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ABSTRACT 

"Development of a Burnett-Isochoric Apparatus for 
the Study of the Volumetric Behavior of Pure 

Components and Mixtures at High Reduced 
Temperature and High Pressure, and Development 
of a Method for the Analysis of PVT Isochores" 

by 

Joe Wilton Magee, Jr. 

A Burnett-isochoric apparatus was used to obtain six PVT 

isochores for a 79.95 mol % methane-hydrogen mixture, from 

273.15 K to 500 K, and 130 to 550 bar . The Burnett method 

was selected since no direct measurements of mass or volume 

are necessary for density determinations. Densities for each 

isochore, obtained by intersection with a Burnett isotherm 

at 273.15 K , are believed to have an accuracy approaching 

0.01 % at high pressures. Pressures were measured with 

calibrated dead weight gages to within 0.01 % of the true 

pressure. Temperatures registered with a platinum resistance 

thermometer have accuracies that approach ±0.01°C of the 

International Practical Temperature Scale of 1968 . 

System design refinements have reduced the error 

contributions from elastic distortion and thermal expansion 

of the cells and from vertical temperature gradients. The 

system consists of three thick-walled spherical cells, each 

fabricated of the same material with equal outside to inside 

diameter ratios. Their centerlines lie in a single horizontal 

plane. Temperature gradients were 0.001°C or less as 

determined by thermopiles. 
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As a second part of this work an empirical equation for 

isochoric P-T was derived and applied to a set of seventeen 

5.31 mol % propane-methane isochores recently measured by 

Kunio Arai in this laboratory. The equation for isochores is 

explicit in pressure and features a linear temperature 

dependence augmented by terms which depend on exponentials 

of temperature and inverse temperature. The nonlinear terms 

were designed to reflect deviations from linearity and the 

first and second derivatives of pressure with temperature at 

fixed density. Among the results of a regression analysis, 

were the estimates of eight isochoric inflection temperatures 

defined by the condition 0 
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I INTRODUCTION 

A primary objective of this thesis is the development 

of a method for the measurement and interpretation of 

isochoric PVT data* The experimental apparatus is a refined 

version of the design developed by Pope, Martin, and 

33 
Kobayashi ' whose specialized features provided for elevated 

pressure and temperature studies of hydrogen-bearing mixtures. 

This Burnett-isochoric apparatus is well suited for a precise 

study of a pressure-volume-temperature (PVT) surface. No 

volume or mass measurements are necessary for establishing 

densities. In particular, the pressures and densities may 

be determined with an accuracy approaching 0.01 % . The 

temperatures may be measured and controlled with a precision 

of 0.001 K . The accuracy of temperature measurements 

approaches 0.01 K . 

Reported in this work are preliminary measurements of 

the PVT surface for a 79.95 mol % methane - hydrogen mixture. 

The temperature range of this study extended from 273.15 K 

to temperatures as high as 510 K . Pressures of the study 

were measured from subatmospheric to 580 bar . All isochores 

intersected a Burnett isotherm at 273.15 ± 0.01 K . The 

results of the Burnett reduction procedure provide provisional 

density data for each isochore. For the high reduced temp¬ 

eratures of this work, the Burnett reduction technique chosen, 

while not designed primarily to extract virial coefficients 
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like the techniques of Hoover, Canfield, Kobayashi and 

error of 10 ppm . An analysis of errors shows that the 

resulting uncertainty in density approaches 1 part in 

10,000 . Hence a reliable representation of the PVT surface 

may be obtained from the experimental and computational 

methods presented. 

At the onset of this work a survey of the literature 

for fluid phase equations of state revealed serious flaws 

in the majority of their representations of isochores. The 

most common flaw was the inability of the equation to 

correctly predict the nature of the derivatives and 

well grounded in experimental observations and have enjoyed 

success in the representation of the PVT surface. Of these, 

the Vennix-Kobayashi equation of state provided abundant 

inspiration for the study reported in this thesis. Hence, 

the analytic form of the isochoric equation of this work has 

characteristics similar to the isochoric form of Vennix and 

Kobayashi. Such an equation is derived in Chapter V which 

reflects the quantitative nature of isochoric nonlinearity 

observed by Vennix and Kobayashi for methane. Finally, 

18 15 
Leland or Hall and Canfield or Pope, Chappelear, and 

31 
Kobayashi , yields a cell constant with a maximum probable 

the Goodwin^* Verbeke^® , and . However, 
P 

38 
Vennix-Kobayashi equations of state are exceptionally 

certain improvements in such an equation for isochores were 

sought in this work. Among these improvements are a reduced 
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number of adjustable parameters, the parametric estimation 

prediction errors near the saturation border curve. 

The chapters of this work progress from a description 

of the apparatus to a discussion of the method for inter¬ 

preting isochoric PVT. Chapter III discusses the design 

features of the isochoric-Burnett apparatus and presents 

the operating procedure. Chapter IV summarizes the PVT 

measurements. Chapters V and VI discuss the development and 

application of the data reduction method for isochoric PVT. 

of isochoric inflection points where 0 , and lowered 



II* WORK OF OTHER INVESTIGATORS 

A. Historical Background 

In 1936 a report of a new method for compressibility 

factor determination without mass or volume measurements 

2 
was published by E. S. Burnett , a mechanical engineer at 

the U. S. Bureau of Mines in Amarillo, Texas. The original 

apparatus was designed and constructed by Burnett for 

determination of compressibility factors of helium at 0°C 

and 50°C at pressures to a maximum of 135 atmospheres. 

Since 1936, there have been considerable efforts to 

measure compressibility factors of both pure components 

and mixtures. The literature reviews of Pope^, Hoover^, 

3 28 Canfield , and Mueller cover Burnett studies through 

1970. A notable advancement in Burnett studies is due to 

30 31 32 Pope et'al , , which permits high precision virial 

coefficients and compressibilities to be determined below 

the critical temperature. In addition, Pope et al made 

refinements in the design of their Burnett apparatus for 

the acquisition of precise isochoric PVT data. Such an 

isochoric-Burnett apparatus enables investigators to 

generalize PVT studies for an entire PVT surface, with 

increased flexibility to intensify measurements as needed 

for the discernment of anomolous behavior. Shortly after 

16 
the work of Pope et al, Hall and Eubank proposed an 

analogous modification of the Burnett method whose emphasis 
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was the determination of reliable virial coefficients for 

adsorbing gases. Recently completed Burnett experiments 

41 
have been reported by Vogl and Hall for the He - Ne system 

from - 40°C to 40°C at pressures up to 37 atm . Levelt- 

21 
Sengers and Chen have constructed a novel Burnett-isochoric 

apparatus and applied it to a PVT study of CO2 in the 

vicinity of its critical point. This apparatus featured 

the absence of dead volume, coplanar cells and differential 

pressure transducer, and the small height of sample volumes 

(12 mm) . 

B. Previous Investigations of Methane, Hydrogen, and 
Binary Mixtures 

A considerable amount of work on the PVT of methane, 

hydrogen, and their mixtures has been undertaken since the 

review of W. H. Mueller^® (1959) . Mueller investigated 

methane and four methane-hydrogen mixtures with Burnett 

isotherms at 144.26, 172.04, 199.82, 227.59, 255.37, and 

283.15 K . The maximum pressure was 7000 psia (480 bar) . 

Pure methane PVT was extensively studied by A. J. 

373839 37 VennixJ 9 9 • Reference is made to Vennix for a 

review through 1965 of the more comprehensive investigations. 

A more complete compilation of the volumetric measurements 

of methane is available from Din^ . The discussion which 

follows is limited to recently reported investigations. 

8 
Douslin et al have reported compressibility factors from 

273 to 623 K with pressures to 400 bar and densities from 
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0.75 to 12.5 mole/liter . The temperature of Douslin's 

isothermal apparatus was controlled to +0.001K and pressures 

39 
were registered with a calibrated dead weight gage. Vennix 

completed isochoric measurements of pressures up to a maximum 

of 650 bar, from 150 to 273 K, and densities from 2.6 to 

22.3 mole/liter . The accuracy of the measurements were 

reported to be ±0.01 % of the pressure and ±0.02 % of the 

density. Temperature was controlled to ±0.001K and believed 

o 4 
accurate to the neighborhood of ±0.01K near 0 C. Cheng 

has reported dense liquid methane PVT at pressures from 

220 to 1100 bar, from 111 to 309 K, and densities from 14.0 

to 29.0 mole/liter . A specialized investigation of methane 

isochores in the critical region has been reported by 

19 
Jansoone et al . In this work the range of pressures were 

within 3 bar of P„ and temperatures within 1.5 K of T c r c 

Densities ranged from 7.7 to 14.7 mole/liter. This data 

was fit to a nonanalytic equation of state developed by 

Verbeke which resulted in a root mean square error in 

pressure of 0.047 bar (0.1 %) . At the National Bureau of 

1 2 
Standards, R. D. Goodwin et al have reported methane 

isochores from 3.0 to 28.2 mole/liter . The pressures 

ranged from 3 to 350 bar and temperature extended from 

92 — 300 K . The low temperature data of Goodwin et al 

was merged with the high temperature data of Dousiin et al 

« 
to adjust the parameters of Goodwills newly formulated 

equation of state • Though an average percent deviation 



in pressure prediction not reported by Goodwin, it is 

estimated to be nearly 0.4 % . By comparison, Goodwinfs 

equation of state predicts the pressures of Vennix with an 

average error of 0.63 % . 

Two extensive PVT investigations have been completed 

2 6 
on pure hydrogen. The first, by Michels et al , reports 

compressibility factor data for isotherms extending from 

98 to 423 K . The pressures were measured as high as 

1000 bar . The other is an isochoric study by Goodwin et al 

from 15 to 100 K at pressures to 350 bar . For further 

review of hydrogen PVT, reference is made to a thorough 

survey reported by R. D. McCarty of the National Bureau of 

25 Standards.. . 

29 
Since the work of Mueller , there has been little 

PVT data published for mixtures of hydrogen and methane. 

34 Solbrig and Ellington have reported eighteen isotherms 

from 138.71 K to 422.04 K for a single mixture of 90.97 

mole % hydrogen. Pressures were as high as 228 bar . 

27 Mihara et al have published Burnett isotherms at 298.15, 

323.15, and 348.15 K for compositions which ranged from 

20 to 70 nominal mole % hydrogen. Compositions differed 

for each isotherm of the study. The pressures of Mihara's 

work are relatively low and reach only 90 bar . At the 

24 
time of this writing, Machado is completing a study of 

hydrogen-methane mixtures at Cornell University. Low 

temperature isotherms have been run at 130.00, 140,00, and 
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159.20 K. At each temperature eight mixtures of arbitrary 

compositions were studied up to pressures of 110 MPa . 



III. EXPERIMENTAL 

A. General Description of the Apparatus 

A constant volume method was selected for the 

measurement of the volumetric behavior of the methane— 

20.05 mol % hydrogen mixture. In the present work each 

isochoric density is obtained by coupling with a single 

Burnett isotherm at 273.15 K . Immersed in a stirred 

liquid bath were three coplanar cells for confinement of 

each isometric charge. The specially designed cells were 

geometrically similar spheres with OD/ID ratios of 2.00 . 

The temperature was registered with a platinum resistance 

thermometer and Mueller resistance bridge. A fully sub¬ 

merged Ruska differential pressure cell confined the sample 

fluid to the bath and provided for pressure measurement by 

companion oil piston gages and a gas lubricated piston 

gage. 

B . Major Equipment 

1. Burnett Cells and Valves 

A schematic diagram of the Burnett cells, manifold, 

and valves is shown in Figure 1. These components form 

the core of the apparatus used in this work. 

The three heavy-walled spherical cells have 

internal diameters (ID) of (A) 3.0 inches, (B) 2.5 inches, 

and (C) 1.75 inches and outside diameters (0D) are 2.0 

times each ID. The design of these cells is based on two 
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principles*. First, for thick walled spheres the stresses 

produced by high pressures within the cell are unidirectional 

and thus, the resulting dimensional changes may be predicted 

more accurately than for cells of more irregular shape. The 

simple equations for the effect of elastic distortion on 

changes in system volume are presented in Appendix D. 

Second, such hollow spherical bodies constructed of homog¬ 

enous material with proportional dimensions (i.e., equal 

OD/ID ratios) will behave identically when subjected to the 

same changes in pressure and temperature. Thermal expansion 

(contraction) effects are clearly proportional. The effect 

of pressure distortion on the internal volume of hollow 

spheres, as an examination of the equations in Appendix D 

will show, depends only on the Youngfs modulus, Poisson*s 

ratio, internal and external pressures, and the ratio of 

outside to internal diameters. 

Following these principles, three spherical cells 

were machined to close tolerances by Mr. Raymond J. Martin 

of this laboratory from a single piece of 17-4PH barstock. 

This stainless steel offers good fabricating characteristics, 

high strength and hardness, and excellent corrosion resis¬ 

tance. Further, 17-4PH steel can be arcwelded with filler 

material of the same composition in order that nearly 

homogeneous spheres can be fabricated. For the relief of 

internal tension, the cells were heat-treated to a nominal 

condition H1150, by Houston Heat Treating Co. This treatment 
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results in excellent resistance to stress corrosion cracking* 

More complete details of the manufacture of these cells are 

30 
available by G* A* Pope* In order to minimize the dead 

volume of the system and sources of leaks, three of four 

30-VM valves doubled as tee fittings for the manifold con¬ 

necting the spheres and the differential pressure cell. 

Modifications were made to the 30-VM valve stems 

which allowed improved operating efficiency. Solid rod valve 

stem extensions were attached to each stem and were nominally 

two feet in length for clearance of supporting hardware above 

the bath. A brass collar was slipped onto each stem extension 

and fixed ca. 
1
/Q inch above the instrument platform. An 

indicating arrow was positioned to point to the centerline 

of each collar. With each valve fully closed, its collar 

was rotated until a scribed mark "0" aligned with the arrow, 

then, the collar was fixed with a set screw. A second mark, 

180 degrees from "O", was scribed on each collar to provide 

a consistent reference for the open position of each valve. 

A procedure for a Burnett sequence in which the expansion 

valve is narrowly opened to the same position after each 

expansion will essentially eliminate the error associated 

with the valve dead volume. Also, the AE supplied handles 

were removed in favor of h inch hexagonal heads which 

allowed the use of a torque wrench to fully seat the valves 

before evacuation was begun during a Burnett sequence. 

An application of 70 inch-pounds torque to the head was 
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determined to seat the valves. If one of these valves were 

not fully seated a Burnett sequence would be invalidated by 

a loss of mass to the vacuum system. 

The entire assembly of valves, Burnett cells, 

differential pressure cell and the associated tubing was 

suspended from a 29 inch diameter h inch thick stainless 

steel plate. In particular, the centerlines of each 

spherical cell and the diaphragm of the differential 

pressure cell were aligned in a horizontal plane to minimize 

both the effect of hydrostatic heads on pressure measurement 

and the effect of vertical temperature gradients on tempera¬ 

ture and pressure measurements. Such an arrangement is well 

suited to precise PVT measurements of high density fluids, 

2. Stirred Liquid Bath 

a. Details of Bath Design 

A novel bath design was developed by 

Mr. Raymond J. Martin of this laboratory for the massive 

stirred liquid bath of this work. The design consists of 

two integrally matched parts. First, the inner vessel is 

a stainless steel cylindrical tank with a parabolic bottom. 

Second, a double-walled cylindrical water jacket surrounds 

the tank. The liquid filled tank has an outside diameter 

of ca. 24 inches and total depth of 26.5 inches. It is 

constructed of 304 stainless steel of thickness #10 GA for 

the tank and h inch for the top flange. The top flange 
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had six radially spaced holes with hex nuts welded on the 

lower side for the six attaching bolts* Beneath the parabolic 

bottom a support stand was welded to steady the bath tank. 

The double-walled water jacket has a 40 inch outside 

diameter and a 34 inch overall height. Both the inner and 

outer shells are constructed of #10 GA 304 stainless steel 

with a % inch thick bottom plate. A 3/8 inch square bar was 

wrapped helically around the inner shell and tack welded in 

place. The bar provided circulating loops for cooling 

water which flowed between the shells during extended runs 

at high temperature. Additionally, 6 inches of fiberglass 

,fCerablanket11 (Johns-Manville) insulation were supported in 

the inner shell with a 0.0625 inch thick 304 stainless steel 

sheet. At the bottom of the jacket were 6 inches of solid 

"Marinite 23" (Johns-Manville) on which the bath tank rested 

when the assembly was in the lowered position. A donut 

shaped 2 inch thick piece of f,Marinite 23" insulation was 

bolted under the bath flange which covered the heaters and 

the "Cereblanket" insulation and served to center the bath 

tank in the assembly. 

For lifting and lowering the bath and water 

jacket assembly a novel hydraulic mechanism was designed 

and constructed. This mechanism featured a pair of inverted 

lh inch bore, 35 inch stroke hydraulic cylinders (Ortman- 

Miller 101) whose piston extension rods experience tension 
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forces when operated. Typical hydraulic lifts require much 

larger rods to support, with acceptable stability, the 

lifted mass since the piston extension rod would then 

experience compression. A Barnes one horsepower hydraulic 

power unit provided the necessary power for lifting the 

bath assembly. 

The hydraulic mechanism was used to lift the 

bath to a platform consisting of a 40 inch square aluminum 

plate on top and a 28 inch diameter, h inch thick stainless 

steel plate on the bottom with 6 inches of Marinite insula¬ 

tion sandwiched between them. Between the upper surface of 

the bath flange and the steel plate was fitted a ring of 

silicone rubber for runs to 550°F . For higher temperature 

runs, à gasket made of compressed asbestos (trade-named 

"Durabla") was substituted for the silicone rubber. The 

silicone rubber gaskets were more flexible and resilient, 

and hence, sealed the flange more satisfactorily than the 

o 
asbestos, yet, are limited to use below 550 F . The 

aluminum plate, insulation, and steel plate assembly was 

braced in a square steel box and was bolted together with 

6 radially spaced 3/8 inch bolts. This platform was held at 

a height of 72 inches by 4 angled steel bar legs bolted 

securely to it. The framework was bolted to the floor 

and braced to the wall for stability of the entire unit. 

