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Abstract

. A new improvement of the equation of state of Redlich and Kwong is .

proposed} ‘The new relation can ‘be applied to the liquid state and vapor | :..
. pressures. It furnishes quite good results down to a reduced tempera—
ture of 0. 65. The reasonable limiting relations for extreme temperatures

or pressures of the original equation are maintained except for the case
_that both T and P at the same time assume extremely‘high'values._ Mean '
~and individual fugacity coefficients are consistently derived from the )

o equation of state without further assumptions or parameters.‘ A flexible S

computer program provides for convenient use for 8 variety of problems.-
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lequilibria.

':ilmprovements appeared to be deslrable.'f

v.t.,:_

¥

from an equatlon of state. ' .t:;$ . a{' f-é ,; = _‘ﬁg
The results obtalned by an. 1mprovement of the two-parameter equatlon

of Reallch and KMong 1nv1ted further development.' The 1ntroductlon of
A\ sy AT

Pltzer s acentrlc factor3’§ as a thlrd parameter 1n a dev1atlon functlon Do,

«iv R

e
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addea to the old equatlon for the compre551b111ty factor, proved to be a

B ‘,‘;' :{ . \1’

' use“ul way. But a con31derable expansmon of the scope and varlous further

ing the complexlty of the dev1atlon functlon, prov1ded that no fourth Qﬁ”'

x-‘f‘.- ; 3 ol

1nd1v1dual parameter qs 1ntroduced It 1s obvrous that each new 1nd1~”:“'“

v1dual parameter 1mproves the representatlon of a glven set'of data and

s :~.

at the same’ tlme tends to reduce the ablllty of a relatlon to predlct the'

P

behavxor of a substance out51de the experlmental range.f Compar:Lsonss"6

1t Was exnected.i A fourth parameter w1ll be useful therefore, 1f at all,“f

only 1f 1t has a good theoretical meanlng.;iaf“

Practlcally the only computatlonal restrlctlon to be 1mposed on’ the

“ o
+ i 3

dev1atlon functlon 1s the algebralc 1ntegrabllity w1th respect to log Pw

desmrable for the calculatlon of fugacity coefflclents.irThe more 1mnortant,

restrlctlons, those of a general nature, have been dlscussed before.}3
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In the preceddng papersbthe Scope ‘was restrlcted to the gaseous“,d:f
state. The original equation, however, deliberately chosen to be off?ﬂtg B
thlrd degree, offered solutions for the 11qu1d state that were quite 'fif
reasonable though of course not accurate._ Encouraged by these results‘
as well as by the success of Pitzer s tables, we have now extended the
- program to liqu;ds. - |
The key to an equation of state encompassing both phases are the‘j
' vapor pressures,;particularly if the attention is concentrated on =
'fugacltles. They must be represented reasonably well._ Conversely,‘
.vapor pressures are an 1mportant help in the search for an addltlonal

deviation function for the fugac1ty coeff1c1ents of the llquld phase.v
.In partlcular, the deviation functlon should " qulte closely satlsfy the:

¥

?vdeflnltlon of the acentric factor

based on the. reduced vapor pressure p ‘at the reduced temperature
=07 PRI RS
“.The dev1ation functions for the gas and the llquid must of coursev

become 1dentical at the crltlcal temperature. In addltlon, one w1shes 1}"

- o

fto refer the fugacity of the llquid to the same standard state as the gas._;':.r'f

The combinatlon of parameters chosen for mlxtures differs somewhat

',vp;from the usual linear and square-root combinatlons whenever the acentrlc :

[N

‘__factors of the components are different. The follow1ng emplrlcal com- -

v "binatlon appears to represent the observed data more closely. It entalls:p
"some 1nconvenience in the dlfferentiatlon of dev1atlon functlons W1th

;..

