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ABSTRACT 

The equation of state proposed by Redlich and Kwong has been1mproved " " 

by addition of a deviation term containing Pitzer's acentric factor and 

by means of a new rule for the combination of the parameters for mixtures. 

Only the critiqal temperature, pressure, and acentric factor of the 

, components are required in a computer program (Fortran for -IBM 7090) 

furnishing compressibility factors, mean fugacity coeffiCients, and indi-

vidual fugacity coefficients of the componentso The equation is restricted 

so far to the gaseous stateo Its accuracy for the compressibility factor 

is close to that of Pitzer's tables. The computation of tugacity co­

,effic,ients does not entail any loss of formal."pl'eclsion. 
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I. INTRODUCTIQN 

A. . Previous and Present Work 

1 In 1948, Redlich and. Kwong proposed an equation of state which, 

though still within the limits of the theorem of corresponding states, 

was supposed to obtain two main objectives. The first was an analytical 

expression which was less cumbersome than existing good equations of 

state and would allow the algebraic derivation of fugacity coefficients. 

The second objective was a good representation of the behavior of gases 

at high pressures. For mixtures, the assumed mixing rules for the parameters 

were based on general experimental and theoretical evidence. Reasonably 

good agreement with experimental data was obtained, despite the fact that 

the only parameters used were the critical temperature and pressure of 

the individual components. 

Between 1948 and 1960, two developments suggested further work on 

the original equation. The increasing availability of high speed computers 

allowed much more complicated algebraic expressions to be handled. Iri 

addition, the need for tugacity coefficients in gaseous mixtures increased 

steadily. 
2 In 1960, Redlich and Dunlop resumed the problem of the equation 

of state, proceeding to free the original equation from its inherent 

limitations by the introduction of a third parameter, namely Pitzer's 

acentric·: factor. 3 In order to preserve the good behavior of the original 

equation at high pressure, a deviation function for the volume was con-

structed that decreased to zero in first or ~igher order with increasing 

pressure. The.deviation function was designed to minimize the error 
i 

between the new equation and agr6up of data for seve~ representative 

substances. 

j 
[ 

I 

, 
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Realizing the generally satisfactory accuracy of the tables proposed, 

4 ' ' 6 
by Pitzer,5 and his coworkers, Ackerman 'attempted to develop a new' 

deviation function, taking mainly Pitzer's tables as a guide. Ackerman's 

algebraic representation carne fairly close to Pitzer's results and showed 

improvement over Dunlop's deviation function. If this accuracy could be 

extended to mixtures, the resultant fugacity coefficients would be of 

considerable value. For, this reason, Gunn7 modified the mixing rules for 

the parameters, guided by observed compressibility factors for mixtures. 

The object of the present work was the next and essentially final 

step, the derivation of individual fugacity coefficients for the components 

of a mixture. In addition, mean enthalpy and entropy were derived alge-

braically in the previous work. A computer program to calculate these 

quantities was developed. 

II. DEVIATION AND DEVELOPMENT OF THE 

COMPUTER PROGRAM Es64 

.. A. General Remarks 

Previous work by Kwong, Ackerman, and Gunn has progressed to the 

, explicit derivation of the mean fugacity coefficient ¢ from the compressi-

bility factor Z according to the definition 

p 

~ rp = j(Z.-/)dP/P. 
o 

The derivation of individual fugacity coefficients ¢l from ¢ prescribed 

by 

(2) 
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requires differentiation with respect t? the mole fractions Y
j 

and is 

somewhat complicated. It is conveniently resolved into a number of dis-

tinct steps. 

The use of two operators simplifies the presentation. The first in-

dicates the difference between derivatives resulting from the combination 

rules of Gunn (G) and Kwong (K). It is defined for any function F by 

The second operates on a subscripted quantity Fi and is given by 

K (F,;) ~ ~ - Z 'Ii~' . 
J. . 

(4 ) 

Kwong's original fugacity coefficient ¢K1 was derived and presented 

by Redlich and Kwong in 1949. Gunn'snew combination rule entailed a change 

in the individual fugacity coefficient. The term In(¢KGi/¢Ki) was derived 

by means of Eq. (2) with the aid of the operators Li and K. 

The necessity for the operations pre.scribed by the operator Li is 

shown as follows: Since ¢K is a function of Tr and Pr (not depending 

explicitly on the Yj's), w~ ~ave 

ak tft. /C)lJl. = (ak. rt. la T,.)(ar,.laU' ) 

+ (dk f};<.ldF:.)(dPrIOJff'). 

