated and compiled. Note that b as defined by equa­

tion (4-26) is not to be confused with that obtained by 

setting the index j equal to zero in (4-23). 

Equations (4-22) thru (4-26) may now be combined to 

give an expression for the second virial coefficient as 

2 *< XI ̂ 3 V 2J*2 _ ,2j-lwkT,~
C""4*-' 

B = - - r fN(r J L - — p * * ^ ) ^ 
j=o 4jl' ' 4 e 

(4-27) 

The third virial coefficient may be obtained in a similar 

fashion by using equations (4-17) and (4-20) in (4-19) and 

integrating to obtain 

oo -<J*±) 
C* (T*) = y c. T* 2 (4-28) 

where 

C* (T*) = 
b 

C* (T*) = — ^ (4-29) 

o 
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and T* and b are as defined in (4-24) and (4-26). The 
o 

expansion coefficients c. in (4-27) are not explicit 
•J 

functions, as are the b. of equation (4-22), but are com-

plicated integrals. The values of c. have been determined 

( 70 71) by Kihara ' and have been tabulated in reference 67. 

Reference 67 also contains a tabulation of C* (T*) as 

determined by equation (4-28) in conjunction with the c. of 

(72) 
Kihara. Rowlinson, et al, ' have also evaluated and tab­
ulated values of c. which differ somewhat from those of 

J 
Kihara and, therefore, values of C* (T*) determined with.the 

c. of Rowlinson, et al, will differ from those tabulated 
J 
in reference 67. A comparison of the different C (T) at 

selected values of T will be made in Chapter V. 

( 73) Recently, Pople ' has suggested that a correction 

term be added to the Lennard-Jones (6-12) virial coefficients 

for gases which exhibit significant quadrupole moments. 

Pople, however, has considered only the second virial 

coefficient and the corresponding correction is 

B = - | ft N (T3 — Q*2 H 0(2/VT*) (4-30) 
<? 6 320 ^ 1 0 

where 

Q*= - ^ j - (4-31) 

and Q is the quadropole moment. The function Hin is given as \L0 

17/6 °° 
H10(2/VT*> = (2/VT*) £ (2/VT"*)Y(J6JV7) 

(4-32) 
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Values of H have been tabulated in references 73 and 74. 

The correction as given by equation (4-30) is to be added 

to the value obtained from (4-27). 

Since carbon dioxide and nitrogen, which are under 

investigation here, exhibit significant quadrupole moments, 

the values of the second virial coefficients used here will 

be those obtained from equations (4-27) and (4-30). In 

addition, since no quadrupole corrections have been estab­

lished for third virial coefficients, the values used here 

will be those determined from equations (4-28) and (4-29). 

b. Kihara Potential 

The Kihara intermolecular potential function » ' 

is given as 

( p> = uo [(- i(f-) -2 < - y - > J ( 4-3 3> 

and is identical in mathematical form to that of the Lennard-

Jones (6-12) potential as defined by equation (4-21). How­

ever, there is a significant difference between the two 

potential functions in that Kihara assumes the molecule 

to have an impenetrable core whose configuration and di­

mensions are suggested by the geometry and internuclear 

distances of the molecule, whereas Lennard-Jones assumes 

the molecule to be a point center. Thus, in equation 

(4-33), P is the separation distance between molecular 

cores rather than molecular centers, P is the separation 

distance at which the potential energy between molecules is 

a minimum, and U represents the maximum (negative) potential 
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energy between two molecules. 

Using equation (4-33) and the methods of statistical 

mechanics, Kihara obtains the second virial coefficient as 

B = | 17 N p Q
3 F3 ( Z ) + NM0 p Q

2 F2 ( Z ) 

M ^ 2 M « s « 

+ N (S + -£-~) nn F ( Z ) + N(Vrt+-°-~> 
4 " 4 ' (4-34) 

where 

Z = U0/kT (4-35) 

and M is the surface integral of the mean curvature of the 

core, S^ the surface area of the core, and V the volume of 7 o ' o 

the core. The F functions in equation (4-34) are given as 

6j+i 

12 

, O 1+1 V 

i ™ oJ 6i-i c-f5") 
F. ( Z) = - - ^ ^ ~7 r ("^^ ) Z (4-36) 

00 

f 7. ) = - ™ 
1 

j=o 

Values of F-, Fp, and F_ have been tabulated in references 

75 and 77. In the special case of a vanishing core, that 

is, assuming the molecule to be a point center, M , S , 

and V all equal zero and'equation (4-34) reduces to 

B = | tTNp 0
3 F3 (Z) (4-37) 

Furthermore, for a vanishing core, comparison of equations 

(4-21) and (4-33) gives 

Po = ro = 2 1 / 6 (T (4-38) 
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U = P (4-39) o ^ 

In addition, F 3 (Z), as defined by (4-36), i s given as 

™ j . ( 2 j+l) 
F , (Z) = - i V ~ r ( - 2 - ^ ) Z ^ ^ (4-40) 

^ j ! I 4 
j = o J 

Final ly, equations (4-35) and (4-37) thru (4-40) may be 

combined to give 

B = - 2 frNcr3 y •2~-^ r <^o(~) 
jis 4 j ! ' 4 € 

(4-41) 

Comparison of equations (4-27) and (4-41) show the two 

expressions to be identical. Thus, it is seen that the 

second virial coefficients calculated by the Kihara po­

tential and Lennard-Jones (6-12) potential are equivalent 

for the special case of a vanishing core. 

The Kihara potential has not yet been extended to the 

evaluation of third virial coefficients owing to mathe­

matical complexities. Nevertheless, the second virial 

coefficient as given by (4-34) will be used in the pre­

sent investigation. All third virial coefficients employed 

here shall be determined from equations (4-28) and (4-29). 

( 78^ 

Prausnitz and Myers have proposed that the quad­

rupole correction to the Lennard-Jones second virial 

coefficient determined by Pople be extended to that of 

Kihara as 
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"„--§ " NP. 3^5 Q*2H,0(2VI) (4-42) 

where 

o 2 

Q* = H ..- (4-43) 
U o ^ 

-1/6 M 
(7-= 2 P + ~°r- (4-44) 

r ° 2ff 

and Q is the quadrupole moment while Z is that given by 

equation (4-35). As previously indicated, equation (4-42) 

is to be added to (4-34). The value of (7" as given in 

(4-44) is identical to that of the Lennard-Jones potential 

in the case of a spherical core and is an approximation 

for other cores. 

C. Gas Mixtures 

1# Empirical Equation of State 

The common practice by which an empirical equation 

of state is used to represent a gas mixture is to determine 

mixture constants as functions of composition and the pure 

substance constants. These constants are then substituted 

for the pure substance constants in any given equation of 

state. Several polynomial expressions of the mole fraction 

y have been proposed for determining mixture constants. 

The common second degree forms for binary mixtures are 

given as 

Km = ?12 Kll + 2 V 2 K 1 2 + y2
2R22 ( 4" 4 5 ) 
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where 

or 

K-. = §• (K.+K,) ( 4 - 4 6 ) 

K . , = (K. K,)* ( 4 - 4 7 ) 
i j i j 

or 

K i j = -g ( K ^ / 3 + K j l / 3 ) 3 ( 4 -48 ) 

The common third degree forms for binary mixtures are 

Km * y ^ m + ^ i S Kn2
 + ^^2^122^2^222 

(4-49) 

where 
_ 1 

' 1 " 
K ; j k = 3 (K i + Kj + K k ) ( 4 -50 ) 

or 

K . j k = ( K i K K ^ 1 / 3 ( 4 - 5 1 ) 

or 

K i j k = "27 < K i l / 3 + K j l / 3 + K k
l / 3 ) 3 ( 4 - 5 2 ) 

E q u a t i o n s (4-45) and (4 -46) may be combined to y i e l d 

Km= ^ i K i + y 2
 K 2 ( 4 - 5 3 ) 

Likewise, (4-45) and (4-47) may be combined to give 

Km = 1l\ + 2 V 2 ( K 1 K 2 ) I + ^ 2 ( 4 - 5 4 > 

and ( 4 - 4 5 ) and (4 -48) g ive 



-36-

m = 7 i \ * i y 1y 2(K 1
1/ 3* 2

1/ 3) 3 * y 2K 2 (4-5S) 

Similarly, the combination of (4-49) and (4-50) gives the 

same result as (4-53). Equations (4-49) and (4-51), when 

combined, give 

K m = ?i\ + 3yi2y2
Kj2/V/3+ ^ i ^ V ' V 7 3 

+y2
3K2 (4 -56) 

and (4 -49) and (4 -52) y i e l d 

K m = ?i\ + v y i 2 y 2 ( 2 K i 1 / 3 + K
2

1 / 3 ) 3 + v y i y 2
2 ( K i 1 / 3 

+ 2 K 2
1 / 3 ) 3 + y 2

3 K 2 (4-57) 

F i n a l l y , e q u a t i o n s (4-53) t h r u (4 -57 ) may be g e n e r a l i z e d f o r 

(4 -58 ) 

K m = ( I *iKi*> <4"59> 

an n component 

m 

mixtu: 
n 

I 
i 

n 

re as 

* i K i 

K™ = * I E ^ j ( K i 1 / 3 + K J 1 / 3 > <4-6°> 

n 

Km = ( L Y i K i 1 / 3 ) (4 -61) 

Kffl=̂7 I I I VjV^S^V^^-ea) 
i j k 



-37-

a* Beattie-Bridgeatan Equation of State 

Several investigations have been conducted in the past 

in an attempt to determine which of the foregoing expressions, 

(4-53) thru (4-57), should be used to determine mixture con­

stants for the Beattie-Bridgeman equation of state. Refer­

ences 20, 25, 79, and 80 indicate that equation (4-53) 

should be used to determine the constants a and b for a 

gas mixture, (4-54) for A and c, and (4-55) for B . ' 

b* Benedict-Webb-Rubin Equation of State 

A number of investigations ' * J have been 

made in which several of equations (4-53) thru (4-57) were 

utilized to evaluate mixture constants for the Benedict-

Webb-Rubin equation of state in order to test the ability of 

the equation to represent gas mixture behavior. The 

results of these investigations indicate that equation 

(4-54) should be used to determine the constants A , C , 
o o 

and T for a mixture , (4-55) for B , and (4-56) for a, b , 
c , and ©C • 

Co Martin-Hou Equation of State 

Whereas several investigations have been made in 

applying the Beattie-Bridgeman and Benedict-Webb-Rubin 

equations of state to gas mixtures, only one such investi­

gation involving the Martin-Hou equation has been reported, 

that of Smith, Sonntag, and Van Wylen^ . These authors 

investigated several combining rules used with the earlier 

form of the Martin-Hou equation, that is, equation (4-14) 
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with A5 = C5 = 0. The combining rules were evaluated by 

testing their accuracies in representing known mixture 

P-V-T data for several binary mixtures of various composition. 

The results of this investigation indicated that an appropri­

ate method for determining mixture constants is to use 

equation (4-53) to determine b, (4-54) for B2, B3, B5, and 

T , and (4-55) for A2, A3, A4, C2, and C_. 

Attempts by the preceding authors to perform a similar 

investigation for the Martin-Hou equation as given in (4-14) 

were hindered by the lack of pure component constants which 

prevented testing the combining rules against various 

binary mixtures. Nevertheless, using the C 0 0 and 

(53) N? ' constants for equation (4-14), Smith, et al., 

checked the accuracies of various sets of combining rules 

against known P-V-T mixture data for the CO - N~ system 

and concluded that a highly satisfactory method for deter­

mining mixture constants is to use equation (4-53) to deter­

mine b, (4-54) for B2, B3, B5, and T , and (4-55) for A2, 

A3, A^, A3, C , C3, and Cr. This set of combining rules 

was used in conjunction with equation (4-14), to fit the 

solid-vapor equilibrium data of Sonntag p , thus 

providing an additional test on the accuracy of the proposed 

set of combining rules. The resulting analytical values 

agreed very closely to the experimental, indicating that 

the proposed set of combining rules are valid. It is this 

set of combining rules that will be used with equation (4-14) 

in the present investigation. 
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2" Virial Equation of State 

The virial equation of state for a gas mixture is 

identical in form to that of equation (4-16) but the virial 

coefficients must now represent the mixture. The second and 

third virial coefficients for an n component mixture, as 

derived from statistical mechanics , are given as 

B"ix = j!i A yiyJBiJ (4_63) 

n n n 
C . = Y T y y.y.vC., (4-64) 

where the B- • and C- .. with subscripts not all the same are 
ij ijk * 

referred to as interaction coefficients, and those with all 

subscripts alike are merely the coefficients of the pure 

substances. For a binary mixture equations (4-63) and 

(4-64) reduce to 

Bmix = ?12 Bll + 2 V 2
 B12 + ^2 2 B22 (4"65> 

Cmix = ^l3 Clll + 3^lVll2 + 3y^22ci22 

+ y 2
3 c 2 2 2 ( 4" 6 6> 

The next step in determining the second and third 

virial coefficients as defined in (4-65) and (4-66) is to 

determine values for the interaction coefficients B.p, 

C|..p, and C-p2. Expressions for evaluating these interaction 

coefficients will depend upon the potential function utilized 

in determining the virial coefficients for the pure compon­

ents. Since two potential functions arc being considered in 
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the present investigation, the interaction coefficients re­

sulting from each will be considered separately in the 

following two sections. 

a» Lenaard-Jones (6-12) Potential 

The method commonly used with the Lennard-Jones (6-12) 

potential for deterraing the interaction coefficient B,p in 

(4-65) is to combine the pure substance intermolecular force 

constants, £ and (T , by some serai-empirical means. The 

most widely used combination, as suggested in references 

21, 47, 49, 50, 67, and 85 thru 90, is 

(T12 = I (0^ +(7*2) (4-67 

€ 12 = ( ^ ^ ~z~ (4-63) 

By using equation (4-26), which defines b , and equation 
o 

(4-68) it may be seen that 

x 1/3 1/3 3 

br> " i b~ + b~ 1 (4-69) 
°12 * L °1 °2 J 

£> Expressions (4-68) and (4-69) may now be used in (4-22) 

(4-24) and (4-25), along with the tabulated values of 

B* (T*) , to determine the second virial interaction 

coefficient. Alternately, equations (4-67) and (4-68) 

may be substituted into (4-27) in order to evaluate B10« 

(21) Ewald has suggested that a similar procedure be 

used for determining the third virial interaction 

coefficients C,_ _ and C,~0 where 
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6 l n 2 = ( € 1
3 " n € 2

n ) .. (4-70) 

1/3 1/3 
_ 1 

° ln2 
1 r x ' ° x / ° l 

-27 [(3"a) \ + n b o 2 J (4"71) 

where n i s e i t h e r 1 or 2 . Equation (4-71) i s equivalent 

to using 

0"ln2 = l [ " - " X ^ • " <T2] (4-72) 

where, again, n is either 1 or 2. The values for £ ,,„, 

b
rt
4 » €ioo» and ° r t

 as fi^d by (4-70) and (4-71) 
°112 1 ^ °122 

may now be used as for a pure substance in equations (4-28) 

and (4-29), along with tabulated values of C* ( T * ) ( 6 7 \ 

to determine the two third virial interaction coefficients 

C112 and C122' 

If the quadrupole correction to the Lennard-Jones 

potential, discussed previously, is to be employed for a 

gas mixture, some means must also be used to determine a 

quadrupole moment which will permit determination of B 
( 78^ 

Prausnitz and Myers suggest that the expression 

q 12 

* ^ 2 Q*2=Hr3 (4-73) 
c 12 u 12 

be used in (4-30) to determine B where € 1 9 and 0"! are 
q12 it 1Z 

as given by equations (4-67) and (4-68). The resulting 

value for B is to be added to the value of B,0 determined q12 ld 

by the methods of this section. 

Since the quadrupole corrections have been applied only 
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to second virial coefficients, no third-order quadrupole 

corrections are included here. 
4 

b. Kihara Potential 
H*«N mm+\m*m\\im«m 

Kihara has indicated that the second v i r ia l inter« 

action coefficient for his potential be determined by 

B12 = I ^ N P O 1 2
3 F 3 ( Z 1 2 > + * ( W NPo12

2 

V°2 
F0(Z19) + Hsn +Sn + - ~ r r )Np n P /Z-p) 2 12 ox o2 2 ft r°i2

 1 1 2 

M « s + M ~ s 

O. Oo 0-) O. 
+ &N (Vrt +V + —-—s S—i) (4-74) 

°1 °2 4 fT 

in which 

P°I2
 = i(f°i + r°2} <4-75) 

Z12 = U o . / k T ( 4"7 6> 
and 

'12 

°12 1 2 

The values for the F functions appearing in 0-74) are 

determined in the same manner as for the pure substance 

where the arguments for the functions are now given by 

(4-76). 

A quadrupole correction to Kihara second virial coeffi­

cient may also be determined in a manner similar to that of 

the preceding section by using equation (4-42) where Q* 
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for the pure substance is replaced by 

^ 2 

( 78) 
as suggested by Prausnitz and Myersv . In this expression 
U_ is given by (4-77) and 

1 2 

-1/6 o.+ 0 o 

(T10 = 2 (O + — ± ± (4-79) 
12 \ o12 4 fl-

where P is determined from equation (4-75). The quad-
1 °12 

rupole correction to the second virial interaction coeffi­

cient as determined above should be added to the value of 

B 1 2 as given by (4-74)„ 

No third-order interactions are considered here since 

the Kihara potential and quadrupole corrections have not 

been extended to third virial coefficients at the present 

time. 



V. SOLUTION OF THEORETICAL EQUATIONS 

A. General 

The equilibrium equation derived in Chapter III and 

repeated here for convenience is 

RT In (b = RT In PX + f vj 

1 

dp 
i 

+ 

vj v 

.- ̂ ] dV (5-1) 

where the enhancement factor (p is 

A y l P 

?> = -£- (5-2) 
Pl 

The equations of state discussed in the preceding chapter 

for a pure component and for a gas mixture may now be used 

to evaluate the second and third integrals, respectively, 

appearing in (5-1). However, as indicated in Chapter III, 

at any given temperature and pressure the evaluation of 

equation (5-1) will result in an expression containing two 

unknowns, volume and composition. The equation of state 

for the gas mixture offers a second relation in the same 

two unknowns and the resulting set of two equations may be 

solved simultaneously to determine the composition and 

volume. This set of equations as obtained for each of the 

equations of state employed here will be presented in the 

-44-
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following section. 

It is possible to obtain a simplified solution for 

the composition of the gas phase as fixed by (5-1) by ne­

glecting terms involving y,, P? and l/v£, all of which are 

small at low temperatures. However, terms involving ratios 

of these quantities may not be small and should not be ne­

glected. Using these simplifying conditions, the equation 

of state for the gas mixture reduces to that for pure com­

ponent 2, and may be solved for volume at a given temperature 

and pressure. With this value for the volume, (5-1) 

may then be evaluated for the composition. Thus, under 

these simplifying conditions the set of equations discussed 

above is modified in that one of the equations may be solved 

explicitly for one of the unknowns. This modified set of 

equations as obtained for each of the equations of state 

discussed previously will also be presented in the following 

section. 

Before proceeding to the determination of the sets of 

equations described in the preceding paragraphs, it will be 

convenient to perform the integration indicated in the first 

integral of (5-1). This may be accomplished by using the 

relation 

vx
S (P,T) = v x

s (0,T) [l-^p] (5-3) 

where k1 is the isothermal compressibility factor of solid 

1. Thus, 
2 

Vl d P = Vl [(P"P1) " 2kl <p2-pi )] (5-4) 
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However, if k. is negligible, as assumed in this investi­

gation, then 

s ,n „o. f v* dp = v ^ (P-Pp (5-5) 

B* Equations to be Solved 

•*•• Be attie-Br idgeaan Equation of State 

The virial form of the Beattie-Bridgeman equation, 

repeated here as 

- ¥ • 4 - 4 + s 

where 

•% (5-6) 
V V" V 

8 = BQRT -AQ - c R/T
2 (5-7) 

T = AQ a - BQbRT - BQC R/T2 ( 5 - 8 ) 

5= BQ b c R/T 2 ( 5 - 9 ) 

i s w r i t t e n fo r pure 1 as 

„_ nRT+ «2h »3ri + » 4 « i , . l n , 
P - —<rf— + — 9 — + — " 3 — + —X— (5-10) 

V y<S y O y H 

Now, 

( > » , - RT +
 2nPi +

3 » 2 r i +
 4»3ii ,511 . 

( TH' T.V " T * ~jr * ~p— * -^3— <5-11> 
so that the second integral in (5-1) becomes 

oo 

f \, ^P. RT1 Hl. . 2 6, x 3 f. 
V? v? 2(v?) * 

i *Sx 
+ sTvJ? ( 5 -1 2> 
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Equation (5-6) is written for the gas mixture as 

= 51 +£« + _I* + JL
; 

or 

so that 

P s "I + '«' + 'j» + < "iii ' ( 5 — 1 3 ) 
V V V V 

p = «£ • Z& • ^ • ̂  (S-14) 
v V V 

fTHi'T.V,^ *-7 * j z f3n1
(n2P»)] + ~ 

and the t h i r d i n t e g r a l i n ( 5 - 1 ) becomes 
OO 

/ [<-H>T,V,n2 " V] " . * [ ^ M 

2 V
2 L d n l ™J 3V3 U n l m J 

( 5 - 1 6 ) 

The d e r i v a t i v e s on the r i g h t hand s i d e of ( 5 - 1 6 ) may be 

expanded t o o b t a i n 

oo 
<*P x RT1 .„ 1 L f l .„ d Pi /[<-Hl>T.T^ - ¥ ] « - * f r P , — ^ ] 

^ Tm 1 . i r. c . ^ ^i 
2v 2 L m d n l J 3V"* L m <3 n i J 

(5 -17) 
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However, since 

0 = Bn RT - An - c R/T2 (. 

1 m o o„ m 
m m 

Y = A a - B b RT - B c R/T2 (. ' m om m om m om m ' m m m 

$m = B
r t

 b ™ c ™ R / T 2 ( 

v ra o ,̂ m ra 

m 

equation (5-17) mav be expressed as ^ B 

V 

- (2Aft + n — J ) - 4 <2c+n -^-5) j 
°m d n l T " d. n i J 

£ a ^ Ao 
+ - i ? f(3Art am +A n ^ - 2 + a n - r ~ * > 

2V2 L °m m °m ^ n i ra J n i 

^ b ^ B o 
-RT (3Brt bm + Bn n j - H + b n - y - - ^ ) 

°m ra °m d « l m J°l 

- 4 (3B c * a• n-^r-H + c n - — - H ) l 
T 2 °m » °m THJ m 3 ^ i 

^ c 
+ - i * ~ - £ , f 4 B b c + B b n s " 

3V* ? L °m m m °m ,n * n l 

db ^ B o . 
+ Brt cw n r - E + b e n . «„" I 

°m ra d " l m ra d n i J ( 
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In order to solve (5-21) it will be necessary to re­
duce A^ , B , a , b , c and their derivatives to ex-

o« o * m m m 
m m 

pressions involving the pure substance constants. This may 

be accomplished by using the set of combining rules dis­

cussed in Chapter IV, this set being 

V y* \ i+ 2 y ^ S a
 + y* A ° 2 2 • (5-22) 

B
rt = y?

8^ + 2y^o B
n
 + Y9 Bn (5-23) 

°m X °11 1 2 °12 2 °22 

am = y\ all + 2^2 a12 + y\ a22 (5"24) 

bm = ?! bll + 2V2 b12 + ^2 b22 ( 5" 2 5> 

Cm = ?1 Cll + 2V2 C12 + A c22 (5-26) 

where 

K = (Art Art ) * (5-27) 
o • . o • o • 

Brt
 a i (B

rt ^ + Bo 1//3> (5-28) 
° i j * ° i ° j 

i. . = k (a. + a.) (5-29) 
ij 2 i J 

b. . = | (b. + b . ) (5-30) 

c i j = ( c i c j } * (5-31) 

Before proceeding to the evaluation of the derivatives re­

quired in (5-21) it will be convenient to note that 
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-71 = ^~£r <5"32> 
71 n l + n 2 

so that 
d _ d y x d _ n 2 d . 12 <3 

Trq ~ T ^ I T r l " (n1+n2)2 571 " « dTx 

or 
n A x - "2 5TI <s"34) 

The partial derivatives required in (5-21) are now 

determined as 

<^Ao c^Ao 
n ynf = ?2 -5 7 7 = 2y2 [yiAo1

+(y2-yi)Ao12-y2Ao2] 
(5-35) 

and, s i m i l a r l y 

^Bo 
n --= = 2y2 [7^(7^)8^- y^] (5 -3f i ) 

n 5 ^ = 2y2 [y iV ( y2-y l ) a l2-y2a2 ] ( 5 - 3 7 ) 

n T5j = 2y2 [ y i b i + < y
2 -V bi2- y2b2J <5-38> 

n " T ^ = 2 y 2 [ y l C l + ( y 2 - y l ) c 1 2 - y 2 C 2 ] ( 5 - 3 9 > 

Equations ( 5 - 2 4 ) , ( 5 -25 ) , (5 -37) , and (5-38) can be 

s implif ied somewhat since a and b are merely l i n e a r 

m m ' 

combinations of the pure substance constants. However, it 

will be convenient to leave these expressions in their 

present form so that (5-35) thru (5-39) will be similar. 
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Equations (5-35) thru (5-39) are now substituted iato 

(5-21) to obtain 

/ [ < ! i j > T t v f . a - " ] « - ! p - i « o 1 1
M ' 

- Aou- c l l R /T 2>* "2(Bo12
RT-Ao12-

C12R/T2)h p 

R[ (Aft a +A a ) - RT(Brt b t 1+B r t b ) 
°m n °11 m °m X 1 °11 m 

- (B 0 c^+B^ c ) R/T2] + 2y9 f u a10+Art a ) 
°m X 1 °11 TO J 2 L °m 1 2 °12 m 

-RT(B b10+B b )-(B C-_+B C ) R/T2] - (A a 
°m 1 2 °12 ra °m 1 2 °12 m J •«• m 

V " V » R / T 2 ) } + ip7 K< B b c - , 
O B3 1 1 m 

+B b.,,c + B b c ) + y n ( B b c1 0+ B b 1 0 c + o 11 m o , - mm 72 o m 12 o 12 m m 11 m m 

B b c ) - B b c ] (5-40) 
o 1 2 m nr offl m m J 

Equation (5-40) is further simplified by eliminating 

y0 in accordance with the relation 

yx + y2 = 1 (5-41) 
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This simplification is incorporated in the final expression 

for the equilibrium equation, obtained by substituting 

equations (5-5), (5-12), (5-40) and (5-41) into (5-1) to yield 

1 _ -. t>T 1- ^V_ J. ,.S ,„ T,0-Y j_ i l l 

where 

RT ln 

1 P1V1 vl 

- K < F.,u - f.,12) - 2fn>12 - r . l /a*2 

" 2 [ V f.,.,U- *«...12> * ?«..,12- * . 1/3V
3 

(5-42) 

P i J = S j RT " \ j - Ci j R/T2 <5-43) 

^ij = Ao. »ij - Bo..bijRT " Bo. .cij R/T 2 «- 4 4) 
*•' J •* J 

^ij = BOijb iJC i j ^ C5-45) 

T m j ! = (A b. ,+A 
' <

m ' 1 J °m ^ ° i j 
bm) - (B b . .+B b ) RT 

°m ^ ° i j m 

-(\CiJ+Boi5
Cm> R / T ' <5-46) 

S m,m,ij = ̂ o^ i j^ i J^^ i jVm) ^ 

(5-47) 
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and Y and $ are as given by (5-19) and (5-20), respectively, 

Thus, at a given temperature and pressure equations 

(5-13) and (5-42) form a set of two equations in two un­

knowns, specific volume and composition, which may be 

solved simultaneously. Since this set of equations is 

highly non-linear some method other than substitution or 

elimination of one unknown in terras of the other must be 

employed in order to obtain a solution. Such a method is 

discussed briefly in section V-C. 