'"ﬁafresPect to the mole fractlons, requlred 1n the calculatlon of 1nd1v1dual ”



preparatory work of the user even

of sultable deviation functions._

computation of individual fugaclty coefficients w1thout any furtheriﬂ

assumptlon or emplrlcal parameter.v

'7}~va1ues. The convenience of automatlc computation overbalances the

.o

.-

The present program goes beyond them

2

The deviatlon functions fail however,

b St ‘

in moderately frequent applicatlon.f‘;:j».
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“ The Computer Programf"ﬂﬁ'f"

.. The program, written in- Fortran II languege; can‘be'used'advantag— :

fffously only in a highfspeed_machine. A ‘considerable effortvhas,been'madefl
-, to achieve convenience}in input and output as well as highest-flexihility;
'so that one can solve a;variety,of problems without‘prescribing computa-y

tions unnecessary.for the specific problem.

Y

The input comprises the‘three parameters for each substance, a

; schedule of"temperatures and pressures that may be prescribed in a

variety of ways, and for mixtures the compositions in mole fractions. .

As an optional input, P-V-T data can be .introduced for'comparison with

Y

g calculated values. . L t_ S ff"j;d

. i'

The computation furnishes the compres51b111ty factor, and if des1red

the fugac1ty coefflcient and the pressure dependent terms of the entropy
c,and enthalpy. For mlxtures, in addltlon, 1nd1v1dual fugacity coeff1c1ents y

and fugacities may be obtained Vapor pressures of pure llqulds can be'

prescrlbed by a spe01al optlon they are computed by an eff1c1ent step-
by—step approx1matlon.

In compllcated 1ntegrations such as those of the dev1atlon functlons

’//.v .

with reSpect to log P the computer offers the advantage that the whole >

_ Operatlon can be resolved in a series of 1ntermediate steps so that no

: ,;really involved and lengthy expressmns need be wrltten down. Slnce the’

arc tan functlon during integration may change from one range to another,

coa special subroutine Angle has been added whlch ellmlnates 1ts amblgulty

. All 1ntegrat10ns and dlfferentlatlons have been carrled out: alge—

"bralcally w1th the exceptlon of the dlfferentlatlon of dev1atlon functlons

oy
o
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: at the ‘same tlme SO;hlgh that the d1v1s10n by the 1ncrement”does notp B

lead to an 1ntolerable loss of the number of 81gnif1cant flgures. ThlS
standard 1ncrement of 0.1 will probably always be satlsfactory for K‘"“a

' or R.f The optlon prov1ded for other increments should be used 1f

°‘:~reduced temperatures are 1ntroduced -,

computatlons for negatlve pressure (tension)‘

4'4 PN -.‘

k3

conditlon can be eas1ly checked by means of the program The bullt 1n f{f,
G ik .

t

v
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The solutlon of the orlglnal equatlon of Redllch and Kwong leads
, 've o

'sometlmes to unsultable results, i. e., 1nstable states or negatlve values.

K ' R Y a

These results are automatlcally dlsregarded. The program does not allow

stable and whlch 1s metastable.v No really s1mple answer can‘be glven ‘

regardlng the stablllty of mlxed phases., But a; spe01al"program 1s under.

7. AT R - e

It is a dlsconcerting shortcomlng of a compllcated computer,program

o . bt .
N - ' x Yo
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that the user can hardly check 1t completely. To some extent‘he has to

'5 accept it on good falth.. Stlll he can check qulte systematlcally 1ts; ;

correctness with llttle effort by suitable use of the program.ltself./'

*

We have exerted cons1derable care 1n deve10p1ng and exten51vely ner—

Iy - .
s . . o . . .
. . L . S - '

forming the rollowing checks.wgg{ﬁ;:i;;;.f; é"vgﬁa'iw¢:'( FRPISHAN




-
"nl. The goodness of fit 1s of course checked by direct comparison
-awith eiperlmental data. For this purpose the program accepts P- V~T
'_ daﬁe;of any conceivable kind expressed in any dimension and converts
.;them to‘compressibilify factors Z. A few of the resuits are‘diseussed
:in.the following section. | |
o ”2. The'computation of (mean) fugecity coefficients hasvbeen checked
by the eomputation of isothermal sets of Z and numericai integrationL
ﬁfThe procedure is sensitlve enough if carried out w1th proper care. |
3,. The correctness of the differentiation with respect to T 1s;
vcheeked by printing intermediate quantities with the aid.of_diagnostic
instructions, and by conparing'results for entropy end enthalpy with ﬁ
fugacity coefficients conputed for a-closely spaced set of temperaturesr
The second procedure is sufficient. | |
| 4. A necessary and sufficient check of the computatron of the .
',individuel fugacity coefficient g, and g, of'a binarr mixture is giren ”;'
by their relations with the mean fugacity coefflelent 3 and the mole .

fractions yl and yé

T

4 log g/d y, = log (¢l/¢2),, i (20)

. e o
.

