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ABSTRACT

Compressibility factors and fugacity coefficients for hydrogen, nitrogen,

oxygen, carbon dioxide, ammonia, methane, and helium were calculated by

use of the Beattie-Bridgeman equation of state. The results are tabulated

for various pressures up to several hundred atmospheres, and temperatures

up to several hundred degrees, at sufficiently close intervals to allow for

easy interpolation.

A comparison is made of the calculated compressibility factors with

the experimental values over those ranges of temperatures and pressure

where the latter are available. From this comparison an attempt is made

to indicate the probable reliability of the fugacity coefficients by the number

of significant figures shown.
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Introduction

In a recent study of the magnesium-hydrogen system, measurements

were made of the hydrogen pressures at equilibrium and it was necessary

to calculate the fugacities corresponding to these pressures before calculat-

ing the pertinent thermodynamic quantities. The method having been developed

and the program prepared, the calculations were extended to other tempera-

tures and pressures and to other gases. The results are presented here in

the hope that they may be of value in future investigations. Any suggestions

as to improvements will be welcome.

These calculations were made usiug the IBM-704. The problem was

coded in the FORTRAN-I system, with the exception of the root-solving

routine, LA S 871, which is due to J. K. Everton. With these aids, the cal-

culation is quite simple, and can easily be extended at any computing instal-

lation.

Two general methods are available for the calculation of fugacities:

I) graphfcal and 2) analytical. The graphical method can always be used if

P-V-T data are available. The analytical method requires that the P-V-T

data be fitted to an analytical expression for the equation of state in a form

which can be integrated. Fortunately, the Beattie-Bridgeman equation
1,2 is

of such a form and with the proper constants closely represents the P-V-T

data for many gases over a wide range of temperatures and pressures.

-5-



Integration of the Beattie-Bridgernan Equation

The Beattie-Bridgeman equation may be written in the form

PV2 V+BO-:)-.O(+)( )(=RT1–~3
VT

(1)

where Ao, Bo, a, b, and c are empirical constants to be determined experi-

mentally for a particular gas and P, V, R, and T

This equation can be rearranged to give the

have their usual

foUowing form

PV4 – RTV3 -

(

Rc

)

RTBO – — – A. V2
T2

/ RcB

( )
RcbBo

+ RTbBo+—O–a.Ao V– =

T2
0

T2

meanings.

(2)

which, as can be seen, is a quartic equation in V. When the values of the

empirical constants are inserted and this eqyation solved for V at a given T

and P, there may be more than one real positive root. However, one of the

roots will correspond more closely to experimental observations than the

others and it can be chosen by inspection.

The fugacit y, f, is found by means of the following expressions

/9P

(3)

where

RT_v
CY=—

P

Rearranging,
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‘“(a=-+fp(%-’)“ =-Jp$+&[p’”(4)

The Beattie-Bridgeman equation may be solved for P to give

P.y

( )

+ RTB –-–A 1
0 -Z

T20V

(
RcBO

)

1 RcbBo ~
– RTbBo + — -aA —+—— (5)

T2 0 ‘3 T2 ‘4

Differentiating,

[(d’= –R;–

)

RTB –R~– A L
v o

T2 0 ‘3

(

RcBO

)

RcbBo ~
+ RTbBo + — – 1aAo~———d’ (6)

T2 ‘4 T2 ‘5

Hence,

[(
‘d’= –R#–

)

RTBo–~– A 2
T2 -Z

0’

(

RcBO

)

3 RcbBo 4
+ RTbBo + — 1–aAo–———————d’ (7)

T2 ‘3 T2 ‘4
and

J ( Rc

)

VdP=– RTln’+ RTBO– —–A 2
T2 Ov

(
RcB

)

RcbBo 4
- RTbBo+—O. ti ~+—__ (8)

T2 0 2’2 T2 3’3

Substituting in the expression for In (f/P) in Eq. 4, we have

-7-



(
RcBO

)

3+ 1
RcbBo ~ P=P(V=V)

– RTbBo + — –a. — (9)
T2 0 2V2 T2 3V3 P=O(V=M)

At the limit P=O(V=w), PV = RT, so

and

()(

RT
A

)

lnf=ln ~ + Bo–A3–&~
T

(
CB aA

)

cb, 04
–b,o+~–fio ~+—— (11)

T3 2V2 T3 3V3

This is the equation used for calculating f for various values of P and T.