For the simplified case, where terms involving y-, P°, 

and l/v- (with the exception of terms involving ratios of 

these quantities) are neglected (5-13) reduces to 

n . RT M $2 A T2 - $2 ,_ AO. 
p s s ~ + - 2 " + - 3 + — * (5-48) 

. V V V 

and (5-42) becomes 

RT In -J- = RT ln -~L. + v? p - 2 £, J v 

- <2 ̂ 2.12- ̂ 2> '** " 2 <*2.2,12 '*•> ^ 
(5-49) 

where 

f 9 15 = (An bft +A^ b0) - (Brt b10+B„ b0) RT 2,12 o2 o12 o12 2 o2 12 o 1 2 2 

- (Bo2
C12+Bo12

C2> R/T <5-5°) 

£0 o io= (B^ b,cio+B. b10c,+Bn h0c0) R/T
2 

o 2,2,12 Op 2 12 o. 12 2 o.^ 2 2 ' -̂
51) 
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At a given temperature and pressure (5-48) may be 

solved directly for the specific volume which in turn may 

be used in (5-49) to solve for the composition. Thus, in 

the simplified case the necessity of solving two equations 

simultaneously is eliminated. 

2. Benedict-Webb-Rubin Equation of State 

The Benedict-Webb-Rubin equation of state, equation 

(4-10), is repeated here for convenience as 

TJ RT M
 BoRT"Ao"C

0/
T . bRT-a . aoC 

V V V V 

+ cil^r/v
2)exp(-r/v2) ( 5_5 2 ) 

Tv"5 

and for pure component 1 is written as 

n2(B„ RT-Art -C /T2 3,. D_ a . 
p . nRT + °1 °1 °1 +

 n (^T-ap 

V V V 

n6a,t* n"c1(l+n
2f1A

2)exp(-n2r/v2) 
+ * -1 + ± * -i (5-53) 

V TV 

Equation (5-53) is now differentiated to obtain 

2n(B^ RT-A -C /T2) 
,*P. . RT . °1 °1 °1 (Jn}T,V " T + ^ 

3n 2 (b 1 RT-a 1 ) 6n5a,ol 3 n 2 c . 0 0 

+ _ _ 1 L . + _ ^ + _ ^ X e x p ( .n2 r i / V2, 

3^0.*: 0 0 2 n 6 c 1 T 1
2 o 0 

+ . I ' l ffxp (.n-i^/v-S) _ • 2 * 1exp(-n2ri/V
2) 

T ^ T V (5 -54) 
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which in turn is used to evaluate the second integral in 

(5-1), the result being 

I ̂ ; T , V TT J av 

Vl 

2(B„ RT-A^ -C /T ) o, ox ox 

3(b,RT-a-) 6a,<* 

2( v°) 2 5(v°)5 T2rx T 2 L 1 1 J 

Tl L(^7 iivjv* r j (5-55) 

Equation (5-52) is written for the gas mixture as 

B RT-A -C / T 2
 H DT Q 

r>rp om om o_ b_RT-am 

• n - R - l . m m m . ni m 
r — —— + • y • + 

V V V 

+ ̂ - + — P 7 (5 -56) 

o r 

_, _ nRT . m m m . m m 

V V V3 

n6aM06m n 3 c m (H-n 2 r /V 2 )exp( -n 2 r /V 2 ) 
+

 m
6

 m + _ H , , / LSI—- (5-5.7) 7^ 
and (5-57) is differentiated and algebraically reduced to yie 

(jl1>T,V,n2 = *$• 
2n(Br t RT-Art -C / O 

O Q O 
m m m 

-? 
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3n2(b RT-a ) 6n5aod 2 r * B o m
 j A o m 

. m m , m m . n n _ m m + ~p * "Tr-^- * ̂  LRT THJ - T * I 
ac„ 

7 T ÎJ 7 L 5̂ 1 5^1J 7 Lffld15I 

} a m i n 2 e x p ( - n 2 r m A 2 ) 

77 
n 4 e x p ( - n 2 r A 2 ) r d c « ! 

, - - - 2 3c Y + n f ^ 1 
T2y5 l m'm 'm ^ n ^ J 

[3c + n p 5 ] 
I m Jn^ i 

d c 

n6exp(-n2rmA2) 
T ^ 7 " [2 c

mTm
2 + n c r £2l l (5-58) •- m'ra m ' m j n . J -

Equation (5-58) i s now used to eva lua te the t h i rd 

i n t e g r a l in (5-1) with the r e s u l t 
<*J n (^l1

)T,V,n2 * ^ ] dV = 

2(Brt RT-An -C / O o 0 0 m m m 

3(broRT-am) 6*moi 
+ — — 5 

2v 

dC, 

^ B „ dArt 

o_ o. 
5v5 v l d \ d nx 

n °™T 1 r ^ b
m d am , 

[ an ^ + «d n J J 2 ] + 4 ~ h e +n 1 ^ 1 - —!» 
Lm ^n j L m ^ n j J T

2 r m
 L m d ^ V T 2 y 2 

' ' m 

\2f * n ^ l L ' m ^ 1 1 , J 
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e Xp(-)l/v2) r 2c 2 n j c c n ^c 
'nr f ra. * m m . « m 

1 Vm r n i n i 7 7 3"i 

I'm Cmn <" m Cign STm Cmn ^TTml 2c 
m1 

^T- ^?*«i f7**i F ^1 J 

m ra 
(5-59) 

In order to differentiate A , B , C , etc. as required 
°™ o * o ' 

m m m 

in (5-59) it is necessary to recall the set of combining 

rules presented in Chapter IV for determining these mixture 

coefficients from the pure substance constants, this set . 

being 

\ = *? V + 2 y x y A 1 2
 + y \ Ao2 2 <5-«°> 

\ = Y ' BOll * 2 Y ^ \ 2
 + ^ 2 ( 5 " 6 1 ) 

Co = y l Co * 2 y i y 2 Co ' + y 2 Co ( 5 " 6 2 ) 

°m • X °11 -1 ^ °12 Z °22 

r ra " T? r u • 2yxy2 r i 2
 + 72 r 2 2 (5-63) 

am = y l a l l l + 3 y l y2a112 + 3 y ly2 a122 + y2a222 
(5-64) 

bm = yi blll + 3yly2 b112 + 3yly2b122 + y2b222 
(5-65) 

Cm = ylClll + 3yly2Cll2 + 3yly2C122 + y2c222 
(5-66) 



-58-

where 

0 1 m = y l *111 + 3yly2°<112 + 3 y l y 2^22 + y2 *222 
(5-67) 

A = (A„ An )* (5-68) 
o • • o • o • 

1J 1 J 

i j ~ ~i ~j 
B = i (B r t

l / 3 +Brt
1//3) (5-69) 

O • • o 0 • O • 

C. = (Crt C )2" (5-70) 
o • • o. o • 

IJ 1 J 

T j j = (fi T j ) ' (5-71) 

a i j * = < * i a j \ > V 3 (5"72> 

b i j k = ( b ^ j b , ^ 1 / 3 (5-73) 

c i jk • ( c i c j V 1 / 3 (5"74> 

^ i j k = < * i « j V 1 / 3 < 5 - 7 5 ) 

Using equation (5-34) and equations (5-60) thru (5-67) 

the partial derivatives required in (5-59) are given as 

n T H ? = 2y2 [ y iV ( r2-yi M o 1 2 -y2 A o 2 1 (5*76> 

n T ^ = 2y2 fo\*l,,2-7i)\2-y&o2\
 ( S - 7 7 ) 

^ - **2 [*xco«*2-n>\2-y£o2\ »-78> n 
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n j ^ = 2v2 [T iVcwr 1 2 -y 2 r2 ] (5-79) 

n j ^ " 3y2 [w^va-y i^m- ' 2 ^-^ 

»i22-y2 - 2 ] <5-8 0> 

n j ^ • 3 y 2 [ ^ i + < 2 y i y 2 - y 2 > b n 2 - ( 2 V 2 - y 2 > 

b i22-y2 b
2 ] < 5- 8 1> 

" I5J = 3y2 bl «l*<2y1»2-»l>cU2-(2V2-',2> 

c 1 2 2 - y | c 2 ] (5-82) 

-jrar= 3y2 t'f,V<2V2-irP0(-ii2-<2V2-'f> 
;i22~y2 s ] 

^ "2. 

*ioo-y?*ol (5-83) 

Equations (5-76) thru (5-83) are now substituted into 

(5-59) to give 

00 

f |>dP . RTT Hv*_ 2 ( y l A l l + y 2 A 1 2 ) 

J feA.V^ - "TJ dV v 
V . ^ 

, 3 ( y l B l l l + 2 y i y 2 B 1 1 2 - f y 2 B 1 2 2 ) 

2v2 

3(a QC. + o£ a. ) 3c, v m 1mm m 1 m m 7 . 1mm + „, ... — ... _ ., + __—;— 

5v3 iff 
' m 
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where 

*;• TIM exei- V v > r f f i -
T Z T 2 T3 L r 

m m 

ra i l m A lmra m i l m m 7 l m 1 ,K Q „ x 5 + 5 — x 'x— J ( 5 - 8 4 ) 
r 2 2v2 r .v 2 v* J 

' ra m 

A i j = B o . . R T " A o . . - C o . . A 2 ( 5 " 8 5 ) 

J 1J " l j 1J 

B i j k = b i j k R T - a i j k < 5 - 8 6 > 

o£ - ((*! oi o£ ) V 3 _. 2 ô  + 2 ^ 2 ^ 
lmra ^ 1 m mJ y l 1 z y l y 2 112 y 2 122 

( 5 - 8 7 ) 

almm = (alamam)l/3 = ylal+2yly2a112+yia122 (5"88> 

clmm = (clCmCm)1/3 = ylcl+2yly2C112+y2c122 (5"89> 

A final expression for the equilibrium equation is 

obtained by substituting equations (5-5), (5-41), (5-55) 

and (5-84) into (5-1), the result being 

RT In -±-J= RT ln ̂ y-~ + v? (P-P?) + — i i + —iii-
P? P°v° 1 ^ v° l ^ P 
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6 a m * i n c— c-
5(v°)5 TZfxl T2 I 11 1 J 

r r i l + 1 JLj 2 [V1(A11-A12)M121 
^ ^ ! ^ • r l x

J " 

3[y 2 (B 1 1 1 -2B U 2 +B 1 2 2 )+2y 1 (B m -B 1 2 2 )+B 1 2 2 ] 
-5 

3(a od., + <* a- ) 3c, 2c f, 
ra 1mm m 1mm _ 1mm m ' lm 

- 5 v5 T 2 r T 2 r 2 

m ' m 

exp(- T /v ) r 3c, 2c f. 3c, 
t v 1 m/ • r jLmm m ' lm , 1mm 

+ ' M " - I "••' " — — • " "••-"•••' + •' 'X' 

T Tm Vl 2v2 

' m * m 2c r, c r 
m ' lm m ' 

m ' lm 

r v 
1 m 

2 
2T21] (5-91) 

Equations (5-56) and (5-91) form a set of two equations 

in two unknowns, specific volume and composition, for a 

given temperature and pressure and the set may be solved 

simultaneously, by the method indicated in section V-C, 

in order to determine the composition. 

In the simplified case where terras involving y., 

P° and l/v? are neglected but terms involving ratios of 

these quantities are retained equation (5-56) becomes 

B RT-A -C /T 2 r, TJT O 
„ . RT + °2 °2 °2 +

 b2RT"a2 
p " v~ — 2 + 3 — 
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a,*' S(l+ f./v
2)exp(- foA2) 

+ - ^ • -2 2 2 _ (5-92) 
v T v 

and (5-91) reduces to 

ylP Pv s 2A12 RT ln ~ - = RT ln -£~- + vfp - --±2 
P° P°v° 1 v 

3 B 122 3 ( a2°C122"> ' ° ( 2 a 1 2 2 ) _ 3 ^122 

2v^ 5V3 T 2 r 2 

+
 2C* X}Z +

 C X P ( - r 2 / y 2 ) P 3 C 1 2 2 V 2 C 2 ^ 1 2 

T2r^ r2 Ff " 

3 C 122 ^ 2 " 4 C 2 Tl.2 C2Tl2 1 , K n , . 
„ v* '2 4~~ J (5-93) 
2 f 2 v v J 

Equa t ion (5 -92) may be so lved for the s p e c i f i c volume 

a t a g iven t empera tu re and p r e s s u r e and t h i s va lue in t u r n 

used i n (5 -93) to de te rmine the compos i t i on . 

3« Martin-Hou Equa t ion of S t a t e 

The Martin-Hou equa t i on of s t a t e i s g iven as 

P - R T * F 2 . F 3 . F 4 __ F 5 
if — "J + v* + • • m + r + i - . -____ + + + +—___ _ ( 5 -94 ) 

^ ( v - b ) 2 ( v - b ) 7 ( v - b ) 4 ( V - b ) 5 

where 

F i = Ax + B i T + CL exp ( -kT/Tc) ( i = 2 , 3 , 4 , 5 ) (5 -95 ) 
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and 

B 4 = C4 = 0 (5 -96) 

Por pure component 1 , (5 -94) i s w r i t t e n as 

n2F~ n 3 F - n 4 F . 
P = "RT + ^1 + "*! + *1 

V-nbx ( V - n b 1 ) 2 ( V - n b ^ 3 ( V - n b ^ 4 

n 5 F 5 

+ L _ (5 -97) 
( V - n b j T 

D i f f e r e n t i a t i o n of ( 5 - 9 7 ) l e a d s t o 

2nF0 V Sn2?^ V 
( ^ p ) - RTV **1 + *1 
^ ~ " T ' V " ( V - n b ^ 2 ( V - n b x ) 3 ( V - n b x ) 4 

4 n 3 F 4 V 5 n 4 F 5 V 
+ . L-^ + « J ^ (5-98) 

( V - n b ^ (V-nb^V 

so t h a t t he second i n t e g r a l i n ( 5 - 1 ) becomes 

°° - l l , - KI] dV = RT ln (_ I l_ ) 

V l 

v° - b x 2 ( v ° - b 1 ) i i + 3 ( v ° - b 1 ) - s 

4 F 4 , V 5 F 5 , F 5 , b l 
* 5 JH1 * —5 5 (5""> 

4 ( v ° - b x 7 ^ ( ^ . b 1 ) s 
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Equation (5-94) may be evaluated at the sublimation poiat 

of component 1 as 

F2 F3 F4 
p° - RT +

 21 + ^1 +
 4l 

'"^i ^ 7 ^7 ^Fv* 
F 5 , 

+ . 1 s (5-100) 

Now, (5-99) and (5-100) are combined to produce 

00 o 

L [^TfW - ^ ] 0V - RT in (-2i-) - RT 
y o V1~D1 

F 2 F 3 F 4 
1 * (vj-bl) 2(v°-b1)^ 3(vJ-b1)

3 

F 5 X 
+ 0 4 (5-101) 

4(v°-b1)4 

For a gas mixture (5-94) is written as 
F F F 
2 3 4 •n _ RT . m . m . m P + — -—— + ^ + —2f 

v-b (v-bm) (v-bm) (v-bm) 

?5m + -JL^ (5-102) 
(v-bm) 

or 
n2F0 n3F_ n4F. - • 

P = "RT + m +
 Jm +

 4m 
"v-nbm (V-nbm)

2 (V-nbm)
3 (V-nb/ 

A, 
+ S-. (5-103) 
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and the latter equation is differentiated and algebraically 

reduced to give 

(•rr>T v n = (RTV * n2RT 4̂  + n2 - T ^ 2 >AV-nb ) : J nx i,v,n2 j n ^ -̂  ̂  m 

+ (2nF V + 2n3F — £ + n
J 2)/(v-nbrar 

' m m « n, ol n. 

* (3n-F V+3n
HF — 5 + n

4 _JS)/(V-nb )
4 

°m Jm ̂ n x 3 nx * 

3 <; ^ b c ^ F5 
+ (4n F4 V +4n

5F4 _ J S + n
5 _J5)/(V-nb )

5 

ra ffl diij^ ol n- m 

4 6 ^b* - ". V+5n°F. 
m \ £ n ' ' ra' 

+ (5n F5_V+5n°F5 _i»)/(v-nbm)
6 (5-104) 

*1 

Equation (5-104) is now used to evaluate the third 

integral in (5-1), the result being 
OO 

/ [(Al) . RTl 
$ ^n/ T,V,n 2 T-J dV = RT ln (•—£-) 

m 

+ [«I<i.+»^)*(^.T^)]/(»-b1) 
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+ [F,- (b + n -^--2) 1 / (v-b ) 5 (5-105) 
L 5m m ^ nx J ra 

E q u a t i o n s (5 -102) and (5-105) a re combined to y i e l d 

oo 

/ [{^>T,V,̂  ~H] dV " RT ln (^> " RT 

3 K 3 F 2 m + pv + Pn T4 *(V a yar>/<v-v 
i F3 , , i F 4 

^ F5 
+ *<F5 + n -T-nf)/(V-bm)4 (5"106) 

ra °* 1 

In order to evaluate the partial derivatives required in 

(5-106) it is recalled that 

Fi = A. +B. T + C. exp(-kT/Tc )(i=2,3,4,5) 
• 1» xm xm m (5-107) 

where the constants A. , B. , C. and T are given as, 1 1 1 c ° ' 
K m m m 

according to the set of combining rules discussed in 

Chapter IV 

Ai = ylAi + 2ylV2Ai + y2Ai (i=2,3,4,5) 
m 11 12 22 (5-108) 

B. = y2B. +2y y B +y2B. (i=2,3,5) (5-109) 
xm 1 111 x z a12 * x22 
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C i = y l C i * 2 y ly2C i +y2Ci (i=2,3,5) (5-110) 
BI 1 1 12 22 

V * Tcxl
+ 2Wc1 2-vl: TC22 (5-u» 

in which 

A. = i(A- 1 / / 3 + A. -1/3) (i=2,3,4,5) (5-112) 
1jk ° xj *k 

B. = (B. B. ) 2 (i=2,3,5) (5-113) 
Xjk xj XK 

ci ~ hc* ^ + ci ^ 3 ) (i=2,3,5) (5-114) 
*jk ° xj *k 

T = (T T )2 (5-115) 
cjk c j ck 

In addition 

V = y l b l + y 2 b 2 <5"116> 

Now, equation (5-34), equations (5-108) thru (5-111) and 

equation (5-116) asay be used t© evaluate the part ial de­

rivatives appearing in (5-106), the result being 

^b 

» T ^ I = y2 ( b r b2> (5-117> 

a Tc C± kT 
+ _ J £ —2L_ exp(-kT/T )] (i=2,3,4,5) 

« y l T 2 cm J (5-118) 
- cm 
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where 

^ A i 

TT = 2y2 K v ^ ' V V -y
2

AiJ (i-2.3,4,5> 
1 a 12 2 ( 5 - 1 1 9 ) 

; > B £ 

TT;= 2y2 [ y i B i / ( y 2 - y i ) B i -y2Bi;i <i=2»3»5> 
l l 12 2J (5-12C; 

aci 
r T = 2y2 ry iC i + ( y2"y l ) C i -y2Ci 1 (i=2»3»5) 
d y l ^ U l ^ x a 1 2 2 1 2 J ( 5 - 1 2 121) 

^ c 

-y i f • ^2 [ yiV(r2-vi>TCi2-y2TC2] (5"122> 

Equations (5-117) thru (5-122) are now substituted 

into (5-106) to obtain 

J [ ^ W 2 - V] av = RT [in (̂ -) - 1] 

F2 F3 
+ P [v + y 2 (b r b )] + 7v?h~T + ••- " 2 L z i z i ^ V - D W ; 2 ( v _ b ^ 

Hi 

F4 F5 
+ _ _ 2 — _ + JH_. (5-123) 
3(v-b)° 4(v-b )* m m 

where 

' = F + 2yxy [A. +B. T + C exp(-kT/T )] 
xm xm x * L xll 111 111 cm J 
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- 2y? FA. +B. T+C. exp(-kT/T_ )1 
z L 122 a22 122 n * 

+ 2y2 (y -y > [ A +B T+C exp(-kT/T )] 
12 12 12 m 

C. kT 

11 " •"• "-12 " V'22J T~f w» 
2y2 [ylTc,/(y2-yl)TCl "*2

TcJ ^ 5 ~ «*<-"#<•> 

(i=2,3,4,5) (5-124) 

The final expression for the equilibrium equation is 

obtained by substituting equations (5-5), (5-41), (5-96), 

(5-101) and (5-123) into (5-1) with the result 
o -

RT ln -i- = RT ln -|~- + v? (P-P?) + RT ln -rri 
P° P°v° x x v°-b 
Pl F1V1 Vl Dll 

F F 
_RT ln - V + P?v? + -h± + — | i i ~ 

" ( v i - b i i 5 «» i -»u > ' 

A 4 . , P 5 
+ ,,..6 " ,a + , , » " ,4 " p [v * <1"VlHb11-b22)] 

3(v»-b1 1)- 4 ( ^ - b u ) 

X . F3„ y ^ 2 - ^ K A 4 1 1 - ^ 1 2 ^ 2 2 ) 

( v " V 2(v-b ) 2 3(v-b ) 3 

m m 

1 2 2 2 2 ( 5 . 1 2 5 ) 

3(v-b„)J 4<v-b,)* 
Al TO 
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where 

F, a A. +B. T + C. exp(-kT/T ) (5-126) 
JJ JJ JJ JJ JJ 

F. = F. + 2y1(l-y1) [A. +B. T +C. exp(-kT/T xm 1m 1 1 « - i n ilx i u cM 

-2(l-2y1+y
2) [A. +B. T+C. exp(-kT/T )1 

x x x22 x22 a22 cai J 

+2(l-3y.+2y2) [A. +B. T +C. exp(-kTA )1 x x a12 x12 112 cm J 

•2(l-yi) [ T -T +yx(T -2T +T )] 
C12 c22 x cll C12 C22 J 

C. kT 
— 4 — exp(-kT/T ) \i=2,3,5) (5-127) 
T * Cm 
*m 

At a given temperature and pressure equations (5-102) 

and (5-125) form the desired set of two equations in two 

unknowns, v and y-, which may be solved simultaneously to 

determine the composition. 

For the simplified case in which terms involving 

yl* Pl and x/vi are neglected, with the exception of those 

involving ratios of these quantities, equation (5-102) 

reduces to 
F2 F3 A4 

P - RT + ^22 +
 J22 + *22 

V"b22 (v'b22)2 (v-b22)J ^ Z 
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F5 
+ 22 (5-128) 

(v-b22)
3 

and (5-125) becomes 

where 

RT ln -i~ » RT la - I — + vf P - RT ln £—^—) 
P? Plv? * v-b22 

rt _ D0 D, 
+ P? v° - P(v+b11-b:):)) £ S j 

( v- b22 } 2 ( v" b22 ) 

2 A4 "A4 D 
i2 22 5 (5-129) 

3(v-b22) 4(v-b22)
4 

D. = 2 [A. +B. T + C . exp(-kT/T )1 
1 u *12 112 x12 c22 J 

Ci kT 
+2 (T - T ) I 2 exp(-kT/T ) 

c12 c22 T,/ c22 
C22 

- F. (i-2,3,5) (5-130) 
x22 

At a given temperature and pressure, (5-128) nay be 
4 

solved directly for the specific volume and this value 

used in (5-129) to determine y«. 
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4. Virial Equation of State 

The virial equation of state, equation (4-16), nay 

be written as 

p = £2 + RTB + RTC (5-131) 
v v 

and for pure 1 is expressed as 

n^TB, n3RTC, 
p = *£i + x + — _ J : (5-132) 

Differentiation of (5-132) yields 

; \ p P T 2nRTB. 3ti2WIC. 
(T5>T.V • ™ * - ^ r 1 *^rJi (5"133) 

so that the second integral in (5-1) becomes 

f r hv R T 1 2RTB. 3RTC, 

/ |(4£>T v " ¥1 dV = — ^ + TTTT (5-134) 

The virial equation of state is written for the gas 

mixture as 

RTB RTC 

V V 

or 

P = |2 + —-^ + -j-S (5-135) 

nDT A T B ^ n3RTC 
p " T" + "^2T- + ~^3 (5-136) 

and, therefore, 

^ p^ - RT +
 R T ^ (n

2xx \ x RT ^ /„3_ \ 

^ T . V , ^ - -r + ̂  y«7 ( n V + 7 - j a i ( n c*} 

(5-137) 
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Thus, the third integral in (5-1) becomes 

f 0 ̂  *\ RT1 AV - R T ^ r«2R ̂  J l(I57>T,V,n2 * H
 dV - V- JnJ <n V 

RT ,A.(n3C ) (5-138) 
2V2 ^nT" ~m 

or 

7 [<&>,.,..,-^"-H*.-^! 
^C 

+ -RT r3c «1 (5-139) 
2v^ L m <inlJ 

The mixture coefficients B and C are given by equations 
m m 

(4-65) and (4-66), respectively, these equations being 

repeated here as 

2 
B m = yl Bll + 2yly2B12 + y2 B22 (5-140) 

Cm = yl Clll + 3yly2C112 + 3yly2C122 + ylC222 
(5-141) 

Equations (5-34), and (5-140) and (5-141) may now be used to 

determine the partial derivatives required in (5-139), the 

result being 

n Jnf = 2y2 [ylBll+ (y2"yl)B12-y2B22] (5"142) 



-74-

• y^" 3y
2 [ • m * * i V » i > c i i 2 - < a ! r i V » 2 > c i 2 2 

- y \ c222] <5-143> 

Equations (5-140) thru (5-143) are now substituted into 

(5-139) to yield 

aO 

/ [<-f^T,v,n2 - ^ ] av - SS [yiB11+ y2B12] 

3RT T..2 
~2v I [yl Clll+ 2yly2C112+y2C122] <5~144> 

A final expression for the equilibrium equation is 

now obtained by substituting equations (5-5), (5-41), 

(5-134) and (5-144) into (5-1) to give 

YiP pv c ~. 2RTB.., 
RT In -±- = RT ln -i^- + v? (P-P?) + • • • xx 

P° P°v° x x v° 
vl *lvl vl 

+ ̂ - ^ [ V - n - B 1 2 ) « 1 2 ] -fi 

[y2 (C111-2Cn2+C122) -2yl(C112-C122)+C122] 

(5-145) 

Equations (5-135) and (5-145) form the desired set of 

two equations in two unknowns, y. and v, at a given temperature 
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and pressure. This set may be solved simultaneously to 

determine the composition. 

In the simplified case where terms involving y., P? 

and l/v- are assumed negligible, with the exception of terms 

involving ratios of these quantities, equation (5-135) 

becomes 

p s RJ. + — ^ 2 2 + 222 (5-146) 
v v 

and (5-145) reduces to 

V - n. ,. PV , „S . ^ RT In •—• = RT ln 1' + v, P - 12 
p° p°v° x v 

*1 *lvl 

3RTC« ~,~ 
_i££ (5-147) 

2v^ 

As before, (5-146) may be solved for v at any given 

temperature and pressure and this value in turn used in 

(5-147) to determine the composition y-. 

C. Method of Solution 

The procedure for solving the equations presented in 

the preceding section is to first solve the set for the 

simplified case. For this special case the equation of 

state reduces to -that of pure component 2 and is therefore 

a function of v only at a given temperature and pressure. 

Thus, this equation may be solved for v by using Newton's 

iterative method for one equation in one unknown, and this 

value in turn used in the simplified equilibrium equation 

to determine the mole fraction y.. Newton's method requires 
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an initial value for v in order to begin the iteration, and 

this value is obtained by multiplying the particular equa­

tion of state being employed by the quantity v/P [(v-b)/P 

for the Martin-Hou equation J and then substituting RT/P, 
4 

from the ideal gas law, for all v«s appearing on the right 

hand side of the equation. The result of this operation is 

v- £ + 1 + 1*^ + J4 (5-148) 
P RT (RT)^ (RT).5 

« - RT A
 BoRT"Ao"Co/'T . P(bRT-a) . p4a <*. 

v Rr (RT)<* ( R T )3 

• PC [l+ rP2/(RT)2 lexp [-fp2/(RT)21 (5.14Q) 
(RT2)2 

o 
F PF P A 

„ - *, * RT + 2 . r3 . A4 
V - b + -^- + "KM fejL + = — 2 + — 5 

F Kl-FD (RT..pb)^ (RT-Pb)** 

P3F,-
+ 2 — _ (5-150) 

(RT-Pb) 

v = RT + B + PC ' (5-151) 

for the Beattie-Bridgeman, Benedict-Webb-Rubin, Martin-Hou 

and virial equations of state, respectively. Equations 

(5-148) thru (5-151) are not considered to be accurate 

volume-explicit equations of state but they are better than 

the ideal gas law for determining initial values of v to 

ensure convergence in the Newton iterative method. 
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In order to complete the solution for the simplified 

case, the composition y. is determined by using the value 

of v obtained from the above method and solving equations 

(5-49), (5-93), (5-129) and (5-147), these equations re­

sulting f,rom the use of the Beattie-Bridgeman, Benedict-

Webb-Rubin, Martin-Hou and virial equations of state, 

respectively. In order to solve the foregoing equations for 

y-, values of P?, v° and vf are required at each temperature, 

o s 

The values of P^ and v. used here have been taken from 

references 92 and 93 and are listed in Table I. Values of 

v? at each temperature are calculated from equations (5-148) 

thru (5-151) using P?. The values so calculated are con­

sidered to be sufficiently accurate since P- is always 

quite small. 