Above the platform an exhaust hood was con¬ 

structed to remove potentially harmful vapors from the 
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working area. This 22 by 40 by 40 inch hood was built from 

eight angled steel bars and aluminum sheets and was bolted 

to the square box of the platform. The hood was equipped 

with a pair of slotted pickup tubes through which air was 

passed to an exhaust blower. The front of the hood was 

fitted with a plexiglass door which was removable for 

service of the equipment. 

b. Stirring of Bath Liquid 

A hydraulic motor (Barnes W6076-8) was used 

to rotate a propeller which vigorously stirred the bath 

fluid. For best heat transfer ratio and temperature uni¬ 

formity, bath fluid circulation was downward in the bath 

center where fluid was driven downward to the parabolic 

bottom where flow fanned and reversed its direction to pass 

the heated walls and refrigerator coils. The bath fluids 

used in this work were members of the "Therminol" series, a 

trade name of the Monsanto Industrial Chemical Company. 

These heat transfer fluids are composed of practically 

non-toxic polyaromatic compounds which are not corrosive. 

Further, they may be used over wide temperature intervals 

with only minor safety precautions. For this work, 

"Therminol 60" was selected for all runs up to 590 K . 

The comparatively low kinematic viscosity of "Therminol 60" 

at the lowest temperature of this study, plus its subatmos- 

pheric vapor pressure at temperatures up to 590 K made 

this fluid ideal for the entire range of temperatures. As 
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a precaution for possible oxidative degradation of 

"Therminol 60" at high temperatures, a nitrogen blanket 

was maintained over the fluid* 

c♦ Heaters 

For bath fluid heating, twelve chromalox 

500 watt strip heaters were mounted flush to the external 

surface of the tank. These heaters were connected to a 

pair of variable transformers in two independent delta 

arrangements which permitted maximum power to be supplied 

to each bank from the available 240 volt three phase power 

supply. Use of both banks of heaters was necessary during 

a period of rapid heating to a higher temperature, only. 

Normally, one bank of heaters was used to maintain a given 

temperature. 

d. Refrigerator 

To enable temperatures from 0°C to room 

temperature to be maintained, a 115V R-12 refrigeration 

system was installed during this work. Adjustment of the 

cooling effect provided by the single stage refrigerator 

was made with a ten-turn metering valve whose setting 

determined the amount of refrigerant liquid returned to 

the receiving tank without expansion. A cooling test of 

the refrigerator gives the system a maximum rating of 

5000 Btu/hr at 0°C . The refrigeration system includes 

3/8inch OD copper evaporator coil with 6 turns and a coil 
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radius of ca. 10 inches, which provides ample surface area 

for heat transfer* The refrigeration system gave satis¬ 

factory performance from - 20°C to + 40°C and was used to 

rapidly cool the bath from + 40°C to 0°C . 

3• Pressure Measurement Section 

By application of appropriate corrections for 

piston area, local gravity, hydrostatic heads, and buoyancy, 

the accuracy for measurements of pressure obtained with a 

piston gage approaches the accuracy of the determination of 

the effective area of the piston. Details of these correc¬ 

tions and the calibrations are presented in Appendix A. 

The essential components of the pressure measure¬ 

ment section are presented in a line drawing, Figure 2 . 

A pair of differential pressure cells are used to attain 

a pressure balance for each measurement. Each differential 

pressure cell consists of two chambers separated by a thin 

diaphragm to which is soldered a rod having an iron core 

on its upper end. This core is surrounded by the fixed 

coil of a differential transformer whose analog output 

signal is a nonlinear function of the pressure difference 

across the diaphragm. This thin, flexible diaphragm has 

a thickness of 0.002 inch and an effective diameter of 

1.9 inches. The principle function of the differential 

pressure cells is to indicate when equal pressures on the 

upper and lower surfaces of the diaphragm are attained and 
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to separate the fluid under study from the fluid transmitting 

the pressure and lubricating the dead weight gage piston. 

Submerged in the bath liquid is differential 

pressure cell number one (hereafter DPC-1) in which dry 

nitrogen pressure in the upper chamber balances the sample 

pressure in the lower chamber. DPC-1 was mounted vertically 

in the apparatus, with the diaphragm and the differential 

transformer circuitry coupled by a thin stainless steel 

tube passing thr’ough a connecting tube which passes through 

a nominal 6 inches of Marinite insulation. The lower half 

of DPC-1 was constructed of A-286 steel to minimize hydrogen 

embrittlement. A gas proportioning pump was used to adjust 

nitrogen pressure, which was monitored with a pair of Heise 

gages having ranges 0—10,000 and 0—500 psia . The expected 

accuracy of these gages ia 0.1 % of the full scale reading. 

A second differential pressure cell (DPC-2) was 

mounted on the lab bench and operated at ambient temperature. 

A pair of oil piston gages provided the pressure transmitted 

to the diaphragm upper surface of DPC-2 where a balance was 

attained with nitrogen pressure in the lower chamber. This 

differential pressure cell has the same features as DPC-1 

except that the differential transformer of DPC-2 is 

mounted in the cell body. 

The analog output of each differential transformer 

is readable as the deflection of a meter needle from its 



19 

null position. Full scale deflection is ± 100 meter 

divisions for each instrument. An additional feature of 

each differential pressure cell is a continuously variable 

sensitivity with a maximum sensitivity of 5 X 10“** psi 

(3 X 10~5 bar) per meter unit for DPC-1 and 2 X 10"4 psi 

(1 X 10~5 bar) per meter unit for DPC-2 . 

For pressure measurement above 600 psia, a 

companion pair of oil piston dead weight gages established 

the pressures. Each dead weight gage (hereafter DWG) 

features a wide operating range and mechanical durability. 

The low range piston has a nominal area of 0.13 inch2 and 

measured pressures to 2400 psi while the high range piston 

had a nominal area of 0.026 inch2 for pressure measurement 

to 12,000 psi . The same calibrated weight set was used 

with both oil piston gages. Details of the oil piston 

gages and weights calibrations are given in Appendix A. 

For measurement below 600 psia to subatmospheric 

pressures a gas lubricated piston gage registered the 

pressure. Available for this gage were three piston-cylinder 

assemblies with nominal ranges 0.2 to 14, 1.7 to 70, and 

2 to 600 psia. The gage assembly was covered by a vacuum 

bell jar-remote weight loader which permitted the measurement 

of subatmospheric pressures. The calibrations for the weight 

set and each of the pistons used in the gas lubricated piston 

gage are presented in Appendix A. 
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4• Temperature Measurement Section 

A 25 Ohm (0°C) platinum resistance thermometer 

(PRT) was mounted in a well drilled into the largest sphere* 

Its resistance was obtained with a thermostatted (35°C) Leeds 

and Northrup (LN) , model 8069-B, Mueller bridge* The LN 

model 9828 D. C. null detector used with the Mueller bridge 

offered a maximum sensitivity of 0.1 yv per meter division. 

The PRT was furnished with a certificate of cali¬ 

bration obtained by comparison with a PRT certified by the 

National Bureau of Standards. A report of this calibration 

is presented in Appendix B. Before the experiments were 

begun the PRT was removed from its well and its resistance 

at the triple point of water (0.0100°C) was obtained in a 

Stimson cell. The Callendar formula was then solved for 

Rq, the PRT resistance at 0°C . This value was then used 

in the Callendar formula for subsequent measurement. 

Details of the PRT calibration procedure are given in 

Appendix B. 

Horizontal temperature gradients were detected 

with a pair of 10-junction iron/constantan differential 

thermopiles. These were placed in 0.125 inch diameter wells 

in the spheres. Gradients between cells A and B and between 

A and C were displayed with a digital voltmeter whose read¬ 

ings corresponded to temperature differences as small as 

o 
0.001 C . Knife switches were provided for convenient 
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switching of the vol 

the other as needed. 

±0.001°C between the 

were measured. 

tmeter input from one thermopile 

Typically horizontal gradients 

spheres when pressures and temp 

to 

were 

erature s 

5. Temperature Control Equipment 

The twelve strip heaters mounted on the tank 

supplied most of the heat to the bath liquid and the refrig¬ 

erator provided for heat removal as necessary. The strip 

heaters were controlled by a pair of power transformers 

while the refrigeration effect was adjustable with a bypass 

valve. 

Fine adjustment of temperature 

plished by a Hallikainen Thermotrol Model 

controller whose output power was dissipa 

loop-type immersion heater. A resistance 

detector (RTD) is the variable arm of an 

bridge and is energized with two volts AC 

temperature control without excessive ove 

setpoint, the RTD element was positioned 

the control heater. 

The Thermotrol was operated in 

plus integral mode for which the gain and 

were adjustable to optimum settings. The 

of maintaining temperature control to ±0. 

to attaining fine temperature control is 

control was accom- 

1053A electronic 

ted in a 100 watt 

temperature 

AC Wheatstone 

• To expedite 

rshooting of the 

ca. 4 inches from 

the proportional 

the reset time 

unit was capable 

001 K . Essential 

a proper balance 



22 

between cooling and heating effects. 

A safety feature which prevented overheating the 

bath fluid was incorporated into the power supply for both 

the main heaters and the Thermotrol heater. A Jewell relay 

temperature controller compared the reading of a thermo¬ 

couple sensor in the bath with the manually adjusted setpoint. 

When the bath temperature exceeded the setpoint, a relay was 

activated which shut off power to the main heaters and the 

Thermotrol. The device was tested at regular intervals. 

In any case, the relay must be reset manually before the 

power could be restored to the heater. 

C. Details of the Experimental Procedure 

1. Charging the Cells 

An American Instrument Company model 46-4000 

diaphragm pump accomplished the charging of the subject 

gas mixture. Pressurized (100 psi) air was supplied to 

the pump to drive a piston which in turn flexed a steel 

diaphragm to cause the pumping action. The maximum output 

pressure of the diaphragm pump is 5100 psia (350 bar). 

Prior to charging, the Burnett cells and tubing 

were evacuated thoroughly overnight to 1 pHg . The charging 

lines and compressor were then evacuated and purged with the 

subject gas, then re-evacuated. This procedure was repeated 

three times. The entire system of Burnett cells and the 

charging manifold was then subjected to three such cycles 
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of purging and evacuation. The vacuum was continuously 

monitored with a thermocouple gage. The absolute vacuum 

was measured with a McLeod gage. 

The evacuated system was then purged once more 

with the subject gas. The cells were charged to the desired 

pressure. For charging to 350 bar, twenty minutes was 

needed for completion. During a charging period, DPC-1 

was maintained in pressure balance with high pressure dry 

nitrogen for fear that a large imbalance would cause a • 

null shift. 

For each run in this work all three Burnett cells 

were charged with the subject gas. The option was available 

to close off one or two of the cells. However, it is 

desirable to use all three cells for PVT measurements 

clearly because ca. 99.5 % of the total system volume is 

composed of the geometrically similar spheres. These 

proportions permit computation of volume changes due to 

thermal expansion and elastic distortion with direct and 

simple formulas. The relevant equations are presented 

in Appendix D. 

2• Procedure for Temperature Measurement 

Temperature control of the stirred liquid bath 

was established to ±0.002°C by a Hallikainen Thermotrol 

Model 1035A which employed a resistance temperature detector 

(RTD) and a 100 watt immersion heater. Stability of the 
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PRT temperature was confirmed by a steady null reading of 

the electronic DC null detector. A four lead 25 Ohm (at 

0°C) platinum resistance thermometer was used to register 

the temperature on the International Practical Temperature 

Scale — 1968 . Resistance of the thermometer coil was 

obtained with a Mueller resistance bridge which provided 

a commutator for reversing a 1 milliampere current, which 

effectively cancelled the effect of lead resistance. 

For each temperature measurement, a record was 

kept of the PRT resistance in each of the commutator's 

positions. The average of these two readings is the true 

resistance of the PRT coil. Thus, the average resistance 

was used with the PRT calibration to calculate the absolute 

temperature. Details of the calibrations of the PRT and 

bridge are given in Appendix B. 

3. Procedure for Pressure Measurement 

In this study, the quality of pressure measurements 

is given special consideration. As another author has very 

aptly stated, "It is an inescapable fact that in research, 

the quality of a conclusion is expressible in terms of one 

or more measurements. Without a reduction to elementary 

considerations, no experiment is repeatable, no result is 

42 
verifiable — no basis exists for the entire structure." 

This is particularly appropriate for the experiments reported 

here, for which the importance of high precision pressures 

should not be underestimated. In fact, the primary measure- 
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ments of pressure plus the densities derived from a Burnett 

sequence of pressures determine much of the character of 

the PVT surface for the subject gas mixture* 

The procedure for pressure measurement refers to 

Figure 2 . After thermal and pressure transients had dis¬ 

appeared the following steps were taken to make each measure¬ 

ment* The differential pressure indicating circuits were 

adjusted to give no meter deflections when equal pressures 

were established in the two chambers of each DPC ♦ This 

was accomplished by adjusting a 10-turn potentiometer 

provided on each indicator according to a standard procedure* 

First, the null potentiometer of DPC-1 was adjusted for its 

shift with temperature and pressure. For the work, the 

adjustments were made to a reference null potentiometer 

reading, defined at 273.15 K and a dynamic vacuum of 

5 millitorr in both chambers. This reference null was 

measured before and after each isochoric run and following 

each Burnett measurement. This reading, Nq, was found to 

be reproducible to better than 2 dial counts of the total 

1000 or 0.004 psi at the instrument^ maximum sensitivity. 

The maximum sensitivity was reported by Ruska to be 

5.0 X 10~4 psi/meter unit whereby a needle deflection of 

one meter unit corresponds to a change of 0.24 null 

potentiometer dial count. 

The adjustments made to NQ for temperatures above 
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0°C were obtained from tabular values at temperatures 

spaced by 10°C • These adjustments had been determined 

from a blank (vacuum) run from 0°C to 230°C and ranged from 

0 to - 196 potentiometer dial counts (10 turns « 1000 counts), 

A separate adjustment was made for the change in apparent 

null with pressure. This adjustment, necessitated by 

elastic distortion of DPC-1, was determined for stepwise 

increments of pressure in both chambers with bypass valve B 

open. For each pressure, a record was made of the null 

potentiometer reading which resulted in .. no meter deflection 

These pressure adjustments were related to a function which 

is linear in pressure. From the table of temperature 

adjustments and the linear pressure adjustment, a null 

potentiometer setting was determined and dialed into the 

instrument for each measurement. With the procedure as 

defined above, the null corrections required for a 

273.15 K Burnett isotherm diminished to zero as pressures 

decreased to low values. As a result, the accuracy of the 

calibrations had little bearing on the Burnett cell constant 

obtained from the sequence of pressure data. 

For pressure measurements above a nominal 

600 psi, a pressure balance in DPC-2 was attained with 

pressure generated by one of a pair of oil lubricated piston 

gages. For each of these measurements the true null of 

DPC-2 was adjusted with atmospheric pressure in both 

chambers. To accomplish this adjustment, valve D-l was 
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closed then the nitrogen pressure was released through the 

vent. Valves D-3 and D-2 were then cracked open to allow 

pressure to drop to atmospheric while maintaining a dynamic 

pressure balance in DPC-2 . At this time valve M was opened 

to the oil manometer. The oil proportioning pump was then 

adjusted to raise the manometer oil level to a scribed mark 

whose height had been set at the level of the flexible 

diaphragm of DPC-2 . Thus, with local atmospheric pressure 

exerted at the upper and lower diaphragm surfaces, the null 

potentiometer was adjusted to give the true null. Valves M, 

D-2, and D-3, were then tightly closed. 

Following the procedure above for setting the DPC 

null potentiometers, caution was exercised throughout the 

remaining steps to avoid overpressuring either DPC diaphragm. 

Such overpressuring from either the top or bottom side may 

result in a small shift in the true null position of the 

diaphragm. While this internal strain may be relieved by 

repeated cycles of overpressure from the other side of the 

diaphragm, such mistreatment of the DPC should be avoided 

in the course of experiments since errors as large as 

0.05 psi may be realized. In any case in which DPC-2 was 

overpressured from one side, the pressures were reduced 

to atmospheric and the null potentiometer was readjusted. 

Pressure balance was attained in DPC-1 by 

regulating the pressure of pure dry nitrogen charged to the 
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reference manifold through valves S-l or S-2 . Initially 

the DPC sensitivity was set at 10 dial counts (maximum 

sensitivity = 999 dial counts) and was increased stepwise 

up to the maximum (5 X 10-tf psi/meter unit) as pressure 

balance was approached. A vent valve was provided for 

releasing excess nitrogen while a hand operated propor¬ 

tioning pump was used to make fine pressure adjustments. 

At this time, the nitrogen pressure reading from 

the 0 — 10,000 psi Heise gage was recorded. If this 

pressure was above 600 psi then an oil dead weight gage 

(DWG) was loaded with weights. If below, the gas DWG was 

selected. Further, the gas DWG was preferred for measure¬ 

ments in the range of pressures common to the oil DWG 

because of the higher relative precision of an air DWG 

measurement. For air dead weight gage (ADWG) measurement 

valves A, H Vacuum, G-l, and N, were normally closed. 

The ADWG manifold was then evacuated and valve H opened 

to allow zeroing the 0 — 500 psia Heise gage. The vacuum 

valve was closed and valves A and G-l were opened. Valve H 

remained open for pressures below 500 psia only. At this 

time, the piston was loaded with weights to approximate 

the pressure. Valve N, a needle metering valve, was 

cracked open for nitrogen filling of the ADWG cylinder to 

gently lift the piston and weights from its lower stop. 