But since T and P are defined differently for the combinations of Kwong 
r r . 

\ 

and Gunn, the quantities OT~OYi and OPr/OY1 are different for the two 

combination rules used. 

Ackerman had devised a deviation function to improve upon Kwong's 

equation of state, and Gunn derived the mean deviation fugacity coefficient 
i 
/ , , , /. 

Ii. 
L~ 
r- i 
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¢AG from this deviation function. In order to derive an individual devia­

tion fugacity coefficient, Eq. (2) and operator Kwere applied to ¢AG 

yielding the quantity (¢AGi/¢AG)' 

The final form for the individual fugacity coefficient appears as 

~t, CO. = 
/ (, (6 ) 

The following quantities will appear frequently. They are presented 

here for easy reference along with their statement number location in the 

Es64 program. The critical quantities are denoted by TC
i 

and PC
i

• 

Computer 
Symbol 

BS(JS) 

AS(JS) 

BR 

AT 

AB 

AA 

Q 

E 

WS(JS) . 

WL 

WN 

AC 

WM 

Statement 
Number 

44 

45 

120 

119 

514 

513 

l8~ 

154 . 

input 

121 

122 

511 

123 

124 

BSi = 0.08667 Tei/PCi ~0.08667.zi 

AS
i 

= 0.6540 TCi1.25/R::tO.5 = 0.6541"hi 

BR = 0.08667 E yjzi 

AT = (0.6541 ~ Yjhj ),2 

ABi = BSi/BR 

AAi = - 1·3333 AS
i
/(AT)0.5 

Q = BR/(T.P) 

E = AT/(BR.~·5) 

Wi = Pitzer's acentric factor 

WL = E YjWj 
J ' 

WN = 0.08667 j YjWjZj 

AC = 1.0 - 0.5 WL 

WM = WN/BR I. 

I. ., 
BT = BR/[l.O + O.5(WM-WL)] 

i 

\ 

'~. 
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B ~' Functions Based on the EquatiOn of 
, " .• q'.' 

The i~div1dual fugacity coefficient ¢K1 is givenasaf'unct;lon of 
" 1 

,T'andP by Kwong as 
rr 

, , 

- 85,' IBRJ.hv( I+Q IZ~). 
. .... ~ 

The term In (¢KG1/¢Ki )1s obtained by application of Eqs. (2), (3), 
, ' , 

and. '(4) to t~e m.ean Kwong fugacity coeff1c1ent¢K." 

:, k(rftG'/~l<i):: FKG, =[(ah-ffJX/a~JG,- (ak(tJ,4:/a~JI<]' 

- L,: YiKahfJ~/a¥;)G - (ak~~/ obi; )K] 
I " . 

FI(Gi = K[ Li (~IC)] • 

, , 

(8) 

, (9) 

Kwong I s ~oeff1c1ent ¢K is a function of Tr and P
r

, but not of the 

acentric factors w
j

• Therefore,Eq~ (5) furnishes 

'FKG;, = [(ahsP~/a7;)Li{7;.) +(ak~/aPr)Li{p,.)] 

- Kak~/d7;.)4 'iii Lc' (7;.) + (ahtfi<laPrJr ~i Li (Pril. 
I ' j, . 

'or 1n tenns of the operator K, 

.. \ 
- ;", 

l ' , " 

: :"". 
.' ... ,: ..... : ' 

• ': ~. 'r 

(10) 

, (11) 
.,. \.'-

~;' .: -
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1. Temperature Derivatives 

Gunn's combination for the critical temperature of a mixture is given 

by 
. /.JJJ3 [ . 

T,., = (~LJ; AJ ) . 1.0 -f- o.S(z. ~d' will / ~ 'I; 1.-
J .J ~ J I (12) 

0.6661 

)Il /( )0. {'?007 
- ~ Yi.~. :J / r- ~ j ttj • 

t J 

Substituting the previously defined quantities, we obtain 

1.3333 0.6661 0.'«.7 

~ = [(AT)O·'lO.~S40] • [/.o+O.S-(WM-WLg / (8~/O.OI'('~7) 

or further 

-r ( I )0. {.(.6 T 
1M = O. 3iJj9~ AT BT _ (14) 

(Statement number 125) 