TABLE I 

VALUES OF P ° , 

FOR C 0 2 

s 
' V l 

140 
150 
160 
170 
180 
190 

P?, atm 

0.00184 
0.00841 
0.0314 
0.0993 
0.274 
0.679 

v . , l i t /mo le 

0.0-270 
0.0272 
0.0274 
0.0276 
0.0278 
0.0280 

After solving the equations for the simplified case, 

the general solution is obtained by solving the sets of 

two equations in two unknowns presented in the preceding 
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section, this being accomplished by using the Newton-Raphson 

iterative method for the simultaneous solution of non-linear 

equations. This method requires reasonably close initial 

guesses for the two unknowns, y. and v, to ensure conver­

gence during the iteration process. The values of y., and 

v obtained for the simplified case make good initial guesses 

and have been used as such in the present work, A discussion 

of the Newton and Newton-Raphson method is presented in 

Appendix B. In addition, the computer flow diagrams for 

the iterative solutions of the equations presented in 

Chapter IV are included in Appendix D. 

The pure gas constants for the Beattie-Bridgeman 

equation are taken from reference 61, Benedict-Webb-Rubin 

from 67, 81 and 83, and Martin-Hou from 58 and 64 and these 

values are listed in Tables II, III and IV, respectively. 

TABLE II 

BEATTIE-BRIDGEMAN CONSTANTS 
(a tm, l i t / m o l e , K 

An 
Bo 
a 

b 

c 

5.0065 
0.10476 
0.07132 
0.07235 

66.0xl0 4 

1.3445 
0.05046 
0.02617 

-0.00691 
4 .2x l0 4 
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TABLE I I I 

BENEDICT-WEBB-RUBIN CONSTANTS 
(atm, l i t / m o l e , ©K) 

A0 

B o 

a 

b 

c 

OL 

T 

co 2 

2.73726 
0.0499086 
1.38558xl05 

0.136802 
0.00412368 
1.49167xl04 

0.846556xl0~4 

0.00539329 

N 2 

1.19250 
0.0458000 
5 .88907xl0 3 

0.0149000 
0.00198154 
5.48064X102 

0.291545X10"3 

0.00750000 

The c r i t i c a l temperatures l i s t e d in Table IV have been taken 

from reference 94. 

TABLE IV 

MARTIN-HOU CONSTANTS 
(atm, l i t / m o l e , K) 

b 

A 2 
B 2 
C 2 
A3 

B 3 
C 3 
A 4 
A 5 
B 5 
C 5 
T c 

co2 

0.020591713 
-4.5852792 
0.0048652509 

-77.544346 
0.25327630 

-0.14657252x10" 
6.6404483 

-0.0081897877 
0.74749516x10" 
0.19623218x10" 

-0.48510253x10" 

304.2 
k= 5, 

-3 

-4 

-6 

• 3 

.475 

N 2 

0.020999999 
-1.5296017 

0.0028360157 
-25.727366 

0.076770659 
-0 .50760631xl0" 4 

2.0850164 
-0.0024514358 

0.32831952xl0~4 

0.30582839xl0~7 

-0.0014670686 

126 .1 
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Since two potential functions, that of Lennard-Jones 
4 

and of Kihara, are employed here two different sets of pure 

gas second virial coefficients will be available for use in 

solving equations (5-135), (5-145) thru (5-147) and (5-151). 

In addition, each of these sets may or may not include the 

quadrupole correction discussed in sections IV - B - 4a 

and IV - B - 4b. The two sets of coefficients used here, 

both with and without quadrupole corrections, are listed in 

Tables V and VI. 

TABLE V 

PURE GAS SECOND VIRIAL COEFFICIENTS 
CALCULATED FROM LENNARD-JONES (6-12) POTENTIAL 

(atm, lit/mole, °K) 

Without Quadrupole 
Correction 

With Quadrupole 
Correction 

T 

140 
150 ' 
160 
170 
180 
190 

Bl 

-0.48605 
-0.43118 
-0.38571 
-0.34740 
-0.31469 
-0.28667 

B2 

-0.07944 
-0.C6905 
-0.06019 
-0.05256 
-0.04592 
-0.04009 

Bl 

-0.49887 
-0.44175 
-0.39453 
-0.35485 
-0.32107 
-0.29197 

B2 

-0.08156 
-0.07086 
-0.06176 
-0.05394 
-0.04713 
-0.04117 

The force constants used in the Lennard-Jones (6-12) 

potential for determining the values given in Table V 

were taken from reference 67 and are listed in Table VII 

while the Kihara parameters used in obtaining the values 

in Table VI were taken from reference 56 and are presented 

in Table VIII. 
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TABLE VI 

PURE GAS SECOND VIRIAL COEFFICIENTS 
CALCULATED FROM KIHARA POTENTIAL 

(atm, lit/mole, OR) 

Without Quadrupole 
Correction 

With Quadrupole 
Correction 

T 

140 
150 
160 
170 
180 
190 

Bl 

-0.62990 
-0.53193 
-0.45667 
-0.39733 
-0.34952 
-0.31029 

B2 

-0.07995 
-0.06898 
-0.05974 
-0.05186 
-0.04506 
-0.03914 t 

Bl 

-0.72083 
-0.60016 
-0.50938 
-0.43906 
-0.38324 
-0.33802 

B2 

-0.08318 
-0.07169 
-0.06205 
-0.05385 
-0.04680 
-0.04067 

TABLE VII 

FORCE CONSTANTS FOR THE LENNARD-JONES (6-12) POTENTIAL 

^A. °K bQ, lit/mole 

CO 

N^ 

189.0 

95.05 

0.1139 

0.06378 

The values used for the quadrupole moments in deter­

mining the quadrupole corrections for C 0 ? and N p are 

presented in reference 95, these values being 3.0 x 10 ~ 2 6 

and 1.5 x 10 esu-cm , respectively. 
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TABLE VIII 

PARAMETERS FOR THE KIHARA POTENTIAL 

M 0 , A S 0 , A< V A' 
o 

Po'A u0A, 'K 

CO. 

No ' 

9.173 
4.694 

2.469 
0.8130 

0.1781 

0.03856 

2.790 

3.148 

380.20 

136.67 

The pure gas third virial coefficients used here 

are determined from equations (4-28) and (4-29), these 

equations being derived from the Lennard-Jones (6-12) 

potential. Since two sets of c. (references 67 and 72) 

have been proposed for use in (4-28) two third virial 

coefficients may be determined at a given temperature. 

A tabulation of the tivo coefficients as a function of 

temperature is presented in Table IX. 

TABLE IX 

PURE GAS THIRD VIRIAL COEFFICIENTS 
CALCULATED FROM LENNARD-JONES (6-12) POTENTIAL 

(atm, lit/mole, °K) 

Using c. of Reference 67 Using c. of Reference 72 

in Equation (4-28) in Equation (4-29) 

140 
150 
160 
170 
180 
190 

-0.02631 
-0.01224 
-0.00399 
+0.00096 
+0.00393 
+0.00578 

+0.00224 
+0.00213 
+0.00203 
+0.00193 
+0.00185 
+0.00178 

-0.02839 
-0.01384 
-0.00521 
-0.00000 
+0.00317 
+0.00509 

+0.00219 
+0.00209 
+0.00199 
+0.00190 
+0.00183 
+0.00176 
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«The only remaining constants necessary for the 

solution of the equilibrium equation based on the virial 

equation of state are the second and third virial inter­

action coefficients. The values for B 1 ? based on the 

Lennard-Jones (6-12) potential, both with and without quad­

rupole corrections, have been determined by the methods 

discussed in section IV - C - 2a and are presented in 

Table X while those based on the Kihara potential and deter­

mined by the methods proposed in section IV - C - 2b are 

given in Table XI. 

TABLE X 

SECOND VIRIAL INTERACTION COEFFICIENTS 
CALCULATED FROM THE LENNARD-JONES (6-12) POTENTIAL 

Without Quadrupole 
Correction 

With Quadrupole 
Correction 

B 12 

140 
150 
160 
170 
180 
190 

-0.20327 
-0.17989 
-0.15960 
-0.14369 
-0.12877 
-0.11606 

B 12 

•0.20805 
•0.18393 
•0.16363 
-0.14631 
-0.13138 
•0.11835 

The values for C.,^ and C.,-2 have been determined by 

the method of Ewald as discussed in section IV - C - 2a 

using the c. of both references 67 and 72 in equation 

(4-28), and the results are listed in Table XII. 
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TABLE XI 

SECOND VIRIAL INTERACTION COEFFICIENTS 
CALCULATED FROM THE KIHARA POTENTIAL 

Without Quadrupole 
Correction 

With Quadrupole 
Correction 

B 12 B 12 

140 
150 
160 
170 
180 
190 

-0.20979 
-0.18235 
-0.15995 
-0.14134 
-0.12563 
-0.11222 

-0.22355 
-0.19343 
-0.16905 
-0.14894 
-0.13208 
-0.11776 

TABLE XII 

THIRD VIRIAL INTERACTION COEFFICIENTS 
CALCULATED FROM THE LENNARD-JONES (6-12) POTENTIAL 

(atm, lit/mole, °K) 

Using c. of Reference 67 

in Equation (4-28) 

Using c. of Reference 72 

in Equation (4-28) 

T 

140 
150 
160 
170 
180 
190 

C112 

+0.00204 
+0.00384 
+0.00476 
+0.00519 
+0.00535 
+0.00535 

C122 

+0.00361 
+0.00364 
+0.00357 
+0.00346 
+0.00333 
+0.00320 

C112 

+0.00146 
+0.00340 
+0.00441 
+0.00491 
+0.00512 
+0.00516 

C122 

+0.00344 
+0.00351 
+0.00346 
+0.00337 
+0.00325 
+0.00313 



VI. EXPERIMENTAL EQUIPMENT 

A. General Description 

A continuous flow system for attaining equilibrium 

was employed in this investigation rather than the static 

or recirculating systems which have been utilized in similar 

equilibrium studies. This type of system has also been 

(25) employed in recent investigations by Sonntag and Hiza 

and Herring^ ' with highly satisfactory results. The flow 

method is particularly advantageous in that it permits a 

continuous analysis of the gas phase which is of great 

importance in assuring the attainment of equilibrium and in 

determining the true equilibrium composition. 

The schematic diagram of the experimental setup used in 

this investigation is presented in Figure 1 and the control 

panel associated with this equipment may be seen in Figures 

2 and 3. The experimental setup as diagrammed in Figure 1 

may be considered in three basic sections; (1) the cryostat, 

(2) test gas flow path and (3) heat exchanger coolant flow 

path. Each of these divisions are discussed in the follow­

ing sections. 

4 

1. Cryostat 

The cryostat is a vacuum jacketed vessel containing 

the bath liquid, liquid-level indicator, equilibrium coil, 

equilibrium cell, heater, circulating pump, cooling coil, 

platinum resistance thermometer, thermocouples and temper­

ature controller sensing bulb. These items, with the 
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Figure 1. Schematic Diagram of Experimental Equipment 
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Figure 2. View of Control Panel 

Figure 3. View of Control Panel 
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exception of the bath liquid, may be seen in Figures 4 

thru 10. 

The bath liquid used in the cryostat is Freon-12, 

this liquid being advantageous over other bath liquids 
4 

in that it is nonflammable, nonexplosive and nontoxic. 

However, because its vapor pressure is less than atmos­

pheric over the temperature range covered in the present 

study the cryostat is sealed by bolting the cryostat to a 

suspended top plate with a double 0-ring seal between the 

two. Figure 10 shows the cryostat bolted in place, Figure 

11 shows the O-ring grooves and Figure 12 shows the in­

sulation in place around the cryostat. In addition, all 

tubes and wires which pass into the cryostat are sealed 

by passing all such elements through Conax packing glands 

located in the top plate as shown in Figure 13. The only 

remaining element to be sealed is the drive shaft of the 

circulating pump which is accomplished with a standard 

rotary seal. However, so that the rotary seal will not 

have to withstand the low temperatures encountered at the 

top plate, it is placed on a brass plate located approximately 

12 inches above the top plate. The drive shaft extends 

through the rotary seal and is enclosed in a stainless 

steel pipe which is sealed to the top plate and the brass 

plate, thus sealing the cryostat. This pipe is visible in 

Figure 13. 

During operation liquid nitrogen is passed through 

the cooling coil, Figure 9, at a rate sufficient to cool 

the bath liquid slightly below the desired temperature. 
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Figure 5. Heater and Float Actuated Switches for 
Liquid Level Indicator 
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Figure 6. First Step in Cryostat Assembly: Equilibrium 
Coil and Cell, Resistance Thermometer, Temperature 
Controller Sensing Element and Thermocouples in 
Place 

Figure 7. Second Step in Cryostat Assembly: Heater 
and Float Actuated Switches for Liquid Level 
Indicator Added 
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Figure 10. Fifth Step in Cryostat Assembly: 
Cryostat Bolted to Top Plate 

Figure 11. View Showing 0-ring Grooves in 
Cryostat Flange 
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*m 

Figure 12. Final Step in Cryostat Assembly 
Insulation Placed Around Cryostat and 
Top Plate 

Figure 13. Cryostat Top Plate and Solid Filter 
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This subcooling is counterbalanced by the heater, Figures 

5 and 7, which is actuated by an automatic temperature 

controller whose sensing element is partially visible in 

Figure 4. In order to reduce temperature gradients in the 

bath to a minimum, a centrifugal circulating pump. Figure 

8, is used to agitate the liquid. The inlet of this pump 

is located just below and the outlet just above the equili­

brium coil so that the liquid surrounding the equilibrium 

cell and coil will be well circulated. 

All thermocouples located within the cryostat, with 

the exception of one located next to the platinum resistance 

thermometer, are referenced to the platinum resistance 

thermometer. Thus, these thermocouples indicate differences 

in temperature between that at the location of the thermo­

couple and that of the resistance thermometer. Since the 

accuracy of a potentiometer used in determining thermo­

couple emffs is inversely proportional to the magnitude of 

the reading, this method will minimize the errors in 

determining the temperatures within the cryostat. The 

reference junctions for the above thermocouples may be seen 

encircling the platinum resistance thermometer in Figure 
4 

4. The one thermocouple not referenced to the platinum 

resistance thermometer is referenced to the ice point and 

is used for preliminary temperature measurements until a 

desired equilibrium temperature is attained, at which time 

the resistance thermometer is used. 
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2* Test Gas Flow Path 

The test gas, which is pressurized with the diaphragm 

compressor shown in Figure 14, flows from the storage tank, 

Figure 14, through a solenoid valve to the high pressure side 

of the pressure regulator. The low pressure side of the 

regulator separates into two branches, one going directly 

to the gas analyzer to permit sampling of the test gas. 

The other branch passes through a heat exchanger which 

serves to precool the test gas before entering the cryostat. 

It is probable that some carbon dioxide will condense from 

the test gas during this cooling process, a portion of 

which will be deposited on the heat exchanger walls with the 

remainder carried through the heat exchanger. It is de­

sirable to filter out as much solid carbon dioxide as 

possible from the test gas before it enters the cryostat 

since this will delay the eventual plugging of the equili-. 

brium cell. Therefore, a solid filter, seen in Figure 13, 

is located on the outlet of the heat exchanger, its purpose 

being to trap any solid carbon dioxide formed but not de­

posited in the heat exchanger. 

From the solid filter the test gas enters the cryostat and 

flows through the equilibrium coil during which time it reaches 

the equilibrium temperature. Additional carbon dioxide will 

condense in the equilibrium coil, part of it depositing on 
4 

the tube walls and the remainder carried into the equilibrium 

cell. The equilibrium cell contains a filter whose purpose 

is to trap all solid carbon dioxide. It is imperative that 
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Figure 14. Storage Tank and Diaphragm Compressor 

Figure 15 Heat Exchanger and Solid Filter 
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absolutely no solid pass through this filter since it would 

sublime upon leaving the cryostat and thus give an errone­

ously high equilibrium composition. After leaving the 

equilibrium cell the test gas passes out of the cryostat, 

is warmed to ambient temperature, and passes through the 

gas analyzer where the equilibrium composition is deter­

mined. 

3- Heat Exchanger Coolant Flow Path 

The heat exchanger coolant flow path, as seen in Figure 

1, consists of a closed loop in which the coolant is cir­

culated by a small compressor. The coolant used is nitrogen 

gas which passes from the outlet of the compressor through 

a cooling coil immersed in a liquid nitrogen bath, this bath 

being maintained at a constant level by an automatic con­

troller so that the amount of the cooling coil in contact 

with liquid nitrogen will remain constant. The nitrogen 

gas liquifies in the cooling coil and then passes through 

the counterflow heat exchanger where it is evaporated by 

the heat absorbed from the test .gas. Finally, the nitrogen 

gas leaves the heat exchanger and returns to the compressor, 

thus completing the loop. 

A bypass valve is connected between the compressor 

outlet and the inlet to the heat exchanger in order to reg­

ulate the amount of coolant which passes through the liquid 

nitrogen bath. The purpose for such regulation is to control 

the temperature of the coolant as it enters the heat ex­

changer, this in turn fixing the temperature of the test 
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gas leaving the heat exchanger. Thus it is possible to 

control the temperature of the test gas as it enters the 

cryostat at a value slightly above the equilibrium temperature. 

B. Construction 

1. Cryostat 

The cryostat, Figures 10 and 11, consists of a stainless 

steel, vacuum jacketed, flanged vessel with an inside 
4 

diameter of 10£ inches and a maximum depth of 22 inches. 

The outside diameter of the cryostat is 12i inches and the 

overall height is 24 inches. The flange is 1 inch thick, 

17-| inches in diameter, and contains 16-1^- inch bolt holes 

located on a 15^ inch diameter bolt circle. In addition, 

the flange contains two grooves for a 12 and 13 inch 0-ring, 

these 0-rings being made of silicone rubber. 

The top plate of the cryostat, Figure 13, consists of 

a 1 inch stainless steel plate to which the cryostat is 

fastened with 16-l"x4" stainless steel bolts and stainless 

steel nuts, flat washers and lock washers. The top plate is 

stationary and all equipment contained within the cryostat 

is suspended from it, as seen in Figure 9. 

The cryostat was originally designed to operate with n© 

insulation other than the vacuum jacket. However, during 

operation this did not prove adequate and the cryostat was 

then insulated with .a 3 inch layer of fiberglass and enclosed 

in a styrofoam box as seen in Figure 12. 
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2. Heater 

The heater used in the temperature regulation was con­

structed as follows: 3/4 inch holes spaced 1 inch apart 

were drilled in a 5^ inch OD by 10 inches long brass cylinder 

with a 1/3 inch wall, the holes permitting liquid to flow 

through the cylinder. A 6 3/4 inch by 5^ inch brass ring 

1/8 inch thick was then silver soldered to this cylinder 

at one end. Next, two layers of a thermal setting insula­

ting tape were wrapped on the outside of the brass cylinder. 

Thereafter, 40 feet of 28 gage Chromel A resistance wire 

giving a resistance of approximately 100 ®hms was wrapped 

on the insulating tape in such a manner that none of the 

wire crossed over the holes drilled previously. Two 

additional layers of the thermal setting insulating tape 

were wrapped over the resistance wire .and the entire 

assembly then placed in a baking oven to bond the insula­

ting tape. Finally, upon completion of the bonding process, 

the insulating tape located over the holes in the cylinder 

wall was removed. The completed heater may be seen in 
4 

Figure 5 where the outline of the heater resistance wire 

is also visible. 

The heater is suspended from the top plate by four 

thin stainless steel tubes connected to the top plate and 

fastened to the ring at the top of the heater. The heater 

may be seen suspended in place in Figure 7. 
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3. Liquid Level Indicator 

The schematic diagraw for the liquid level indicating 

device way be seen ia Figure 16. Three micro-switches were 

used in this device, these switches being actuated by float 

operated levers with the floats made from corks. The micro-

switches with levers and floats Hay be seen in Figures 5 

and 7. The micro-switches^were spaced 2 inches apart. As 

seen from the schematic diagram, Figure 16, as each micro-

switch is clesed a resistor is added in parallel with a 

resulting increase in the current flow thr©ugh the circuit. 

Thus the current reading may be used to indicate the liquid 

level. 

This particular arrangement indicates only an incre­

mental change in liquid level rather than giving a continuous 

level indication as more complex arrangements might. How­

ever, this is adequate for the present investigation since 

it is important only to know that the level is above a 

given point rather than knowing the exact level. If de­

sired, the present device could be made to approach a 

continuous reading device by placing several micr©-switches 

close together. The present arrangement has one advantage 

over others reported in the literature in that the current 

reading is independent of temperature since the resistars 

are located externally to the cryostat. The float operated 

switches also eliminate the possibility of sticking associat­

ed with float operated slide wire devices. 
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© 

Note: Switches enclosed by 
dotted line are float-
actuated micro-switches 
located within the cryostat. 
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Figure 16. Schematic Diagram of Liquid Level Indicator 
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6 

4. Heat Exchanger 

A cross-sectional view of the heat exchanger may be seen 

in Figure 17. The heat exchanger is constructed as follows: 

a semicircular groove £ inch in diameter is turned in a 

helical pattern on the outside of a 3-| inch OD, 3 inch ID, 

12 inch long brass cylinder with a 1/8 inch space between 

the grooves, these grooves being stopped before reaching 

the ends ©f the cylinder. Two 3/8 inch holes are then drilled 

radially through the grooves at each end of the cylinder at the 

point where the grooves stop. Two 3/8 inch OD copper tubes 

are then placed in these holes from the inside ©f the 

cylinder and silver soldered flush with the bottom of the 

groove. Next, a semicircular groove £ inch in diameter is 

turned in a helical pattern on the outside of a 4 inch OD, 

3|- ID, 12 inch long brass cylinder with a l/8 inch space 

between the grooves. This cylinder is then shrunk fit over 
4 

the preceding cylinder. Thereafter, a \ inch OD stainless 

steel tube with a 0.049 inch wall is wrapped in the groove 

of the outer cylinder, the total length of tube being 

approximately 22 feet. After the stainless steel tube is 

in place, a 4| inch OD, 4̂ - inch ID, 12 inch long stainless 

steel sleeve is pressed over the entire assembly. As the 

final step, the void space around the stainless steel tube 

located between the outer brass cylinder and stainless steel 

sleeve is filled with Wood's metal, a low melting alloy. 

Originally, the heat exchanger was not filled with the 

Wood's metal inasmuch as it was assumed the stainless steel 

sleeve would force the stainless steel tube into good 
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contact with the brass cylinder. However, the heat ex­

changer performance did not prove satisfactory under these 

conditions and the Wood's metal was added to improve the 

performance. The heat exchanger is partially visible in 

Figure 15. 

5. Equilibrium Cell and Coil 

The equilibrium cell consists of a l-\ inch OD solid 

stainless steel rod 6 inches long with a 45/64 inch hole 

bored through lengthwise to produce a cylinder. Each end 

of this cylinder is tapped for a \ inch pipe thread. The 

cylinder is then packed to within an inch of one end with 

copper wool and the remaining space is filled with fine 

spun glass. The function of the copper wool and spun 

glass is to trap all solid carbon dioxide particles carried 

into the equilibrium cell since it is absolutely necessary 

that no solid particles be permitted to pass bey®nd this 

point. 

After placing the copper wool and spun glass in the 

equilibrium cell, high pressure stainless steel tube fittings 

are turned into the pipe threads located on each end. These 

fittings are then silver soldered in place to eliminate 

possible leakage of the high pressure test gas which might 

build up damagingly high pressures in the cryestat. In 

case such leakage should occur, a pressure switch is 

connected to the cryostat which will close the solenoid 

valve ©n the outlet ©f the test gas storage tank if the 

pressure becomes too high. 
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The equilibrium coil consists ©f approximately 12 feet 

of £ inch OD stainless steel tube with a 0.049 inch wall 

which is formed into a 4 inch diameter coil. This coil 

is immersed in the bath liquid and its function is to c®ol 

the test gas to the equilibrium temperature. The equili­

brium coil is connected to the equilibrium cell where all 

solid carbon dioxide is trapped. The equilibrium cell is 

so placed that the end containing the spun glass is the 

exit side. A cross-sectional view of the equilibrium cell 

is presented in Figure 18 while the equilibrium coil and 

cell may be seen in Figures 4 and 6. 

6. Solid Filter 

Thg solid filter, located on the outlet side of the 

heat exchanger, is made from a 6 inch length of 1 3/4 

inch hexagonal stainless steel bar. A 29/32 inch hole is 

drilled axially to a depth of 5 inches. The open end of 

the bar is then tapped for a 3/4 inch pipe thread and the 

bar is then filled with copper wool. A high pressure 
4 

stainless steel tube fitting is then turned into the pipe 

thread, this joint being sealed with Teflon tape. It was 

not deemed necessary to silver solder this joint, as was 

done in the equilibrium cell, since a small leak at this 

point is undesirable but tolerable. A cross-sectional view 

of the solid filter may be seen in Figure 19 while the filter 

connected in place is visible in Figures 13 and 15. 

As was indicated earlier, the purpose of this filter 

is to trap any solid carbon dioxide which forms but is not 
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Figure 20. Potentiometer-Null Detector, 
Temperature Controller and Mueller Bridge 

Figure 21. Galvanometer, Julius Suspension and Lamp and Scale 
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deposited in the heat exchanger thus delaying the plugging 

of the equilibrium cell. 

c» Instrumentation 

1. Temperature Measurement 

The equilibrium temperature is measured with a Leeds 

and Northrup type 8163 platinum resistance thermometer in 

conjunction with a Leeds & Northrup model G-2 Mueller 

temperature bridge, the latter being shown in Figure 20. 

The null detecting equipment associated with this bridge 

consists of a Leeds and Northrup model 2284-d galvanometer 

supported in a Julius suspension in addition to a model 

2100 lamp and scale. In the present installation the gal­

vanometer is suspended above the lamp and scale thus 

necessitating use of the Leeds and Northrup model 2178' 

prism and 2104 reflecting mirror. The null detecting 

equipment may be seen in Figure 21. It was found necessary 

to enclose the Julius suspension as shown in Figure 21 in 

order to eliminate motion induced by forced air circulation 

within the room. 

All other temperatures are measured with 20 gage, cojpper-

constantan thermocouples in conjunction with a Leeds and 

Northrup type K-3 potentiometer. The null detecting device 

used in this case is a model 9834 electronic D-C null 

detector. The null detector and potentiometer may be seen 

in Figure 20. All thermocouples, except those discussed 

in secion VI-A-1, are referenced to the ice point. The one 
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therraocouple located in the cryostat and referenced to the 

ice point was calibrated against the platinum resistance 

thermometer. This calibration was then used for all other 

thermocouples which seems pernissable inasmuch as all the 

thermocouples used were made from the same spools of wire. 

2. Temperature Control 

The temperature was automatically controlled by a 

Hallikainen. mpdel 1053 Thermotrol control unit, this unit 

being visible in Figure 20. The sensing element for this 

controller is a resistance bulb located adjacent to the 

platinum resistance thermometer, as seen in Figure 4. The 

resistance bulb used is a Hallikainen model 1358A designed 

for the range -100° to -400°F. 

During operation the coolant flow rate through the 

cryostat is such that the bath liquid is cooled slightly 

below the desired equilibrium temperature and.the temperature 

control unit then actuates a heater to maintain the equili­

brium temperature. 

3. Pressure Measurement 

The equilibrium pressures are read on a calibrated 

16" Heise bourdon tube gage with a 0-3000 psig range, this 

gage being visible in Figure 20. All other measured 

pressures are read on standard bourdon tube gauges. 

4. Pressure Control 

The one pressure requiring precise control is the 
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equilibrium pressure and this is accomplished with a Grove 

model 15KX high pressure regulator. This regulator is 

located immediately to the right of the Heise gage as seen 
4 

in Figure 20. The two pressure regulators located on the 

discharge ©f the analyzer and aain exhaust lines are 

standard pancake regulators. These regulators serve to 

eliminate surging in the flowmeters at low flow rates as 

well as to maintain a constant calibrating pressure in the 

gas analyzer. All other regulators used in the system are 

standard Matheson gas regulators. 