With the ADWG piston-cylinder assembly pressurized, 
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10 nominal psi (0.013 inch2 piston) weights were added or 

removed to result in floating of the assembly. The bell 

jar-remote weight loader was then replaced on the ADWG and 

the air evacuated to a pressure of 1 micron of mercury as 

determined with the McLeod gage. Weights were added by the 

remote weight loader until the piston floated at the 

midpoint of its travel, with a null reading from DPC-1, 

set at maximum sensitivity. Records were then made of the 

weights on the piston, the gage temperature; bell jar vacuum, 

and the resistance of the platinum resistance thermometer 

(PRT). 

For oil dead weight gage (ODWG) pressure measure¬ 

ments a pair of gages was available. The low range piston 

had an effective area nominally 5 times that of the high 

range piston. During the course of this work it was 

determined by crossfloating these two gages in the over¬ 

lapping range that the effective areas were mutually con¬ 

sistent to within 1 part in 10,000 . This agreement is 

satisfactory since Ruska claims no better than 0.8 part 

in 10,000 for the error in the reported effective areas. 

When such measurements are made valves D-2, D-3, M, 

G-2, and G-3, were normally closed. The procedure was begun 

by equalizing the pressure in the upper and lower chambers 

of DPC-2 . Valves D-2 and D-3 were slowly cracked open to 

avoid pressure surges. The oil hand pump and gas hand pump 
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were then operated simultaneously to keep pressure in 

balance in the DPC . After DPC-1 and DPC-2 were balanced 

valve D-3 was closed and the oil pressure released by 

counterclockwise rotation of the oil hand pump* Then, 

valve G-2 or G-3 was opened and weights were stacked on 

the selected gage to the approximate pressure. The oil 

pump was then cranked clockwise to repressurize the gage 

and float the weights at the reference mark. For best 

performance, the gage motor was used to rotate the cylinder 

about the piston. The gage valve was then closed and valve 

D-3 reopened. The oil hand pump was carefully cranked in 

or out to make fine adjustments to the pressure balance 

in DPC-2 . The gage weights to be added or removed were 

determined by cracking open the gage valve while watching 

for a meter deflection left or right of null. As the 

deflections were made smaller the instrument sensitivity 

was increased to the maximum value (2 X 10~4 psi/division). 

The smallest weight was added and removed and the deflections 

of the needle recorded. The gage temperature, loaded 

weights, barometric pressure, and PRT resistance were then 

recorded. 

4 • Procedure for a Burnett Sequence 

The Burnett isotherm at 273.15 K provided the 

density of each isochore which intersects this isotherm. 

The Burnett method consists of measuring a series of 
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pressures at constant temperature by making a sequence of 

expansions into an evacuated chamber* Equations relevant 

to this procedure are given in Appendix C. 

The arrangement of three Burnett cells in Figure 1 

permits flexibility in selecting a cell constant for a 

particular run* The cell constant is defined to be the ratio 

of the total volume of both chambers divided by the volume 

of the chamber which initially contained the fluid. For the 

apparatus of this work a choice of twelve distinct cell 

constants was possible with no rearrangement of valves or 

tubing. Thus, the best cell constant for a given run could 

be selected. The factors influencing this choice include 

the initial pressure and the non-ideality of the study gas 

at the temperature of the run. For higher initial pressure, 

a larger number of expansions are needed to establish a zero 

pressure limit for the cell constant. The non-ideality of 

the gas affects the spacing oÆ the sequence of pressures. 

As a limiting case, an "ideal" gas would result in a 

geometric series of pressures. 

The high pressures of this work made it profitable 

to select a cell constant near 1.5 to strike a balance 

between the number of expansions and an adequately close 

spacing of the series of pressures. For this purpose, cells 

A, B, and C were charged to nominally 350 bar and the initial 

pressure was recorded. The AE-30VM valves to cells A and C 

were securely closed. The DPC bypass valve was cracked open 
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slowly. Then the contents of cell B were vented to the 

exhaust hood. Cell B and both chambers of DPC-1 were 

evacuated to a pressure of 1 pEg . The null potentiometer 

of DPC-1 was adjusted as necessary to give no meter deflec¬ 

tions from zero. The DPC bypass valve was then closed and 

pressurized nitrogen was introduced to the upper chamber to 

a pressure slightly greater than the quotient of the previous 

pressure divided by the cell constant. Valves A and C were 

opened and the contents expanded to fill the volume of the 

three cells. When thermal and pressure equilibrium was 

established, the pressure was measured with a dead weight 

gage. The steps were then repeated sequentially, until a 

pressure below 1 bar was measured. 

5• Procedure for an Isochoric Sequence 

Evenly spaced isochores intersected the 273.15 K 

Burnett isotherm. For each isochore, the initial pressure 

at 273.15 K was carefully approached by bleeding gas from 

the cells through a micro-regulating valve. This procedure 

was carried out stepwise, with lag periods for readjustment 

of the bath temperature to 273.15 K • The goal pressure was 

attained by balancing system pressure with that of nitrogen 

whose pressure was monitored to ± 0.1 % with a Heise bourdon 

tube gage. 

At equilibrium the pressure at 273.15 K was 

measured with a dead weight gage. The bath temperature was 



33 

then increased in steps of 10°C to 20°C and the pressures 

were measured* For each step the 6000 watt main heaters were 

initially adjusted to 70 % of their maximum wattage and as 

each goal temperature was approached the power was stepped 

down to a setting obtained from a calibration table. The 

Thermotrol controller decades were adjusted as needed to 

stabilize the bath temperature. When the PRT resistance 

gave a stable reading, the nitrogen pressure in DPC-1 was 

adjusted to balance the study gas pressure. Since pressure 

transients persisted for 15 to 20 minutes, the pressure 

was monitored continuously until equilibrium was reached. 

During the waiting period the dead weight gage was stacked 

with the appropriate weights and set in rotation. When 

equilibrium had been established weights were added or 

removed to precisely balance the gas pressure in the cells. 

PRT readings were made following each pressure measurement. 

Following the highest temperature measurement 

of each isochore, heater power was shut off, and the water 

jacket was lowered to expose the walls of the bath. The 

bath cooled quickly to 40°C, when the Freon-12 refrigerator 

was activated for cooling to 273.15 K . At 273.15 K the 

pressure was again measured as a test to disclose the 

existence of system leaks. The system maintained leak free 

performance during all phases of this work. 



CHAPTER IV. SUMMARY OF EXPERIMENTAL MEASUREMENTS 

A. Preliminary Pseudo-Isoshoric Measurements 

The pressure-temperature loci for six 79.95 mol % 

methane-hydrogen pseudo-isochores are presented in Table 1 

and graphed in Figure 4 . The reported data are referred to 

as pseudo-isochores since the container volume varied 

slightly over the temperature range of the measurements. 

Sample mass, however, remained constant during a run. True 

isochores may be obtained from the experimental data by 

applying small corrections to the experimental pressures 

based on reference densities at 273.15 K . Such calculations 

require values of the density ratio p . /p c J experiment reference 

which are reported in the fourth column of Table 1 for each 

pseudo-isochore. These values show plainly that the 

relative density corrections would be less than 4 parts 

in 10,000 . 

Absolute temperatures are reported in Kelvin for all 

experimental measurements. The temperatures have been made 

consistent with the International Practical Temperature 

Scale of 1968 (IPTS-68) by computations which are given in 

Appendix B. The measurements of temperature are believed 

to be accurate to within ±0.01°C of the recorded temperature. 

The temperatures have been reported to ±0.0001°C to reflect 

the precision of the measurements only. 

Experimental pressures are recorded in both the original 
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units of the gage calibrations (psia) and the SI units 

(bar) for pressure. Errors in the measures pressure are 

on the order of 0.01 % and are primarily tracable to the 

uncertainty in the effecture areas of the gage pistons. 

While the extra figures are not necessarily significant 

they reflect the ultimate sensitivity of the measuring 

apparatus (0.0005 psi/meter unit). 

B. Burnett Isotherm at 273.15 K 

A sequence of Burnett expansions at 273.15 K is 

reported in Table 8A . The Burnett sequence was begun at 

350 bar and was carried out to about 4 bar . Derived com¬ 

pressibility factors and densities are also reported. The 

densities were obtained from an analysis of the data which 

Canfield has applied to high pressure Burnett experiments 

for nitrogen, helium, and six nitrogen-helium mixtures. The 

results obtained provide provisional densities for the six 

pseudo-isochores which intersect the 273.15 K isotherm. 

These densities given in Table 8B., have accuracy that 

approaches 0.01 % at high pressures. 



V . DEVELOPMENT OF A METHOD FOR THE 
INTERPRETATION OF PVT ISOCHORES 

Introduction 

Generally speaking, methods for obtaining PVT information 

may be catagorized in accordance with the way constraints are 

placed on the experimental system to produce a univariant 

system. The subject of this study concerns PVT data obtained 

from experiments performed on a fluid of fixed composition at 

constant density with measurements made at differing tempera¬ 

tures and pressures. Herein, a method is developed for the 

interpretation of such PVT isochores. 

A. Qualitative Nature of Isochoric Nonlinearity 

A casual examination of isochores such as those shown 

in Figure 4 may lead an observer to expect linear behavior. 

However, a finer examination of large-scale P-T plots plus 

the results of careful data processing plainly show that 

such isochores are characterized by nonlinear behavior. 

The present study interprets the precise PVT data recently 

obtained by Kunio Arai^ in this laboratory. The scope of 

Dr. Araifs experiments is presented in Figure 5. 

For this study the nature of the nonlinear behavior was 

established for several representative isochores by analyti¬ 

cally passing a line tangent to the most linear portion of 

each isochore, then calculating the deviation of the experi¬ 

mental data from the line. Plots of these deviations are 
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represented by Figure 6 in which the deviation from linearity 

along isochores is.; plotted versus temperature for three 

isochores. It is evident that the deviation is consistently 

stronger near saturation with a weaker deviation at higher 

temperatures. Further, while the high temperature deviations 

are negative, the sign of low temperature deviations depends 

on density and may be zero, negative, or positive. 

In terms of physical considerations, these deviations 

from linearity have been explained qualitatively. For the 

gas phase isochores near saturation, clusters of molecules 

are thought to form at temperatures in a short interval above 

saturation. Clustering of molecules in the gas phase thereby 

reduces the effective number of molecules, causing a reduction 

in macroscopic pressure over the case where no clusters form. 

Hence, in qualitative terms, one might expect gas phase 

isochores to give negative values of the deviation function, 

P . . - — P-. , as shown in Figure 6. This phenome- experimental linear ° r 

non has been referred to as "prenucleation" and also as the 

Q 
"correlation between molecules." 

On the other hand, isochores of reduced density from 

0.9 to 2 showed positive deviations from linearity for 

temperatures from saturation to as much as 1.5 times the 

saturation temperature. We may consider this effect to be 

a response to the formation of cells encapsulated by the 

surrounding dense fluid. It is thought that the repulsive 

forces involved are those responsible for the occurrence of 
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a bubble point, where a rapid drop in the thermal pressure 

coefficient occurs. Hence, the observed macroscopic pressure 

is higher than if the effect were not present. This phenone- 
9 

non has been called "the correlation between holes." 

Another consideration is called for to explain the 

persistent negative values of the deviation function for 

high densities (P/PC > 2) and for all isochores at high 

reduced temperatures. For such conditions we may consider 

the effective diameter of the molecules to diminish in accord¬ 

ance with the repulsive part of the intermolecular potential 

function whose finite negative slope leads to smaller 

diameters. 

While each of the qualitative considerations mentioned 

above are consistent with the experimental data of this 

study, they are not necessarily sufficient to explain the 

observations of each regime. Undeniably these phenomena 

plus other possible interactions occur simultaneously, with 

one or more dominating at particular state conditions. This 

remark follows from consideration of the kinetic theory of 

fluids wherein molecules do indeed assume energies over a 

wide spectrum. 

B. Quantitative Nature of Isochoric Nonlinearity 

With the qualitative nature of isochoric nonlinearity 

established, its quantitative nature was studied. In tracing 

q 7 q g 
the steps of VennixJ * in his analysis of methane isochores 
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plots of the logarithm of the deviation function, 

P . - - P-. , versus absolute temperature were 
experimental linear’ 

prepared. For several representative 5.31 mol % propane in 

methane isochores, the logarithm of the absolute deviation 

was found to be a linear function of absolute temperature for 

isochores of low and moderate densities, while for high 

densities this quantity was related to the inverse absolute 

temperature. These observations were confirmed by a linear 

least squares routine wherein the objective function, 

logarithm |P - P,4 I, was fit to the form, 1 exp lin19 9 

In |P 
exp 

- P 
lin1 

= a + b (T/Tt) (V-l) 

for low and moderate densities, and for high densities, 

In |P - P. . - a + b (T„/T) (V-2) 1 exp lm' t ' ' ' 

where Tfc is the temperature of intersection with the isochore. 

These least squares programs yielded correlation coefficients 

near 0.9999 . 

Expressing these observations analytically leads to the 

general isochoric equation, explicit in pressure, 

P = A + BT +(fl) eT + f2 (e”T) + f3 (e^) (V-3) 

wherein the deviation from linearity is accounted for by 

functions fj, f2» and £$ . These functions will be selected 

by further considerations 
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C. Development of an Equation for Isochoric States 

At this point, the most desirable features for an iso¬ 

choric equation shall be discussed. The equation obtained 

should possess the properties outlined below, in order to be 

a good equation for isochoric states. 

1. The predictions of the equation must agree 

with experimental data within the estimated error of the 

primary measurements. Further, no divergent trends in the 

residual, experimental pressure minus calculated pressure, 

should be evident in the results. 

2. The equation should be applicable to substances 

of all classifications (e.g., normal, quantum, hydrogen- 

bonded fluids). This requirement must also be realized for 

the-study of mixtures of two or more unlike substances. 

3. A single equation should be applicable to both 

gases and liquids with no loss of predictive ability. A 

further restriction applies when PVT in the vicinity of the 

critical point is involved. In this special case, the 

equation must show anomolous behavior in keeping with recent 

developments in the study of scaling hypotheses. An excellent 

review of critical state behavior has been furnished by 

22 Levelt-Sengers. Implicit in this restriction is that 

nonanalytic terms are included in an analytic substrate. 

For the critical isochore Cook and Green^ have suggested 

the following form, for which the leading terms are cited 

here, 
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p “ Pc+C1AT+P1,T>T„|AT|
2“a + P2(AT)

2 + P3,T>T | AT| 23ô*“l + ... c c 

where a, $, and $ are the scaling exponents. 

4. The equatibn should rely on physical laws at 

state conditions where those laws apply.. For instance, in 

the limit as density diminishes the equation must reflect 

ideal gas behavior (i.e., linear isochores with slope P-rR). 

Also, in the high temperature limit there is a special case* 

At all densities for elevated temperatures gas molecules may 

be compared with hard spheres whose diameters diminish with 

temperature. Hence, the configurational part of the energy 

contributes relatively less compared to the kinetic part, 

and ideal gas behavior may be approached. 

5. The equation should permit extrapolation 

beyond the regime of measured temperatures and pressures and 

interpolation within the range of available data. The 

expectation that it will yield reasonable results for such 

processing depends on the nature of the higher derivatives. 

Hence, terms which do not materially improve the reliability 

of the predictions and extrapolations should be discarded. 

Such terms are often responsible for spurious errors when 

interpolation or extrapolation is carried out. 

6. The equation must have no more adjustable 

parameters than are absolutely needed to reflect all the 

information the experimental data reveals. Every effort 

should be made to reduce the number of parameters, while 
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maintaining the integrity of the equation for prediction 

beyond the available data. 

7. The isochoric equation must yield appropriate 

(«i and (^) values of the temperature derivatives 
lO i l 1 Oil 

'P \ / P 
as well as the corresponding loci of extrema for these 

quantities. 

In reference to condition 7 it is beneficial to our 

general understanding to obtain the locus of isochoric 

inflection points from a family of PVT isochores. This 

locus provides a check of the internal consistency of the 

data set, and further, it has important physical significance, 

At conditions defined by the locus of isochoric inflections, 

the constant volume specific heat is independent of a small 

isothermal density variation. Expressed analytically, we 

6 
note for the locus of isochoric inflections the relation, 

(i^)p " 
0 ■ - £ (sr), 

Lncluding Cv, numerous thermodynamic properties may be 

calculated from thermal pressure coefficients, its tempera- 

fa^ , 
ture derivative (e.g., "isochoric curvature," 1-3T'* and 

other derivative quantities of the PVT surface. In such 

calculations, we should be aware that each differentiation 

of the PV product results in a loss of precision of about one 

order of magnitude. This is a significant observation. 

Then, if PVT data with accuracy of 1 part in 10,000 are 
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available for an analysis, the computation of constant 

volume specific heat yields results accurate to only 1 part 

in 100 . 

In order to retain the accuracy of the primary P-T 

data for isochore inflection points, it was considered 

desirable to define the functions fj and f2 with the inflec¬ 

tion temperature Tq, an adjustable parameter. This considera¬ 

tion suggests the form exp (T-T ) , Further, for ease in 

computer computations, the argument of the exponential was 

scaled by TQ . In terms of an equation with adjustable 

parameters we obtain the sigmoidal isochoric equation, 

P = A + BT + exp(Cx(1-T/Tq)) - exp(C2(T/T -1)) (V-4) 

Differentiation of equation (V-4) twice with temperature 

gives, at the inflection temperature, 

Hence, Ci equals C2 and will hereafter be designated by C. 

For the high density isochores an inverse temperature 

relationship for deviations from linearity has been found 

in this study. Therefore, for function f3 the exponential 

argument selected was jl - To/T! . Again, the argument is 

scaled for computational ease. Thus, for dense liquids we 

obtain the form, 
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P ~ A + BT + 1 - exp(D(1 - T0 (V-6) 

Combining the features of equations (V-4) and (V-6) gives 

the general isochoric equation for all densities. 

P = A + BT + fj + f2 + f3 

where, 

Examination of equation (V-7) discloses the logic for 

the selection of f^, f2, and f3 . Whenever the arguments of 

the exponential terms diminish to zero, the nonlinear part 

of the equation likewise collapses to zero. In this case 

the linear portion of equation (V-7) 

P = A + BT 

accounts for the change in pressure with temperature. In 

particular, the property of equation (V-7) which diminishes 

the nonlinear contributions near Tq, allows a regression 

routine to estimate TQ parametrically. 