These checks have been found to be quite efficlent in dlSClOSlng

program errors. They are belleved to be practlcally sufflclent. :'
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for low W. For mixtures, examples of components W1th large differences

« & L

in W were selected because thelr representatlon 1s 1n general more

o : ."':‘_: . T oS GO LR _.:-t;;,_

dlfflcult., ;_tj ;;A‘ﬂ;j ,;\ ;:j'_ L B '"{ -];g

A satlsfactory representatlon of the lower hydrocarbons can, be taken

EA oYy }.

for granted but even for n- nonane (Flg. l) the dev1atlons are apprec1able fi

only for a very . low reduced temperature or. for very high reduced pressures.,

N

Even for a strongly polar substancesuch as ammonla (Flg. 2) the dlscrepan-f

01es are large only for low temperatures. The remalnlng dev1atlons for
sulfur dlox1de (Flg. 3) are below O 03 1n Z. Although the shape of the

"
R 0

dev1atlon curve for the crltlcal 1sotherm looks strange, the curve for

Z 1tself (Flg. h) appears to De qulte reasonable.;‘f ¢];<;_'Al,w_\ﬂ_

It is espe01ally the comblnatlon of the parameters that 1s belng

tested in Flg. h to 8 and Tables 3 and h ;}The phase equlllbrla in: these

3. e

tables represent a partlcularly severe test s1nce at the same tlme the

values of Z and the fuga01ty coefflclents of both components are tested
T S ~£;.-:.:; o

 for both phases.;':~7,fj' 7»i B :‘fffvﬂi .,’:63'ﬁ-:

These tests will furnlsh a general Impress1on of the degree of
accuracy to be expected 1n appllcatlons. Hydrogen, hellum'and Water are

not satlsfactorily represented.g Hfﬁl]iu;ipaw¢

Tables 3 and 4 show that the critical locus of mlxtures 1s not well

Ty T

described by the program. A systematlc study of crltlcal p01nts, crltlcal
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‘condensation points, and ‘vapor. pressures of mlxtures may well be a useful
v‘step in the future development of an equatlon of state.‘" ﬁ
The program has been submitted to SHARE as ES 6h Equatlon of State

g,196u

This work was done under the auspices of the U.S. Atomic Energy
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' Cqmmlss1on. The. authors express thelr appre01atlon of the advice: extended'
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o to them 1in a.part of their computational work by members of'the Computa~ -
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S :Ca"rboi‘l}&"‘
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' Table 1 (Contimued) "= = . .

T( °K>

i‘_‘f;lé_}\‘ﬁf:i.‘g,nn~

- obs$' :3;"j Lo

Sulfur
Dioxide -
(w = 0-256) £ Y

3735
26315

o 2k3ias
27315

 303.15.
| 333:15

363.15

-;;25’817:,' .
1 50.523

'1.180
4238

11.512

;61;780

Ce9sa5 .
Coseras.
77 359.15.
'391.15f

1.001°
3.492

- 9.272 . .

.20.308°
39.095 |




Do gisims

«

"\;Hyd;'r"ogjen Sl
L Sulfide..
(W =0.100), -

~

Wl

Pt
‘.

7




Compre531b111ty Factor and Fugac1t1es of Methane - n- Pentane9
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(w = 0. 013 W, = 0. 252 v = vapor; 1 = llquld, e = critlcal)
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. Figure 1.
| Figure 2. - .
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Figure h. .
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. Figure;6:~

Figure 7.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