5. Gas Analysis 

The equilibrium mixture is analyzed in a Beckman 

L/B model 15A non-dispersive infrared analyzer. This 

instrument consists of an analyzer and amplifier unit, the 

former being sensitized to detect for carbon dioxide. 

During operation, the analyzer unit produces a signal 

proportional to the percentage of carbon dioxide present. 

This signal goes to the amplifier unit and is expressed as 

an electrical voltage on a panel meter"located on the amp­

lifier. In addition, so that a permanent record of this 

voltage may be obtained, the amplifier output is fed to a 

Beckman model 93500 potentiometric recorder. This ensemble 

of analyzing equipment may be seen in Figure 2. 

^• Liquid Nitrogen Level Control 

The liquid nitrogen bath used to cool the heat ex­

changer coolant is maintained at a constant level by a 
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Johns and Frame model B level controller. This controller 

includes a gas cross-charged sensing element placed in the 

liquid nitrogen bath which closes a relay when the level 

falls below that desired. This relay in turn actuates a 

normally-closed solenoid valve located in the liquid nitrogen 

transfer line thus permitting liquid nitrogen to flow until 

the desired level is reached at which time the sensing 

element opens the relay. 

7. Flowmeters 

A Matheson model 622PBV-602 flowmeter with a 0-2 

SCFH capacity is located on the analyzer exhaust line. A 

model 622PBV-603, 0-10 SCFH, and a model 622PBV-604, 0-35 

SCFH, are placed in parallel on the main exhaust line, 

one or the other being used depending upon the particular 

flow rate desired. 



.VII. EXPERIMENTAL ERRORS 

A. Temperature Measurement 

1. Resistance Thermometer-Bridgei-Galvanometer 

The Leeds and Northrup model 8163 platinum resistance 

thermometer used in the present investigation was calibrated 

at the National Bureau of Standards to an accuracy of +_ 

0.0001 ohm. The sensitivity of the resistance thermometer 

in the temperature range encountered here is no less than 

+_ 0.1 ohm/ 0 C. Therefore, the sensitivity of the resistance 

thermometer may be considered to be at least +̂  0.001° C. 

The Leeds and Northrup model 2284-d reflecting galvan­

ometer has a sensitivity of O.lJLLv/mm at a distance of 1 

meter. The galvanometer is placed on a Julius suspension 

which is designed to damp out vertical as well as rotary 

motions of the galvanometer thus reducing the possibility 

of galvanometer deflections due to vibrations. Using this 

galvanometer and the G-2 Mueller bridge it was found that a 

change in the thermometer resistance of 0.0001 ohm could 

be detected, this change giving a galvanometer scale de­

flection of just over 1 mm. Thus it is possible to detect 

a change in temperature of +_ 0.001° C. However, in as 

much as the International Temperature Scale is considered 

to be accurate to only + 0.01° C, the same value shall be 

taken as the accuracy of the temperature measurement with 

the resistance thermometer-bridge-galvanometer network 

used here. 
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2. Thermocouple-Potentiometer-Null Detector 

All thermocouples were constructed of 20 gage copper-

constantan wire taken from the same spools. One typical 

thermocouple, that located adjacent to the resistance 

thermometer in the cryostat, was calibrated against the 

resistance thermometer at 10° C intervals over the temper­

ature range to be encountered. A curve of EMF . . -
observed 

E M F standard v e r s u s E M F standard w a s t h e n m a d e a n d a i l 

points fell within 1 microvolt of a smooth curve drawn 

through the calibration points. Inasmuch as the sensitivity 

of the thermocouples used is no less than 25<Uv/°C in 

the temperature range encountered this would indicate that 

the thermocouple accuracy is at least + 0.04°C. 

The maximum error for the K-3 potentiometer is + 

(0.5/Lv + 0.0157o of the reading)'in the range used here. 

Since thermocouples No. 2 thru 6 (see Figure 22) located 

in the cryostat are referenced to the resistance thermometer 

their readings are very small and the maximum error in the 

potentiometer reading may be taken as +_ 0.5 LLv (0.02°C) 

for these thermocouples. The sensitivity of the Leeds and 

Northrup model 9834 D-C null detector is 0.2yUv per scale 

division or approximately 0.01 C per division. 

Inasmuch as thermocouples Nos. 2 thru 6 are differential 

thermocouples which produce small emfs, their accuracy in 

temperature measurement is not limited by a calibration 

curve but instead by the error limits of the potentiometer. 

Thus the accuracy of temperature measurement with the 
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thermocouple-potentiometer-null detector set up is consider­

ed to be + 0.02°C for thermocouples Nos. 2 thru 6 and + 0,04°C 

for all others. 

B. Temperature Control 

The Hallikainen model 1053 Thermotrol temperature 

controller may be used as an on-off, proportional, or 

proportional with reset controller with the maximum sensi­

tivities in each case being + 0.001, + 0.023 and + 0.00023°C, 

respectively. These sensitivies are meaningless, however, 

as far as the accuracy of temperature control is concerned 

since this is affected by several factors such as time 

constants of the sensing element and heater, configuration 

of bath components and bath agitation. 

As used in the present installation, the maximum 

temperature variation from a set point was + 0.05°c as in­

dicated by the platinum resistance thermometer with the 

variation in some cases being as low as +_ 0.02 C. It is 

felt that this might have been improved if the bath liquid 

in the vicinity of the cooling coils had been agitated more 

completely than was accomplished by the centrifugal circul­

ating pump used in the present setup. ^Nevertheless, it can 

be conservatively stated that the temperature control 

during this investigation was at least + 0.05°C. 

C. Cryostat Temperature Distribution 

The temperature distribution within the cryostat was 

determined by five thermocouples which were referenced to 



the platinum resistance thermometer (see Figure 22). During 

operation none of these thermocouples, with the exception 

of Nos. 2 and 3, differed by more than +_ 3 LK_ v or approximately 

+ 0.1°C from the temperature of the resistance thermometer and 

in many cases the difference was from 0 to + 2 y(Zv (0 to + 

0.08°C). Thermocouple No. 3, located just below the top plate 

and well above the bath liquid, read as high as 500-750 JA. v 

(20-30°C) warmer while thermocouple No. 2, located near the 

bath liquid and approximately if- inches below No. 3, read as 

high as 0-55 ylAv (0-2.25 C) warmer than the resistance ther­

mometer. This is not unreasonable since the conduction 

through the top plate could account for such differences. 

Thermocouple No. 1 (see Figure 22) which is located 

inside the equilibrium cell was found to give highly irregular 

and unrealistic readings during operation. A check indicat­

ed that this thermocouple had shorted against the copper 

wool located in the equilibrium cell. However, after 

considering (1) the temperature distribution within the 

cryostat as indicated by thermocouples Nos. 2-6, (2) that 

the temperature of the test gas leaving the heat exchanger 

o was never more than 10 C above the desired equilibrium 

temperature, and (3) the dwell time of the test gas in the 

equilibrium coil it was decided that the test gas was at 

the equilibrium temperature in the equilibrium cell. If 

in fact the test gas was not reaching the equilibrium 

temperature but remaining at some higher value, the mag­

nitude of the difference should increase with flow rate 

through the equilibrium cell with a corresponding increase 

in equilibrium composition. However, a check of several 



'" ' -118-

test points at different flow rates as discussed in section 

G of this chapter showed no change in equilibrium coaposition. 

Thus it is concluded that the test gas was actually reaching 

the equilibrium teaperature. 

D. Pressure 

The equilibrium pressure is read on a 0-3000 psig 

16" Heise bourdon tube gage with 3 psi divisions which has 

been thermally compensated and calibrated to an accuracy 

of + 0.1% of full scale. Thus the pressure readings may 

be considered accurate within + 0.2 atm (+_ 3 psi). The 

Grove pressure regulator used maintained the equilibrium 

pressure within _+ 0.2 atm O; 3 psi) until the equilibrium 

cell began to plug at which time the pressure would 

fluctuate widely. 

All other pressures were measured on standard bourdon 

tube gages with accuracies of + \% of full scale reading, 

this being deemed sufficient since pressures other than 

the equilibrium pressure are not extremely important. 

E. Gas Analysis 

The Beckman L/B model 15A non-dispersive infrared 

analyzer used for gas analysis has a maximum error of + 1% 

of full scale with a sensitivity of half that value. Three 

sets of cells, 3/16, 3/4 and 5£ inches in length were used 

in conjunction with this analyzer, each set being used to 

detect carbon dioxide concentrations, expressed as mole 

fractions, in the tange 0.02-0.10, 0.004-0.02 and less 
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than 0.004, respectively. 

Calibrating cylinders consisting of varying percentages 

of carbon dioxide in nitrogen were obtained froa the 

Matheson Company for purposes of calibrating the analyzer. 

The analyzer was calibrated by first setting the zero or 

reference point of both the analyzer and recorder with pre-

purified nitrogen flowing through the analyzer. Then a 

calibrating gas with a carbon dioxide concentration just 

above that to be expected during a particular run was 

passed through the analyzer and the gain set to produce a 

90% scale deflection. A 90% scale deflection was used 

rather than full scale deflection inasmuch as the amplifier 

response becomes very flat in the upper 10% of the scale 

reading. With the amplifier output at 90%, the span control 

of the recorder was also set to give a 90% scale deflection*, 

Thereafter at least two calibrating gases with carbon dioxide 

concentrations intermediate between zero and that used for 

the 90% scale deflection were passed through the analyzer 

and the resulting amplifier output recorded. Thus a rainiraura 

of four points were used for each calibration and in every 

case a smooth curve was drawn which passed through all 

calibration points. 

It was noted that with the zero and 90% points of the 

recorder and amplifier set to read the same, the amplifier 

meter reading was slightly higher at intermediate points 

than that indicated by the recorder with this difference 

reaching a maximum of if-% at approximately raid-scale and 

tending toward zero as the zero and 90% readings were 
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approached. However, several calibration curves were aade 

from both the amplifier meter readings and recorder values. 

Preliminary tests were then made and the meter reading and 
4 

recorder value produced by the gas being analyzed were used 

with the appropriate calibration curve and in every case 

the analysis was the same. Therefore, all calibration 

curves used in the final analysis were made from the record­

er values inasmuch as this provided a perraanent record 

which could be rechecked if necessary. 

The accuracy of the Beckman 93500 recorder is specified 

to be +_ 0.5% of full scale. Prior to collecting any exper­

imental data, one calibration curve per day was made and 

rechecked over a period of eight hours for four consecutive 

days and in no case was a change in calibration evident on 

the recorder. Thus, the accuracy of the gas analysis made 

here is considered to be _+ 0.5% of the full scale reading,, 

During experimental runs the pressure in the analyzer 

was maintained at 3 psig and the analyzer flow rate held at 

0.5 SCFH for the 3/16 inch cells and 1.0 SCFH for the other 

two sets of cells. The results of several tests indicated 

that a variat-ion in pressure of + 0.1 psig from that given 

above had no apparent effect on the analyzer calibration. 

Likewise, several tests indicated that the flow rate could 

vary from 0.3 to 1.5 SCFH in all three sets of cells with 

no variation in calibration. Nevertheless, during exper­

imental runs the analyzer pressure and flow rate were main­

tained at the values specified above with all analyzer 

calibrations being made under the same conditions. 
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Several test points were rechecked using cells of 

different lengths to ascertain if different cells would 

give the sane analysis. In every case the check points 

were within the + 0,5% of full scale considered to be the 

accuracy of the gas analyzer. 

F, Flow Rate' 

The Matheson Company quotes the following accuracies 

on the flowmeters used here: 622 PBV-602, + 4%; 622 PBV-

603 and 622 PBV-604, + 2%. The first meter is used on the 

analyzer exhaust line and the other two on the main ex­

haust line. 

The average flow rate used in most of the experimental 

runs was such as to give a gas velocity through the equili­

brium coil of 0.04 ft/sec with a resulting dwell time in 

the cryostat of 5-6 minutes. Approximately half of the test 

points were rechecked at various flow rates with no de­

tectable change in equilibrium composition. This would 

indicate that a precise flow measurement is not required 

and that the flow meter accuracies quoted above are more than 

adequate. 

Inasmuch as some variation in flow rate through the 

analyzer is tolerable as indicated in section VII-E the 

accuracy specified previously for the analyzer flow meter 

is also sufficient, 

G. Equilibrium Cell 

The equilibrium cell with the solid filter is essentially 
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the heart of the system and must perform the vital task of 

retaining all the solid carbon dioxide since any solid par­

ticles escaping the equilibrium cell would subline and give 

an erroneously high gas phase analysis. If all solid 

particles were not being retained in the equilibrium cell 

the percentage of carbon dioxide in the exhaust stream 

would increase with flow rate. In order to check the 
4 

ability of the equilibrium cell to retain the solid, a 

total of 38, or slightly over half, of the experimental 

points were checked at various flow rates. Of these 

check points, the same equilibrium composition was obtained 

19 times, a smaller value 12 times and a larger value 7 

times for the low flow rates as compared to the higher flow 

rates0 The 18 points which were not the same were within 

the limits of error of the gas analyzer. Thus it is con­

cluded that the equilibrium cell functioned highly satis­

factorily as a solid trap, 

Ha Throttling Valves 

There is a possibility of a composition change when a 

gas mixture is severely throttled across a small orifice. 

If such a change does occur it should be a function of flow 

rate through the orifice. In order to test for any such 

throttling effects across the valves in the experimental 

equipment, various mixtures flowing at different rates 

were analyzed and in no case could a change in composition 

be detected. In these tests the mixtures were throttled 

in such a manner that the pressure was reduced by a factor 
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of 1500 which is far greater than that experienced in the 

actual experimental runs. Thus it would seem that no com­

position change due to throttling was present in this in­

vestigation, 

I. Gas Purity 

The test gas mixtures were made from Liquid Carbonic 

high-purity nitrogen with a quoted minimum purity of 99,98% 

and Matheson Coleman grade carbon dioxide with a quoted 

minimum purity of 99.997o. The nitrogen used for setting the 

zero on the gas analyzer was Matheson pre-purified nitrogen 

with a quoted minimum purity of 99.9967o. The gas mixtures 

used for calibrating the analyzer were prepared by the 

Matheson Company from 99.7% minimum purity nitrogen and 

99,99% minimum purity carbon dioxide with the analysis of 

the mixture being made on a mass spectrograph. 

J, Attainment of Equilibrium 

Equilibrium is attained by two alternate methods in 

this investigation. Initially a carbon dioxide-nitrogen 

gas mixture in which the carbon dioxide concentration is 

greater than that present at equilibrium is passed thru the 

equilibrium cell at which point the excess carbon dioxide 

is condensed and trapped. The vapor in equilibrium with this 

solid then passes through the gas analyzer at which point 

the carbon dioxide concentration is determined. Eventually 

the system will plug due to the solid carbon dioxide being 

deposited. When plugging becomes evident as indicated by 
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the inability to maintain a constant flow rate, pure nitrogen 

gas at the desired equilibrium*,pressure is passed through 

the system. In this case carbon dioxide is evaporated 

rather than deposited, the amount evaporated being such as 

to produce a vapor mixture which is in equilibrium with the 

solid. The majority of the check points referred to in 

section VII-G were made by this latter method. Inasmuch 

as the original and check points, which were run by the two 

methods described here, gave results always equal to or within 

experimental accuracy of each other, it is concluded that 

true equilibrium was attained. 

The continuous analysis provided by the analyzer as 

well as the permanent record produced by the recorder were 

invaluable in determining the attainment of equilibrium. 

With the analyzer-recorder setup it is possible to observe 

the composition of the gas stream from the equilibrium 

cell approach the equilibrium value at which time the re­

corder levels off and gives a constant reading for as long 

as a test point is runa The experimental data were collected 

by maintaining a constant temperature and varying the pressure 

and since the recorder chart moves at a constant speed it 

was possible to note the time required to reach equilibrium 

with a change in pressure which in most cases was 5 minutes 

or less. This time, of course, would vary with the flow 

rate through the system inasmuch as the lines between the 

analyzer'and equilibrium cell must be purged after reaching 

each new equilibrium point. 
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As mentioned previously the flow rates used for the 

majority of the test points was such as to give a dwell 

time of.5-6 minutes in the cryostat. This viould seem to be 

more than adequate in view of the fact that those points 

which were rechecked were done so at faster flow rates with 

no change in equilibrium composition, 

4 



VIII EXPERIMENTAL PROCEDURES 

A, Pressure and Temperature Range 

Equilibrium compositions were determined for six 

isotherms from 140° to 190°K in 10°K intervals, these be-

ing the same temperatures covered by Sonntag * . The 

maximum equilibrium pressure for each isotherm was 200 

atmospheres while the minimum pressure at each temperature 

was that at which the experimental data agreed with that 

reported previously. These minimum pressures were 70, 70, 

100, 100, 100 and 50 atmospheres for the 140°, 150°, 160°, 

170°, 180° and 190°K isotherms, respectively. 

^° Preparation of Gas Mixtures 

The gas mixtures used must have a carbon dioxide con­

centration greater than the expected equilibrium composition 

if any solid C O ? is to form. At the same time, the con­

centration should not greatly exceed the expected equilibrium 

value since this would cause an excessive amount of solid 

to form, resulting in premature plugging of the system. 

In addition, the maximum equilibrium composition expected 

for each isotherm will decrease with temperature. With 

these facts in mind an initial gas mixture of 0.06 carbon 

dioxide mole fraction in nitrogen was prepared by filling 

the evacuated storage tank with carbon dioxide to a pre­

determined pressure such that the desired composition was 

obtained after adding nitrogen until a tank pressure of 

5000 psig was reached. This mixture was then used to obtain 
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the experimental data along the 190°K isotherm. Upon com­

pletion of this isotherm the tank pressure was reduced to 

a predetermined level such that a 0.04 C 0 2 mole fraction 

mixture was obtained after adding nitrogen until a tank 

pressure of 5000 psig was again reached. This mixture was 

then used to obtain data along the 180°K isotherm. In a 

similar manner, the carbon dioxide concentration in the gas 

mixture was reduced after each isotherm such that the mole 

fraction of C O , in the mixture was 0.02 for the 170°K 

isotherm, 0.01 for 160°K, 0.005 for 150°K and 0.0025 for 

140 K. With this method of operation carbon dioxide was 

used to obtain the initial mixture of 0.06 C O , mole fraction 

and thereafter it was necessary to use only nitrogen. The 

carbon dioxide concentration was changed at the completion 

of rather than during the running of an isotherm since it 

was convenient to do so while the equipment was being pre-* 

pared for the next isotherm. 

The nitrogen gas was pumped into the storage tank,with 

the diaphragm compressor seen in Figure 14 of Chapter VI, 

a diaphragm compressor being used to prevent contamination 

of the test gas. Carbon dioxide could also be added to the 

storage tank through this compressor in the event that the 

C O , concentration was not sufficient to form a solid phase. 

However, this was not found necessary during testing since 

the mixtures indicated previously were adequate. 

C. Run Procedure 

The first step in making an experimental run was to 
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cool the cryostat from room temperature to the desired 

equilibrium temperature, this requiring approximately three 

hours due to the large mass of liquid. At the same time, 

the heat exchanger was cooled by circulating the coolant 

with the bypass valve completely closed. During this 

cooling time the gas analyzer was calibrated at at least 

four points and the calibration periodically rechecked. 

When the cryostat was cooled to within approximately 30°C 

of the equilibrium temperature,^nitrogen gas was passed 

through the system at the pressure and flow rate to be 

maintained during the running of a test point. With the 

nitrogen flowing under these conditions the bypass valve 

on the heat exchanger coolant line was regulated so that 

the temperature of the nitrogen leaving the heat exchanger 

was approximately 1 C above the equilibrium temperature. 

This bypass valve setting resulted in an exit temperature 

of 5 -10 C above the equilibrium value when the C 0?-Np 

mixture was passed through the system. This rise in exit 

temperature is due to an increased load on the heat ex­

changer caused by the heat of sublimation liberated from 

the freezing carbon dioxide. 

When the cryostat reached the desired temperature, the 

liquid nitrogen flow rate through the cryostat was reduced 

to that necessary to slightly subcool the bath liquid. At 

this time the automatic temperature regulator was turned 

on and adjusted to maintain the equilibrium temperature 

within as small a limit as possible, this being accomp­

lished by using the regulator as a proportional with reset 
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controller. With the equilibrium temperature stabilized, 

the C02-N, gas mixture was passed through the system and 

regulated at the desired pressure and flow rate. As in­

dicated previously, the heat exchanger exit temperature of 

this mixture was set at 5°-10 C above the equilibrium value. 

Care was exercised so that this exit temperature never fell 

below and was always less than 10 C above the equilibrium 

temperature, the latter restriction being made to keep the 

cooling required in the cryostat to a minimum. 

After the temperature, pressure and flow rate were 

set, a portion of the gas stream from the equilibrium cell 

was passed thru the analyzer at the same flow rate and 

pressure at which the instrument had been calibrated. The 

gas mixture was allowed to pass through the system until 

equilibrium was attained as indicated by a leveling off in 

the recorded output of the analyzer. Thereafter the gas 

mixture was passed through the system for at least an 

additional twenty-five minutes during which time the 

following conditions were to be satisfied: (1) the recorder 

must indicate no further change in composition, (2) the gas 

mixture flow rate and pressure must remain constant and 

(3) the test gas must never reach a temperature below the 

equilibtium value. When these conditions were satisfied 

for the minimum period of twenty-five minutes the exper­

imental readings were taken. 

Since the gas phase was analyzed and recorded contin­

uously it was possible to observe the composition approach 

the equilibrium value at which point it remained constant 
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for as long as the test gas was flowing through the system. 

This was felt to be a reliable indication of the attainment of 

equilibrium. Furthermore, it was not deemed necessary to ru@ 

each experimental poiat several times and take an average of the 

resulting equilibrium compositions as done by others who performed 

similar investigations without a continuous gas phase analysis. 

Nevertheless, approximately half of the experimental points 

w,ere rerun at different flow rates in order to (1) check the 

reproducibility of the experimental data, (2) test the ability 

of the equilibrium cell to retain all solid particles of 

carbon dioxide and (3) determine the ability of analyzer 

cells of different lengths to give the same analysis. 

The experimental data were collected at constant tem­

perature beginning with the highest pressure and success­

ively decreasing the pressure. This order resulted in 

constantly decreasing equilibrium compositions over the 

pressure range encountered here. Since the accuracy of the 

gas analyzer is considered to be a fixed percentage of the 

full scale reading, it is desirable to have the experi­

mental readings fall on the upper portion of the calibration 

curve in order to minimize the percent error in the reading 

itself. For this reason the analyzer was periodically re­

calibrated using a lower percentage C Op calibrating mixture 

each time to give the maximum scale deflection. Each 

calibration was rechecked between test points to check the 

analyzer for drift and reproducibility. 

After a period of operation the system plugged due to 

the accumulation of solid carbon dioxide. When this 
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occurred, pure nitrogen gas was passed through the system 

and equilibrium was attained by picking up rather than de­

positing carbon dioxide. Several test points were rerun 

at different flow rates with this method of operation in 

order to provide the checks indicated previously. During a 

few such check points the temperature of the nitrogen 

leaving the heat exchanger was permitted to fall to 10 -

15 C below the equilibrium value with the test gas then 

being warmed rather than cooled in the cryostat. This would 

not be permissable if equilibrium is being attained by 

freezing out carbon dioxide from a C 0 ? -N, mixture since the 

possibility would arise of equilibrium occurring at the 

lower temperature in the heat exchanger. This would result 

in a carbon dioxide concentration in the test gas which is 

insufficient to form a solid phase at the comparatively 

warmer temperature in the equilibrium cell. However, solid 

carbon dioxide is already present in the equilibrium cell 

for those check points discussed above and the difficulty 

just mentioned does not arise. It was desirable to run 

some check points in which the test gas was warmed rather 

than cooled in the cryostat so as to ensure that the gas 

was in fact reaching the equilibrium temperature even though 

the thermocouple located within the equilibrium cell was 

not functioning, as discussed in section VII-C. 

D» Operational Difficulties 

The only major difficulty encountered was experienced 

during preliminary testing of the equipment, it was noted 
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that the equilibrium composition was increasing with the 

gas flow rate through the system. Therefore, it was con­

cluded that solid carbon dioxide particles were passing 

through the equilibrium cell. However, it was soon dis­

covered that the problem did not exist with the equilibrium 

cell but rather with the method of throttling the gas 

flowing through the analyzer. During calibration the throt­

tling necessary to maintain a constant flow rate through 

the analyzer was done on the inlet side of the instrument. 

However, during the preliminary test runs the gas coming 

from the equilibrium cell and flowing through the analyzer 

was throttled on the exhaust side of the unit, thus pro­

ducing a pressure in the analyzer in excess of that at which 

the calibration had been made. As the flow rate through 

the system was increased the amount of throttling necessary 

to maintain a constant flow rate through the analyzer was 

also increased. This is turn produced an even higher pressure 

in the analyzer with a corresponding increase in the analyzer 

output. Once this was realized, all throttling of the gas 

through the analyzer was performed on the inlet side. 

Thereafter, no change in composition could be detected by 

changing the gas flow rate through the system thus indicating 

that the equilibrium cell was retaining all solid carbon 

dioxide particles. 



IX. EXPERIMENTAL RESULTS 

A. General 

The experimental results reported here are those ob­

tained in the following pressure and temperature range: 

140° and 150°K, 70-200 atm; 160°, 170° and 180°K, 100-200 

atm; and 190°K, 50-200 atm. However, inasmuch as this in­

vestigation is an extension of that initiated by Sonntag, 

references 25 and 26, the data, from this latter work is also 

included here in order that the equilibrium compositions 

over the entire range 140 - 190 K and 5-200 atm (except 

190 K, 5 atm) may be presented. As indicated before, 

the data collected previously at the high pressure end of 

the 140°, 150° and 190°K isotherms differed somewhat from 
4 * 

that obtained here. Possible explanations for these differ­

ences are offered later in this chapter. 

The experimental readings made during this investiga­

tion are presented in Appendix A where the letters A, B, 

and C designate those runs made with the 3/16, 3/4, and 

5£ inch gas analyzer cells, respectively. The numbers 

immediately following these letters are used to designate 

a particular run with each run having been numbered con­

secutively as it was made. Appendix A also includes the 

considered accuracy of the gas phase analysis for each 

test point, this accuracy being approximately _+ 1% of the 

analyzer reading in most cases. The variation in these 

accuracies is due to the use of different analyzer cali­

brations in an attempt to keep the experimental readings 

-133-
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on the upper portion of the calibration curve. As in­

dicated previously, this was necessary in order to minimize 

analysis errors since the analyzer accuracy is a fixed 

percentage of the full scale deflection. 

B # Results and Discussion 

The experimental results are presented in Figures 

23-25 as carbon dioxide mole fraction versus pressure at 

constant temperature for the six isotherms studied here, 

these results being presented on three separate graphs due 

to the wide variance in mole fraction encountered during 

the investigation. Inasmuch as Sonntag has discussed the 

minimum points as well as the behavior below 100 atmospheres 

for each of the six isotherms, no such discussion will be 

included here. However, the behavior of each isotherm 

in the pressure range covered in this study will be investi­

gated. 

Sonntag's investigation revealed an inflection in the 

140° and 150°K isotherms at which points the slope of the 

curves began to decrease with increasing pressure, these 

points occurring at approximately 60 and 75 atmospheres, 

respectively, for each of the isotherms. It would seem, 

therefore, that such behavior would occur at the higher 

temperature isotherms if the pressure is sufficiently .in­

creased and such is seen to be the case in Figures 23-25. 

This phenomenon has also been observed by Webster with 

the air-C O, system. 
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At 140 K, the equilibrium compositions determined here 

at 80 and 90 atmospheres are slightly below those obtained 

by Sonntag. In view of the more accurate temperature 

measurement and control as well as the more effective heat 

exchanger employed here as compared to that used in the 

previous investigation, it would seem that the data ob­

tained here would be the more valid. It should also be 

noted that the data of Sonntag at 70 atmospheres and below 

and that obtained here form a smooth and continuous curve 

which also indicates that the data collected here at 80 

and 90 atmospheres is more valid. The accuracy of the gas 

analysis made at this temperature is +_ 0.00001 mole fraction 

from 70-140 atmospheres and +̂  0.00002 for all other points. 