D. Nonlinear Regression of Isochores 

A Gauss-Newton nonlinear curve fitting program was 

fl = exp(Ci(1 - T/Tq)) 

f2 - - exp(C2(T/TQ - 1)) 
(V-7) 

and 

f3 = I - exp(D(1 - TQ/T)) 

used to fit the pressure-temperature data along each 
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isochore. This program was furnished by the SAS Institute 

and carries their copyright. For this iterative scheme, 

the square of the relative error in pressure was minimized 

by the Gauss-Newton Program. Each datum was assigned a 

weight of one since an error map for the relative precision 

of the pressures was not furnished by the investigator. When 

possible, weighting is particularly recommended for high 

density isochores, since temperature resolution is limited 

to ±0.002 K . With isochoric slopes above 100 psia/K, errors 

as large as 0.2 psi may be realized. The convergence criter¬ 

ion used in the routine was a change of less than one part 

in ten billion of the residual sum of squares, 

RSS 
n 
2 

i= 1 
(P exp Pcalc) 

2 

i 
( V-8) 

where n is the number of observations. 

The final acceptance criterion generally was a value o 

less than 0.05% for the average absolute percent error in 

pressure, 

APE 
P - P _ 
exp calc 

P 
exp 

'1X 100 (V-9) 



VI DISCUSSION OF RESULTS 

A. Reliability of the Régression Results and Interpretation 

Seventeen judiciously spaced isochores for a 5.31 mol % 

propane in methane mixture* were curve fit to equation (V-7). 

This set of high precision volumetric data extends from the 

dilute gas density of 0.02015 g/cm3 to more than 2.2 times 

the critical density, a highly compressed liquid density of 

0.39081 g/cm3. The temperatures extended from 150 K to 325 K. 

to pressures as high as 9600 psia (65 MPa). Two unique 

features of this data set are the intensification of measure¬ 

ments in the vicinity of the two phase border curve and the 

extension of isochores from regions of homogeneity into the 

two phase region. Figure 5 depicts the scope of the mixture 

PVT. 

1. Low to Moderately High Densities 

The results of the Gauss-Newton regressions are 

presented in Table 1 for all seventeen isochores. For the 

fifteen isochores from 0.02015 g/cm3 to 0.33015 g/cm3 values 

for A, B, C, and TQ are reported. No value is reported for 

D since its corresponding exponential of inverse temperature 

term (Eqn. V-7) did not materially improve the predictions 

of equation (V-7) for low to moderately high densities. 

Among these isochores eight were determined to have isochore 

inflection points. The error of the pressure prediction 

averaged 0.04 % for this density range. These eight sigmoidal 
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isochores range in reduced density from 0.87 for the 

0.15044 g/cm3 isochore to 1.9 for the 0.33015 g/cm3isochore. 

For each of the eight sigmoidal isochores the value of the 

parameter TQ is the temperature at the isochoric inflection 

vanishes at TQ . At temperatures below TQ isochoric curva¬ 

ture is positive and above this derivative is negative. o 

Implications of the sign of isochoric curvature are obtained 

Hence, a positive value of isochoric curvature implies that 

an isothermal density increase causes a decrease in constant 

volume specific heat. TQ is plotted versus density in 

Figure 7 . 

39 
Vennix et al have done a similar investigation of 

methane isochores. The range of reduced temperatures and 

densities is comparable to the present study. By differen¬ 

tiation of the Vennix-Kobayashi equation of state twice, 

isochoric inflection points were obtained for twelve 

isochores ranging in reduced density from 0.97 to 2.1 . The 

fact that the nearest neighbor isochore below this range has 

reduced density of 0.71 disguises the exact range of densities 

point, where the thermal pressure coefficient 

a local maximum: hence, the isochoric curvatui 

from the relation*’ 
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for which inflection points occur. However, it has been 

found that the reduced density range for sigmoidal isochoric 

behavior is similar for methane and the mixture of this study. 

h2v\ The temperatures at which i^21= 0 yield a smooth 

assymmetric loop in T-p coordinatesf For the mixture of 

this study the isochoric inflection locus is illustrated in 

Figure 7 . The graph of the locus of inflection temperatures 

is skewed with its maximum shifted to a relatively lower 

density. This maximum occurs at a reduced density of 1.16 

and a reduced temperature of 1.33 . By comparison, Vennix 

found a maximum at a reduced density of 1.27 and reduced 

temperature close to 1.57 . 

Seven vapor isochores from 0.0215 g/cm3 to 0.12564 g/cm3 

showed convex behavior. As presented by Table 1 these seven 

isochores are characterized by negative values of C and 

large values of TQ. These parameters imply that each convex 

isochore exhibits negative curvature at every temperature. 

The recommended upper temperature limit for extrapolation 

of these convex isochores is the temperature TQ . This upper 

limit is typically 400 K for the mixture of this study. 

The isochores at 0.10038, 0.07897, and 0.07011 g/cm3, 

particularly have very negative values of C. The observation 

that these isochores show stronger curvature than their 

neighbors reflects the significant contributions of the 

higher virial coefficients or prenucleation near the two 
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phase border curve. It is noteworthy that equation V-7 fit 

all seven convex isochores with an average absolute error 

of 0.7 parts in 10,000 with only four carefully selected 

37 parameters. A comparison with the work of Vennix on pure 

methane wherein six parameters yielded an average absolute 

error of 1.8 parts per 10,000 indicates that the form of 

equation (V-7) should be favored. To advance an explanation 

for this observation, a closer look at the parameters of 

the Vennix-Kobayashi equation is in order. The isochoric 

equation suggested by Vennix is 

P - A' + B’T + C* exp E'(T/To') + D ' exp(k-F»/T) (VI-1) 

In equation (VI-1) A*, Bl, Cl, D-t, El, and F’ are adjustable 

parameters while T ' and k are constants assigned values of 

190 and 6, respectively. A look at the relationship of 

parameter D' to density reveals that the reduced density of 

1.7 or less, parameter D' has a negative value, near zero. 

Further, the derivative is nearly zero in this range. 

This indicates virtually no sensitivity of the equation to 

the addition of the D* exp(k-F’/T) term for such densities. 

Hence, this term contributes nothing to the isochore predic¬ 

tion and should be dropped for p^< 1.7 . 

2. Highly Compressed Liquid Densities 

Two isochores of reduced density greater than 2.0 

were regressed with equation (V-7) . The parameters A, B, D, 



50 

TQ obtained are reported in Table 1 . In the course of this 

regression the data forcefully rejected a dependence on 

exp(T) and the parameter C was therefore set to zero. Thus, 

isochoric curvature for the compressed liquids of this study 

depend on a term which features exp(l/T) dependence alone. 

The errors in predicted pressure averaged 0.08 % for 

these two isochores. The pressure error, P . - P , 
’ calc exp ’ 

was seen to have nearly the same magnitude along each of 

the two isochores. However, as a percentage of the measured 

pressure (300 - 9600 psia) higher percent errors result at 

lower pressures where pressure is an order of magnitude 

smaller. Thus, while errors of ± 0.02 % occur at 9600 psia 

errors as large as 0.7 % occur at 300 psia. Errors in 

pressure may be traced to the DWG calibration and the bath 

temperature instability. The uncertainty in pressure for 

isochores which result from the uncertainty in bath tempera¬ 

ture is given by the relation 

6P 
dP 
dT 

<5T 

which predicts larger pressure undertainties for steep 

isochores. For the data set of this investigation isochoric 

slopes increase by one hundred fold over the entire density 

range and likewise, 5P increases. Hence, steep isochores 

show higher internal inconsistency when compared with those 

having smaller slopes. 
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The study of Vennix yielded similar results for 

methane isochores of reduced densities comparable to those 

of this study. The average absolute pressure errors were 

likewise higher for steep, high density liquid methane 

isochores. Additionally, the dependence of high density 

liquid pressures on exp(T) vanished at high reduced density. 

These aspects of the methane study are in complete agreement 

with the present study. 

B. Saturation Border Curve 
t 

One of the unique features of Dr. Aral's 5.31 mol % 

propane-methane PVT is the intensification of measurements 

in the vicinity of the saturation border curve. Temperature 

spacing of the measurements was- decreased to ca. 1°C near 

the saturation temperature. Hence, these data permit 

accurate‘estimates of saturation temperatures, densities, 

pressures and thermal pressure coefficients. For this purpose 

large scale P-T plots were drawn for each isochore. A spon¬ 

taneous break in the thermal pressure coefficient was 

observed at each phase transition temperature, where the 

saturation temperature and pressure could be unambiguously 

obtained from the graph. The saturation border P-T curve 

has been plotted in Figure 8 and are tabulated in Table 4 . 

A plot of the saturation densities and temperatures is 

presented in Figure 7 . 
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The uncertainty of saturation temperatures obtained 

graphically depends on the magnitude of the change in thermal 

pressure coefficients on passage through the border curve. 

For this purpose estimates of the thermal pressure coeffi¬ 

cients were obtained from lines drawn tangent to each 

isochore. This quantity in the one-phase region is given 

by Y^ and in the two-phase region it is referred to by Y0 . 

The values of Yy> Ya, and Yv - Y0 are reported in Table 5. 

From the increasing absolute value of the difference Yv - Y0 

with increasing densities we may conclude that saturation 

temperatures obtained from isochore breaks become increasingly 

more reliable at high densities. We may note that Y- Y0 

changes sign at a reduced density near 0.3; this is a departure 

from pure fluid behavior for which Yv - Y0 = 0 at the critical 

density. A plot of Yv and Y0 at the saturation border is pre¬ 

sented by Figure 9. 

C. Estimation of the Critical Constants 

Precise vapor-liquid equilibrium measurements have been 

43.44 made by Dr. Ivan Wichterle in this laboratory. As a part 

of Wichterle's study extensive measurements were made for 

near-critical conditions at each temperature studied from 

130 K to 215 K . The composition errors were believed to 

be ± 0.0008 mole fraction near 0.90 mole fraction. Errors 
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in temperature were believed to be ± 0.01°C for the 

certified PRT. 

Wichterle reported a critical temperature of 1213.71 K 

for a composition equal to that of Dr. Arai-'te PVT isochores. 

The critical pressure was reported to be 944.0 psia (± 0.1 %). 

From a large scale graph of the saturation temperatures 

versus density a critical density of 0.1727 ± 0.0002 g/cc 

was obtained for the methane-propane mixture. Similarly, 

a value of 9.850 mole/liter would be obtained for molar 

critical density (C : 12.011, H : 1.0079) . The molar 

critical density of the mixture lies between reported values 

of Pc for pure propane , 4.96 mole/liter, and for pure 

methane , 10.0 mole/liter. It is noted that the mixture p£ 

is only 1.5 % below the same for pure methane. 

The mixture critical pressure was estimated graphically 

to be 945.0 psia (65.2 bar) or 0.1 % higher than the Heise 

gage observation of Wichterle. The value of Pc obtained by 

interpretation of PVT is the preferrable constant for the 

mixture. 

D. Calculated Thermal Pressure Coefficients for Selected 
Isochores 

Interpretation of PVT isochoric behavior, as the 

regression results for equation V-7 have shown, leads to 

three distinct density regimes. In order to amplify the 

distinguishing differences between them, equation V-7 was 

differentiated twice with respect to temperature. The 
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derivatives S "ft 
were then computed for sample 

isochores. The results of these calculations are presented 

in Tables 7A through D . 

A plot of ff^j“Y„ versus temperature was prepared to 
VT/P v 

illustrate the differences between isochoric behavior in 

each regime. Figure 9 presents Yv for a vapor isochore, 

two liquid isochores of moderate densities, and a liquid 

isochore of high density. 

The vapor isochore selected has a density of 0.02015 g/cm3, 

equivalent to a reduced density (pD = p/p„) of 0.117 . This 

isochore shows weak convex behavior, as the plot of YV 

versus temperature reveals. From the saturation temperature, 

Yy decreases slowly with temperature, becoming assymtotically 

flat at high temperature. Other vapor phase isochores with 

densities up to 0.12564 g/cm3 display similar behavior. 

Isochores with densities from 0.15044 to 0.33015 g/cm3 

showed sigmoidal behavior as exhibited by a relative maximum 

The densities selected to in Yv» corresponding to H- ° 
represent the sigmoidal regime are 0.17441 g/cm3 (pR * 1.01) 

and 0.28068 g/cm3(pR « 1.63) . The near critical isochore 

has a relatively shallow maximum when compared to the isochore 

at 1.63 times the critical density. Consideration of all 

eight sigmoidal isochores may be made with the results of 

the regression analysis for equation V-7 • These results 

show that the most prominent maximum in YV would occur for 
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the isochore with the largest values of Cj and C2 . The 

isochore which has the density of 0.28088 g/cm3 required 

the largest values of these parameters. Then, the derivatives 

3 
2
PA 

» at e<lual temperatures, will be consistently stronger 1 b 
for this isochore of the density than for neighboring iso¬ 

chores. 

Compressed liquid isochoric behavior is represented by 

the 0.35612 g/cm3(p_ = 2.06) isochore. The y__ values show 
K V 

strong convex behavior at all temperatures on the isochore, 

/3
2
P\ indicative of low negative values of L^2l • 



VII. SUMMARY AND RECOMMENDATIONS 

An entirely new apparatus has been successfully operated 

in this work to obtain precise PVT data in both the isochoric 

and isothermal modes. For a mixture of 79.95 mol % methane 

plus hydrogen, six pseudo-isochores and one Burnett isotherm 

have been reported. The use of homogenous, geometrically 

similar spherical cells has reduced the errors associated 

with elastic distortion and thermal expansion of the sample 

container. An additional design improvement has been 

achieved by fixing the three Burnett cells and the DPC in one 

horizontal plane. This second feature has nearly eliminated 

a temperature gradient as a source of error. Further, pre¬ 

cise measurements are permitted in the vicinity of the 

critical point where pressure determinations would be less 

hindered by self-induced density gradients. 

This apparatus may be used primarily as an isochoric 

apparatus, as in this investigation, or primarily as a 

Burnett apparatus according to the particular requirements 

of the study. In any case the system volume is self-calibrating 

in the Burnett mode. Thus, no volume calibrations like those 

developed by VennixJ' are necessary for the determination of 

sample densities. 

In the interest of the development of equations of state 

for real fluids, further PVT measurements are recommended 
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for the methane-hydrogen system. As Kobayashi^® has 

emphasized in a recent paper, "The development of equations 

of state for real fluids has beengreatly hampered, perhaps 

more severely by the quality of PVT data than by the quantity 

and comprehensiveness of the studies." A global approach to 

experimental investigations is of primary importance to the 

development of equations of state. In this light, it is 

recommended that 1) the isochores of this investigation 

be extended into the liquid plus vapor region, 2) additional 

isochores should be determined up to densities at least 

2.5 times the critical density, 3) a number of isochores 

should be extended to higher temperatures (650 K + ), and 

two other methane-hydrogen mixtures should be investigated 

isochorically. 

The recommended experiments should emphasize the dense 

and moderately dense phase isochores whose deviations from 

linearity carry an emphatic message concerning intermolecular 

forces of attraction and repulsion. Figure 10 shows P-T 

projections of isochoric inflection loci for three classes 

of pure substances. From left to right the classes are: 

quantum fluids, classical fluids and those fluids which are 

self-associating. For this investigation our attention is 

given to the quantum and classical fluid families of which 

hydrogen and methane are respective members. Figure 10 shows 

that the isochoric inflection locus for hydrogen is 
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distinguishable from that of methane by its steep continuation 

to the melting line of the substance* On the other hand the 

same locus for methane is closed about the liquid vapor 

coexistence curve* At this time dense phase isochoric 

behavior for mixtures of hydrogen and methane is unknown. 