Returning to Eq. (13) and clearing the fraction in the second term 

yields 

( )
1.33J3 [ 

.~= ~ 'Ii';j · 4: ~; 'Ii + 0·'-4 'I; "d'gi -(),S(r. tj;'1)' 
<f J ;. J (15) 

o. (,",, 

(~~i~')J / (~ ~j 'i~)I.JJJ: 
J- J 

Since (aT,.la~I.)/7;. =- - (~~ la'fl )/7"" , differen-

tiation of ~ yields the following equation where the subscript '·G refers 

to the fact that we are using Gunn's combination f'orTM: 

(aT,./OJj)G IT,. = -[UJ33/tj f ;};A;. - ,.S531g,/f '/dJ 

+ 0,'(,&' (3;. + 0·5" W'3- t - o.S- Wc.f tfd ~J - o.S-3l f ~J~) I 
( ~ '1JPJ .,. O.S-~ ~J ~t?J - 0,5"'( t 3; ~)( ~ Yi~d))] • 

J J 0 f I' 

(16) 

T. 
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S1mplifYingandintroducingthedefined qUantitie~;:We' ha~e ,~' 

(,,7;/a'!.r/r,. ; -lm3{A,lf'J/h) -J,/r~J~i .. · 

..... + fJ. (/O-o"f~J ~)+os'wd;}i -f:tI};)Jl.· 
, ',' "" (f' , 

•• :0" 

[z ?Z!j Ji (/.o -c- O.~ 1; L/~,' ,W; )+ ,f., 11j, ~~})c! J' 
'd ", ,(1 {II" ,J (I" j 

" · •. l.· 

.. " ........ " 

. _, 1.' .' 

'.; .. ' 

, .... , .... :, .. : .. -.' 

/. 

. " '~, .' ,:' ~. "., --, 

} d 7;/ d tF~./7; .' .=-i.jjJJ {(AS,) O.6f'f~)j(A~.~!~.~'J(O)~.· • . '. ' ' .. , 

........ ( BSi /o.omr)! (BR-/O.OfM)f[(8Sdo.~f6·6&M~';WJ(18) ..... . 

+ o.s-WS, (BS, /O.cJCM1 '- e.ej".QJ'667)j I [rZU/o.of66 i)( /.O-QSWl) 

(or,. J0t/,J" /T,. = -om [ AS"; AT P
$" - 6SjBR. 

+[85, (/. () - o.S- wtJ+ 0";- WS,·.l8S~ - 8~)]/ 

[:lI3R.(/.O - oS-WL)+ WtV] J 
.' . . 

(aT;. / a ,,;) .. IT;. dA. r I. 3'3' ABi -1.3m [ C 8S, • AC .-1-. 

(19) . 

,.',' 

.', . " . 

M WSdSSi -81()j /(I!I3I('AC+ WN)1\\i2<» ........ . 
.. :-

.' -' .' ...... 

. " .. " -, .. ; 
; " '! ,.' ",";: ',' " 

,,", - . ,,' .' •. ' I " 

' .. " : 
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( L" ::: L1..l· ..J. I ~? 'J -; l' 2 r;" _ A B . • 4 C .J. I J '. ' ...... _'_''''' I .' ",., ,,1 " l ~ -

(21) 

With the abbreviation 

(statement 515) 

we have 

(Statement 516) 

Since Gunn's combination becomes the old. Redlich-Kwong combination 

1~ the acentric ~actors are zero, we 'may obtain (~~OYi)K m~~t readily 

by letting the terms involving acentric ~actors in Eq. (16) be equal to 

zero. Thus we obtain from Eq. (18) 

(24) 

With the aid. of Eq. (3), relations (19) and (24) may be combined as 

Li ( ~ T,.. ) = -/,3333 As;.i Ar"'S'"-t 1.3333 BSi.:/ Bf< 
, 

: -/.J333[{J8S.!BRXI. O -O.'>WL+".'WSJ~o.,wSJ / (26) 

! [/1.,(,. 0 -O.,WL) + W"']J + /.3533 ASJA.,.."s:.. (). 6661 BSjBI? ~ 
," !, 

. ' 
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. Sirilplifying we have"~'<- .' '. .'. " 

...•... L '(/" '(,) ~ Im;{ ': [/85 ilB~)( I,D. -q.5"wL+ O:~;YIS J 
,."','.' (27)" ':,., 

or 

. '.' . .". ." 

(1.0 ~O.SWL +O.6WM)~ 
. As prescribed in(ll ),we need the. expression K[Li(Tr ») 0: " From 

(28) we derive 

'~~j L,(7;)/7;.-. 0.3J3.3[ Z ~J (W5j1-BSioWM/13R 
J , '. '. . J . . . 