A possible reason for the differences between the two 

sets of data might lie in the respective amounts of carbon 

dioxide being frozen out in the equilibrium cello In both 

investigations, the velocity through the equilibrium coil 

was held constant but Sonntag used a larger velocity, 0.1 

compared to 0.04 ft/sec. In addition, the diameter of the 

equilibrium coil used in the previous study was larger, 

0.277 compared to 0.152 inches. Finally, the gas mixture 

used in the former work contained a larger concentration of 

carbon dioxide, 0.05 compared to 0.025 mole fraction CO ?. 

The net effect of all this is that a larger mass of carbon 

dioxide was being frozen out during the previous investigation 

than in the present one. Since the heat of sublimation 

must be absorbed when the solid forms, this would produce a 
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comparatively larger cooling load on the equilibrium vessel 

used in the prior investigation and this could in turn re­

sult in a temperature slightly higher than the desired 

equilibrium value with a corresponding increase in the 

equilibrium composition. This would seem to be a plausible 

explanation when it is realized that an increase in temper­

ature of approximately 1 C, for this particular isotherm, 

could account for the differences between the two sets of 

data. Assuming this explanation to be valid, the two sets 

of data should agree at some lower pressure since the mass 

flow rate through the system, and therefore the mass of 

solid carbon dioxide being deposited, will decrease with 

pressure if the velocity is held constant. This is seen 

to be the case as evidenced by the agreement at 70 atmos­

pheres indicated in Figure 23. 

At 150 K, the equilibrium compositions determined here 

at 80, 90 and 100 atmospheres again fall below that of 

Sonntag. The reasoning given previously for the differences 

between the data is also applicable in this case with a 

temperature of less than 0.8 C above the equilibrium value 

accounting for the disagreement at this temperature. The 

two sets of data agree at 70 atmospheres and the data of 

Sonntag below that pressure and the data collected here form 

a smooth and continuous curve as seen in Figure 23. The 

gas phase analysis for this isotherm is accurate to +_ 0.00002 

mole fraction from 70-110 atmospheres and + 0.00003 for all 

other points. 
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At 160°, 170° and 180°K the experimental data agrees 

with that obtained in the previous study at 100 atmospheres 

for each temperature and the two sets of data generate a 

smooth curve for each of the three isotherms as seen in 

Figures 24 and 25. The disagreement between the two sets 

of data observed at 140 and 150°K is not present here. 

As the temperature is increased the density of the gas 

mixture, and therefore the mass flow rate through the system, 

is reduced. At the same time the equilibrium composition 

increases with temperature. Therefore the amount of solid 

carbon dioxide being deposited in the equilibrium cell at 

160 , 170 and 180 K will be considerably less than that 
o o 

at 140 and 150 K. Thus the reasons presented previously 

for the disagreement between the two sets of data at 

140° and 150°K could still be valid but not be applicable 

at the three temperatures discussed here inasmuch as the 

mass of carbon dioxide freezing out of the mixture is 

reduced. 

The accuracy of the mole fraction determination for 

the three isotherms discussed in the preceding paragraph 

are as follows: 160 K, + 0.00003 from 100-110 atmospheres 

and + 0o00005 for all other points; 170°K, + 0.00005 for 

100 atmospheres and +_ 0,0001 for all other points; 180°K, 

+ 0.0001 from 100-110 atmospheres and + 0.0002 for all 

other points. 

The final isotherm studied was that at 190°K and the 

experimental results for this temperature may be seen in 

Figure 25. The mole fractions for this isotherm are considered 
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to be accurate to + 0.0002 from 50 - 100 atmospheres 

and +0.0003 for all the other points. It will be noted 

that the equilibrium compositions determined here in the 

range 60-100 atmospheres again fell slightly below those 

reported previously while both sets of data agreed at 50 

atmospheres. It is possible that the larger mass flow 

rates used by Sonntag as compared to those used here might 

account for some of this difference due to the warming 

tendency of the freezing carbon dioxide as discussed pre­

viously. However, it is felt that the major cause for this 

disagreement lies in the heat exchanger. A counterflow 

heat exchanger was used in both investigations to cool 

the test gas as it entered the cryostat. However, in the 

previous work the test gas leaving the cryostat was used 

as the coolant and, therefore, the temperature of the test 

gas entering the cryostat could not be regulated at a 

selected value as was possible in this investigation. The 

heat exchanger exit temperature was never more than 10° C 

above the equilibrium value in the present study while the 

same temperature in the previous investigation was approx­

imately 50 C above the equilibrium value for the 190° 

isotherm. Thus it is felt that the heat exchanger perfor­

mance plus the warming tendency of the freezing carbon 

dioxide could have produced a temperature approximately 1° C 

above the desired 190 K during Sonntag's investigation, 

this temperature difference being sufficient to account 

for the disagreement between the two sets of data. 

The equilibrium compositions presented in Figures 23-25 
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are also presented in tabular form in Table XIII. The 

values presented there with the exception of those at 

180°K, 190 atm and 190°K, 80 atm, are those obtained in 

either the original or check runs, depending upon which 

value seemed to be the best as indicated from a large scale 

plot of the data. The values listed at the two excepted 

points are the average of the original and check points 

inasmuch as these values seemed to best fit the large scale 

plot of the data. The data obtained by Sonntag, with the 

exception of those points in disagreement with the data 

collected here, are also included in Table XIII. 

As mentioned previously, approximately 50 percent of 

the experimental points were rerun in order to provide 

checks on various components in the system. The results of 

the original and check runs are presented in Table XIV 

along with their respective gas analysis error limits and 

the gas velocity in the equilibrium coil, the latter being 

important in evaluating the capacity of the equilibrium 

cell to retain solid carbon dioxide particles. Examination 

of this table reveals that the results of the original and 

check runs are within the gas analysis error limits in 

every case* ,This provides a favorable check on the accuracy 

of the gas analysis as well as the reproducibility of the 

data. Table XIV also indicates that analyzer cells of 

different lengths will give the same analysis as evidenced 

by the checks made at 150° K; 100 and 110 atmospheres and 

180° K; 100, 110 and 120 atmospheres. Finally, this table 

reveals that of the 38 points rerun, a lower flow rate 
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TABLE XIII 

MOLE FRACTION OF CARBON DIOXIDE AS A 
FUNCTION OF TEMPERATURE AND PRESSURE 

P T, °K 
atm 140 150 160 170 180 190 

5 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

0.00042 
0.00024 
0.00018 
0.00019 
0.00025 
0.00043 
0.00078 
0.00112* 
0.00132 
0.00148 
0.00162 
0.00173 
0.00183 
0.00192 
0.00200 
0.00208 
0.00215 
0.00221 
0.00227 
0.00232 
0.00236 

0.00192 
0.00107 
0.00069 
0.00064 
0.00071. 
0.00094 
0.00128 
0.00172* 
0.00219 
0.00259 
0.00295 
0.00325 
0.00348 
0.00370 
0.00388 
0.00405 
0.00420 
0.00434 
0.00447 
0.00458 
0.00468 

0.00699 
0.00395 
0.00251 
0.00217 
0.00217 
0.00243 
0,00280 
0.00332 
0.00393 
0.00461 
0.00534* 
0.00595 
0.00650 
0.00698 
0.00741 
0.00784 
0.00821 
0.00856 
0.00885 
0.00912 
0.00937 

0.0220 
0.0121 
0.00735 
0.00608 
0.00572 
0.00580 
0.00618 
0.00685 
0.00760 
0.00860 
0.00964* 
0.0106 
0.0115 
0.0123 
0.0131 
0.0138 
0.0146 
0.0152 
0,0158 
0.0163 
0.0168 

0.0595 
0.0325 
0.0190 
0.0151 
0.0137 
0.0133 
0.0135 
0.0141 
0.0150 
0.0161 
0.0175* 
0.0190 
0.0205 
0.0221 
0.0236 
0.0251 
0.0267 
0.0282 
0.0295 

-

0.0778 
0.0455 
0.0354 
0.0311 
0.0293* 
0.0285 
0 . 0 2 8 5 U J 

0 . 0 2 9 3 ( 2 ) 

0 . 0 3 0 5 ( 1 ) 

0.0324 
0.0347 
0.0375 
0.0400 
0.0425 
0.0448 
0.0470 
0.0490 
0.0510 

0.0306 ("5; 0.0530 
0.0315 0.0548 

* Points at which the data collected by Sonntag^25' 26' and 
that obtained here agree. All values at pressures lower than 
these points are those reported by Sonntag. 

(1) Values read from plot of data and not determined experimentally 
(2) Average of 0.0292 + 0.0002 and 0.0294 + 0.0002 
(3) Average of 0.0305 + 0.0002 and 0.0307 + 0.0002 
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TABLE XIV 

COMPARISON OF ORIGINAL AND CHECK POINTS 

T,°K P,atm ? , f t / s ec y 

140 

150 

i 

200 
200 

180 
180 

160 
160 

140 
140 

120 
120 

200 
200 

180 
180 

160 
160 

140 
140 

120 
120 

110 
110* 

100 
100 
100* 

0.0269 
0.0394 

0.0275 
0.0381 

0.0284 
0.0372 

0.0269 
0.0359 

0.0283 
0.0353 

0.0340 
0.0455 

0.0351 
0.0468 

0.0362 
0.0435 

0„0359 
0.0436 

0.0385 
0.0467 

0.0430 
0.0515 

0.0364 
0.0455 
0.0455 

0.00236 
0.00237 

0.00227 
0.00227 

0.00215 
0.00215 

0.00200 
0.00200 

0.00184 
0.00183 

0.00468 
0.00469 

0.00447 
0.00446 

0.00419 
0.00420 

0.00388 
0.00388 

0.00349 
0.00348 

0.00324 
0.00325 

0.00295 
0.00295 
0.00295 

7 

7 

+ 
7 

•f 

7 

+ 
7 

+ 
7 

+ 
7 

+ 
7 

+ 
7 

+ 
7 

+ 
7 

+ 
+ 
7 

0.00002 
0.00002 

0.00002 
0.00002 

0.00002 
0.00002 

0.00001 
0.00002 

0.00001 
0.00002 

0.00003 
0.00003 

0.00003 
0.00003 

0.00003" 
0.00003 

0.00003 
0.00003 

0.00003 
0.00003 

0.00003 
0.00002 

0.00003 
0.00003 
0.00002 
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TABLE XIV (CONT'D) 

T,°K P,atm V , f t / s e c yx 

200 
200 

180 
180 

160 
160 

140 
140 

120 
120 

0.0291 
0.0411 

0.0355 
0.0456 

0.0320 
0.0479 

0.0401 
0.0459 

0.0413 
0.0510 

0.00937 + 0.00005 
0.00937 7 0.00005 

0.00883 + 0.00005 
0.00885 7 0.00005 

0.00821 + 0.00005 
0.00823 7 0.00005 

0.00740 + 0.00005 
0.00741 7 0.00005 

0.00650 + 0.00005 
0.00650 7 0.00005 

200 
200 

180 
180 

160 
160 

140 
140 

120 
120 

100 
100 

0.0266 
0.0480 

0.0278 
0.0475 

0.0235 
0.0499 

0.0321 
0.0498 

0.0366 
0.0494 

0.0346 
0.0497 

0.0168 + 0.0002 
0.0168 7 0.0002 

0.0158 + 0.0002 
0.0158 + 0.0002 

0.0146 + 0.0002 
0.0145 + 0,0002 

0.0131 + 0.0001 
0.0131 + 0.0001 

0.0115 + 0.0001 
0.0116 + 0.0001 

0.00965 + 0.00005 
0.00964 7 0.0001 
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TABLE XIV (CONT'D) 

T,°K P,atm V, f t / s ec 

1 

180 

190 

200 
200 

190 
190 

160 
160 

140 
140 

120 
120 
120* 

110 
110* 

100 
100* 

200 
200 

190 
190 

180 
180 
180 

160 
160 

140 
140 

110 
110 

100 
100 

80 
80 

0.0290 
0.0493 

0.0298 
0.0447 

0.0266 
0.0496 

0.0366 
0.0475 

0.0337 
0.0464 
0.0464 

0.0451 
0.0451 

0.0498 
0.0398 

0.0201 
0.0470 

0.0225 
0.0290 

0.0236 
0.0269 
0.0303 

0.0288 
0.0504 

0.0281 
0.0481 

0.0252 
0.0504 

0.0222 
0.0500 

0.0355 
0.0496 

0.0315 + 
0.0315 7 

0.0305 + 
0.0307 7 

0.0267 + 
0.0267 7 

0.0235 + 
0.0236 7 

0.0204 + 
0.0205 7 
0.0205 + 

0.0190 + 
0.0190 7 

0.0175 + 
0.0175 7 

0.0548 + 
0.0548 7 

0.0530 + 
0.0530 7 

0.0510 + 
0.0510 7 
0.0508 7 

0.0470 + 
0.0470 7 

0.0425 + 
0.0425 + 

0.0347 + 
0.0347 7 

0.0322 + 
0.0324 + 

0.0292 + 
0.0294 7 

0.0002 
0.0002 

0.0002 
0.0002 

0.0002 
0.0002 

0.0002 
0.0002 

0.0002 
0.0002 
0.0001 

0.0002 
0.0001 

0.0002 
0.0001 

0.0003 
0.0003 

0.0003 
0.0003 

0.0003 
0.0003 
0.0003 

0.0003 
0.0003 

0.0003 
0.0003 

0.0002 
0.0002 

0.0002 
0.0002 

0.0002 
0.0002 

* denotes runs made with d i f f e r e n t length analyzer c e l l s 
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resulted in a lower equilibrium composition 12 times, the 

same value 19 times and a higher value 7 times. Such re­

sults indicate that no solid carbon dioxide particles were 

passing through the equilibrium cell and subliming as the 

gas was warmed to room temperature. 

An alternate form of presenting the experimental data 

is in terms of the enhancement factor w , this dimensionless 

parameter being defined in section III-G as the ratio of the 

actual carbon dioxide mole fraction in the gas phase to that 

predicted for ideal behavior of the system. The values 

for the enhancement factor are presented in Table XV, these 

values being computed from the mole fractions listed in 

Table XIII and the vapor pressures given in Table I. The 

enhancement factors are also plotted in Figure 26 as a 

function of pressure at constant temperature. 

The enhancement factor, as defined above, will equal 

unity for ideal behavior and will steadily increase from 

this value as the system becomes more and more non-ideal. 

Thus the magnitude of this parameter will give an indication 

of the departure from ideal behavior. The enhancement 

factor would be expected to increase with increasing pressure 

at a given temperature or decreasing temperature at a given 

pressure, this being the direction in which the density of 

the jas phase increases. Figure 26 shows this to be the 

case as evidenced by an increase in the enhancement factor 

in the direction expected with a maximum value for this 

parameter of approximately 256 occurring at 140° K, 200 at­

mospheres. 
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TABLE XV 

ENHANCEMENT FACTOR AS A FUNCTION 
OF TEMPERATURE AND PRESSURE 

• ' ' " • • t 1 • 1 . .1 , 1 . 1 - . . . 1 I.-. 

p 

atm 140 150 

* 

• * * 

T, °K 
160 170 180 190 

5 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 
110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

1.1414 

1.3043 

1.9565 

3.0978 

5.4348 

11.685 

25.435 

42,609 
57.391 

72.391 

88.043 

103.42 

119.34 

135.6~> 

152,17 

169.46 

•186.96 

204.73 

222.06 

239.56 

256.52 

1.1415 

1.2723 

1.6409 

2.2830 

3.3769 

5.5886 

9.1320 

14.316 

20.832 

27.717 

35.077 
42.509 

49.655 

57.194 

' 64.590 

72.235 

79.905 

87.729 

95.672 

103.47 

111.30 

1.1131 

1.2580 
1.5987 

2.0732 

2.7643 

3.8694 

5.3503 

7.4013 

10.013 

13.213 

17.006 

20.844 

24.841 

28.898 

33.038 

37.452 

41.834 

46.344 

50.732 

55.185 '-. 

59.682 

1.1078 

1.2185 
1.4804 

1.8369 

2.3041 

2.9204 

3.7341 

4.8288 

6.1229 

7.7946 

9.7080 

11.742 

13.897 

16.103 

18.469 

20.846 

23.525 

26.022 

28.640 

31.188 

33.837 

1.0858 

1.1861 
1.3869 

1.6533 

2.0000 

2.4270 

2.9562 

3.6022 

4.3796 

5.2883 

6.3869 

7.6277 
8.9781 

10.485 

12.058 

13.741 

15.591 

17.496 

19.380 

21.219 

22.993 

-

1.1458 
1.3402 

1.5641 

1.8321 

2.1576 

2.5184 

2.9249 

3.4521 

4.0427 

4.7717 

5.6215 

6.6274 

7.6583 

8.7629 

9.8969 

11.075 

12.268 

13.520 

14.831 

16.141 
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Some mention should also be made here concerning a 

possible phase transformation from the solid-vapor equilibrium 

system to that in which a liquid phase is introduced. It 

was expected that such a transformation might occur at the 

lower temperatures and higher pressures covered in the 

present investigation. However, this transformation did 

not occur in the present study due to the low initial con­

centrations of carbon dioxide which resulted in mixture 

critical temperatures below the range covered here. The 

fact that no phase transformation occurred is evidenced by 

the absence of discontinuities in the equilibrium compositions 

as functions of pressure, as might be expected due to a 

change in solubility occurring with a transformation. In 

addition, there was no indication in the operating behavior 

of the -sy«tern which would indicate the presence of a liquid 

phase in the equilibrium cell. A further investigation 

would be worthwhile in order to determine a more complete 

phase diagram for the components used here. However, such 

an investigation is beyond the scope of the experimental 

equipment used in the present study. 



X. COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 

A. General 

In this final chapter a comparison will be made between 

the experimental results presented in the preceding chapter 

and those obtained with the five analytical methods dis­

cussed in Chapter V. These five methods are based on three 

empirical equations of state, Beattie-Bridgeman, Benedict-

Webb-Rubin and Martin-Hou, as well as the statistical mechan­

ics virial equation of state using two sets of virial 

coefficients through the third. Regarding the last two 

methods, the third virial coefficients used in both cases 

are based on the Lennard-Jones (6-12) potential while the 

second virial coefficients are based on the same potential 

in one case and on the Kihara potential in the other. In 

addition, there will be two sets of solutions for each 

method, one based on the simplifying assumption that all 

terms involving y^, P^ and l/v? except those involving 

ratios of these quantities0 are negligible, this solution 

being referred to as the simplified solution. The other 

solution arises from solving the general equations in 

which no simplifications have been made, this solution 

being termed the general solution. It should be remembered, 

however, that both solutions assume that the solid phase is 

pure and incompressible carbon dioxide. 

It will be noted that experimental and analytical 

results for the pressure and temperature range covered by 

Sonntag ' are also included here even though the 

-151-
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region above 100 atmospheres is the primary area of interest 

in this investigation. This is done in order that the ex­

perimental and analytical results over the entire range 

covered in both investigations might be observed. 

B. Discussion 

The ten analytical solutions obtained here are denoted 

as the General and Simplified Beattie-Bridgeman, General 

and Simplified Benedict-Webb-Rubin, General and Simplified 

Martin-Hou, General and Simplified Lennard-Jones and General 

and Simplified Kihara. The notation used for the first 

six solutions is self-explanatory while that of the remain­

ing four indicates the results for the general and simplified 

cases using the virial equation of state with the second 

virial coefficients calculated from the Lennard-Jones poten­

tial in one case and the Kihara potential in the other*, 

The results of the ten solutions as well as the experimental 

data are presented in graphical (Figures 27-32) and tabular 

(Table XVI) form as enhancement factor versus pressure at 

constant temperatures. Enhancement factors have been used 

since this paramater shows a greater numerical contrast 

than is offered by the mole fractions. Inasmuch as the 

simplified and general solutions are fairly close over a 

major portion of the temperature and pressure range, the 

simplified solutions have been omitted from Figures 27-32 

in order to avoid unnecessary confusion. However, these 

solutions are included in Table XVI for purposes of com­

parison with the' corresponding general solutions. The 
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analytical results presented here have been performed on 

the IBM 709 and IBM 7090 computers. 

Before proceeding to any further discussion of the 

analytical results it should be noted that the General and 

Simplified Lennard-Jones and the General and Simplified 

Kihara solutions do not include the quadrupole correction 

on the second virial coefficient as discussed in Chapter 

IV. The effect of this correction is to increase the en­

hancement factor and therefore the mole fraction. This 

would improve the comparison between the experimental and 

analytical results for the Kihara solutions at 190° K only, 

while making the comparisons of the four solutions less 

favorable at the other temperatures. For this reason the 

quadrupole corrections were omitted from the results pre­

sented in Table XVI and Figures 27-32. In order that the 

effect of the quadrupole correction on the analytical re­

sults might be seen, the solutions at a few selected temp­

eratures and pressures, both with and without quadrupole 

corrections, are listed in Tables XVII and XVIII. 

An additional comment should be made concerning the 

two sets of third virial coefficients presented in Tables 

IX and XII in Chapter V. It was discovered that the 

analytical enhancement factors based on the set of third 

virial coefficients evaluated with the c . of Rowlinson, 
(72) J 

et al. were consistently larger than those obtained 

with the second set. These larger enhancement factors were 

found to compare less favorably with those determined 

experimentally. Therefore, the third virial coefficients 
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TABLE XVI 

COMPARISON OF ANALYTICAL AND EXPERIMENTAL ENHANCEMENT FACTORS 

n o t a t i o n : 
S i m p l i f i e d Bea t t i e -Br idgeman SBB 
S i m p l i f i e d Benedict-Webb-Rubin SBWR 
S i m p l i f i e d Martin-Hou SMH 
S i m p l i f i e d Lennard - Jones SLJ 
S i m p l i f i e d Kiha ra SK 
' W. Enhancement" F a c t o r s a t 

Expe r imen ta l R e s u l t s £XP 
Genera l Bea t t i e -Br idgeman GBB 
Genera l Benedict-Webb-Rubin GBWR 
Genera l Mart in-Hou GMH 
Genera l Lennard-Jones GLJ 
Genera l K i h a r a GK 

P , atm EXP SBB SBWR 
T4'U6r T P T 

SMHX 
0.0018* a tmT 

SK 
5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

1.1414 
1.3043' 
1.9565 
3.0978 
5.4348 
11.685 
25.435 
42.609 
57.391 
72.391 
88.043 
103.42 
119.34 
135.65 
152.17 
169.56 
186.96 
204 . 73 
222.06 
239.56 
256.52 

n*1 

P, atm EXP 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

1.1414 
1.3043 
1.9565 
3.0978 
5„4348 

11.685 
25.435 
42.609 
57.391 
72.391 
88.043 
103.42 
119.34 
135.65 

1.1798 
1.4060 
2.0777 
3.3284 
6.2615 
19.223 
76.621 

151.72 
240.78 
345.41 
466.58 
605.00 
761.31 
936.10 
1130.0 
1343.4 
1577.5 
1832.0 
2107.9 
2405.6 
2728.5 

GBB 

1.1798 
1.4060 
2.0777 
3.3284 
6=2615 

19.223 
88.208 

184.73 
310.02 
472.83 
684.94 
965.52 
1352.0 
1948.9 

152.17 10031 
169.56 
186.96 
204.73 
222.06 
239*56 
256.52 

_ * 

-
-
-

-

1.2032 
1.4619 
2.2388 
3.6779 
6.7958 

15.291 
34.873 
55.960 
75.633 
94.761 

113.68 
132.54 
151.34 
170.07 
188.72 
207.27 
225.69 
243.95 
262.02 
279.91 
297.55 

GBWR 

1,2034 
1.4622 
2.2398 
3.6815 
6,8150 

15.462 
35.780 
57.538 
77.829 
97.590 

117.18 
136.70 
156.18 
175.62 
194.98 
214.24 
233.37 
252.34 
271.12 
289.70 

308.05 
* Solution failea 

1.1694 
1.3793 
1.9848 
3.0491 
5.2396 
10.809 
24.017 
42.088 
57.753 
72.007 
85.761 
99.335 

112.86 
126.36 
139.91 
153.47 
167.05 
180.66 
194..2S 
207.90 
221.52 

GMH 

1.1692 
1.3791 
1.9846 
3.0498 
5.2450 

10.864 
'24.3 79 
42.789 
58.545 
72.872 
86.699 

100.35 
113.94 
127.52 
141.12 
154.74' 
168.39 
182.05 
195.71 
209.38 

223.05 
to coriverg 

1.1713 
1.3840 
2.0007 
3.1032 
5.5577 

19.244 
82.602 

137.93 
197.14 
261.80 
332.20 
408.56 
490.77 
578.77 
672.61 
772.24 
377.48 
988.43 
1105.1 
1227.1 
1354.8 

GLJ 

-JL o J. i •*-. £1J 

1.3840 
2.0008 
3.1042 
5.5665 

20.422 
92.737 
157.15 
228.76 
309.85 
401.59 
504.99 
621.15 
751.40 
897.39 
1061.2 
1245.7 
1454.7 
1693.9 
19 72.2 

2305.0 
;e 

1.1780 
1.4006 
2.0546 
3.2509 
6.0268 

28.063 
113.99 
190.09 
273.39 
365.68 
467.42 
578.79 
699.64 
830.22 
9 70.38 

» * 

•=H 

.„ 

„ 

-

GK 

•JL © -L / i s 

1.4006 
2.0548 
3.2525 
6.0408 

33.739 
140.60 
246.52 
377.03 
543.41 
765.21 

1099.2 
- _ * 

™ 

„ 

-

— .. 
— 
_ 
~ 

IS* 
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TABLE XVI (CONT'D) 

B. Enhancement F a c t o r s a t 150°K ( p j = 0.00841 atm) 

P , atm EXP SBB SBWR SMH SLJ SK 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

1.1415 
1.2723 
1.6409 
2.2830 
3.3769 
5.5886 
9.1320 

, 14.316 
20.832 
27.717 
35.077 
42.509 
49.655 
57.194 
64.590 
72.235 
79.905 
87.729 
95.672 
103.47 
111.30 

1.1459 
1.3208 
1.7940 
2.5310 
3.7643 
6.0254 
10.512 
18.985 
31.940 
48.541 
68.186 
90.642 
115.82 
143.71 
174.29 
207.57 
243.57 
282.30 
323.79 
368.04 
415.08 

1.1595 
1.3528 
1.8779 
2.6935 
4.0288 
6.3326 
10.357 
16.690 
24.648 
33.035 
41.362 
49.559 
57.635 
65.606 
73.476 
81.246 
88.916 
96.482 
103.94 
111.29 
118.52 

1.1373 
1.2998 
1.7303 
2.3778 
3.4062 
5.1287 
8.0561 
12.722 
19.400 
27.648 
36.145 
44.278 
52.088 
59.700 
67.165 
74.528 
81.835 
89.118 
96.299 
103.48 
110.64 

1.1410 
1.3085 
1.7545 
2.4328 
3.5388 
5.5379 
9.6743 
18.379 
31.580 
46.808 
63.195 
80.588 
98.945 
118.23 
138.43 
159.49 
181.41 
204.12 
227.64 
251.92 
276.94 

1.1435 
1.3142 
1.7708 
2.4691 
3.6158 
5.7050 
10.069 
19.370 
33.730 
50.535 
68.797 
88.321 
109.05 
130.94 
153.97 
178.07 
203.25 
229.43 
256.63 
284.79 
313.90 

1, atm EXP 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

1.1415 
1.2723 
1.6409 
2.2830 
3.3769 
5.5886 
9.1320 
14.316 
20.832 
27.717 
35.077 
42.509 
49.655 
57.194 
64.590 
72.235 
79.905 
87.729 
95.672 
103.47 
111.30 

GBB 

1.1455 
1.3204 
1.7940 
2.5310 
3.7643 
6.0628 
10.703 
19.331 
34.447 
53.967 
78.009 

106.63 
140.08 
178.75 
223.12 
273o75 
331.32 
396.93 
470.66 
554.59 
649.89 

GBWR 

1.1602 
1.3537 
1.8800 
2.6989 
4.0440 
6.3812 
10.522 
17.156 
25.567 
34.420 
43.206 
51.860 
60.394 
68.822 
77.151 
85.380 
93.506 
101.52 
109.43 
117.22 
124.88 

GMH 

1.1364 
1.2989 
1.7294 
2.3776 
3.4088 
5.1430 
8.1127 
12.900 
19.849 
28.447 
37.189 
45.479 
53.411 
61.119 
68.684 
76.151 
83.546 
90.884 
98.171 
105.41 
112.61 