Then, isochoric experiments for methane-hydrogen mixtures 

for dense and moderately dense isochores can provide a firm 

basis for determining the composition dependence of the 

isochoric inflection locus and will aid development of fluid 

phase equations of state* 



TABLE 1 

79.95 MOL % METHANE—HYDROGEN PSEUDO-ISOCHORE 

T (K) 

273.1300 
273.1350 
273.1610 
283.0446 
293.3340 
302.6331 
315.8073 
323.6383 
333.3220 
344.0070 
352.7844 
363.6544 

273.1500 
273.1414 
273.1738 
283.1156 
287.9128 
297.0092 
303.9608 
314.3075 
325.0658 
334.1896 
345.7895 
353.5438 
362.0275 
371.4312 
381.0119 
396.9088 
402.6904 
411.1223 

RUN NUMBER ONE 

PEXP(psia) 

4992.6928 
4991.9165 
4993.2629 
5369.2291 
5760.7778 
6107.9819 
6601.7360 
6968.1462 
7260.9182 
7648.2887 
7971.2988 
8440.7729 

P (BAR) 

344.2340513 
344.1805273 
344.2733583 
370.1953153 
397.1916479 
421.1305279 
455.1736748 
480.4367688 
500.6226876 
527.3309435 
549.6017059 
581.9708057 

RUN NUMBER TWO 

4042. 03 68 
4041.8877 
4042.4484 
4341.0215 
4486.1309 
4756.8542 
4964.2091 
5270.7794 
5588.1160 
5853.2395 
6196.5857 
6424.2937 
6668.9622 
6941.0350 
7217.1945 
7673.4466 
7837.0406 
8077.1750 

278.6886273 
278.6783473 
278.7170062 
299.3028968 
309.3078377 
327.9735522 
342.2701693 
363.4074474 
385.2870358 
403.9113956 
427.2395449 
442.9394589 
459.8087581 
478.5675174 
497.6080446 
529.0655196 
540.3449289 
556.9016129 

PEXP PREF 
1.0000000000 
1.0000000666 
0.9999999310 
0.9999672374 
0.9999331943 
0.9999029395 
0.9998399500 
0.9998280135 
0.9998024843 
0.9997666893 
0.9997404965 
0.9996994914 

1.0000000000 
1.0000000136 
0.9999999624 
0.9999737079 
0.9999609482 
0.9999371151 
0.9999188561 
0.9998918404 
0.9998638565 
0.9998400311 
0.9998101512 
0.9997900422 
0.9997684067 
0.9997443447 
0.9997199081 
0.9996795090 
0.9996650063 
0.9996437224 



TABLE 1 (CONTINUED) 

rriéièm 
273*1519 
273.1726 
284.4179 
297.4676 
305.0506 
312.9388 
324.0952 
334.3502 
344.5976 
353.7077 
365.4816 
373.7807 
383.4491 
406.4164 
414.3671 
426.1627 
435.4696 
445.2375 
454.0215 
465.0292 

RUN NUMBER THREE 
PEXP(PSIA) 

3466.6294 
3467.9228 
3468.6807 
3749.5937 
4074.1398 
4261.8288 
4455.5950 
4730.2288 
4980.9007 
5231.0246 
5451.8584 
5736.8554 
5935.7056 
6167.5397 
6715.2551 
6903.3672 
7180.9631 
7399.6335 
7627.4489 
7831.2066 
8086.4877 

PEXP(BAR) 

239.0156836 
239.1048604 
239.1571158 
258.5253854 
280.9020513 
293.8427523 
307.2024615 
326.1377955 
343.4210146 
360.6664505 
375.8924050 
395.5422565 
409.2524952 
425.2368937 
463.0005412 
475.9704140 
495.1099775 
510.1867709 
525.8940898 
539.9426887 
557.5437010 

PEXP^PREF 
1.0000000000 
0.9999998919 
0.9999998259 
0.9999748611 
0.9999459902 
0.9999292791 
0.9999120111 
0.9998875276 
0.9998651576 
0.9998428233 
0.9998230862 
0.9997976001 
0.9997797975 
0.9997590353 
0.9997099343 
0.9996930517 
0.9996681205 
0.9996484726 
0.9996279862 
0.9996096513 
0.9995866739 

RUN NUMBER FOUR 

273.1500 
273.1424 
283.1516 
292.4787 
302.8400 
313.7125 
322.8997 
346.9017 
374.8079 
393.0611 
416.3654 
434.8999 
454.6627 
476.6791 
495.1991 
503.4015 

2862.7619 
2862.6123 
3058.3570 

‘3239.2721 
3440.5183 
3649*2238 
3825.8564 
4284.2754 
4811.7297 
5153.1116 
5586.8548 
5S30.2345 
6291.2215 
6692.2601 
7026.0357 
7173.7800 

197.3804851 
197.3701705 
210.8662925 
223.3399496 
237.2153866 
251.6051243 
263.7835134 
295.3903909 
331.7570847 
355.2945382 
385.2000792 
408.8752761 
433.7644536 
461.4150918 
484.4281093 
494.6147202 

1.0000000000 
1.CCCC000135 
0.9999823175 
0.9999659395 
0.9999477099 
0.9999287724 
0.9999127362 
0.9998710493 
0.9998229674 
0.9997917800 
0.9997520978 
0.9997206412 
0.9996875045 
0.9996506564 
0.9996199405 
0.9996063392 



T(K) 
273.1500 
273.1804 
284.5349 
293.5294 
304.9692 
314.9205 
337.7592 
354.6536 
377.4784 
394.8422 
415.4371 
436.6030 
461.8389 
477.5403 
493.4082 

273.1500 
273.1443 
282.8273 
303.9871 
322.6726 
358.6541 
373.0027 
395.3732 
414.6092 
442.7355 
457.1571 
477.1501 
497.0705 
511.8909 

TABLE 1 (CONTINUED) 

RUN NUMBER FIVE 

PEXP^PSIA^ PEXP^BAR^ PEXp/pREF 
2385.5959 
2386.0004 
2559.4680 
2695.8616 
2869.0412 
3019.0473 
3361.3926 
3612.6356 
3949.6873 
4204.0124 
4505.3522 
4810.5551 
5173.0106 
5395.3326 
5621.2161 

164.4810475 
164.5089368 
176.4691068 
135.8731145 
197.8134276 
208.1559841 
231.7598617 
249.0824568 
272.3213 534 
289.8564518 
310.6330997 
331.6760989 
356.6665260 
371.9950883 
387.5692074 

1.0000000000 
0.9999999621 
0.9999839354 
0.9999713124 
0.9999552671 
0.9999413495 
0.9999095239 
0.9998861109 
C.9998546318 
0.9998308254 
0.9998025822 
C. 9997738969 
0.9997397771 
0.9997187963 
0.9996974609 

RUN NUMBER SIX 

1893.9850 
1893.9213 
2002.3743 
2235.8058 
2440.8614 
2831.4706 
2985.7095 
3225.4020 
3429.5484 
3726.9091 
3877.8206 
4087.1462 
4293.7878 
4446.9851 

130.5856690 
130.5812771 
138.0588482 
154.1533836 
168.2914696 
195.2230259 
205. 8574237 
222.38363 98 
236.4590387 
256.9613372 
267.3663189 
281.7988110 
296.0462478 
306.6088298 

1.0000000000 
1.0000000061 
0.9999896300 
0.9999672087 
0.9999474518 
0.9999096472 
0.9998946607 
0.9998713215 
0.9998513814 
0.9998222698 
0.9998074524 
0.9997868817 
0.9997665266 
0.9997514173 
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TABLE 

D 
(G/CM31 

0.J2015 
0,04055 
0.05968 
0.07011 
0.07897 
0.10038 
0.12564 
0.15044 
0.17441 
0.20001 
0.22755 
0.25511 
0.28068 
0.29999 
0.33015 
0.35612 
0.39061 

D 
(G/CM3); 

0.02015 
0.04055 
0-05968 
0.07011 
0.07897 
0.10038 
0.12564 
0.15044 
0.17441 
0.20001 
0.22755 
0.2551 1 
0.28 06 8 
0.29999 
0.33015 
0.35612 
0.39081 

2. PARAMETERS OBTAINED FROM REGRESSION 

ANALYSIS OF EQN. V-7 FOR THE 
5.31 % MOL PROPANE—METHANE MIXTURE 

A 
(PSIAl  

-49.08256922 
-201.82172630 
-393.08619469 
-638.69206027 
-770.32921705 

-1267.24640523 
-1913.13640282 
-2878.27312072 
-3803.01631763 
-4958.87312757 
-6417.30241666 
-8133.55812625 
-9933.55686520 

-11436.475C1550 
-14027.97835367 
- 16839.62341482 
-21201.90228712 

B 
fPSIA/Kl 

1.49000627 
3. 19990163 
4.92324793 
6.20755082 
7. 10218306 
9.77626675 

13.19369236 
17.62903224 
22.09646306 
27.71870094 
35.03015963 
44.04555133 
54. 16433883 
63.33894445 
80.89644522 

102.29295902 
143.16123657 

Cl 
(—) 

o.cccoccco 
0.00000000 
O.OÜCOCOCO 
o.oooooooo 
c.cccccooo 
0.00000000 
0.CCC00C00 
9.25722382 

14.03266776 
15.54459794 
16.94403329 
17.43154648 
17.47 S2S6S7 
16.80836952 
9.46157712 
0.00000000 
O.CCCOCCCO 

C2 

 i=2  
-4.42997254 
-5-91931031 
-6.20123683 
-7.74200659 
-7.21410358 
-8.02630752 
-6.96531315 

9.25722882 
14.03268776 
15.54459794 
1o.944Ü3339 
17.43154648 
17.47929897 
16.80838952 
9.46157712 
0.00000000 
0.00000000 

D' 

 C—). 
O.OOOOÛÛOO 
0.00000000 
o.oooocooc 
0.00000000 
o.oooooooo 
0.00000000 
0.QOOOOOCO 
0.00000000 
o.oooooooo 
0.00000000 
0.00000000 
0.00000000 
U.OOÜOUOOO 
O.OOOOOOOO 
0.00000000 

12.68367756 
11.39674575 

TC 

WSTl^ïïTïïTr 
460.75133203 
625.26152194 
396.62529427 
477.61924067 
416.56652729 
538.39244546 
261.72745578 
280.25642125 
233.81057776 
277.0S373C65 
269.64319924 
2S8.41C42143 
245.79190869 
189.69004742 
144.27499847 
91.43732173 



TABLE 3A. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
ME.THANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.0215 G/CM3 

EXPERIMENTAL CALCULATED 

EXP CALC ERROR 
(PSIA)   (K) (PSIA) (PSIA) % ERROR 

435.6450 326.422 435.8313 0.013245 0.003039 
427.9900 321.211 427.9248 0.065162 O.C15225 
416.7470 315.232 418.8424 —0.095388 -0.022779 
409.5330 309.144 409.5824 -0.049432 -0.012070 
400.5460 303.216 400.5535 -0.007497 -0.001872 
391.6180 297.437 391.7390 0.078994 0.020161 
383.1020 291.811 383.1453 -0.043261 -0.011292 
374.7100 286.292 374.7021 0.007897 0.CÛ2107 
366.5000 280.906 366.4494 0.050617 0.013811 
358.4730 275.649 358.3812 0.091835 0.025618 
350.9740 270.810 350.9423 0.031673 0.C09024 
343.7150 266.179 343.8117 -0.096742 -0.028146 
337.6090 262.202 337.6787 -0.069731 -0. 020654 
331.1780 253.016 331.2136 -0.035569 -0.010740 
324.8440 253.906 324.8555 -0.011515 -0.003545 
317.9660 249.447 317.9455 0.020466 0.006443 
310.7150 244.749 310.6509 0.064094 0.020628 
303.1910 239.979 303.2288 -0.037788 -0.012463 
295.7550 235.191 295.7619 -0.006898 -0.002332 
291.6950 232.569 291.6655 0.029549 0.010130 
269.1530 230.949 289.1317 0.021251 0.007350 
286.4570 229.222 286.4284 0.028638 0.009997 
283.7610 227.513 283.7507 0.010264 0.003617 
281.0500 225.829 231.1099 -0.059885 -0.021308 

AAPE* = 0.01 % 



TABLE 3B. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE —5.31 MOL % PROPANE ISOCHORE 

DENSITY3 0.04055 G/CM3 

EXPERIMENTAL CALCULATED 

EXP CALC ERROR 
(PSIA) (K) (PSIA) (PSIA) % ERROR 

841.2580 327.380 841.2141 0.043902 0.C05219 
820.7460 321.145 820.8000 -0.054027 -0.006583 
601.6940 315.315 601.6771 0.016877 0.002105 
777.3400 307.914 777.3485 -0.008469 -0.001089 
763.5530 303.737 763.5897 -0.036729 — 0. 0048 10 
744.4910 297.937 744.4488 0.042216 0.005670 
725.0230 292.078 725.0674 -0.044442 -O.C06130 
705.9500 286.302 705.9122 0.037769 0.005350 
686.8650 280.564 686.8984 -0.033352 -0.004856 
670.8240 275.766 670.8350 -0.010961 -0.001634 
654.4960 270.856 654.4224 0.073633 0.011250 
637.6120 265.8.38 637.6016 0.010424 0.001635 
620.7940 260.820 620.7299 0.064070 0.010321 
604.6620 256.135 604.9290 -0.067016 -0.011080 
563.9750 251.437 589.0338 -0.058834 -0.009969 
574.9230 247.266 574.8769 0.046141 0.008026 
565.6720 244.573 565.7129 -0.040887 -0.007228 
559.5000 242.758 559.5258 -0.025635 -0.004618 
553.2750 240.927 553.2752 -0.000176 -0.000032 
547.1150 239.124 547.1110 0.004005 0.000732 
541.6990 237.536 541.6742 0.024789 0.004576 
534.9260 235.563 534.9091 0.016904 0.003160 

AAPE - 0.005 % 



TABLE 3C. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE.ISOCHORE 

DENSITY = 0.05968 G/CM3 

EXPERIMENTAL 
P 

EXP 
(PSIA) 

1192.6680 
1162.3990 
1134.9510 
1103.6040 
1073.0010 
1041.6710 
1012.3550 
984.9420 
955.3240 
929.0140 
902.4080 
675.4540 
849.2060 
824.9010 
798.6770 
774.0740 
759.6190 
749.8180 
740.9560 
731.4230 
721.7630 

T 
(K) 

327.024 
321. 120 
315.749 
309.659 
303. 732 
297.676 
292.029 
286.763 
281.056 
276.025 
270.977 
265.362 
260.901 
256.305 
251.381 
246.719 
244.048 
242.226 
240.580 
238.813 
237.024 

P 
CALC 

(PSIA) 

1192.6772 
1 162.4490 
1134.8891 
1103.5658 
1073.0006 
1041.6836 
1012.3930 
985.0113 
955.2426 
928.9194 
902.4274 
875.4979 
84 9.2923 
824.9347 
79 8-7492 
773.8674 
759.5710 
74 9.8013 
740.9627 
731.4609 
721.8264 

CALCULATED 

ERROR 
(PSIA) 

-0.009151 
-0.05C045 

0.061857 
0.038243 
0.000367 

-0.012613 
—Ü.042984 
-0.C69307 

0.081428 
0.C94582 

-0.019387 
-0.043867 
—0.086320 
-0.033749 
-0.072227 

0.206557 
0.047952 
0.016723 

-0.006709 
-0.037938 
-0.063412 

% ERROR 

-0.000767 
-0.004305 

0.005450 
0.003465 
0.000034 

-0.001211 
-0.004246 
-0.007037 

0.008524 
0.010181 

-0.002148 
-0.005011 
-0.010165 
-0.004091 
-0.009043 

0.026684 
0.006313 
0.002230 

-G.000906 
-0.005187 
-0.008786 

AAPE* - 0.006 % 



TABLE 3D. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.07011 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
m 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

1384.9130 326.483 
1360.3500 
1319.3070 
1282.6350 
1245.0600 
1208.4200 
1170.9520 
1135.2300 
1101.6830 
1065.5360 
1031.4050 
1000.6830 
969.3660 
336.5110 
905.3260 
869.0930 
646.2740 
827.0710 
615.1950 
603.4350 

322.550 
316.024 
310.213 
304.277 
298.493 
292.580 
286.973 
281.738 
276.070 
270.739 
265.979 
261.154 
256.088 
251.404 
245.901 
242-324 
239.430 
237.641 
235.369 

1385.0357 
1360.3077 
1319.2204 
1282.5690 
1245.0574 
1206.4280 
1170.8920 
1135.2048 
1102.1130 
1065.5073 
1031.2612 
1000.5767 
969.3602 
936.4499 
905.8862 
869.7954 
646.2202 
82 7.0743 
815.2046 
803.4210 

-0. 12272 
0.04233 
0.03662 
0.06595 
0.02258 

-0.00799 
0.06003 
0.02524 

-0.43000 
0.02872 
0.14377 
0.10626 
0.02575 
0.06112 

-0.06016 
-0. 10242 

Q.C5380 
-0.00326 
-0.00963 

0.01399 

-0.008861 
0.C03112 
0.006565 
0.005142 
0.001814 

—0.CQ0661 
0.005127 
0.002224 

-0.039031 
0.€02695 
0.013940 
0.010619 
0.002657 
0.CÛ6526 

-0.006642 
-0.C11776 

0.006357 
-0.000395 
-0.001181 

0.001741 

AAPE* = 0.007 % 
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TABLE 3E. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE —5.31 MOL % PROPANE ISOCHORE 

DENSITY - 0.07897 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) ill 

CALC 
(PSIA) 

ERROR 
(PSIA> % ERROR 

1540.4340 326.605 
321.361 

1540.4932 
1502.4427 1502.5550 

1448.9300 
1408.8290 
1383.1270 
1350.7850 
1316.8880 
1285.0030 
1248.2940 
1208.8840 
1171.0880 
1136.6890 
1101.6570 
1062.9890 
1026.8560 
986.7940 
951.1490 
935.6140 
921.7180 
906.9340 
891.8810 
876.8650 
861.8890 

314.001 
308.503 
304.995 
300.551 
295.929 
291.599 
266.608 
281.263 
276.153 
271.538 
266.836 
261.682 
250.358 
251.543 
246.843 
244.796 
242.979 
241.039 
239.068 
237.108 
235. 166 

1448.9251 
1406.8522 
1383.2378 
1350-7340 
1316.8589 
1285.0552 
1248.3081 
1208.8414 
1170.9918 
1136.7014 
1101.6522 
1063.0935 
1026.8606 
986.7667 
951. 1493 
935.5860 
921.7444 
906.9371 
891.8618 
376.8384 
86 1.9203 