Compressibility Factors

For the calculation of the compressibility factors the Beattie-Bridgeman

equation was solved for V at the various values of T and P, and then PV/RT

was computed for each of the real positive roots. The values were then com-

pared with experimental values to pick out those corresponding to the correct

roots which were then tabulated. The results are shown in Tables II through

VIII. Table I lists the constants of the

these and the subsequent calculations.

-8
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TABLE I

VALUES OF THE CONSTANTS OF THE BEATTIE-BRIDGEMAN
EQUATION OF STATE FOR SEVERAL GASES4

Units: atmospheres; liters per mole; “K; R = 0.08206

Gas A. a

‘2
0.1975 -0.00506

N2 1.3445 0.02617

02 1.4911 0.02562

C02 5.0065 0.07132

NH3 2.3930 0.17031

CH4 2.2769 0.01855

He 0.0216 0.05984

A comparison of the calculated

mentally observed values is made in

B.

0.02096

0.05046

0.04624

0.10476

0.03415

0.05587

0.01400

b

-0.04359

-0.00691

0.004208

0.07235

0.19112

-0.01587

0

-4Cxlo

0.0504

4.20

4.80

66.00

476.87

12.83

0.0040

compressibility factors with the experi-

Tables IX through XV. The experimental

values were obtained from the following sources:

Hydrogen Woolley, Scott, and Bri&widde5 and Hilsenrath et al.6

Nitrogen Hilsenrath et aL6

Oxygen Hflsenrath et al.6

Carbon dioxide Hilsenrath et al.6

Ammonia Beattie and Lawrence7

Methane Kvalnes and Gaddy8

Helium Michels and Woutersg and Wiebe, Gaddy, and Heins
10

Fugacity Coefficients

The fugacity coefficient, i e., f/P where f = fugacity and P = pressure,

is reported rather than the fugacities themselves, as this gives at a glance

a value for the relation between the two quantities.

-9-



The calculated

xVI through XXII.

values of the fugacity coefficients are shown in Tables

Errors and Significant Figures

The calculated values of the compressibility factors and the fugacity

coefficients are, of course, exact for a given set of values for the constants

in the equation. h the tables of the compressibility factors the numbers

are reported to the fifth decimal place. A comparison with the experimental

values where these are known will allow one to estimate how many significant

figures should be used in any particular case. For a discussion of the ac-

curacy of the experimental values the reader is referred to the references

cited.

In the tables of fugacit y coefficients an attempt has been made to give

some indication of how closely the numbers tabulated ought to agree with ex-

perimental values if they were available. To do this, it was noted from

Equation II above that in (f/P) = h (RT)/(PV) + correction terms) where

the correction terms are in general small. It was therefore assumed that,

to a first approximation, calculated values of f/P will deviate from experi-

mental values in about the same way as is the case for calculated values of

PV/RT. Therefore, in those regions when PV~T (talc) - PV/RT(expt) is

less than 0.0005, f/P is given to five decimal places. Where this difference

is between 0.0005 and 0.005, four decimal places are given. Where it is be-

tween 0.005 and 0.05, three decimal places are given. And where it is greater

than 0.05, only two decimal places are given. In those regions where experi-

mental values of PV/RT are not available for comparison with the calculated

values, estimates of the difference were made and the number of significant

figures adjusted accordingly. The authors hope that, if they have erred in

this, it has been in the direction of too many significant figures rather than

too few.

-1o-
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