GLJaii ^ 

1.1406 
1.3081 
1.7545 
2.4338 
3.5442 
5.5640 
9.8270 
19.211 
33.914 
51.120 
69.924 
90.213 
111.99 
135.26 
160.05 
186.36 
214.22 
243.64 
274.64 
307.25 
341.50 

GK 

1.1431 
1.3139 
1.7709 
2.4709 
3.6235 
5.7397 
10.265 
20.461 
37.007 
57.011 
79.494 

104.40 
131.83 
161.93 
194.87 
230.88 
270.20 
313.15 
360.13 
411.68 
468.49 
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TABLE XVI (CONT'D) 

P, atm 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
17C 
180 
190 
200 

P̂ ^̂ atrn 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

C„ Enhancement Factors at 160WK (P^ = 

EXP 

1.1131 
1.2580 
1.5987 
2.0732 
2.7643 
3.8694 
5.3503 
7.4013 

10.013 
13.213 
17.006 
20.844 
24.841 
28.898 
33.038 
37.452 
41.834 
46.344 
50.732 
55.185 
59.682 

EXP 

1.1131 
1.2580 
1.5987 
2.0732 
2.7643 
3.8694 
5.3503 
7.4013 

10.013 
XO a £JJLO 

17.006 
20.844 
24.841 
28.898 
33.038 
37.452 
41.834 
46.344 
50.732 
55.185 
59.682 

SBB 

1.1213 
1.2607 
1.6148 
2.1102 
2.8235 
3.8787 
5.4647 
7.8216 
11.156 
15.536 
20.902 
27.153 
34.206 
42.000 
50.497 
59.669 
69.497 
79.967 
91.067 
102.79 
115.13 

GBB 

1.1199 
1.2595 
1.6142 
2.1118 
2.8311 
3.9032 
5.5362 
8.0162 

11.629 
16.535 
22.744 
30.207 
38.888 
48.773 
59.877 
72.227 
85.864 
100.34 
117.21 
135.03 
154.39 

SBWR 

1.1274 
1.2773 
1.6579 
2.1890 
2.9457 
4.0411 
5.6280 
7.8605 

10.800 
14.328 
18.207 
22.226 
26.270 
30.282 
34.242 
38.143 
41.980 
45.752 
49.457 
53.096 
56.665 

GBWR 

1.1292 
1.2797 
1.6626 
2.1982 
2.9651 
4.0840 
5.7246 
3.0724 

11.220 
15.052 
19.289 
23.685 
28.104 
32.489 
36.819 
41.085 
45.283 
49.409 
53.464 
57.444 
61.348 

SMH 

1.1151 
1.2458 
1.5731 
2.0213 
2.6491 
3.5436 
4.8205 
6.6031 
8.9896 
12.048 
15.806 
20.168 
24.865 
29.625 
34.319 
38.925 
43.427 
47.837 
52.203 
56.496 
60.749 

GMH 

1.1125 
1.2431 
1.5704 
2.0191 
2.6493 
3.5512 
4.8479 
6.6760 
9.1543 
12.378 
16.403 
21.108 
26.131 
31.149 
36.041 
40.799 
45.444 
49.995 
54.470 
58.878 
63.228 

0.0314 atm) 

SLJ 

1.1180 
1.2529 
1.5914 
2.0570 
2.7160 
3.6780 
5.1226 
7.3107 
10.504 
14.755 
19.870 
25.594 
31.755 
38.257 
45.033 
52.056 
59.305 
66.741 
74.368 
82.169 
90.131 

._.. .. GLJ 

1.1167 
1.2517 
1.5906 
2.0576 
2.7209 
3.6950 
5.1742 
7.4587 

10.884 
15.576 
21.333 
27.867 
34.982 
42.568 
50.565 
58.939 
67.666 
76.729 
86.115 
95.813 
105.81 

SK 

1.1187 
1.2542 
1.5942 
2.0620 
2.7232 
3.6864 
5.1266 
7.2955 

10.447 
14.647 
19.728 
25.450 
31.643 
38.203 
45.064 
52.194 
59.567 
67.146 
74.933 
82.908 
91.060 

GK 

1.1174 
1.2531 
1.5938 
2.0636 
2.7304 

" 3.7084 
5.1892 
7.4680 

10.883 
15.593 
21.458 
28.226 
35.713 
43.813 
52.471 
61.656 
71.353 
81.553 
92.252 
103.45 
115.15 
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TABLE XVI (CONT'D) 

P, atm 

5 
10 
20 
30 
40 
50 
60 
'70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

P, atm 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

D. Enhan 

EXP 

1.1078 
1.2185 
1.4804 
1.S369 
2.3041 
2.9204 
3.7341 
4.828S 
6.1229 
7.7946 
9.7080 
11.742 
13.897 
16.103 
18.469 
20.846 
23.525 
26.022 
28.640 
31.188 
33.837 

EXP 

1.1078 
1.2185 
1.4804 
1.8369 
2.3041 
2.9204 
3.7341 
4.8288 
6.1229 
7.7946 
9.7080 
11.742 
13.897 
16.103 
18.469 
20.846 
23.525 
26.022 
28.640 
31.188 
33.837 

cement Factors at 170UK (Pj[ = 

SBB 

1.1037 
1.2177 
1.4939 
1.8536 
2.3275 
2.9569 
3.7938 
4.8Q56 
6.3134 
8.0778 
10.193 
12.642 
15.400 
18.442 
21.744 
25.290 
29.064 
33.057 
37.257 
41.659 
46.255 

GBB 

1.1001 
1.2143 
1.4916 
1.8541 
2.3347 
2.9791 
3.8480 
5.0146 
6.5540 
8.5266 
10.966 
13.880 
17.264 
21.106 
25.399 
30.139 
35.326 
40.961 
47.051 
53.602 
60.622 

SBWR 

1.1020 
1.2215 
1.5107 
1.8862 
2.3776 
3.0234 
3.8689 
4.9583 
6.3209 
7.9549 
9.8224 
11.860 
13.999 
16.185 
18.382 
20.565 
22.724 
24.849 
26.938 
28.987 
30.996 

1.1063 
1.2270 
1.5200 
1«9022 
2.4060 
3.0748 
3.9626 
5.1275 
6.6152 
8.4369 
10.555 
12.891 
15.356 
17.879 
20.413 
22.932 
25.419 
27.866 
30.270 
32.627 
34.934 

SMH 

1.1001 
1.2085 
1.4689 
1.8038 
2.238«> 
2.8054 
3.5423 
4.4872 
5.6711 
7.1166 
8.8403 
10.856 
13.166 
15.741 
18.512 
21.391 
24.306 
27.198 
30.059 
32.887 
35.655 

1.0935 
1-2016 
1.4616 
1.7963 
2.2336 
2.8067 
3.5578 
4.5313 
5.7674 
7.2994 
9.1591 
11.378 
13.971 
16.895 
20.033 
23.246 
26.438 
29.569 
32.628 
35.618 
38.545 

0.0993 atm) 

SLJ 

1.1025 
1.2149 
1.4855 
1.8344 
2.2896 
2.8899 
3.6867 
4.7422 
6.1191 
7.8594 
9.9657 
12.401 
15.107 
18.029 
21.122 
24.352 
27.694 
31.131 
34.650 
38.234 
41.884 

1.0938 
1.2114 
1.4827 
1.8335 
2.2937 
2.9053 
3.7267 
4.8336 
6.3108 
3.2282 
10.610 
13.427 
16.612 
20.099 
23.830 
27.765 
31.874 
36.135 
40.534 
45.056 
49.695 

SK 

1.1012 
1.2117 
1.4764 
1.8156 
*-* tt &t*j*j o 

2.8303 
3.5858 
4.5754 
5.3508 
7.4457 
9.3600 
11.561 
14.000 
16.626 
19.402 
22.295 
25.284 
28.353 
31.489 
34.680 
37.921 

GK 

1.0973 
1.2034 
1.4742 
1.8161 
2.2618 
2.8496 
3.6318 
4.6744 
6.0499 
7.8175 
9.9997 
12.575 
15.493 
18.700 
22.150 
25.806 
29.645 
33.648 
37.800 
42.092 
46.516 
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TABLE XVI (CONT'D) 

Enhancement Fac to r a t 180°K (P° = 0 .274 atm) 

' , atm 

5 
10 
20 
30 
40 
50 
60 
70 
SO 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

EXP 

1.0858 
1.1861 
1.3869 
1.6533 
2.0000 
2.4270 
2.9562 
3.6022 
4.3796 
5.2333 
6.3S69 
7.6277 
8.9781 

10.485 
12.058 
13.741 
15.591 
17.496 
19.330 
21.219 
22.993 

SBB 

1.0924 
1.1875 
1.4101 
1.6853 
2.0270 
2.4516 
2.9776 
3.6232 
4.4042 
5.3305 
6.4050 
7.6243 
8.9805 

10.464 
12.064 
13.772 
15.581 
17.482 
19.470 
21.542 
23.691 

SBWR 

1.0794 
1.1767 
1.4039 
1.6839 
2.0300 
2.4575 
2.9830 
3.6216 
4.3843 
5.2739 
6.2835 
7.3967 
8.5913 
9.8421 

11.126 
12.425 
13.726 
15.017 
16.293 
17.550 
18.785 

SMI-I 

1.0915 
1.1836 
1.3980 
1.6614 
1.9862 
2.3866 
2.8775 
3.4731 
4.1850 
5.0210 
5.9865 
7.0857 
8.3229 
9.7012 

11.219 
12.866 
14.619 
16.447 
18.320 
20.210 
22.096 

SLJ 

1.0915 
1.1859 
1.4057 
1.6754 
2.0073 
2.4187 
2.9260 
3.5493 
4.3067 
5.2114 
6.2679 
7.4713 
8.8080 

10.260 
11.810 
13.439 
15.133 
16.881 
18.673 
20.501 
22.360 

SK 

1.0901 
1.1821 
1.3952 
1.6549 
1.9726 
2.3619 
2.8380 
3.4167 
4.1122 
4.9342 
5.8848 
6.9584 
8.1431 
9.4231 

10.783 
12.207 
13.683 
15.201 
16.753 
18.333 
19.934 

' , atm 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

EXP 

1.0858 
1.1861 
1.3869 
1.6533 
2.0000 
2.4270 
2.9562 
3.6022 
4.3796 
5.2833. 
6.3869 
7.6277 
8.9781 

10.485 
12.053 
13.741 
15.591 
17.496 
19.380 
21.219 
22.993 

GBB 

1.0838 
1.1792 
1.4033 
1.6822 
2.0318 
2.4720 
3.0266 
3.7226 
4.5875 
5.6453 
6.9142 
8.4043 

10.120 
12.060 
14.222 
16.605 
19.206 
22.024 
25.058 
28.309 
31.776 

GBWR 

1.0384 
1.1879 
1.4212 
1.7111 
2.0731 
2.5265 
3.0937 
3.7931 
4.6605 
5.6933 
6.8952 
8.2491 
9.7244 

11.284 
12.892 
14.520 
16.149 
17.763 
19.355 
20.919 
22.452 

GM-I 

1 .0766 
1 .1679 
1.3811 
1.6444 
1.9709 
2.376 7 
2.8797 
3.4982 
402488 
5.1459 
6.2024 
7.4324 
8.3525 

10.479 
12.317 
14.345 
16.503 
18.734 
20.961 
23.154 
25.293 

GLJ 

1.0828 
1.1774 
1.3980 
1.6703 
2.0085 
2.4310 
2.9601 
3.6224 
4.4457 
5.4552 
6.6671 
8.0340 
9.6946 

11.4 78 
13.409 
15.464 
17.622 
19.867 
22.185 
24.566 
27.001 

GK 

1.0818 
1.1741 
1.3887 
1.6518 
1.9764 
2.3786 
2.8778 
3.4962 
4.2567 
5.1792 
6.2760 
7.5491 
8.9899 

10.582 
12.308 
14.147 
16.084 
18.105 
20.200 
22.359 
24.575 
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TABLE XVI (CONT'D) 

F . Enhancement F a c t o r s a t 190°K (P° = 0.679 atm) 

, atm 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
ISO 
190 
200 

EXP 

1.1458 
1.3042 
1.5641 
1.S321 
2.1576 
2.5184 
2.9249 
3.4521 
4.0427 
4.7717 
5.6215 
6.6274 
7.6583 
8.7629 
9.8969 

11.075 
12.268 
13.520 
14.831 
16.141 

SBB 

1.1688 
1.3529 
1.5719 
1.8325 
2.1421 
1.5080 
2.9371 
3.4350 
4.0049 
4.6477 
5.3619 
6.1443 
6.9906 
7.8960 
8.8559 
9.8660 

10.922 
12.022 
13.161 
14.337 

SBWR 

1.1364 
1.3189 
1.5353 
1.7921 
2.0959 
2.4536 
2.8709 
3.3521 
3.8987 
4.5086 
5.1768 
5.8952 
6.6540 
7.4428 
8.2513 
9.0708 
9.8937 

10.714 
11•523 
12.331 

SMH 

1 . 1 6 9 7 
1 .3510 
1 .5665 
1 .8223 
2 . 1 2 5 4 
2 . 4 8 2 6 
2 . 8 9 9 7 
3 . 3 8 1 5 
3 . 9 3 0 9 
4 . 5 4 9 5 
5 . 2 3 8 4 
5 . 9 9 8 3 
6 . 8 3 0 6 
7 . 7 3 6 2 
8 . 7 1 5 7 
9 . 7 6 7 4 

1 0 . 8 8 7 
1 2 . 0 6 5 
1 3 . 2 9 0 
1 4 . 5 5 0 

. SLJ 

1 . 1 6 8 0 
1 .3514 
1 .5684 
1 .8254 
2 . 1 2 9 2 
2 . 4 8 7 5 
2 . 9 0 7 5 
3 . 3 9 5 4 
3 . 9 5 5 7 
4 . 5 9 0 0 
5 . 2 9 7 0 
6 . 0 7 2 5 
6 . 9 1 0 0 
7 . 8 0 2 1 
8 . 7 4 1 2 
9 . 7 1 9 9 

1 0 . 7 3 2 
1 1 . 7 7 1 
1 2 . 8 3 2 
1 3 . 9 1 2 

SK 

1 .1640 
1 .3402 
1 .5472 
1 . 7 9 0 3 
2 . 0 7 5 3 
2 . 4 0 8 1 
2 . 7 9 4 3 
3 . 2 3 8 5 
3 . 7 4 3 3 
4 . 3 0 9 2 
4 . 9 3 4 1 
5 . 6 1 4 0 
6 . 3 4 2 9 
7 . 1 1 4 5 
7 . 9 2 1 8 
8 . 7 5 9 1 
9 . 6 2 0 5 

1 0 . 5 0 2 
1 1 . 3 9 8 
1 2 . 3 0 7 

P ? ' atm 

10 
20 
30 
4 0 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

EXî  

1 .1458 
1 .3402 
1 .5641 
1 . 8 3 2 1 
2 . 1 5 7 6 
2 . 5 1 8 4 
2 . 9 2 4 9 
3 . 4 5 2 1 
4 . 0 4 2 7 
4 . 7 7 1 7 
5 . 6 2 1 5 
6 . 6 2 7 4 
7 . 6 5 8 3 
3 . 7 6 2 9 
9 . 8 9 6 9 

1 1 . 0 7 5 
1 2 . 2 6 8 
1 3 . 5 2 0 
1 4 . 8 3 1 
1 6 . 1 4 1 

GBB 

1 .1504 
1 .3367 
1 .5605 
1 . 8 3 0 7 
2 . 1 5 7 5 
2 . 5 5 2 7 
3 . 0 2 9 3 
3 . 6 0 0 4 
4 . 2 7 3 8 
5 . 0 7 5 1 
5 . 9 9 7 9 
7 . 0 5 3 0 
8 . 2 4 4 2 
9 . 5 7 3 7 

1 1 . 0 4 3 
1 2 . 6 5 3 
1 4 . 4 0 4 
1 6 . 2 9 6 
1 8 . 3 3 0 
2 0 . 5 0 6 

GBWR 

1.1572 
1.3494 
1.5800 
1.8577 
2.1928 
2.5967 
3.0813 
3.6581 
4.3358 
5.1185 
6.0040 
6.9830 
8.0397 
9.1542 

10.306 
11.476 
12.650 
13.817 
14.970 
16.101 

GMH 

1.1375 
1.3164 
1.5306 
1.7873 
2.0952 
2.4632 
2.9006 
3.4159 
4.0164 
4.7090 
5.5010 
6.4016 
7.4226 
8.5778 
9.8794 

11.330 
12.911 
14.578 
16.276 
17.960 

GLJ 

1.1491 
1.3337 
1.5540 
1.8178 
2.1346 
2.5150 
2.9712 
3.5156 
4.1598 
4.9126 
5.7785 
6.7564 
7.8402 
9.0196 

10.823 
11.617 
13.011 
14.455 
15.940 
17.459 

GK 

1.1460 
1.3243 
1.5356 
1.7867 
2.0857 
2.4415 
2.8638 
3.3623 
3.9455 
4.6195 
5.3870 
6.2468 
7.1937 
8.2203 
9.3177 

10.477 
11.689 
12.947 
14.244 
15.574 
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used in the analytical solutions are those obtained using 

the c. of Kihara(67). 
J 

The equations of state employed here are intended for 

application below various reduced densities, where the term 

reduced density has its usual definition of the ratio of 

actual density to critical density. For the virial equation 

of state through the third virial and the Beattie-Bridgeman 

equation, the upper limit of applicability is generally 

considered to be a reduced density of approximately 0.8. 

On the other hand, the Benedict-Webb-Rubin and Martin-Hou 

equations are applicable to at least a reduced density of 

1.5 and in some instances have been extended to 2.0 times 

the critical density with good results. Due to the wide 

range of applicability of these equations, it will be con­

venient to briefly discuss the comparison of the analytical 

and experimental results at each temperature while noting 

the pressures at which certain values of reduced densities 

occur„ 

At 140°K a reduced density of 0.8 occurs at approximately 

50 atmospheres while a value of 1.0 is reached at approxi­

mately 55 atmospheres, 1.5 at SO and a maximum of just over 

2 is attained at 200 atmospheres. From Figure 27 it will 

be noted that the solutions based on the virial and Beattie-

Bridgeman equations begin to deviate sharply from the 

experimental results at approximately 50 atmospheres. This 

is as expected since this pressure corresponds to the upper 

limit of applicability of these equations. Figure 27 also 

shows that the solutions based on the Benedict-Webb-Rubin 
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TABLE XVII 

EFFECT OF QUADRUPOLE CORRECTION ON ENHANCEMENT FACTORS 
CALCULATED FROM VIRIAL EQUATION OF STATE 
USING THE LENNARD-JONES (6-12) POTENTIAL 

Enhancement Factor 

General Solution Simplified Solution 

Without With Without With 
P Quadrupole Quadrupole Quadrupole Quadrtapole 

K atm Exp. Correction Correction Correction Correction 2. 

190 

180 

170 

160 

150 

140 

50 
100 
150 
200 

50 
100 
150 
200 

50 
100 
150 
200 

50 
70 
100 
150 

50 
70 
90 
110 

20 
40 
60 
80 

2.1576 
4.7717 
9.8969 
16.141 

2.4270 
6.3869 
13.741 
22.993 

2.9204 
9.7030 

20.846 
33.837 

3.8694 
7.4013 

17.006 
37.452 

5.5886 
14.316 
27.717 
42.509 

1.9565 
5.4348 

25.435 
57.391 

2.1346 
4.9126 

10.283 
17.459 

2.4310 
6.6671 

15.464 
27.001 

2.9053 
10.610 
27.765 
49.695 

3.6950 
7.4587 

21.333 
58.939 

5.5640 
19.211 
51.120 
90.213 

2.0008 
5.5665 

92.737 
157.15 

2.1706 
5.1763 

11.342 
19.871 

2.4831 
7.1572 

17.463 
31.320 

2.9793 
11.730 
32.123 
58.526 

3.8772 
8.2993 
26.205 
75.267 

6.0216 
25.885 
69.832 

J- &£* e ivO 

2.0381 
6.1089 

167.68 

2.1292 
4.5900 
8.741 
13.912 

2.4187 
6.2679 

13.439 
22.360 

2.8899 
9.9657 
24.352 
41.884 

3.6780 
7.3107 

19.870 
52.056 

5.5379 
18.379 
46.808 
80.588 

2.0007 
5.5577 

82.602 
137.92 

2.1628 
4.7822 
9.3241 

15.042 

2.4682 
6.6483 

14.692 
24.768 

2.9613 
10.852 
27.279 
47.232 

3.8560 
8.0829 
23.725 
63.423 

5.9853 
23.968 
61.294 
103.84 

2.0380 
6.0954 

138.11 
* 

* Solution failed to converge 
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TABLE XVIII 

EFFECT OF QUADRUPOLE CORRECTION ON ENHANCEMENT FACTORS 
CALCULATED FROM VIRIAL EQUATION OF STATE 

USING THE KIHARA POTENTIAL 

Enhancement Factor 

General Solution Simplified Solution 

Without With Without With 
P Quadrupole Quadrupole Quadrupole Quadrupole 
atm Exp. Correction Correction Correction Correction 

T 
°K 

190 

180 

170 

< s r\ 

160 

150 

140 

50 
100 
150 
200 

50 
100 
150 
200 

50 
100 
150 
200 

50 
70 

100 
150 

50 
70 
90 
110 

20 
40 
60 
80 

2.1576 
4.7717 
9.8969 
16.141 

2.4270 
6.3869 
13.741 
22.993 

2.9204 
9.7080 
20.846 
33.337 

3.8694 
7.4013 
17.006 
37.452 

5.5886 
14.316 
27.717 
42.509 

1.9565 
5.4348 
25.435 
57.391 

2.0857 
4.6195 
9.3177 
15.574 

2.3786 
6.2760 
14.147 
24.575 

2.8496 
9.9997 
25.806 
46.516 

3.7084 
7.4680 

21.458 
61.656 

5.7397 
20.461 
57.011 
104.40 

2.0548 
6.0408 

140.60 
377.03 

2.1803 
5.2586 
12.089 
23.458 

2.5125 
7.4298 
19.430 
38.806 

3.0639 
12.880 
39.809 
84.705 

4.1218 
9.3151 
33.597 
121.05 

6.9458 
40.547 
132.57 
301.26 

2.1723 
7.6572 

* 
* 

2.0753 
4.3092 
7.9218 

12.307 

2.3619 
5.8848 
12.207 
19.934 

2.8303 
9.3600 
22.295 
37.921 

3.6864 
7.2955 
19.728 
52.194 

5.7050 
19.370 
50.535 
88.321 

2.0546 
6.0268 

113.99 
273.39 

2.1592 
4.7378 
9.1737 
14.755 

2.4855 
6.7237 
14.944 
25.359 

3.0388 
11.497 
29.763 
52.553 

4.0857 
8.9423 
28.117 
79.412 

6.8729 
34.009 
92.232 
160.93 

2.1720 
7.6210 

332.50 
* 

* Solution failed to converge 
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and Martin-Hou equations compare quite well with the exper­

imental results to 200 atmospheres, the maximum pressure 

investigated, with the latter giving extremely good results. 

This behavior is consistent with the expected range of 

applicability of these equations. It will also be noted 

that the Benedict-Webb-Rubin solution runs consistently 

higher but parallel to the experimental results. This would 

tend to indicate that a slight change in the constants for 

this equation might improve the comparison between the 

experimental and analytical results. 

A reduced density of 0.8 occurs at approximately 65 

atmospheres at 150°K with a value of 1.0 being reached near 

75 atmospheres, 1.5 at 120 and a maximum of approximately 

1.8 occurring at 200 atmospheres. At this temperature, 

the point at which the virial and Beattie-Bridgeman solutions 

begin to deviate noticeably from the experimental results 

o is not as pronounced as at 140 K. Nevertheless, it would 

appear from Figure 28 that the results of these solutions 

begin to differ appreciably from those determined experi­

mentally at approximately 0.8 reduced density (65 atmospheres) 

which is consistent with the range of applicability of the 

two equations. Once again the results based on the Benedict-

Webb-Rubin and Martin-Hou equations compare reasonably well 

with the experimental values over the entire pressure range 

covered with the latter still being the better. As at 140°K, 

the Benedict-Webb-Rubin solution runs higher but parallel 

to the experimental results. 
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A maximum reduced density of approximately 1.7 occurs 

at 200 atmospheres for the 160°K isotherm with a value of 

0.8 being reached at approximately 75 atmospheres, 1.0 

at 100 and 1.5 at 150. At this temperature it becomes in­

creasingly more difficult to detect the point at which the 

results based on the virial and Beattie-Bridgeman equations 

begin to deviate appreciably from the experimental. However, 

from Figure 29 it would seem valid to state that these 

solutions compare favorably with the experimental results 

to a reduced density of 0.8 (75 atmospheres). As before, 

the solutions based on the other two equations of state 

give results comparable to those obtained experimentally over 

the entire pressure range. However, as seen in Figure 29, 

the enhancement factor based on the Martin-Hou equation is 

slight3y larger than that for the Benedict-Webb-Rubin from 

150 atmospheres and above, this being the first point at 

which these two solutions cross. The Benedict-Webb-Rubin 

still lies above the experimental results but the two tend 

to approach each other at the higher pressures. 

A reduced density of 0.8 occurs at approximately 859 

100, and 110 atmospheres, a value of 1.0 at 105, 125 and 

140 and a maximum value of approximately 1.5, 1.4 and 1.3 

is reached at 200 atmospheres for the three remaining 

isotherms, 170°, 180° and 190°K, respectively. The 

analytical solutions are closer to one another at these 

three temperatures than at the lower temperatures and in 

some cases the results cross one another as evidenced in 

Figures 30-32. These figures also show that the solutions 
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based on the virial and Beattie-Bridgeman equations lie con­

sistently above the experimental results at the higher 

pressures as would be expected since this region is beyond 

the range of applicability of the equations. There is one 

exception to the foregoing statement in that the General 

Kihara solution at 190°K lies below the experimental results. 

The Benedict-Webb-Rubin and Martin-Hou solutions still 

give results comparable to those obtained experimentally 

over the entire pressure range covered at the three temper­

atures under consideration. It might also be noted from 

Figures 30-32 that these latter solutions cross one another 

at the higher pressures. 

Examination of Table XVI reveals that at higher pressures 

the simplified solutions produce consistently lower values 

than do the general solutions0 This may be attributed to 

the fact that at high pressures the equations of state begin 

to diverge in such a direction that the calculated volumes 

are too small at a given temperature and pressurev resulting 

in enhancement factors too large. The simplification to 

the solution introduces an error in the opposite direction 

such that the simplified solutions lie below the general. 

This behavior causes the simplified solutions to be closer 

to the experimental results in some instances than are the 

general solutions, especially at high densities. 

Based upon the results presented in Figures 27-32 and 

Table XVI, it appears that the solutions based on the 

Benedict-Webb-Rubin and Martin-Hou equations are superior 

to all others0 This is reasonable since both equations 
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are intended for higher density application than the other 

equations of state used here. Regarding the relative merit 

of the two equations, the Martin-Hou equation predicts 

values closer to the experimental than does the Benedict-

Webb-Rubin equation for the entire pressure and temperature 

range, with the exception of the higher pressures at 170 -

190°K. It may be noted that the Martin-Hou equation pre­

dicts values less than the experimental data over a wide 

temperature and pressure range. However, the Benedict-

Webb-Rubin equation gives values which are so much larger 

than the experimental data over this same pressure and 

temperature range that the results based on the Martin-Hou 

equation are better. Thus, after considering the entire 

pressure and temperatusre range covered in this investigation^ 

it is concluded that the Martin-Hou equation of state is 

superior to that of Benedict-Webb-Rubin in ability to 

analytically predict the experimental data of the system 

investigated here. 

It should be recalled that the analytical solutions 

were made under the assumption that the solid phase was 

pure carbon dioxide. If the nitrogen dissolved in the solid 

is taken into account, the analytical solutions would result 

in smaller enhancement factors. Unfortunately, there is 

presently no solubility data available to estimate the 

magnitude of this correction. If and when such data become 

available, it would be of interest to make the necessary^ 

corrections in the analytical solutions in order to determine 

the effect on the comparison between the analytical and 

experimental results. 