-0.05917 
0.11233 
0.00492 

-0.02321 
-0. 11080 

0.05097 
0.02906 

-0.05224 
-Ü.01407 

0.04258 
0.09624 

-0.01242 
0.00478 

-0.10451 
-0.00455 

0.02731 
-0.00025 

0.02804 
-0.02642 
-0.00309 

0.01919 
0-02660 

-0.03127 

-0.C038412 
0.0074759 
0.0003394 

-0.0016478 
-0.0080108 

0.0037732 
O.CQ2207! 

-0.0040653 
-0.0011274 

0.0035222 
0.0082181 

-0.0010928 
0.G004343 

-0.0098316 
—0.CQ04434 

0.0027674 
-0.C000267 

0.0029966 
-0.C028664 
-0.0003412 

0.0021512 
0.0030336 

-0.0036279 

AAPE* = 0.003 % 



TABLE 3F. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.10038 G/CM3 

68 

EXPERIMENTAL 

*EXP ' CALC 

CALCULATED 

ERROR 
(PSIA) (K) (PSIA) (PSIA) % ERROR 

1912-9700 325.799 1913. 1033 -0. 13332 -0.GÛ6969 
1849-4890 319.367 1849-4640 0.02503 0. C01353 
1783-0920 313.160 1787.9561 0. 13592 0.CG76C1 
1723.0910 307-125 1728.0520 0.03896 0.002254 
166i*ôbS0 301.251 166 S. 639 1 Û.G2986 0.CO 1789 
1b 15. 1620 295.779 1615.1177 0.C4429 0.002742 
1553.9750 290.152 1558.9328 0.04216 0.0027C5 
1504-5120 284.721 1504.5777 -0.06569 -0.004366 
1450.9520 279.380 1450.9878 -0.03578 -0.C02466 
1413.2170 276.140 1418.4070 -0.19002 -0.013398 
1363.9420 270.743 1364.0045 -0.06255 -0.004566 
1313.0450 265.709 1313.0996 -0.05456 -0.004155 
1264-4530 260.906 126 4.3701 0.08285 0.C06552 
1213-3160 255-928 1213.6635 0.13247 0.010914 
1159.0350 250.573 1158.9306 0.10439 0.C09006 
1113.9570 246.189 1113.9128 0.04422 0.003970 
1082.7760 243.180 1082.9052 -0. 12S24 -0.011936 
1063.9130 241.336 1063.8564 0.05663 0.005323 
1046.0710 239.615 1046.0448 0.02619 O.C025C3 
1026-5570 237.738 1026.5808 -0.02377 -0.002315 
1010.1750 236.164 1010.2272 -0.05219 -0. C05167 
999.9860 235.184 1000.0302 -0.04421 -0.004421 
991.8380 234.402 991.8850 0.00298 G.C00301 
983.7400 233.626 983.7948 -0.05481 -0.005572 
973.5960 232.647 973.5774 0.01661 0.001912 
965.4980 231.870 96S.4594 0.03860 0.003998 
957.5030 231. 107 957.4800 0.022S7 0.002399 

AAPE « 0.005 % 
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TABLE 3G. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.12564 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
(K) 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

2374-8490 326.119 2374.9935 -0. 14455 -0.006087 
2298.7690 320.433 2298.7846 -0.01563 -0.000680 
2199.4340 313.023 2199.3318 C-10221 0.004647 
2100.1370 305.638 2100.0456 0.09142 0.C04353 
1979.5420 296.688 1979.4686 0.07340 0.003708 
1873.1710 238.804 1873.0007 0- 17031 0.009092 
17b9.7550 281.171 1769.6721 0.08288 0.004683 
1672.9200 274.053 1673.0706 -0. 15056 -O.C09ÛOO 
1591.3270 268.068 1591-6457 -0.31873 -0.020029 
1523.4660 263.078 1523.6069 -0. 14092 -0.C09250 
1460.1480 258.436 1460.1814 -0.03344 -0-002290 
1380.2430 252.605 1380.3180 -0.07497 -0.005431 
1307.5900 247.300 1307.4597 0. 13029 0.009964 
1270.5440 244.618 1270.5488 -0.00484 -0.000381 
1240.0080 242.395 1239.9142 0.09381 0.007565 
1216.5090 240.690 1216.3922 0. 11676 0.009598 
1194.3940 239.098 1194.4086 -0.01455 -0.001218 
1169.6590 237.312 1169.7217 -0.06267 -0.005358 
1145.0840 235.531 1145.0778 0.00623 0.000544 
1123.3280 233.970 1123.4561 -0. 12809 -0.011402 
1109.8220 232.922 1108.9283 0.89366 0.080523 
1099.1510 232.226 1099.2749 -0. 12386 -0.011268 
1085.7160 231.259 1085.8555 -0.13955 -0.012853 
1074.9400 230.484 1075.0947 -0. 15467 -0.014389 
1063.4650 229.660 1063.6475 -0.18251 -0.017162 
1053.7270 228.953 1053.8208 -0.09382 -0. C08903 
1040.3030 227.933 1039.6356 0.66739 0.064154 
1029.7300 227.241 1030.0064 -0.27642 -0.026844 
1004.9320 225.467 1005.3006 -0.36859 -0.036679 

AAPE* = 0.01 % 



TABLE 3H. EXPERIMENTAL AND CALCULATED RESULTS FOR A 70 

METHANE—5.31 MOL % PROPANE ISOCHORE 
DENSITY = 0.15044 G/CM3 

EXPERIMENTAL CALCULATED 

EXP T PCALC ERROR 
(PSIA) (K) (PSIA) (PSIA) % ERROR 

2867.8220 326.483 2667.5287 0.29331 0.Ô10228 
2741.2260 319.205 2741.4964 -0.27036 -0.009863 
2609.3650 311.616 2609.5477 -0. 18274 -0.007003 
2490.2930 304.771 2490. 1795 0.11355 0.004560 
2352.3210 296.902 2352.6401 -0.31915 -0.013567 
2192.4570 287.756 2192.4741 -0.01710 -0.000780 
2021.5830 277.995 2023.2944 0.28862 0.014277 
1862.5530 268.941 1862.3806 0.17240 0.009256 
1708.8310 260.188 1708.6985 0.13253 0.007755 
1558.8280 251.645 1558.7131 0. 11486 0.007369 
1421.0470 243.788 1420.8293 0.21770 0.015320 
1369.1430 240.833 1368.9959 0.14707 0.010742 
1321.1480 238.105 1321.1600 -0.01196 -0.000906 
1276.1080 235.542 1276.2332 -0. 12515 -0.009807 
1235.0220 233.197 1235. 1429 -0.12094 -0.009792 
1190.8120 230.683 1191-1097 -0. 29766 -0.024997 
1159.0150 228.865 1159.2800 -0.26498 -0-022863 
1130.9250 227.257 1131.1369 -0.21191 -0.018738 
1101.2830 225.559 1101.4295 -0.14653 -0.013305 
1088-2010 224.812 1088.3641 -0.16312 -0.014990 
1071.9840 223.882 1072-1013 -0-11730 -0.010942 
1058.9880 223.137 1059.0763 -0.08831 -0.008339 
1046. 1930 222.408 1046.3335 -0.14052 -0.013432 
1030.1690 221.481 1030.1334 0.03565 0.003460 
1014.2820 220.567 1014.1645 0-11751 0.011586 
1004.6170 220.010 1004.4350 0.18202 0.018118 
989.1530 219.097 988.4905 0.66253 0.066979 

AAPE* « 0. ,01 % 
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TABLE 31. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.17441 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
(K) 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

3355.4630 
3135.7250 
2897.3020 
2652-5830 
2433.7610 
2250-8970 
2074-8960 
1928.5290 
1323.7680 
1721-7450 
1626.0220 
1537.4490 
1470.5420 
1415-8670 
1360-8530 
1313.1360 
1292.4600 
1267-8410 
1252-9260 
1224.4950 
1196.2610 
1172- 3070 
1143.4540 
1120-9910 
1104.8220 
1089.9690 
1073-4370 
1055.5720 
1040.0890 
1021.6570 
1006.7330 
99 2.0 220 
977.5330 
966.5630 
952-3620 

324.339 
314.285 
303.392 
292.227 
282.270 
273.952 
265.929 
259.251 
254.479 
249-805 
245-425 
241.344 
238.267 
235-767 
233.223 
231.008 
230.048 
228.903 
228-217 
226.892 
225.574 
224.449 
223.326 
222.033 
221.271 
220.569 
219-784 
218.924 
218.180 
217.299 
216.576 
215.860 
215.146 
214.600 
213.899 

3354.7477 
3136-2575 
2898.0029 
2652-8950 
2433.9503 
2250.9958 
2074.6351 
1928.0272 
1823.4298 
1721-1669 
1625.5537 
1536.7073 
1469.9057 
1415.7705 
1360.8304 
1313.1327 
1292.5039 
1267.9369 
1253.2385 
1224.8942 
1196.7625 
1172-3032 
1148.9380 
1121-5278 
1105.4100 
1090.5860 
1074.0383 
1055-9462 
1040.3265 
1021.8709 
1006.7589 
991.8246 
976.9640 
965.6225 
951.0907 

0.73529 
-0.53255 
-0.70089 
-0.31196 
-0- 18933 
-0.09881 

0. 26094 
0.50181 
0.33825 
0.57814 
0-46827 
0.74173 
0-63632 
0-09649 
0.02262 
0.00329 

-0-04388 
-0.09591 
-0.31250 
-0.39921 
-0.50155 
-0.49619 
-0.48400 
-0.53680 
-0.58804 
-0.61700 
-0.60129 
-0.37418 
-0. 23753 
-0.21386 
-0.02592 

0.19744 
0.56895 
0- 94050 
1- 27135 

0.021913 
-0-016983 
-0.024191 
-0- 011761 
-0.007779 
-0.004390 

0-012576 
0.026020 
0-018547 
0.033579 
0-028799 
0.048244 
0.043271 
0.006815 
0.001662 
0.000250 

-0.003395 
-0.007565 
-0.024942 
-0.032602 
-0.041926 
-0.042326 
-0.042143 
-0.047886 
-0.053225 
-0.056607 
-0.056015 
-0.035448 
-0.022837 
-0.020933 
-0.002575 

0.019903 
0.058203 
0.097304 
0.133494 

AAPE* = 0.03 % 
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TABLE 3J. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.20001 G/CM3 

EXPERIMENTAL CALCULATED 
P 

EXP 
(PSIA) 

T 

00 

p 
CALC 

(PSIA) 
ERROR 
(PSIA) % ERROR 

40^2-0400 325.410 4051. 4103 0.6297 0.015540 
4051.3750 325.405 4051.2744 0.6006 0.014822 
3753.7120 314.547 3754.7626 -1.0506 -0.027989 
3 455.2990 303.669 3456.3575 -1.0585 -0.030634 
3173.7810 293.467 3174.5431 -0.7621 -0.024012 
2332m114 C 284.672 2931.7705 0.3435 0.011715 
2700.2300 276.265 2639.6841 0.5455 0.020218 
2475.0020 268.097 . 2474.36S2 0.6328 0.025566 
2055.2780 252. 843 20 54. 8758 0.4022 0.C 19571 
1857.1240 245.590 1856.5517 0.5723 0. 030819 
1683.S2b0 239.220 1683.4067 0.5193 C.C3C840 

•1550.2540 234.270 1549.8009 0.4531 0.029226 
1413.7260 229.406 1419.5962 0.1318 0.009287 
1324.1420 225.812 1324.2666 -0.1246 -0.009408 
1260.0950 223.385 1260.4057 -0-3107 -0.C24660 
1197.2500 221.000 1198.1209 -C.87C9 -0.072744 
1130.5680 218.408 1131.0364 -0.4664 -0.041434 
1093.1930 216.958 1093.8181 -0.6251 -0.057178 
1074.6140 216.227 1075.1467 -0.5327 -0.C49572 
1056.4350 215.513 1056.9 722 -0.5372 -0-050851 
1034.1000 214.630 1034.5853 -0.4853 —0.C46925 
1016.2320 213.921 1016.6844 -0.4524 -0.044514 

994.06OÜ 213.033 994.3621 -0.3021 -0. 03C3S4 
976.5920 212.327 976.6961 -0-1041 -0.010662 
959.3830 211.618 959.0305 0.3525 0.036742 
938.2710 210.750 937.5106 Û.76C4 0.081047 
921.2480 210.020 919.5074 1.74C6 0.188938 

AAPE* = 0.04 % 
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TABLE 3K. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.22755 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
(K) 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

4155-8630 
3835.8840 
3531.1330 
3238. 1620 
2934.9530 
2788.5710 
2600.3720 
2412.6380 
2192.4980 
201 1.3390 
1850.8350 
1701.7820 
1554.6010 
1498.6430 
1448.3950 
1380.2510 
1325.5790 
1269.9680 
1216.4310 
1168.3600 
1118.3720 
1071.6030 
1049.2020 
1028.5020 
1016.0940 
983.2970 
956.4990 
935.4080 
909.5320 
889.2660 
864.3320 

301.948 
292.757 
284.023 
275.630 
268.663 
262.747 
257.342 
251.953 
245.602 
240.344 
235.665 
231.291 
226.940 
225.286 
223.789 
221.747 
220.101 
218.408 
216.779 
215.303 
213.757 
212.303 
211.600 
210.342 
210.549 
209.501 
208.632 
207.945 
207.090 
206.413 
205.563 

4 155. b284 
3835.7979 
3531. 1942 
3238.2385 
2995.0814 
2788.7538 
2600.4741 
2413.0859 
2192.8852 
2011.3368 
1850.5895 
1701.2468 
1553.8589 
1498.2080 
1448.0482 
1379.9824 
132 5.4 484 
1269.7023 
1216.4289 
1168.5005 
1118.6816 
1072.2187 
1049.9009 
1029.1034 
1016.7256 
983.3856 
956.8482 
93 5.6043 
909.3350 
888.6743 
862.9173 

0.23460 
0.08611 

-0.06122 
-0.07651 
-0. 12836 
-0.18277 
-0.10212 
-0.44790 
-0.38717 

0-00217 
0.24546 
0.53522 
0.74206 
0.43496 
0.34684 
0.26858 
0.13056 
0.26574 
0.00209 

-0.12048 
-0.30961 
-0.61574 
-0.69891 
—0.60140 
-0.63163 
-0.58857 
-0.34915 
-0.19627 

0.19700 
0.59174 
1.41469 

0.005645 
0.002245 

-0.C01734 
-0.002363 
-0.004286 
-0.006554 
-0.003927 
-0.018565 
-0.017659 

0.000108 
0.013262 
0.031450 
0. 047733 
0.029024 
0.023946 
0.019459 
0.009849 
0.020925 
0.000172 

-0.010311 
-0.027684 
-0.057460 
-0.066614 
-0.058474 
-0-062163 
-0.059857 
-0.036503 
-0.020982 

0. 021660 
0.066542 
0.163675 

AAPE* « 0.03 % 
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TABLE 3L. EXPERIMENTAL AND CALCULATED RESULTS FOR A 

METHANE — 5.31 MOL % PROPANE I'SOCHORE 
DENSITY = 0.25511 G/CM3 

EXPERIMENTAL 
PEXP T 
(PSIA) (K) 

5100.0660 
4609.3480 
4231.3910 
3888.5120 
3583-0780 
3300.7100 
3013. 1370 
2767.1110 
2570.4330 
2323.3730 
2077.0920 
1861.5930 
1656.2220 
1478.7310 
1277.3190 
1108.9770 
1053.0970 
997.8700 
964.0660 
930.4750 
910.7570 
871.2210 
843.6880 
312.9950 
787.9330 

300.616 
289.396 
280.756 
272.948 
265.999 
259.575 
253.023 
247.403 
242.892 
237.237 
231.561 
226.555 
221.754 
217.553 

"212.755 
203.670 
207.296 
205.966 
205.079 
204.239 
203.736 
202.726 
202-016 
201.220 
200.558 

PCALC 
(PSIA) 

5099.9684 
4609.7414 
4231.0188 
38 83. 1565 
3532.9900 
3300. 9615 
3013.5663 
2767.4172 
2570.2137 
2323.6783 
2077.3155 
1861.3281 
1655.7805 
1477.8648 
1276.8806 
1108.9146 
1053. 1821 
999.6571 
964.2100 
930.6380 
910.9506 
871. 2465 
843.5274 
812. 6496 
787. 1375 

CALCULATED 

ERROR 
(PSIA) 
0.0976 

-0.3934 
0.3722 
0.3555 
0.0880 

-0.2515 
-0.4293 
-0.3062 

0.2193 
-0.3053 
-0.2235 

0.2649 
0.4415 
0.8662 
0.4384 
0.0624 

-0.0851 
-1.7871 
-0.1440 
-0.3630 
-0.1936 
-0.0255 

0.1606 
0.3454 
0.7955 

% ERROR 

0.00191 
-0.00854 

0. 00380 
0.00914 
0.00246 

-0.00762 
-0.01425 
-0.01107 

0.00853 
-0.01314 
-0.01076 

0.01423 
0.02666 
0.05857 
0.03432 
0.00563 

-0.00808 
-0. 17909 
-0.01494 
-0.03901 
-0.02126 
-0.00292 
0.01903 
0.04249 
0. 10097 

AAPE* = 0.03 % 
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TABLE 3M. EXPERIMENTAL AND CALCULATED RESULTS FOR A 

METHANE—5.31 MOL % PROPANE ISOCHORE 
DENSITY = 0.28068 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
(K) 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

6573.4960 305.055 6572.2335 1.2625 0.019206 
6026.0740 294.794 6028.0294 -1.9554 -0.032449 
5557.9610 286.043 5559.1657 -1.2047 -0.021675 
4 968.0900 275.434 4987.8055 0.2845 0.005703 
4393.8400 264.416 43 92.8143 1.0257 0.023344 
3954.8520 256.294 3953.8514 1.0006 0.025301 
3542.5670 248.675 3542.1479 0.4191 0.011830 
3000.2220 238.626 2999.7852 0.4368 0.014558 
2863.2000 236.094 2863.3440 -0.1440 -0.005028 
2636.6850 231.881 2636.6120 0.0730 0.002768 
2215. 1690 224.034 2215.7091 -0.5401 -0.024380 
1824.3740 216.691 1324.4521 -0.0781 -0.004283 
1503.5140 210.611 1503.5829 -0.0689 -0.004585 
1138.8620 204.569 1189.0180 -0.1560 -0.013123 
1000.7030 200.902 1001.0738 -0.3708 -0.037053 

93 0.7760 199.526 931.2887 -0.5127 -0.055087 
885.6460 198.631 886.1450 -0.4990 -0.056339 
842.0540 197.760 842.4123 -0.3583 -0.042554 
798.3660 196.882 798.54 08 -0.1748 -0.021891 
763.9200 196. 186 763.9235 -0.0035 -0.000462 
735.4870 195.607 735.2389 0.2481 0.033733 
707.1340 195.027 706.6123 0.5217 0.073773 
678. 7450 194.444 677.9506 0.7944 0.117044 

AAPE* = 0.03 % 



TABLE 3N. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.29999 G/CM3 

EXPERIMENTAL CALCULATED 

EXP 
(PSIA) 

T 
(K) 

CALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

7500.1250 299.579 74 98.9926 1.1324 0.01510 
6421.4220 282.199 6425.7373 -4.3153 -0.06720 
5524. 1290 267.843 5524.1218 0.0072 0.00013 
4697.7500 254.717 4695.7330 2.0170 0.04294 
4127.8930 245.683 4124.8418 3.0562 0.07404 
3541.6650 236.437 3540.5635 1.1015 0.03110 
2973.5000 227.451 29 73- 2511 0.2489 0.00837 
2535.2790 220.513 2536.0414 -0.7624 -0.03007 
2018.6320 212-299 2020.0972 -1.4652 -0.07258 

* 1634.6070 206.157 1636.2608 -1-6538 -0. 10117 
1364.7370 201.802 1365.6528 -0.9158 -0.06710 
1069.0160 196.989 1068.7096 0.3064- 0.02866 
807.3470 192.691 806. 1042 1.2428 0.15393 

AAPE* - 0.05 % 
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TABLE 30. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.33015 G/CM3 

EXPERIMENTAL CALCULATED 
PEXP T PCALC ERROR 
(PSIA) (K) (PSIA) (PSIA) % ERROR 

O370.0230 277.851 8367.9534 2.06 96 0.02473 
7756.1290 269.993 7758.6177 -2.4887 -0.03209 
7028.5120 260.747 7030.9419 -2.4299 -0.03457 
6431.7070 253.212 6432.2445 -0.5375 -0.00836 
5813.2540 245.464 5813.0980 0.1560 0.00268 
5261.5820 238.557 5259.0786 2.5034 0.04758 
4807.3280 232.912 4805.2549 2.0731 0.04312 
4300.4490 226.616 4298.3009 2.1481 0.04995 
3927.4320 221.997 3925.9794 1.4526 0.03699 
3678.4310 218.904 3676.5162 1.9148 0.05205 
3239.0050 213.478 3238.6626 0.3424 0.01057 
2866.3120 208.875 2867.0470 -0.7350 -0.02564 
2468. 0920 203.958 2469.9522 -1.8602 -0.07537 
2131.1710 199.802 2134.2411 -3.0701 -0. 14406 
1865-0870 196.515 1868.6925 -3.6055 -0.19332 
1523.5210 192.285 1526.9350 -3.4140 -0.22409 
1341.8010 190.026 1344.4160 -2.6150 -0.19489 
1047.5100 186.364 1048.5401 -1.0301 -0.09834 
770.3110 182.893 768.1063 2.2047 0.28621 
516.5070 179.693 509.5857 6.9213 1.34002 

AAPE* = 0.15 % 



TABLE 3P. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.35612 G/CM3 
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EXPERIMENTAL CALCULATED 
PEXP 

(PSIA) 
T 

(K) 

PCALC 
(PSIA) 

ERROR 
(PSIA) % ERROR 

9316.8280 258.311 9315.4992 1.3288 0.01426 
8408.5500 243.832 8409.7892 -1.1992 -0.01426 
7558. 1510 240.044 7559.5443 -1.3533 -0.01790 
6884.5900 233. 146 6885.7591 -1.1691 -0.01698 
6248.1020 226.659 6247.4971 0.6049 0.00968 
5674.5700 220.869 5674.3909 0.1791 0.00316 
5122.9770 215.312 5121.6061 1.3709 0.02676 
4578.6020 209.873 4578.2173 0.3847 0.00840 
4065.4910 204.738 4063-2925 2.1985 0.05408 
3528.1350 199.410 3527.2702 0.8648 « 0.02451 
3184.3180 196.001 3183.4727 0.8453 0.02655 
2828.4310 192.486 2828.3688 0.0622 0.00220 
2486. 7690 189.108 2486.5669 0.2021 0.00813 
2149.2630 185.797 2151.0787 -1.8107 -0.08425 
1869.9850 183.041 1871.5054 -1.5204 -0.08131 
1598.3020 180.369 1600.1990 -1.8970 -0.11869 
1344.8980 177.368 1346.0469 -1.1489 -0.08543 
1206.2910 176.506 1207.5614 -1.2704 -0.10532 
1066.2920 175.130 1067.5993 -1.3073 -0.12260 
929.5670 173.781 9 30.3340 -0.7670 -0.08251 
807.5310 172.585 808.5979 -0.6669 -0.08254 
681.5790 171.337 681.5316 0.0474 0.00696 
553.8130 170.519 598.2262 0.5868 0. 09800 
504.8190 169.590 503.5982 1.2208 0.24184 
420.5500 168.757 418.7326 1.8174 0.43215 
336.9620 167.931 334.5657 2.3963 0.71116 

AAPE* = 0.09 % 



TABLE 3Q. EXPERIMENTAL AND CALCULATED RESULTS FOR A 
METHANE—5.31 MOL % PROPANE ISOCHORE 

DENSITY = 0.39081 G/CM3 

EXPERIMENTAL 
PEXP T 

(PSIA) 
9620.2810 
9000.2770 
8414.3590 
7836.0900 
7247.7850 
6687.8430 
6127.5160 
5592.6800 
5057.8360 
4512.2300 
4008.4620 
3485.9490 
2984.7650 
2492.3180 
1986.7280 
1495.5100 
1267.1640 
1037.0390 
806.2600 
646.5290 
505.9200 
400.6180 

—,1K,)_ . 
220.828 
215.943 
211.355 
206.858 
202. 314 
198.025 
193.751 
189.703 
185.690 
181.606 
177.858 
173.987 
170.302 
166.692 
163.004 
159.434 
157.768 
156.124 
154.456 
153.303 
152.280 
151.505 

PCALC 
(PSIA) 

9619.5837 
90 00.6877 
84 14.8827 
7836.44 86 
7247.7265 
6688.1676 
6126. 8697 
5591.9020 
5058.4011 
45 12.3005 
40 08.3903 
34 85.2664 
2984.8267 
2492.3305 
1986.9852 
1495.7683 
1265.8716 
1038.6100 
807.6335 
647.7427 
505.7260 
398.0428 

CALCULATED 

ERROR 
(PSIA) 

0.6973 
-0.4107 
-0.5237 
-0.3586 

0.0585 
-0.3196 

0.6463 
0.7780 

-0.5651 . 
-0.0705 

0.0717 
0.6826 

-0.0617 
-0.0125 
-0.2572 
-0.2583 

1.2924 
-1.5710 
-1.3735 
-1.2137 

0.1940 
2.5 752 

% ERROR 

0.00725 
-0.00456 
-0.00622 
-0.00458 

0.00081 
-0.00478 

0.01055 
0.01391 

-0.01117 
-0.00156 

0.00179 
0.01958 

-0.00207 
-0.00050 
-0.01294 
-0.01727 

0. 10200 
-0.15149 
-0.17035 
-0. 18773 

0.03836 
0.64281 

AAPE* = 0.06% 

* Average Absolute Percent Error 

i y PExp PCalc 
" 1-1 PE*p 

AAPE i 
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TABLE 4. PROPERTIES OF THE SATURATION BORDER CURVE 

FOR A METHANE 5.31 MOL % PROPANE MIXTURE • 
ISOCKORE  SATURATION PROPERTY  
DENSITY TP P DENSITY 
(G/CM ) (K) (PSIA) (BAR) (G/CM3) 
0-02015 
0.04055 
0-05968 
0.07011 
0.07897 
0.10038 
0.12564 
0. 15044 
0.17441 
0.20001 
0.22755 
0.25511 
0.28068 
0.29999 
0.35b 12 
0.39081 

225.38 
234.08 
235.28 
234.73 
233.60 
230.65 
225.00 
218.90 
213.35 
208.45 
204.30 
199.70 
194.20 
188.80 
167.70 
149.70 

280.44 
529. 86. 
712.27 
795.86 
850.00 
952.71 
998.50 
985.70 
940.80 
385.30 
827.80 
753.70 
667.00 
574.50 
306.10 
140.40 

19.3357 
36.5326 
49.1093 
54.8726 
58.6054 
65.6870 
68.8442 
67.9616 
64.8659 
61.0393 
57.0748 
51.9658 
45.9880 
39.6104 
21.1049 
9.6802 

0.02015 
0.04055 
0.05968 
0.07011 
0.07897 
0.10038 
0. 12564 
0.15044 
0.17441 
0.20001 
0.22755 
0.25511 
0.28068 
0.29999 
0.35612 
0.3 9083 



TABLE 5. PROPERTIES OF THE SATURATION BORDER CURVE 
FOR A METHANE 5.31 MOL % PROPÂNE MIXTURE 

THERMAL PRESSURE COEFFICIENTS 

DENSITY 
** 

Y - Y v a 
(G/CM ) (K) (BAR/K) (BAR/K) (BAR/K) 

0.02015 225.38 0. 10791 0. 13052 -0.02261 
0.04055 234.08 0.23592 0. 25492 -0.01900 
0.05968 235.28 0.37593 0.37203 0.00390 
0.07011 234.73 0.45763 0.44000 0.01764 
0.07897 233.60 0.52996 0.49351 0.03645 
0.10038 230.65 0.72050 0. 63307 0.08745 
0. 12564 . 225-00 0.95941 0. 79110 0.16835 
0. 15044 218.90 1. 19741 0.93845 0. 25693 
0.17441 213.35 1.38922 1.03187 0.35735 
0.20001 208.45 1.70363 1. 13950 0.56412 
0. 22755 204.30 2.03168 1.20665 0-82503 
0.25511 199.70 2. 62339 1. 19769 1.42577 
0.28068 194.20 3.36064 1.10461 2.25603 
0.29999 188.80 4. 18884 0.99140 3. 19744 
0.35612 167.70 6.97612 0.67990 6.29622 
0.39081 149.70 9.42238 0.40712 9.01558 

v -ft* 

S' 

one phase 

two phases 
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TABLE 6. CRITICAL CONSTANTS FOR A 5.31 MOL % 

PROPANE-METHANE MIXTURE AND FOR THE PURE COMPONENTS 

T (K) P (bar) P (g-mole/liter) c c c 

12 
Methane 190.555 45.98825 10.0 

Mixture 213.71 65.2 9.85 

14 Propane 369.80 42.42 4.96 
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TABLE 7A. CALCULATED ISOCHORIC DERIVATIVES 
DENSITY = 0.02015 G/CM3 

METHANE —5.31 MOL % PROPANE 

( ||) ,BAR/K É 
s 2p\ 

, BAR/K/K 
V #p v /P 

326.422 0. 1046 -.00001982 
321.211 0.1047 -.00002097 
315.232 0. 1048 -.00002237 
309. 144 0. 1049 -.00002390 
303.216 0. 1051 -.00002548 
297.437 0.1052 -.00002712 
291.811 0. 1054 -.00002883 
286.292 0.1056 -.00003060 
280.906 0. 1057 -.00003243 
275.649 0.1059 -.00003433 
270.810 Û. 1061 -.00003618 
266. 179 0. 1062 -.00003804 
262.202 0. 1064 -.00003971 
258.016 0.1066 -.00004155 
253.906 0. 1067 -.00004344 
249.447 0. 1069 -.00004558 
244.749 0. 1072 -.00004796 
239.979 0.1074 -.00005050 
235.191 0. 1076 -.00005318 
232.569 0. 1078 -.00005471 
230.949 0. 1079 -.00005568 
229.222 0. 1080 -.00005673 
227.513 0. 1081 -.00005779 
225.829 0. 1082 -.00005885 
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TABLE 7B. CALCULATED ISOCHORIC DERIVATIVES 
NEAR CRITICAL ISOCHORE 

DENSITY =» 0.17441 G/CM3 

METHANE—5.31 MOL % PROPANE 

/a2p| 
\3TZ T,K a- BAR/K .BAR/K/K 

324.339 1.4917 - .00155239 
314.285 1.5039 - .00091840 
303.392 1.5114 - .00049626 
292.227 1.5153 - .00021985 
282.270 1.5166 - .00003491 
273.952 1.5162 0.00011095 
265.929 1.5147 0.00026984 
259.251 1.5124 0.00043446 
254.479 1.5100 0.00058085 
249.805 1.5069 0.00075647 
245.425 1.5031 0.00095860 
241.344 1.4988 0.00118837 
238.267 1.4948 0.00139393 
235.767 1.4911 0.00158511 
233.223 1.4868 0.00180521 
231.008 1.4826 0.00202059 
230.048 1.4806 0.00212150 
228.903 1.4781 0.00224828 
228.217 1.4765 0.00232776 
226.892 1.4733 0.00248913 
225.574 1.4699 0.00266051 
224.449 1.4668 0.00281594 
223.326 1.4636 0.00298000 
222.033 1.4596 0.00318061 
221.271 1.4571 0.00330502 
220.569 1.4548 0.00342389 
219.784 1.4520 0.00356184 
218.924 1.4489 0.00371928 
218.180 1.4461 0.00386105 
217.299 1.4426 0.00403586 
216.576 1.4396 0.00418518 
215.860 1.4366 0.00433845 
215.146 1.4334 0.00449685 
214.600 1.4309 0.00462185 
213.899 1.4276 0.00478741 



TABLE 7C. CALCULATED ISOCHORIC DERIVATIVES 

DENSITY = 0.28068 G/CM3 

METHANE—5.31 MOL % PROPANE 

M, T,K BAR/K , BAR/K/K 

305-055 3.6263 -.00738594 
294-794 3.6808 -.00366936 
236.043 3.7049 -.00199633 
275-434 3.7197 -.00089805 
264.416 3.7258 -.00026341 
256-294 3.7265 0.00009063 
248.675 3.7245 0.00044616 
238.626 3.7169 0.00111991 
236.094 3. 7137 0.00135760 
231.881 3.7070 0.00184552 
224.034 3.6877 0.00319618 
216.691 3.6572 0.00528412 
210.611 3.6174 0.00798813 
2Û4.569 3-5578 0.01203136 
200.902 3.5077 0.01542250 
199.526 3.4854 0.01692807 
198.631 3.4698 0.01798525 
197.760 3. 4537 0.01907736 
196.882 3.4364 0.02024529 
196.186 3.4220 0.02122166 
195.607 3.4095 0.02206965 
195.027 3.3964 0.02295306 
194.444 • 3.3828 0.02387664 



TABLE 7D. CALCULATED ISOCHORIC 
DERIVATIVES 

DENSITY = 0.35612 G/CM3 

METHANE —5.31 MOL % PROPANE 

T-, K |f],BAR/K ,BAR/K/K 
V /p » /p 

298*311 6*5418 ••01005905 
248*832 6*6324 ••00904745 
240*044 6*7077 ••00808636 
233*146 6*7608 -•00732598 
226*659 6*8060 ••00661364 
220*869 6*8425 ••00598570 
215*312 6*8741 ••00539483 
209*873 6*9019 ••00483205 
204*738 6*9254 ••00431858 
199*410 6*9470 -.00380783 
196*001 6*9595 ••00349445 
192*486 6*9712 ••00318339 
189*108 6*9815 -•00289682 
185*797 6*9906 -•00262840 
183*041 6*9976 ••00241483 
180*369 7*0038 ••00221664 
177*868 7*0091 -.00203926 
176*506 7*0118 ••00194603 
175.130 7*0144 ••00185429 
173*781 7*0169 -•00176675 
172*585 7*0189 -.00169115 
171*337 7* 0210 ••00161427 
170*519 7*0223 ••00156501 
169*590 7*0237 ••00151014 
168*757 7*0250 ••00146192 
167*931 7*0261 ••00141503 
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TABLE 8B. PROVISIONAL ISOCHORE DENSITIES 

79.95 MOL % METHANE—HYDROGEN 

T - 273.15 K 

RUN eCALC(G-M0L/L> ZCALC 

1 14.43 1.0507 

2 12.65 0.9700 

3 11.29 0.9319 

4 9.593 0.9059 

5 8.065 0.8980 

6 6.377 0.9017 
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FIGURE 3. BURNETT ISOTHERM AT 273-I5K 
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Figure 5.- Scope of Methane — 5.31 Mol % Propane Isochores! 
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TEMPERATURE, K 

FIGURE 9 . THERMAL PRESSURE COEFFICIENT 
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APPENDIX A 

Pressure Measurement 

A detailed procedure for pressure measurement is given 

in Section IIÏ.C.3 * Equipment for pressure measurement is 

discussed in Section III.B.3 . Reference is made to Fig¬ 

ure 2 for the dimensions of the pressure measuring equipment 

discussed here. 

The basic parts of the pressure measuring section were 

two oil piston gages» an air piston gage» and two differen¬ 

tial pressure cells» all products of Ruska Instrument Corp¬ 

oration (Houston, Texas). The system from the bottom side 

of DPC-2 to the top of DPC-1 and to the air piston gage was 

pressurized with high purity dry nitrogen. The remainder 

of the system, from the top side of DPC-2 to the oil piston 

gages was filled with oil (specific gravity =* 0.85) furnished 

by Ruska. 

1. Oil Dead Weight Gage Measurements 

The fluid pressure applied to the upper surface of 

the diaphragm of DPC-1 is equal to the sum of three components. 

These components are, namely, 1) the pressure transmitted to 

the surface by the atmosphere, 2) the contributions to pres¬ 

sure made by the gage weights acting on the piston, 3) the . 

hydraulic and pneumatic heads of the pressure transmitting 

fluids. Also, the excess pressure supported by the diaphragm 
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of DPC-2 must be deducted. Expressed analytically we have 

the sum, 

p « PG + PB + PH - PZ 

where P is the system pressure, Pg is the pressure exerted 

by the gage, P^ is the barometric pressure, and P^ is the 

total fluid head at the diaphragm of DPC-1 . P^ is the 

zero correction required to compensate for a small persistent 

shift in the true null pressure balance in DPC-2 . Each of 

these terms will be examined separately in the following 

sections with the emphasis placed on calculating each of the 

components to the measured pressure, 

a. Gage Pressure 

The-pressure exerted by the weights is equal to 

PG * F/Ae 

where 

PG » piston gage pressure 

F = force applied to the piston by weights 

effective area of the piston-cylinder assembly 

A single set of weights (Ruska Model 2401, S. N. 15345) was 

used to load the oil piston gages. The force applied by the 

weights corrected for local gravity and air buyancy. The 

stainless steel weights used were calibrated versus brass 
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standards tracable to NBS . The bouyancy and local gravity 

may be accounted for by the relation, 

F 
N 
-2 M. g/g (1 
1-1 C 

pair^pbrass^ 

where 

M 

brass 

p air 

apparent mass versus brass standards 

local gravity^'in Houston, Texas, 979.299 cm/sec2 

standard gravity, 980.665 cm/sec2 

8.4 g/cm3 

density of ambient air 

Reference is made to the weight calibration chart provided 

by Ruska for the values of . 