APPENDIX A 

EXPERIMENTAL DATA 

The data presented here is given with the following notation 
and units: 

TIME: 

TEMP: 

PRESS: 

ANAL: 

ERR: 

TCL: 

SFR: 

APR: 

PI: 

P2 

P3 

T^ 

•8 

Lio-
* • 
11* 
*12: 

Minutes 

Nominal Equilibrium Temperature, °K 

Nominal Equilibrium Pressure, ATM 

Gas Analyzer Reading, Percent C O , 

Analyzer Error Limits, + Percent C O , 

Temperature Control Limits, + °K 

System Flow Rate, FT/SEC through equilibrium coil 

Analyzer Flow Rate, SCFH 

Equilibrium Pressure, PSIA 

Main Stream Exhaust Pressure, PSIG 

Analyzer Exit Pressure, PSIG 

Resistance Thermometer Reading, °K 

Equilibrium Cell Temperature, °K 

Temperature 2 inches Below Top Plate, °K 

Temperature \ inch Below Top Plate, °K 

Temperature 4 inches Below Top Plate, °K 

Temperature in Center of Cryostat, °K 

Temperature at Bottom of Equilibrium Coil, °K 

Temperature Adjacent to Resistance Thermometer, °K 

Inlet Temperature of Heat Exchanger Coolant, °K 

Test Gas Exit Temperature From Heat Exchanger, °K 

Equilibrium Pressure Gauge Temperature, °F 

Analyzer Exit Temperature, °F 

Main Stream Exhaust Temperature, °F 

Note: Runs marked (*) were performed by picking up solid 

carbon dioxide in equilibrium cell with nitrogen gas. 
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RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 

To 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T 9 
T10 

•''ll 

T« 0 

ial 

45 

190 

100 

3.24 

0.02 

0.05 

0.0500 

0.5 

14 70 

3.0 

3.0 

190.00 

190.30 

199.20 

190.03 

190.00 

190.03 

190.00 

113.5 

191.5 

74.5 

77.0 

55.0 

A2* 

30 

190 

80 

2.92 

0.02 

0.05 

0.0355 

0.5 

1176 

3.0 

3.0 

190.00 
The 

190.03 

200.30 

189.93 

189.93 

189.93 

190.00 

120.5 

192.0 

76.5 

79.0 

63.0 

A3 

30 

190 

100 

*3 e &/£ 

0.02 

0.05 

0.0222 

0.5 

1470 

3.0 

3.0 

190.00 
rmocoilple 

190.20 

198.50 

190.03 

190.00 

190.00 

190.00 

XV1 o 0 

192.0 

78.0 

81.0 

62.0 

A4 

30 

190 

200 

5.48 

0.03 

0.05 

0.0470 

0.5 

2940 

3.0 

3.0 

190.00 

not func 

190.40 

197.90 

190.00 

190.07 

190.00 

190.00 

213.5 

192.5 

80.0 

83.0 

62.0 

A5* 

30 

190 

200 

5.48 

0.03 

0.05 

0.0201 

0.5 

2940 

3.0 

3.0 

190.00 

tioning. 

190.13 

198.90 

190.00 

190.03 

190.03 

190.00 

220.5 

193.0 

80.0 

81.0 

61.5 

A6 
30 

190 

180 

5.10 

0.03 

0.04 

0.0269 

0.5 

2646 

3.0 

3.0 

190.00 

A7 
30 

190 

180 

5.10 

0.03 

0.05 

0.0269 

0.5 

2646 

3.0 

3.0 

190.00 

A8 

30 

190 

200 

5.50 

0.03 

0.05 

0.0201 

0.5 

2940 

3.0 

3.0 

190.00 
See section VII-C. 

190.17 

198.00 

190.00 

190.00 

190.03 

190.00 

224.5 

193.5 

82.5 

84.0 

61.5 

190.27 

198.70 

190.03 

190.00 

189.93 

190.00 

^^SO % \j 

195.0 

81.0 

84.0 

62.5 

190.27 

202.40 

190.03 

190.03 

190.03 

190.00 

82.0 

200.0 

86.0 

87.5 

65.0 

A9* 

30 

190 

180 

5.10 

0.03 
0.04 

0.0236 

0.5 

2646 

3.0 

3.0 

190.00 

190.20 

202.40 

190.03 

190.03 

190.00 

190.00 

82.0 

199.5 

86.0 

88.0 

66.5 

A10 
30 

190 

180 

5.08 

0.03 

0.05 

0.0303 

0.5 

2646 

3.0 

3.0 

190.00 

190.23 

201.60 

190.07 

190.03 

190.03 

190.00 

146.5 

201.0 

86.0 

89.0 

66.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 
T ~ 
o 

T 

T„ 2 
T-3 
T„ 
4 

5 
T,. 6 

To 
8 
• 

T 
10 

T 11 
T-. 

All 

25 

190 

190 

5.30 

0.03 

0.04 

0.0290 

0.5 

2793 

3.0 

3.0 

190.00 

190.07 

202.40 

190.03 

190.03 

190.00 

190.00 

151.0 

199.5 

86.0 

89.0 

66.5 

A12 

35 

190 

190 

5.30 

0.03 

0.04 

0.0225 

0.5 

2793 

3.0 

3.0 

190.00 

190.13 

206.40 

190.03 -

190.00 

190.00 

190.00 

83.0 

199.0 

84.5 

86.0 

64.5 

A13 

40 

190 

110 

3.47 

0.03 

0.04 

0.0504 

0o5 

1617 

3o0 

3o0 

190.00 

A14 

30 

190 

120 

3.75 

0.03 

0.05 

0.0508 

0.5 

1764 

3.0 

3.0 

190.00 
Thermocouple 

190.27 

204.90 

190*00 

190a00 

189.97 

190.00 

129.5 

199.0 

78 o0 

81.0 

60o5 

190.33 

204.60 

190.00 

190.00 

189.97 

190.00 

111.0 

198.5 

76.0 

78.5 

58.0 

A15 

45 

190 

170 

4.90 

0.03 

0.05 

0.0486 

0.5 

2499 

3.0 

3.0 

190.00 

A16 

30 

190 

160 

4.70 

0.03 

0.05 

0.0288 

0.5 

2352 

3.0 

3.0 

190.00 

e not functioning. 

190.57 

205.40 

190.03 

190.00 

190.00 

190.00 

116.5 

198.0 

84.0 

86.0 

59.0 

190.23 

207.60 

190.03 

190.03 

190.00 

190.00 

126.5 

200.5 

86.C 

88.5 

66.0 

A17* 

35 

190 

110 

3.47 

0.02 

0.05 

0.0252 

0.5 

1617 

3.0 

3.0 

190.00 

See se 

190.30 

206.90 

189.97 

190.00 

189.97 

190.00 

117.0 

198.0 

88.0 

90.0 

66.5 

A18* 

30 

190 

60 

2.85 

0.02 

0.05 

0.0301 

0.5 

822 

3.0 

3.0 

190.00 

ction VII 

190.07 

211.2 

190.00 

190.00 

189.93 

190.00 

110.0 

199.0 

87.5 

90.0 

66.5 

A19* 

25 

190 

80 

2.94 

0.02 

0.05 

0.0496 

0.5 

1176 

3.0 

3.0 

190.00 

-C. 
190.13 

209.10 

189.97 

189.97 

189.97 

190.00 

112.0 

200.0 

88.0 

91.0 

66.5 

A20 

45 

190 

150 

4.48 

0.03 

0.04 

0.0492 

0.5 

2205 

3.0 

3.0 

190.00 

190.47 

206.20 

190.03 

190.00 

190.00 

190.00 

175.5 

199.0 

87.5 

90.5 

66.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 
AFR 

PI 

P2 

P3 

To 
Ti 
T2 
T3 
T4 
T5 
T6 
T 
7 

T8 
T9 
T10 
Tll 
T12 

A21 

35 

190 

140 

4.25 

0.03 

0.04 

0.0481 

0.5 

2058 

3.0 

3.0 

190.00 

190.27 

207.00 

189.97 

190.00 

190.00 

190.00 

100.5 

197.5 

83.5 

86.0 

64.0 

A22 

40 

190 

130 

4.00 

0.03 

0.04 

0.0476 

0.5 

1911 

3.0 

3.0 

190.00 

190.40 

207.20 

190.00 

189.97 

190.00 

190.00 

96.0 

192.5 

83.0 

85.5 

64.0 

A23 

35 

190 

160 

4.70 

0.03 

0.05 

0.0504 

0.5 

2532 

3.0 

3.0 

190.00 

A24 

30 

190 

140 

4.25 

0.03 

0.04 

0.0281 

0.5 

2058 

3.0 

3.0 

190.00 

Thermocouple not 
190.30 

206.60 

189.97 

189.97 

189.97 

190.00 

124.0 

189*5 

83.0 

851,5 

64.5 

190.23 

207.90 

189.97 

189.97 

189.97 

190.00 

120.00 

189.5 

82.5 

85e5 

64.0 

A25 

30 

190 

50 

2.93 

0.02 

0.04 

0.0495 

0.5 

735 

3.0 

3.0 

190.00 

A26 

25 

180 

100 

1.75 

0.02 

0.03 

0.0498 

0.5 

1470 

3.0 

3.0 

180.00 

functioning. See 
190.07 

212.20 

190.00 

190.00 

190.00 

190.00 

123.0 

186.0 

82.5 

85a5 

64.5 

180.37 

199.80 

179.93 

179.97 

179.90 

180.00 

81.5 

187.0 

83.0 

85.5 ; 

58.0 

A27 

40 

ISO 

190 

3.07 

0.02 

0.04 

0.0447 

0.5 

2793 

3.0 

3.0 

180.00 

section 
180.63 

197., 80 

180.07 

180.03 

179.97 

180.00 

81.0 * 

187.5 

78.5 

81.5 

V/du9 « V 

A28 

35 

180 

190 

3.05 

0.02 

0.04 

0.0298 

0.5 

2793 

3„0 

3.0 

180.00 

VII-C. 

180.27 

197.40 

180.10 

180.00 

179;93 

180.00 

115.5 

188.0 

78.0 

81.0 

59,0 

A29* 

30 

180 

200 

3.15 

0.02 

0.05 

0.0290 

0.5 

2940 

3.0 

3.0 

180.00 

180.21 

196.90 

180.00 

180.00 

179.97 

180.00 

81.0 

189.5 

77.0 

80.5 

61.5 

A30* 

35 

180 

180 

2.95 

0.02 

0.05 

0.0481 

0.5 

2646 

3.0 

3.0 

180.00 

180.47 

196.40 

180.07 

180.00 

180.00 

180-00 

82.0 

190.0 

76.0 

80.5 

60.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 

To 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T 

T10 
T 
A l l 
T 

A31 

40 

180 

200 

^ o l J 

0.02 

0.04 

0.0493 

0.5 

2940 

3.0 

3.0 

180.00 

180.73 

196.80 

180.07 

180.03 

179.90 

180.00 

124.5 

190.0 

77.0 

80.5 

61,0 

A32 

35 

180 

170 

2. 82 

0.02 

0.04 

0.0449 

0.5 

2499 

3.0 

3.0 

180.00 

180.50 

197.00 

180.03 

180.07 

179.90 

180.00 

119.5 

189.0 

76.5 

80.0 

61.0 

A3 3 

35 

130 

160 

2.67 

' 0.02 

0.05 

0a0496 

0o5 

2352 

3.0 

3.0 

180.00 

Thermoc 

180.33 

202.60 

180.03 

180.00 

179,93 

180.00 

115.5 

182.0 

76.5 

80„0 

58e5 

A34* 

30 

180 

150 

2.51 

0.02 

0.04 

0.0484 

0.5 

2205 

3.0 

3.0 

180.00 

:ouple not 

180.50 

199.10 

180.03 

179.97 

179.93 

180.00 

119.5 

189*0 

74.0 

79 .5 

58.5 

A35* 

35 

180 

160 

2.67 

0.02 

0.05 

0.0266 

0.5 

2352 

3.0 

3.0 

180.00 

functioni 

180.20 

199.50 

180.03 

180.00 

179.93 

180.00 

91.0 

189 o0 

76.0 

79.5 

5595 

A36 

30 

180 

140 

2.36 

0.02 

0.05 

0.0475 

0,5 

2058 

3.0 

3.0 

180.00 

ng. See 

180.40 

198.80 

130.10 

130.03 

179.97 

130.00 

81.5 

188.0 

76.0 

79.0 

56.5 

A37 

35 

180 

130 

*C» A IV JL 

0.02 

0.04 

0.0466 

0.5 

1911 

3.0 

3.0 

180.00 

section 
180.40 

198.80 

180.07 

180.07 

179.87 

180.00 

82.0 

187.5 

75.5 

79.0 

58.5 

A38 

30 

180 

120 

2.05 

0.02 

0.04 

0.0464 

0.5 

1764 

3.0 

3.0 

180.00 

VII-C. 
180.27 

198.80 

180.10 

180.00 

179.93 

180.00 

82.0 

187.0 

75.5 

78.5 

58.0 

A39* 

25 

180 

140 

2.35 

0.02 

0.04 

0.0366 

0.5 

2058 

3.0 

3.0 

180.00 

180.30 

199.00 

180.07 

180.00 

179=93 

180.00 

82.0 

185.5 

75.5 

78.0 

56.0 

A40* 

25 

180 

120 

2.04 

0.02 

0.05 

0.0337 

0.5 

1764 

3.0 

3.0 

180.00 

180.27 

198.90 

180.00 

180.03 

179.93 

180.00 

81.5 

185.0 

74.5 

78.0 

56.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

P I 

P2 

P3 

T . 

L10 
r l l l 
?12 

A 4 1 * 

30 

180 

110 

1 .90 

0 . 0 2 

0 . 0 4 

0 . 0 4 5 1 

0 . 5 

1617 

3 , 0 

3 . 0 

1 8 0 . 0 0 

180.30 

198.70 

180.07 

180.03 

179.93 

180.00 

82.0 

184.0 

74.5 

78.0 

57.5 

B42 

25 

180 

120 

2.05 

0.01 

0.05 

0.0464 

1.0 

1764 

3.0 

3,0 

180.00 

180.57 

202.90 

179.97 

180.00 

179.90 

180.00 

84.0 

183.0 

85a5 

87.0 

65.0 

B43 

30 

180 

110 

1.90 

0.01 

0.04 

0.0451 

1.0 

1617 

3 = 0 

3.0 

180.00 

B44 

30 

180 

100 

1.75 

0.01 

0.05 

0.0398 

1.0 

1470 

3.0 

3.0 

180.00 

345 

35 

170 

100 

0.964 

0.01 

0.03 

0.0497 

1.0 

1470 

3.0 

3.0 

170.00 

B46 

35 

170 

200 

1.68 

0.01 

0.02 

0.0480 

1.0 

2940 

3.0 

3.0 

170.00 

Thermocoup le n o t 

1 8 0 . 0 0 1 8 0 . 3 3 

f u n c t i o n i n g . See 

1 7 0 . 5 0 1 7 0 . 7 0 

2 0 7 . 1 0 

1 7 9 . 9 7 

1 8 0 . 0 3 

1 7 9 . 9 0 

1 8 0 . 0 0 

83.0 
1 8 5 . 0 

8 5 . 0 

8 7 . 5 
; 67.5 

2 0 3 . 2 0 

1 7 9 . 9 7 

1 8 0 . 0 0 

1 7 9 . 9 7 

1 8 0 . 0 0 

8 3 . 0 

1 8 2 . 0 

8 6 . 5 

8 8 . 5 

6 5 . 0 

196.60 
169.97 
169.97 
169.93 
1 7 0 . 0 0 

1 3 8 . 0 

1 7 4 . 0 

8 8 . 5 

90-.0 
65.0 

1 9 5 . 4 0 

1 7 0 . 0 3 

1 7 0 . 0 0 

1 6 9 . 9 7 

1 7 0 . 0 0 

9 0 . 0 

1 7 7 . 5 

8 8 . 5 

9 0 . 0 

6 5 . 0 

B47 

30 

170 

190 

1 .63 

0 . 0 1 

0 . 0 2 

0 . 0 4 9 3 

1.0 

2793 

3 . 0 

3 . 0 

1 7 0 . 0 0 

section 
1 7 0 . 7 7 

1 9 5 . 1 0 

1 7 0 . 0 3 

1 7 0 . 0 0 

1 6 9 . 9 7 

1 7 0 . 0 0 

8 3 . 0 

1 7 7 . 5 

8 8 . 0 

9 0 . 0 

6 5 . 0 

B48 

25 

170 

180 

1 . 5 8 . 

0 . 0 1 v 

0 . 0 3 

0 . 0 4 7 5 

1 .0 

2646 

3 . 0 

3 . 0 

1 7 0 . 0 0 

V I I - C . 

1 7 0 . 7 3 

1 9 4 . 8 0 

1 7 0 . 0 0 

1 7 0 . 0 0 

1 6 9 . 9 7 

1 7 0 . 0 0 

8 3 . 0 

1 7 2 . 0 

8 7 . 5 

9 0 . 0 

6 5 . 0 

B49 

30 

170 

170 

1 . 5 2 

0 . 0 1 

0 . 0 2 

0.0483 
1.0 

2499 
3.0 
3.0 

1 7 0 . 0 0 

1 7 0 . 7 3 

1 9 4 . 4 0 

1 7 0 . 0 3 

1 7 0 . 0 0 

1 7 0 . 0 0 

1 7 0 . 0 0 

8 3 . 0 

1 7 2 . 0 

8 7 . 5 

8 9 . 5 

6 5 . 0 

B50* 

35 

170 

200 

1.68 
0 . 0 1 

0 . 0 3 

0.0266 
1.0 

2940 
3.0 
3.0 

1 7 0 . 0 0 

1 7 0 . 3 7 

1 9 5 . 8 0 

1 6 9 . 9 7 

1 6 9 . 9 7 

1 6 9 . 9 3 

1 7 0 . 0 0 

8 3 . 0 

1 7 2 . 5 

8 9 . 5 

9 1 . 0 

6 5 . 0 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

P I 

P2 

P3 

To 
T l 
T 2 
T 3 
T 4 
T 5 
T 6 
T ? 

T 8 
T x 9 
T 10 
T 

11 
T 12 

B51* 
30 

170 

180 

1.58 

0 .01 

0.03 

0.0278 
1.0 

2646 
3 . 0 

3 . 0 

170.00 

170.33 

195.60 

169.93 

169,97 

169,90 

170.00 

135.0 

172.0 

89 .5 

91 .0 

66 .0 

B52* 

25 

170 

160 

1.46 

0 .01 

0 .03 

0.0235 
1.0 

2352 
3 . 0 

3 . 0 

170*00 

170.40 

196.00 

xo9.v I 

170.00 

169.93 

170.00 

133.5 

172.5 

89 .5 

91 .5 

66 .5 

B53 

30 

170 

160 

1.45 

0 .01 

0.03 

0.0499 

1.0 

2352 

3 . 0 

3 . 0 

170,00 

B54 

35 

170 

150 

1.38 

0 .01 

0.03 
0.0494 

1.0 

2205 

3 . 0 

3 . 0 

170.00 

Thermocouple not 
170.70 
193.10 

170.03 

170.00 

169.93 

170.00 

102,0 

180*5 

89 .5 

91 .5 

63 e0 

170.63 

193.10 
170.03 

170.00 

169.90 

170.00 

101 .5 

181.0 

89 .5 

. 91 .5 

64 .0 

B55* 

25 

170 

140 

1.31 

0 .01 

0 .02 
0.0498 

1.0 

2058 

3 . 0 

3 . 0 

170.00 

B56* 

30 

170 

120 

1.16 
0 .01 

0 .02 
0.0494 

1.0 

1764 

3 . 0 

3 , 0 

170.00 

functioning. See 
170.63 

194.10 
170.03 

170.03 

169,93 

170.00 

82 .0 

172 .5 

89 .0 

91 .0 

66 .5 

170.60 

1*4.10 
170.00 

170.03 

169.90 

170.00 

82 .0 

172 .0 

8 8 . 5 

91 .0 

6 4 . 0 

B57* 

25 

170 

100 

0.965 

0.05 

0 .02 

0.0346 
1.0 

1470 
3 . 0 

3 . 0 

170.00 
section 

170.50 

194.60 

170.03 

170.03 

169.90 

170.00 

82 .0 

172.0 

88 .5 

91 .0 

61 .5 

B58 

30 

170 

140 

1.31 

0 .01 

0 .02 

0 .0321 
1.0 

2058 
3 . 0 

3 . 0 

170.00 

V I I - C . 

170.50 

194.60 

170.00 

170.00 

169.93 

170.00 

8 2 . 0 

172.0 
88 .0 

9 0 . 5 

64 .0 

B59 

30 

170 

120 

1.15 

0 .01 

0 .02 

0.0366 
1.0 

1764 

3 . 0 

3 . 0 

170.00 

170.60 

194.00 

170.00 

170.00 

169.93 

170.00 

82 .0 

172.0 

88 .0 

9 0 . 5 

65 .0 

B60 

35 

170 

130 

1.23 

0 .01 

0 .02 
0.0428 

1.0 

1911 

3 . 0 

3 . 0 

170.00 

170.70 

195.10 

170.00 

170.03 

169.93 

170.00 
8 4 . 0 

172 .0 
8 6 . 0 
88.0' 
65 .0 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

P I 

P2 

P3 

T„ 

T, 

L8 

10 
L l l 
: 1 2 

B61 

30 

170 

110 

1.06 

0 . 0 1 

0 . 0 2 

0.0492 

1.0 
1617 

3.0 
3.0 

170.00 

170.60 
195.00 
170.00 
170.03 
169.93 
170.00 
84.0 

172.0 

85.0 

88.0 

65.0 

B62 

30 

160 

100 

0.534 

0.005 

0.04 

0.0490 

1.0 

1470 

3.0 

3.0 

160.00 

161.50 

184.40 

160.08 

160.00 

160.04 

160.00 

97.5 

162.0 

75.5 

78.0 

59.0 

B63* 

35 

160 

200 

0.937 

0o005 

0.04 

0.0411 

1.0 

2940 

3.0 

3.0 

160.00 

B64 

30 

160 

200 

0.937 

0.005 

0.04 

0.0291 

1.0 

2940 

3.0 

3.0 

160.00 

B65 

30 

160 

190 

0.912 

0.005 

0.04 

0.0322 

1.0 

2793 

3.0 

3.0 

160.00 

B66 

35 

160 

180 

0.883 

0.005 
0.04 

0.0355 

1.0 

2646 

3.0 

3.0 

160.00 

Thermocouple not 

161.46 161.85 

functioning. See 

161.92 160.77 

182.80 

160.08 

160.00 

160.00 

160.00 

97.5 

162.0 

78.0 

80.0 

61,0 

180.50 

160.04 

160.00 

160.04 

160.00 

85.0 

165.5 

73.0 

75.0 

58.0 

180.20 

160.08 

159.96 

160.04 

160.00 

84.5 

165.0 

73.0 

75.0 

58.0 

180.20 

160.04 

160.00 

160.00 

160.00 

97.0 

164.5 

69.0 

72.0 

57.5 

B67 

30 

160 

170 

0.856 

0.005 

0,04 

0.0365 

1.0 

2499 

3.0 

3.0 

160.00 

section 

161.19 

180.10 

159.96 

160.00 

160.00 

160.00 

8.9.0 

165.0 

68.5 

72.0 

57.5 

B68* 

35 

160 

180 

0.885 

0.005 

0.04 

0.0456 

1.0 

2646 

3.0 

3.0 

160.00 

VII-C. 

161.62 

179.80 

160.08 

160.00 

160.00 

160.00 

84.0 

158.0 

68.5 

71.5 

57.0 

B69* 

30 

160 

160 

0.821 

0.005 

0.03 

0.0479 

1.0 

2352 

3.0 

3.0 

160.00 

161.50 

179.50 

160.11 

160.00 

160.00 

160.00 

94.0 

155.0 

68.5 

71.0 

56.5 

B70<* 

35 

160 

140 

0.740 

0.005 

0.03 

0.0401 

1.0 

2058 

3.0 

3.0 

160.00 

161.04 

179.50 

160.00 

160.00 

160.04 

160.00 

84,0 

153.0 

68.0 

71.0 

56.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 

To 
T1 
T2 
T3 
T 
4-

T5 
r6 
T ? 

T8 
*9 
T 10 
Tll 
•*• 1 o 

B71* 

35 

160 

170 

0.856 

0.005 

0.04 

0,0469 

1.0 

2499 

3.0 

3.0 

160.00 
-

161.61 

179.80 

160.08 

159.96 

159.96 

160.00 

97.5 

151.5 

67.5 

70.5 

•?*? © o 

B72 

30 

160 

160 

0.823 

0.005 

0.04 

0.0320 

1.0 

2352 

3.0 

3.0 

160.00 

160.92 

179.60 

160,04 

160.00 

159.96 

160.00 

98.0 

162.0 

67.5 

70.5 

56.0 

B73* 

35 

160 

150 

0.784 

0.005 

0.05 

0.0336 

1.0 

2205 

3.0 

3.0 

160.00 

B74* 

35 

160 

130 

0.693 

0.005 

0.04 

0.0425 

1.0 

1911 

3.0 

3.0 

160.00 

Thermocouple not 

160.96 

179.80 

160.08 

159,96 

160.00 

160.00 

206.0 

166.5 

67.5 

71,0 

56.0 

161.03 

179.30 

160.08 

159.96 

159.96 

160.00 

122.0 

167.0 

67.5 

71,5 

56.5 

B75* 

30 

160 

120 

0.650 

0.005 

0.04 

0.0413 

1.0 

1764 

3.0 

3.0 

160.00 

functioni 

160.96 

179.30 

160.00 

159.96 

160,00 

160.00 

116.0 

167.5 

67.5 

72.0 

57.0 

B76* 

25 

160 

110 

0.595 

0.005 

0.03 

0.0445 

1.0 

1617 

3.0 

3.0 

160.00 

ng. See 

160.92 

179.40 

159.96 

159.92 

160.00 

160.00 

105.0 

167.0 

67.0 

72.0 

57.0 

B77 

30 

160 

120 

0.650 

0.005 

0,04 

0,0510 

1.0 

1764 

3.0 

3.0 

160,00 

section 

161.35 

179.00 

160.04 

159.96 

160.00 

160.00 

113.5 

167.0 

67.0 

72,0 

57.0 

B78 

30 

160 

140 

0,741 

0,005 

0.04 

0.0459 

1.0 

2058 

3.0 

3.0 

160.00 

VII-C. 

161.42 

178.90 

160.04 

159.96 

160.00 

160.00 

113.0 

167.0 

67.0 

72.0 

57.5 

B79 

35 

150 

100 

0.295 

0.003 

0.03 

0.0364 

1.0 

1470 

3.0 

3.0 

150.00 

150.92 

171.70 

150.08 

149.96 

150.00 

150.00 

121.0 

158.5 

71.5 

74.5 

57.0 

B80* 

30-

150 

100 

0.295 

0.003 

0.03 

0.0455 

1.0 

1470 

3.0 

3.0 

150.00 
i 

00 

150.96 V 
171.90 

150.04 

150.00 

150.00 

150.00 

125.5 

160.0 

72.0 

76 ;o 

56.0 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

P I 

P2 

P3 

To 

"4 

• 6 

•8 

"10 
: 1 1 

B 8 1 * 

25 

150 

80 

0.219 

0.003 

0.04 

0,0446 

1.0 

1176 

3.0 

3.0 

150.00 

151.20 

170.80 

150.08 

150.00 

150.04 

150.00. 

115.0 

.157.0 

73.5 

77.0 

58.5 

B82* 

30 

150 

200 

0.469 

0.003 

0.04 

0.0455 

1.0 

2940 

3.0 

3.0 

150.00 

152.04 

170.60 

150.12 

150.00 

150.00 

150.00 

110.0 

156.5 

74.0 

78.0 

56.0 

B83* 

35 

150 

190 

0,458 

0.003 

0.04 

0.0461 

1,0 

2793 

3,0 

3,0 

150.00 

B84* 

30 

150 

180 

0,446 

0.003 

0.04 

0.0468 

1.0 

2646 

3.0 

3.0 

150.00 

B85* 

25 

150 

170 

0.434 

0.003 

0.03 

0,0355 

1.0 

2499 

3.0 

3.0 

150.00 

B36* 

30 

150 

160 

0.419 

0.003 

0.04 

0.0362 

1.0 

2352 

3,0 

3,0 

150,00 

Thermocouple not 

151.96 151.68 

functioning. See 

151.28 151.40 

170.50 

150.08 

150.00 

150.04 

150,00 

84.0 

149.0 

74.5 

78.0 

56,0 

170.60 

150.12 

150.00 

150.00 

150.00 

84.0 

144.0 

74.5 

78.5 

58.0 

170.70 

150.12 

150.00 

150,04 

150.00 

83.5 

143.0 

,75.0 

79.0 

60.0 

170.70 

150.08 

150.00 

150.00 

150.00 

83.5 

141,0 

75.5 

79.0 

59.5 

B87* 

35 

150 

150 

0.405 

0.003 

0,04 

0.0420 

1.0 

2205 

3.0 

3.0 

150.00 

section 

152.08 

171.40 

150.12 

149.96 

150.04 

150.00 

83.5 

139.5 

76.5 

80.0 

61.0 

B88* 

25 

150 

140 

0,388 

0,003 

0.04 

0.0436 

1.0 

2058 

3.0 

3.0 

150.00 

VII-C. 