Two oil piston gages were used in this work. 

The high range gage piston area is ca. five times smaller 

than the low range piston. In calculating the effective area 

of the pistons, corrections are applied for thermal expansion 

and elastic distortion effects. The effective area of each 

piston is given by the relation, 

A - A ( 1 + a(t - t ,)(1 + bP) e o' ' ref 

where 

A = effective area at 1 atm and temperature t - (°C) o ret 
, o ^ 

t ■ gage temperature in C 
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P = applied pressure in psi 

The constants for this relation are provided in Table A-l . 

b. Barometric Pressure 

Local barometric pressure exerted on the weights 

of the piston gage must be added to the gage pressure. The 

barometric pressure was measured with a Welch marine barom¬ 

eter equipped with a vernier which permitted readings to a 

precision of 0.002 inch of mercury (0.1 millibar). A 

thermometer mounted near the middle of the barometer tube 

provided the local ambient temperature in °C . A chart of 

corrections was provided by the manufacturer, to base all 

readings on the density of mercury at 0°C . Alternatively, 

the following equation is useful for computing the pressure 

exerted by a column of mercury. 

PB = 0.488707 * (1 - O.OOOMt - 68.0°F))h 

where, 

PB » barometric pressure in psi corrected for 

temperature and local gravity 

t * temperature of mercury in °F 

h * height of mercury column in inches 

c. Hydraulic and Pneumatic Head Corrections 

In Figure 2 the distances of each measuring 

device above an arbitrary reference plane are shown.- 
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Corrections for fluid heads are given in general by the 

relation, 

PH ' Plhi g/gc 

where, 

Pg = the pressure exerted by the fluid head 

= the fluid density 

h^ = the height of the head 

As mentioned earlier oil filled the tubing from the oil gages 

to the top of DPC-2 . The portion from the bottom of DPC-2 

to the top of DPC-1 contained dry nitrogen. Since DPC-1 

was submerged in the bath fluid, a portion of the nitrogen 

was at temperatures ranging from 0°C to the high temperature 

limit of the apparatus. A simplifying assumption was used 

to estimate the nitrogen head contributions. It was 

assumed that the gas in the portion enclosed by the thermo— 

statted bath is at the bath temperature while the remainder 

is at room temperature. Then the total head correction may 

be written as a sum of these terms, 

PH g/gc ^poil^HG ~ HDPC-2^ + ^PNo ^ ^HDPC-2 ” HB^ room 

+ (P’N.) (H* - H B DPC-1 )) 
bath 

where 
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H_ = height of the nitrogen head at bath temperature 
B 

Hg = height of either oil piston gage above the 

reference plane 

®DPC-2 = 0,0 ^ definition 

On the same basis these heads are H 

HGÉ0W " HDPC-2 ~ 2,0132 cm* HDPC-2 

Hg - = 16.1925 cm . 

d. Zero Correction 

A zero correction is 

pressure supported by the diaphragm 

distortion of the cell body at high 

tion is given by the relation, 

GHigh " HDPC-2 “ 0.7203 cm, 

- Hg = - 31.0745 cm, and 

required for the excess 

of DPC-2, due to elastic 

pressures. This correc- 

» 

Pz = PG * 1.8 X IQ"
7 

where 

PQ = gage pressure in psi 

2. Air Dead Weight Gage Measurements 

A Ruska model 2465 (S. N. 10443) air piston gage 

was used to measure pressures below 600 psia . The gage was 

used with a calibrated weight set (Ruska catalog No. 2460-015, 

S. N. 10276). Pressured obtained with the air piston gage 

are given by the relation, 

P ‘ PG + PR + PH 
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where 

P„ = pressure exerted by the piston gage 

PJJ * vacuum reference pressure 

P„ = pneumatic head correction 
H 

a. Gage Pressure 

The gage pressure is given by 

PG - P/Ae - g/gc(l - Palr/Pbrass)/Ac 

The three piston-cylinder assemblies available with the air 

dead weight gage were designated by V-26 (700 psia), C-26 

(70 psia) and L-26 (15 psia) . The L-26 piston was not 

used in this work since most pressures were above the best 

range for this piston. 

The effective areas of these pistons are 

calculated from the equation, 

A
e “ Ao(l + a(t - 20°C)) 

where 

AQ * the piston effective area at 20°C 

a = the coefficient of thermal area expansion 

t = gage temperature m C 

A correction for elastic distortion of the piston is not 

necessary. Tables are reported, following this section, for 
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the piston calibration data. 

b. Pneumatic Heads 

The bead corrections are due only to nitrogen 

for the air dead weight gage and are given by, 

PH = 8/|,gc^PN2^ ^HDPC-2 ~ HB^ + ^PN2^ ^HB “ HDPC-1^ 
room bath 

where the symbols have the same meaning as for the oil piston 

gage measurements. 

c. Vacuum Reference Pressure 

A small reference pressure P^ was measured with 

a McLeod gage. Typically the pressure in the vacuum bell jar 

was 2yHg (2 X 10“6bar) . 
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TABLE A-l. OIL DEAD WEIGHT GAGE 

High Range Gage 
(SN 15343) 

23°C 

0.02603757 

9.1 X 10“6 

-1.8983 X 10"8 

Ae(in
2) 

a(in2/in2/°C) 

b(in2/in2/psi) 

CALIBRATION DATA 

Low Range Gage 
(SN 6879) 

20°C 

0.130248 

2.04 X 10"6 

-9.28 X 10~9 
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TABLE A-2. AIR DEAD WEIGHT GAGE CALIBRATION DATA 

Ae at 20°C (in
2) 

a(in2/in2/°C) 

Material 

Range (psi) 

L-26 

0.520347 

2.0 X 10"5 

440 SS 

0.2 to 15 

C-26 

0.130119 

9.1 X 10“6 

Tungsten 
Carbide 

1.7 to 70 

V-26 

0.0130085 

9.1 X 10"6 

Tungston 
Carbide 

2 to 600 



APPENDIX B 

Temperature Measurement 

A new platinum resistance thermometer (PRT) was 

used in this study. This PRT is a Leeds and Northrup (LN) 

model 8167-25-B, serial number 1843602 . The constants 

reported by Leeds and Northrup in May 1976 based on the 

International Practical Temperature Scale of 1968 (IPTS-68) 

are : 

a = 0.003925505 

6 - 1.396675 

A4 = 4.615 X 10
-7 

C4 = 2.332 X 10~
14 

RO - 25.5160 Ohms 
t 

The constants given were obtained from measurements at the 

triple point of water (0.0100°C), the tin melting point 

(231.9681°C), zinc melting point (419.589°C), and the oxygen 

boiling point (- 192.962°C) . All calibration measurements 

were made by direct comparison with platinum resistance 

thermometer standards which had been calibrated by the 

National Bureau of Standards (October 1975, N.B.S. Test 

No. 213277). The calibration constants for this PRT are 

specified for a continuous current of 1.0 milliamp through 

the coil. The ice point resistance was checked using a 

35 
Stimson cell, before the measurements were begun. A 

value of Ro = 25.5168 Ohms was obtained from the following 

relation, at the triple point of water (0.0100°C) . 
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The manufacturer suggests frequent checking of RQ at 

regular intervals, and at any time when the PRT has been 

mechanically shocked since a large shift in RQ may occur. 

Thermometer temperatures from 0°C to 630.74°C on 

the IPTS-68 are defined 3>y the resistance values of standard 

PRT's and these relations, 

where, 

t 

R 
t 

Ro 

M ( t ' ) 

temperature at the outside of the tube which 

protects the platinum resistor coil 

°C on the IPTS-68 

PRT resistance at t(°C) 

PRT resistance at 0°C 

the IPTS-68 correction 

The function M(t') serves to make the IPTS-68 conform more 

closely with the thermodynamic temperature scale. This 

thermometry scale has its basis in the Second Law of Thermo¬ 

dynamics and is completely independent of any thermometric 

substance. M(t') is given by the. same function for all 

thermometers. 
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Thermometer temperatures from - 182.962 C to 0 C are 

calculated using a standard reference table which gives the 

(defined as Rç/RQ) for a ficticious "mean" standard 

thermometer. This table is referred to as the MCCT-68" 

table and is used with the following deviation function to 

obtain temperatures on the IPTS-68 . 

Wfc - Wfc(CCT-68) + AWt 

where, 

AWt - A41 + C4t
3(t-100) 

For convenience in determining temperatures for this 

PRT, LN furnished a table of Rt/Rgat temperatures spaced by 

0 
1 C . Linear interpolation within these tables gives errors 

of less than Q.J1001. °C . 

The PRT resistance was measured with a Mueller resis¬ 

tance bridge, LN model 8069-B, serial number 1530888 . This 

bridge was reconditioned and recalibrated by LN in September 

1979 . A table of resistance corrections for each dial was 

furnished by LN which permitted measurements of a change in 

resistance of 0.00005 Ohm (change less than 10 Ohms) or 

5 parts per million for a change in resistance greater than 

10 Ohms . At regular intervals in this work, the ratio arms 

of the bridge were adjusted for equality, and the zero cor¬ 

rection of the bridge was recorded. These zero corrections 
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were less than 0.0001 Ohm and were determined by linear 

interpolation of the needle deflections of the null detector 

(LN model 9828, serial number 1843051). 



APPENDIX C 

Burnett Equations 

For the initial filling of volume we may write the 

relation for the state of the sample gas, 

where (V^) is the volume occupied by the gas with the small 

elastic distortion of the container included. Following 

evacuation of Vg, the contents of are expanded to fill 

both volumes at a new pressure Pi . Then, for the gas 

occupying both and Vg, 

The evacuation and expansion cycles are repeated until a 

suitably low pressure is reached. Then in general, for the 

j-th expansion, the state of the gas is, before the j-th 

expansion, given by the 

P
O(
V
A> 

=
 Z0n0RT 

“• 0 
(c-i) 

P1(VA + Vj = Zln0*T (C-2) 

(C-3) 

and after the j-th expansion, 
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Dividing equation (C-4) by (C-3) gives the ratio, 

VVA + V. 
P3-1(VA>3-1 

Z . 
_JL (C-5) 

For convenience, a volume ratio is defined for the j-th 

expansion, 

N
J ■ 

_ <
Y
A + Vi 
<V 

j“l 

(C-6) 

Then, for each expansion, we have the relation, 

P 
j-1 j 

(C-7) 

By step by step 

with 2, 3, 4, . 

PjN1N2N3.. 

~0 

resubstitution for each expansion starting 

. j into the equation (C-7) for j=l gives 

(C-8) 

Compressibility factors for the gas may be obtained from 

equation (C-8) when the cell constant N» and the ratio PQ/ZQ 

are known. From the limit of equation (C-7) as pressure 

diminishes to zero we may obtain N<x> since compressibility 

factors go to one. Similarly when No, is known, the limit 

of equation (C-8) as Pj goes to zero yields the ratio of the 

initial pressure to compressibility PQ/Zq, since Z^ approaches 

one 
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3 
The procedure of Canfield was applied to the Burnett 

data of this work with encouraging results. The values of 

the cell constant and PQ/ZQ were obtained from weighted 

linear least squares routines. In particular the y-intercept 
p. 

for a regression of ■»~ versus P. is N . 0 was evaluated P
J 

3
 “ IT 

from 

P . N i N 2 « ..N . = ^(1 + BlP + CfP2 + ...) 
J J Z o 

(C-9) 

where the virial expansion was truncated after the second 

order term. 

The equation used to calculate compressibility factors 

is a rearrangement of equation (C-8) 

Zo PiN1N2N3...N:j 

PÔ 
(C-10) 

where Zj is the compressibility following the j-th expansion. 

Each ratio Nj is given by the relation which accounts for 

elastic distortion of the Burnett cells. 

(1 + T.P,) 
fj =s N      

W»(l + TPJ-^) 
(C-ll) 

where x is the coefficient for elastic distortion of the 

Burnett spheres. Equation (C-ll) is derived in Appendix D . 



APPENDIX D 

Elastic Distortion and Thermal Expansion 

of the System Volume 

The three spherical Burnett cells, (A) 231.67 cm3, 

(B) 134.06 cm3, and (C) 45.984 cm3, were fabricated entirely 

of 17-4PH (stainless) steel. The OD/ID ratio was 2.00 for 

each sphere. The total volume of the tubing, bottom of 

DPC-1, and valves was less than 0.5 % of the total. Hence, 

the relative volume changes of spheres closely approximates 

the behavior of the whole system. 

Elastic Distortion 

23 Love has derived a formula for the elastic distortion 

of a thick-walled sphere, 

where 

E 
2(1 + v) 

X 
(1 - 2v)(1 + v) 

where 

E = Young’s modulus for 17-4PH (stainless) steel 
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v = Poisson's ratio 

Ar * change in the sphere radius 

P^ = inside pressure 

P0 = outside pressure 

The change in sphere volume which corresponds to a 

change in sphere radius may be obtained by differentiating 

the spherical volume relation, 

V « s 3 s 

to obtain 

dV 
 s 
dr 

4irr 2 
s 

Replacing the differentials with deltas and rearranging gives, 

AV = 4(irr2 Ar ) » 
s s 

which when divided by V results in 
s 

iV 

IT- - 3<irs
/rs) 

s 

Introducing the variable y, defined as the OD/ID ratio, we 

have the relative change in sphere volume due to elastic 

distortion given by, 

Av = 3 
(yà - 1 )E 

Letting the coefficient of P^ be 

2v + - | - y3j - v)y3Po| 



H8 

and for PQ 

then we have 

— = T x P ! - T o P o 

For corrections to the density along isochores 

AV _ 
V " Tipi 

where TOPO has been neglected since Po is only one atmosphere. 

For correction to the cell constant on a Burnett isotherm, 

again we may neglect the contribution of TQPO 

The values of the physical properties are 

E - 2.85 X 107/psia 

v = 0.272 

y = 2.0 

then, Ti = 8.34 X 10“®/psia 
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Thermal Expansion 

The principle applied to calculating the volume change 

of a hollow body is direct and simple. That is, the hollow 

AV region is assumed to show -ÿ— behavior like a solid of the 

same shape, dimensions, and material. 

Literature data on thermal expansion is often reported 

as a relative change in length from that at a reference 

36 temperature. As related previously, the volume change is 

simply these times the change in radius. 

V Ar (r - (r )) 

V r (r ) s s s'0 

The slope of the curve 
1 - lo 

lo. 
versus temperature is 

sometimes reported and is referred to as a, the coefficient 

of linear thermal expansion. The volume coefficient 6 is 

approximately three times a . 

Then for a temperature variation from T^ to T^, the 

relative volume change is given, 

AV 1 + 8Tf 

FTTTT 

or alternatively, by this relation 

AV 

1 + 3 
(x 0/ Tf 

1 + 3 n 
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A Carpenter Technology Co. specification booklet reports 

the following mean values for a for 17-4PH heat treated 

to condition 1150 . 

t( °C) a(cm/cm /°C) X 106 

- 73 to 21 11.0 

21 to 93 11.9 

21 to 204 12.4 

21 to 316 12.8 

21 to 427 13.0 

A linear least squares program was used to give a 

function representation for a, given by 

a = 10.99 + 3 .157 T* - 1. 1424 T*T* 

where, 

a = thermal expansion coefficient X 106(cm/cm/°C) 

T* - (Ï - 247.15)/247.15 ; T in degrees K 
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APPENDIX E 

Study Gas Composition and Purity 

The methane-hydrogen mixture was prepared by Matheson 

as per our request. Matheson grade gases were used in 

the mixture. Matheson claims the purity of the gases to 

exceed 99.99 % . 

Component Minimum Purity % 

Methane 99.99 

Hydrogen 99.9999 

Two separate analyses of the mixture were made in 

different laboratories. A Matheson lab analyzed the mixture 

before shipment. Later» Dr. Jane H. Hong in this laboratory 

analyzed this mixture in the course of her studies of the 

phase behavior of the hydrogen-methane system. Any concen¬ 

tration of impurities was below the detection limit of 

Dr. Hong's analysis system. The analyses are reported below. 

Source 

Matheson lab 

Jane H. Hong 

Mole Fraction 

Methane Hydrogen 

0.7943 balance 

0.7995 balance 

Dr. Hong's analysis has been accepted as the best value for 

this report 
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APPENDIX F 

Error Analysis 

The results of the PVT measurements may be summarized 

by compressibility factors. In this Appendix limits are 

set for the contributions to the absolute error in the 

experimental compressibility factor. The compressibility 

factor is defined as 

Z 
P 

pRT 

where 

P = experimental pressure 

p » density obtained from the Burnett isotherm 

R = gas constant in consistent units 

T = experimental temperature 

The contributions to errors in the compressibility factor 

are due to errors in P, p, and T . The error from all con¬ 

tributions may be expressed as 

dZ 
8 Z 
3P 

dP + 
3Z 
3p 

dp + 
3Z 
3T 

dT 

Substituting the partial derivatives and replacing the 

differentials with delta quantities gives for the absolute 

error in compressibility factor, 



123 

AZ 1 
P RT 

AP + 1 4p JP. AT 
RT p7 pR ? 

then 

AZ AP AP . AT 
Z " P p T 

In the experimental studies the relative error in P is about 

0.01 %, in p about 0.05 %» and in T about 0.01 % . Then the 

sum of these contributions gives a maximum probable relative 

error in the compressibility factor of 0.07 % . 
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