151.64 

171.20 

150.08 

150.00 

150.04 

150.00 

83.5 

138.5 

76.5 

80.0 

61.0 

B89* 

25 

150 

130 

0.370 

0,003 

0.04 

0.0448 

1.0 

1911 

3.0 

3.0 

150.00 

152.03 

171.00 

150.12 

150.00 

150.04 

150.00 

90.0 

137.5 

77.0 

80.5 

61.0 

E 

30 

150 

120 

0.348 

0.003 

0.04 

0.0467 

1.0 

1764 

3.0 

3.0 

150.00 

151.44 

170.90 

150.04 

150.04 

150.04 

150.00 

90.0 

136.0 

77.0 

80.5 

61.0 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 

To 
Tl 
T2 
T3 
T4 
T5 
T6 
T ? 

T8 
T9 
T10 
Tll 
T12 

B91* 

25 

150 

110 

0.324 

0.003 

0.04 

0.0430 

1.0 

1617 

3.0 

3,0 

150.00 

151.68 

170.90 

150.08 

150.00 

150,04 

150.00 

110.0 

137.5 

77.0 

81.0 

60.0 

B92 

25 

150 

120 

0.349 

0.003 

0.04 

0.0385 

1.0 

1764 

3.0 

3.0 

150,00 

151.32 

170.90 

150.08 

150.00 

150.04 

150.00 

146,0 

153.0 

76.5 

80.0 

61.0 

B93 

25 

150 

140 

0.38S 

0.003 

0.04 

0,0359 

1.0 

2053 

3.0 

3.0 

150.00 

B94 

30 

150 

160 

0.420 

0.003 

0.03 

0.0435 

1.0 

2352 

3.0 

3.0 

150.00 

Thermocouple not 
151.68 152.24 

171.10 

150.04 

149,96 

150.00 

150.00 

146.0 

157.0 

76.5 

80.0 

61.0 

170.90 

150.04 

149.96 

150.00 

150.00 

106.0 

157.5 

76.5 

80.0 

61.0 

B95 

25 

150 

180 

0.447 

0.003 

0.04 

0.0351 

1.0 

2646 

3.0 

3.0 

150.00 

B96 

30 

150 

200 

0.468 

,0.003 

0.04 

0.0340 

1.0 

2940 

3.0 

3.0 

150,00 

functioning. See 
151.52 151.72 

171.20 

150.04 

150.00 

150,04 

150.00 

106,0 

157.0 

76.5 

80.0 

61.0 

171.10 

150.08 

149.96 

150c00 

150.00 

107.0 

156.4 

76.5 

80.0 

61.0 

B97* 
30 

150 

90 

0.259 

0.003 

0,04 

0.0396 

1.0 

1323 

3.0 

3.0 

150.00 

C98 

30 

150 

110 

0.325 

0.002 

0.04 

0.0515 

1.0 

1617 

3,0 

3.0 

150.00 

section VII-C. 
151.64 151.48 

171.00 

150.04 

150.00 

150.00 

150.00 

107.0 

156.5 

76.5 

80.0 

61.0 

174.00 

150.08 

150.00 

149.96 

150.00 

126.5 

157.0 

69.0 

71.0 

56.0 

C99* 

25 

150 

100 

0.295 

0.002 

0.04 

0.0455 

1.0 

1470 

3.0 

3.0 

150.00 

150.84 

172.40 

15C.04 

150.04 

150.00 

150.00 

83.0 

156.0 

67.5 

71.0 

56.5 

C100* 

25 

150 

70 

0,172 

0.002 

0.04 

0.0675 

1.0 

1029 

3.0 

3.0 

150.00 

151.08 

171.50 

150.04 

150.00 

150.00 

150.00 

85.0 

155.0 

67.5 

71.0 

56.5 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

P I 

P2 

P3 

T o 
T l 
To 

T 7 
TS 
T 9 
T 

T 11 
?12 

C 1 0 1 * 

30 

140 

90 

0 . 1 4 8 

0 . 0 0 2 

0 . 0 4 

0 . 0 3 9 2 

1.0 

1323 

3 . 0 

3 . 0 

1 4 0 . 0 0 

1 4 1 . 4 0 

.164 .70 

1 4 0 . 0 8 

1 4 0 . 0 0 

1 4 0 . 0 0 

1 4 0 . 0 0 

8 3 . 0 

1 4 1 . 0 

6 7 , 5 

7 1 , 5 

56.0 

C102* 

25 

140 

8 0 ' 

0 . 1 3 2 

0 . 0 0 2 

0 . 0 4 

0 . 0 4 2 4 

1.0 

1176 

3 . 0 

3 . 0 

1 4 0 . 0 0 

1 4 1 . 7 6 

1 6 3 . 8 0 

1 4 0 . 0 4 

1 4 0 . 0 4 

1 4 0 . 0 0 

1 4 0 . 0 0 

82.5 

140.0 

67.5 

71.5 

57.0 

C103* 

35 

140 

200 

0;237 

0.002 

0.03 

0.0394 

1.0 

2940 

3.0 

3.0 

140.00 

C104* 

25 

140 

190 

0.232 

0.002 

0.04 

0.0377 

1.0 

2793 

3.0 

3.0 

140.00 

C105* 

25 

140 

180 

0.227 

0.002 

0.03 

0.0381 

1,0 

2646 

3.0 

3.0 

140.00 

C106* 

30 

140 

170 

0 . 2 2 1 

0 . 0 0 2 

0 . 0 3 

0 . 0 3 6 7 

1.0 

2499 

3 . 0 

3 . 0 

1 4 0 . 0 0 

Thermocoup le n o t 

1 4 1 . 6 4 1 4 1 . 4 4 
f u n c t i o n i n g . See 
1 4 1 . 4 8 1 4 1 . 5 2 

1 6 4 . 7 0 

1 4 0 . 0 4 

1 4 0 . 0 0 

1 4 0 , 0 4 

1 4 0 . 0 0 

8 2 . 0 

1 3 8 . 5 

67.5 

7 1 . 5 

J J e >J 

1 6 4 . 3 0 

1 4 0 . 0 8 

1 4 0 . 0 4 

1 4 0 . 0 0 

1 4 0 . 0 0 

8 2 . 5 

1 3 7 . 5 

67.0 . 

7 1 . 5 

5 7 . 5 

1 6 4 . 1 0 

1 4 0 . 0 4 

1 3 9 . 9 6 

1 4 0 . 0 0 

1 4 0 . 0 0 

82.0 

136.0 

67.0 

71.5 

57.5 

163.70 

140.04 

140.00 

140.0C 

140.00 

82.0 

134.0 

66.5 

71.0 

57.0 

C107* 

25 

140 

160 

0.215 

0.002 

0.04 

0.0372 

1.0 

2352 

3.0 

3.0 

140.00 

section 

141.52 

163.50 

140.00 

139,96 

140.00 

140.00 

82.0 

132.5 

66.5 

71.0 

57.0 

C103* 

30 

140 

150 
:0.208 
v 0.002 

0.04 

0.0374 

1.0 

2205 

3.0 

3.0 

140.00 

VII-C. 
141.56 

163.30 

140.04 

140.00 

140.00 

140.00 

82.0 

131.0 

66.5 

71.0 

57.0 

C109* 

25 

140 

140 

0.200 

0.002 

0.04 

0.0359 

1.0 

2058 

3.0 

3.0 

140.00 

141.28 

163.30 

140.04 

139.96 

139.96 

140.00 

82.0 

129.5 

66.0 

71.0 

57.0 

C110* 

30 

140 

130 

0.192 

0.002 

0.04 

0.0367 

1.0 

1911 

3.0 

3.0 

140.00 

141.48 

163.20 

140.00 

140.00 

139.96 

140.00 

S2.0 

128.0 

66.0 

71.0 

57.0 



RUN 

TIME 

TEMP 

PRESS 

ANAL 

ERR 

TCL 

SFR 

AFR 

PI 

P2 

P3 

T o 
o 

Tl 
T2 
T3 

*4 
T5 
T6 
T ? 

T8 
T9 
T10 
Tii 
T.« 

cm* 
25 

140 

120 

0.133 

0.002 

0.04 

0.0353 

1.0 
1764 

3.0 

3.0 

140.00 

141.44 

162.80 

140.04 

140.00 

140.00 

140.00 

132.5 

134.5 

66.0 

70.5 

57.0 

C112* 

30 

140 

110 

0.173 

0.002 

0.04 

0,0340 

1.0 

1617 

3.0 

3.0 

140,00 

141.36 

162.80 

140.04 

139.96 

140.00 

140.00 

132.0 

139.0 

66.0 

70.5 

56,5 

C113 

25 

140 

160 

0.215 

0.002 

0.03 

0.0284 

1.0 

2352 

3.0 

3.0 

140.00 

C114 

25 

140 

180 

0.227 

0.002 

0.04 

0.0275 

1.0 

2646 

3.0 

3.0 

140.00 

Thermocouple not 

140.88 

163.40 

140.04 

139,96 

139.96 

140,00 

132.5 

145,0 

65.5 

70,0 

56.0 

141.00 

163.20 

140.00 

140.00 

140.00 

140.00 

115.0 

146.0 

65.5 

70.0 

56.5 

C115 

25 

140 

200 

0.236 

0,002 

0.04 

0.0269 

1.0 

2940 

3.0 

3.0 

140.00 

C116 
25 

140 

70 

0.112 

0.001 

0.04 

0.0440 

1.0 

1029 

3.0 

3.0 

140.00 

functioning. See 

140.96 

163.40 

140.04 

139.96 

140.00 

140,00 

121.0 

147.5 

65.0 

70.0 

57.0 

141.28 

161.50 

140.08 

140.04 

140.00 

140.00 

116.0 

147.0 

64.5 

70,0 

56.5 

C117 

30 

140 

100 

0.162 

0.001 

0.03 

0.0377 

1.0 

1470 

3.0 

3.0 

140.00 

section 

141.32 

161.90 

140.04 

140.04 

140.00 

140.00 

116.0 

147.0 

64.5 

70.0 
56.5 

CI 18 

25 

140 

120 

0.184 

0.001 

0.04 

0.0283 

1.0 

1764 

3.0 

3.0 

140.00 

VII-C. 

141.20 

162.20 

140.04 

140.00 

140.00 

140.00 

116.0 

146.5 

64.5 

70.0 

56.0 

C119 

25 

140 

140 

0.200 

0.001 

0.03 

0.0269 

1.0 

2058 

3.0 

3.0 

140.00 

141.28 

162.70 

140.04 

139.96 

140.00 

140.00 

116.0 

146.5 

64.5 

70.0 

55.5 

C120* 

25 

140 

100 

0.163 

0.001 

0.03 

0.0302 

1,0 

1470 

3.0 

3.0 

140.00 , 

Co 

140.92 » 

162.20 

140.00 

139.96 

140.00 

140.00 

116.0 

146.5 

64.0 

70.0 

56.0 
12 



APPENDIX B 
4 

ITERATIVE METHOD 

-* 

!• Newton Method for One Equation in One Unknown 

Consider a function of one variable, 

F(v) s o (B-1) 

In order to find the value of v satisfying (B-1), assume 

some initial value, say v-. In general, F.(v) will be un­

equal to zero, since v- is not the true solution. Then it 

will be necessary to correct F.(v) by some amount AF.(v), 

in order to equate it to zero. That is, 

F1(v) + AFx(v) = 0 (B-2) 

The problem now reduces to that of specifying AF.(v) 

in terras of a correction AV. in v which will give a closer 

approximation to the solution of (B-1) than did the first 

trial v-. This relation can be given by 

AF1 (V> ~ [^r1}1 A V ^ F ^ v ) * A V l (B-3) 

Now, equating (B-2) and (B-3), t 

-F.(v) 
Av- = -ri (B-4) 

or, the value v~ for the next trial is given by 

Fx(v) 
1 " 7[(T) 

In general, for the i-th trial, 

F,(v) 
v * v - -i (B-6) 
1 1 x F!(v) 

-186-

v2 = v, - -4 (B-5) 
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The iterative process is repeated until the error Av. is 

less than the desired amount. 

2. The Newton-Raphson Method for Two Equations in Two Unknowns 

Consider two non-linear functions in two variables, 

FA(y, v) = 0 (B-7) 

FB(y. v) = 0 (B-8) 

In order to simultaneously solve the above set for y, vf 

assume some initial values y., v.. Since these values will, 

in general not satisfy (B-7), (B-8), the functions FA (y,v) 
Al 

and F (y,v) must be corrected by some amounts to equal 
bl 

zero, or 

F, (y,v) + AF, (y,v) = 0 (B-9) 
Al Al 

FR (y,v) + AF R (y,v) = 0 (B-10) 
Bl Bl 

Corrections to y. and v. to give improved values can be re­

lated to the function corrections in a manner analogous to 

that for one equation in one unknown, since the corrections 

can be expressed as: 

, N r ̂ FA ( y' v ) 1 r^FA(y*v)l 

AFAi(y,v) « [ — ^ y — J ! &YX * [ ^ v Jl * vl 

(B-ll) 

r ^FB(y,v) n r^F (y,v) 
APBi(yfv) « [ _ ^ _ - j 1 A Y l • [ -1 T - ] 1 AV 1 

(B-12) 
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Substituting (B-9) into (B-JTl) and (B-10) into (B-12) results 

i n 

My ll *yl* h V l l *V - F A (y ,v ) 

(B-13) 

iFnCy.v)! r 3iFn(y,v) 
B 
ay 

1 r d x vy» v ' i 
Ji * y i + l—3T—li A v i s - FB,(y»v) 

(B-14) 

The resulting set of linear correction Equations (B-13), 

(B-14), can be solved simultaneously for the corrections 

Ay., AV., by matrix inversion. Therefore, 

where 

A y l = B-f ' 
D 

AV 

Dl = 

dFA(y.v) 

ay •]i 

I ^ y J 

1 D, 

l Tv~Ji 

i-cJFB(y,y)1 

(B-15) 

D 
yl 

D. 

•FA (y.v) 
Al 

-FB (y,v) bi 

f^PA(y>V)i 

r^FB(y,v) 
t—Jv~il c)y 

^ F A ( y > v ) i 
^ v Jl 

^V^v) 
I Jv Jl 

- FA (y,v) 

- FB (y,v) 

(B-16) 
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th e values y2, v„ for the second trial are thus given by 

y2 = yl + Dy/Dl 
1 (B-17) 

v2 = Vl + D v / D l 

In general, for the i-th trial 

y-̂ -i = y- + D /D. 'l+l '1 y. 1 
1 (B-18) 

v. , = v. + D /D. 
1+1 l v.' 1 

in which the D's represent the determinats of the i-th trial, 

as in (B-16). The iterative procedure is repeated until 

both of the errors Ay-, AV., are as small as desired. 

This method can be converted quite easily to a logar­

ithmic form if it is found necessary to improve the conver­

gence or preclude the possibility of y or v becoming negative 

during the course of the solution. 

NOTE: The material presented in this appendix has 

been taken from reference 25 with permission of the author. 
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APPENDIX C 

FORM OF ANALYTICAL EQUATIONS USED IN NEWTON 
AND NEWTON-RAPHSON ITERATIVE METHODS OF SOLUTION 

In order to solve a single equation in one unknown by 

the Newton method, the equation must be of the form 

F(v) = 0 (C-1) 

as indicated in Appendix B. Similarly, in order to solve 

two equations in two unknowns by the Newton-Raphson method, 

the equations must be of the form 

F A (y,v) - 0 ^ (C-2) 

FB (y,v) = 0 (C-3) 

this also being indicated in Appendix B. However, the sets 

of equations presented in Chapter V for the simplified and 

general solutions using the Beattie-Bridgeman, Benedict-

Webb-Rubin, Martin-Hou and virial equations of state are 

not in this form. Therefore, they must be transformed into 

the form indicated in equations (C-1) thru (C-3) since these 

equations are to be solved by the Newton and Newton-Raphson 

method. This may be accomplished by transposing all terms 

in a given equation to one side of the equal sign and equating 

the resulting expression to zero. The equations resulting 

from this transposition on the expressions presented in 

Chapter V are included in the following sections. These 

equations shall be referred"to in Appendix D where the 

-190-



191-

computer flow diagrams for the solutions of the equations 

are presented. 

1. Beattie-Bridgeman Equation of State 

For the simplified case, equation (5-48) is expressed as 

F(v) = R l 4 - ^ i + Jl2 +-^2-p=i0 (C-4) 
V V V 

and for the general c a s e , equation ( 5 - 1 3 ) i s rewr i t t en as 

t, /•„ ,,\ _ RT . <m . ' m . »m n _ n M -v 
F A W I » v ) + ~7T~ + ~T~ + ~2t P = 0 (C-5) A x v v v v 

and (5 -42) as 

y i v ? 2 fi--
PB

(*i*v) = ^ ln -J~±- - v* (P-pJ) Li i 

• K < T „ , I I - T«,I2)
 + 2Tra>12- r j / z v 2 

L y l $ m,m,ll"" 3 m,m,12' + ^m,ra,12"^mj 

/ 3v 3 = 0 (C-6) 

2 . Benedict-Webb-Rubin Equa t ion of S t a t e 

For the s i m p l i f i e d c a s e , e q u a t i o n (5 -29) i s r e w r i t t e n as 

P(v) - R T + B ° 2 " A o 2 " C ° 2 / T
 +

 b 2 R T " a 2 +
 a 2 <*2 r ( v ) + ~2 + 3 + g— 

V V V V 

c9d+ rvv2)exP(- rVv2) 
+ -±-——£—g— — P = 0 (C-7) 

T^ v 
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and for the general case , equation ;5-56) i s expressed as 

DT B°n,"Ao
m"C°yT b™RT-an, a«, °Cm 

c / „ ,,\ . Ki , m m m . m m . m m 
F ^ y ^ ) + 2 + . — 3 + 5— 

V V V V 

-SL 2 ,__ SL P = o (c-8) 
-T v 

and (5-91) as 

y.v° 2A,t 3B1 1 t 
F B (y 1 ( v) = K I l » i i - v CP-P°) - - 1 ± - _ - i " 

v v ] L 2(v 1 ) 

6 a l l l C < ; l l l °111 _ f i l l P5cn T r / f vo^21 

sfv<>;s ^ ~ "72- exp L~ r u / ( v i ) J 
' n v l ; x 111 A 

r r u f i i - 2 [yi(Aii-^12)M12] 
lev;)4 ^°7" rj 

+
 3 [ y l C B l i r 2 B 1 1 2 + B 1 2 2 ) + 2 y i ( B 1 1 2 - B 1 2 2 ) + B l 2 2 ] 

2v^ 

3(a oii + °i a, ) 3c. 2c f „ 
m ^ l m m ^ m 1mm . 1mm . m ' l m 

5 v 5 T^ rjr T* y ^ m ' m 

T^ L r Xm1 2v 

exp(- T A ) , 3c- 2c r i 3c, 
' m F lmm _ m ' l m + 1mm 

m 

2Cffl ^ . V t i E ] = o (C-9) 
r v' 
' m 

3 . Martin-Hou Equation of Sta te 

For the s impl i f ied case , equation (5-120) i s r ewr i t t en as 
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F? F, A. 
nr*,\ - RT . d22 . J22 , ^22 

V~b22 (v-b22) (v-b22} (v-t>22) 

F5 
+ ̂  22 _ p - 0 (C-10) 

< V~ b22^ 

and for the general case, equation (5-102) is expressed as 

F2_ F3_ A4 
m 

n • ,, „> — RT . m m . 
FA ( yl , v ) T" + '/' ' '2 + ; „ N3

 + 

v'bm ( V ~ V " '<*•*•>" ^ " ^ 

?5m 
+ £-*• - P = o (c-ii) 

(v-b r 
m and (5-125) as 

ylVl s o vl 
FB(y1,v) = RT In ~i-i - v£(P-Pj) - RT ln --± Vl"bll 

F F 

+RT In -^- - P?v? - —hi f U — _ 
v-bm <vi-biP 2 < v r b u ^ 

A4 F5 
411 Dll 3 " *r o " ,4 + p [ ^ ^ ( b u - b d 4(v -b,-) 3C»;-bu)- "(v^-blx 

F 2_ F3 yl(2-yl)(A4,,-2A4_+A4_) 

+ m + m + X 1 1 2 2 2 

Cv-V 2(v-bm)
2 3(v-bra)

J 

2A4 "A4 FS 
+ 12 , 22 + __2 = 0 (c.12) 

3(v-bm) 4(v-bm) 
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4. Virial Equation of State 

For the simplified case, equation (5-146) is expressed as 

P T RTB9« RTC000 
p(v) a iii + — ^ + — j ^ f - P = 0 (C-13) 

V V V 

and for the general case, equation (5-135) is rewritten as 

D T RTB RTC 
F (y-,v) = iii + -2-2 + —JS - P = 0 (C-14) 
" V V V 

and (5-145) as 

ylvl s o 2RTB11 FR(y,,v) = RT ln -J^±~ - vf (P-P?) - •.• A* 
B l v i l vo 

^ ^ [ y i C B n - B i 2 ) - 1 2 ] - S g 

[ y 2 ( C n r 2 C 1 1 2 + C 1 2 2 ) + 2 y i (C 1 1 2 -C 1 2 2 )+C 1 2 2 ] * 0 

(C-15) 
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APPENDIX D 

COMPUTER FLOW DIAGRAMS FOR ANALYTICAL SOLUTIONS 

Beattie-Bridgemaa Equation of State (*\ 

/READ BB constants 

START 
'On "o.,, 1, 1, 1, 
A^ B 
->!» ~± 

A B 
o2, o2, 

Z } tC> ^ tdf f 

12, B°12, *12' 
b12, C12 

i READ T, P in* max, 

P° vs Fl> vl 

Evaluate v. 
from (5-148) 

Evaluate @'s, T's, o's 
from (5-18), —,(5-20), 
and (5-22), —,(5-26) 

Evaluate initial 
guess for v 
from (5-148) 

Evaluate F(v) 
from (C-4) 
and F"(v) 

F(v) 
F»(v)' 0.00001 

Evaluate y„ from 

from (3-62) 
L——§8̂  (5-49) then (p —-§> "Simplified Solution' 

PRINT 

M * » * » 

Evaluate 
FA(y1,v) from (C-5) 
FB(y1,v) from (C-6) 

^ : 0.001 J-^— 

Evaluate partial 
derivatives of 
FA and FB 

Evaluate matrices 
D, Dy., and Dv 
accoraing to 
Appendix B2 

Ay2
 s Dy1/D 

Av = Dv/P 

Ayi 0.000005 
tQ 

J : 50 

Av 0.00001 E v a l u a t e <$ 
from ( 3 - 6 2 ) 

yl = yl + A yl 
V = V + AV 

PRINT 
"General Solution" 
T, P, <f), v, y x 

M-

-195-
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P+10 Kg) 
63)—H? » 51—K© (g>Hp ° 10X?) 

(£> 
PRINT 

"No Solution" 
T, P, v, ylf J 

^® 

2. Benedict-Webb-Rubin Equation of State 

c START /READ BWR c o n s t a n t s 
Ao±> \ * al» V c l* *1» f l 
A o 2 ' B o 2 ' a 2 ' b2» c 2 ' Q t 2 * ^ 2 

y / READ 
T P. P • ip' max 
Pl> Vl 

, Evaluate v° 
from (5-149) 

Evaluate interaction 
coefficients from 
(5-68), — ,(5-75) 

PRINT 
BWR constants 

Ao1
,Bo»"~**2"y2 1 1 

Evaluate F(v) 
from (C-7) 
and F"(v) 

Evaluate initial 
guess for v 
from (5-149) 

Evaluate y, from 
-•(5-93) then (h 

from (3-62) 

PRINT 
"Simplified Solution" 
T, P, </), v, Yl 

Evaluate mixture 
coefficients from 
(5-60),—,(5-67) 

Evaluate 
FA(y1?v) from (C-8) 
FB(y1,v) from (C-9) 

€) 
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(y\&> 
E v a l u a t e p a r t i a l 
d e r i v a t i v e s of 
FA and F B 

Eva lua te m a t r i c e s 
D, Dy1? and Dv 
acco ra ing t o 
Appendix B2 

A y i = D y i / D 

Av = Dv/D 

<JA 
^(?) 

y l 0.000005 

•<£) 
=-( j ; 50 )*1— 'I B / yi s yi Ayj 

+ Av 

(av| 0 .00001 
Eva lua t e (J) 
from (3 -62 ) 

PRINT 
- ^ " G e n e r a l S o l u t i o n " \-

T, P , (j), v , y x 

P = P+10 «# ~Q> : 10 \ ^ - T P : 5 \if-^ P : P 

p = 5 —-# ĵT) ( e j - ^ P = io —-p/f*) 

PRINT 
"No Solution" 
T, P, v, ylt J 

A 

max 

3D Martin-Hou Equation of State 

START > 

Evaluate 
F functions 
from (5-95) 

/READ MH constants k 
b-j 9 A*j , B~ , C^ , A-, , B̂ j , C, , A* J 
1 *1 ^1 ^1 1 ^1 Jl 1 

A,- , Bj- , C,- , T 
D l 1 Jl cl ^ ^2 Z2 ^2 

V k5 2
9 B5 

2 
Cq , T c. 

' READ 

T0 Pi§° P max' 

PRINT 
MK constants 
k,b^,— ,C<- ,TC^ 

Evaluate interaction 
coefficients from 
(5-112), — ,(5-115) 

Evaluate v-
from (5-150) 

Evaluate F(v) 
from (C 
and FJ(v) 

Evaluate initial 
uess for v 

from (5-150) 
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E=i<D 
F(v) 
F^TvJ 

0.00001 

T t> 
PRINT 

"Simplified Solution" 
T, P, <p, v, yx 

Kr) 
Evaluate y. from 
(5-129) thin <f) 
from (3-62) . 

Evaluate 
coeffici 
(5-
(5-

-107), 
-116) 

mixt 
ents 
— ,(5 

ure 
from 
-111), 

Evaluate 

FA(y1,v) from (C-11) 

PB(y1,v) from (C-12) 

C&^\jsgf 
Ayx = DyjL/D 

AV = Dv/D 

Evaluate matrices 
D, Dy,, and Dv 
accoraing to 
Appendix B2 

Evaluate partial 
derivatives of 
FA and FB 

: 0.00001 
> 

Evaluate <p 
from (3-62) 

($)&* 

PRINT 
"No Solution" —î &Qj-) f pVggs. y i = yi + A y i 

V = V +<&v 
ft 

4. Virial Equation of State 

/ READ 

T, P°, vj, p i n , 

^max* ^1' ̂ 1°* ^°' 
C-j , 

'12' 
C, 112' "122 

'2' 
C, 

rfY^ 
Evaluate initial 
guess for v 
from (5-151) 

r, Pj, v^, 

PRINT 
s ~ 

in, max, 
B. , B 12' o * i » 112' 

°122» ^2 

o Evaluate v 
from (5-15i) 
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0* Evaluate F(v) from (C-13) 
and F*(v) 

PRINT 
"Simplified Solution" 
T , P, <J>, v , y 

Evaluate y 
from (5-
thea <j> f 
(3-62) 

£ K$m •• °'°oooi> 
Evaluate 

FA(y1,v) from (C-14) 

FB(y1,v) from (C-15) 

-*© 
Evaluate partial 
derivatives of 
F. and F„ 

A a 

AYl » D y / D 

AV = Dv/D 

E v a l u a t e m a t r i c e s 
D, Dy , , and Dv 
acco ra ing t o 
Appendix B2 

J : 20Yf^iy1 | : 0.000005)-**(JAV| : 0.00001)-=— 

PRINT 
"General Solution" 
T, P, (p, v, y 

Evaluate <f> 
from (3-62) 

i\=^ P = P+10 -_^/j3) 

(̂ )-f»(p = 5f-T»(|) (5)-t>)P = 10|-»(g) 

(?)-§* 
PRINT 

•No Solution" 
T, P, v, y , J 
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