- Bf; 'W~. / /3f(]I( /. 0 '7 O.~WL+ O,S"WM). 

Th.edefinitions of WM and BS
j 

show that 

(29r 

t.gdLi{Tr)/r;. = 0 .. 3333 WL/(I.O -O . .s-WL+OSWM) .'. (30) 
f . . 

" ~ ." . 

The operator K is defined by (4). The tenn K[L
i 

(Tr)] is found from -~ " 

Eqso (28) and (30) as 

= 0,333.3 7;.[ W 5 i. * (8S,!BR)( 'tiM - 'tiS;.) - W L] / . 

(/.O - ().~-WL '+ 0,,5" W!1) • 
\ 
\ 
\" ' 

\-
': '.' . ..' ,\' .;' " ' .. : .' 

To complete the temperature tenninthe c omputat,;t on of FKG
i 

(Eqo 
!" '" 

we need t~e quantity~ In ~x!0Tr. Fran Redlich aridK~ong, 1 we have 

,: .... ' 

.' r·" 

".-, \ 

',,. .. 

. ", ,".':; 

... -," 
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B = 0. O!{,6 7 7;. I(Pc T) 

A2- ..... ;,..F / ( f) T;?.·Ii) 
, :: (7. -:IZ7h i, / rc . 

(dz/arr) == 0 

(oB/oTc)IB :::. / /Tc 

( 8IAl.la{At;B)/aTc] = l.slTe . 

'we have 

7;.c)k ~K. lar;. =: - 8P/~ - BP) + 1,S-(At../8)k(lfBP/c) 
+(A 7.IB)(SPXI + BP/Z)/ it. • 

Simplifying, we obtain 

T,. dhv PI< /dTr = - BPi Z(I-h) ~(A2-/8.J[h.I( I + h)] 

-r;akf/'Klar,. = /.~ - I/(I-Jt.)+- (A'l./8)[It../(/+AJ] 

+I.!J-(AZ./B)~( ,rh,) 
\ 
\ 
I 

\ 
Trdhfk/aTr = 1.0 -~ +/,S-(A'"/B)k(I+8PY,Z). 

(40) 

(41) 

(42) . !. 
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Finally, we have 

, ' 

, T,.O.l.. r;{/cJTr == , .... z -I: /:-1' /.s £;/-'-(1 +,r;/z) ~.', , 
, ' , 

·','(~3): 

. ",; 

(44) , 

'(Statement) 146) 

,2. Pressure Deri vati ves ". ,; . 

: .' 

The preceding process can be repeated for the pressure derivatives 

d .4vfj?/ cJ g · f( [Li (PrJ]. 
, Gunn I s combination for the cri tical pressure of mixture is ' 

. , '. ' ',' 

, [( )/.13J3 /(' ~ " )'. M'~7] [" ( " ~::: ~ 'J;hi ' . /, 4 ~j ~i' · I,OfO,S- WM 
J,J - , , 

" '\7 l.{,(,(. 7-
- WL)j , 

'or, in tenns of the previously defined, quantities, 

~ = O. OS'66 7 7;/131 • 
(Statement 126) 

The, first expression can be put in the fonn 

, R" == [tL. . h.1/.33J3/ (1'. .. )J.13'J]~(!, '.' "'~'+-
" M j J, J J ' ",,' ,; ~~~,,' ' J~I gJ ' •• 

i 
, I 

i 
I 

, ' '" l.t6('1 

O,!"' ~ Vi ~ 'Ii -0" 4 ~i w; 2: 'dilJi). 
j , U fI', J, 

".' ; 
. ..... ,' .:,.' .'1- ' • 

'I 
\ 

... ': 

(45) 

(46) 

'. ~ , 

, (47) '. ". 
<.:. ' ,;-' , 

" . ,,~, ',,' 

, ..• ," 

,",':. 

, ," 
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(dP"/oljJG/f;.:: -[I. 3J33 AS,; /AT()'~ -3.J3B 8Si//31< 

+ /. 6" 7 ( 8S il f;R ~ 0." W S " • B S i I B R. - O.!J- W S i 

- 0.5 WL • 85,' /8R)/ ( 1.0 1- O.j- WI1 - 0.5" 'ilL)] 

(df/.lcJ/jil.lp,.. = -/·3333 AS.' / A TO'> -/- 3.3333 { 8Sd15R: 

-[( 135 i.leRXI,0 +o.SWSi - O.~WL) - O.SWS,;] / 

[~( /.0 - O.S" W-'1- o . .s-WL)] J . 
Finally, we have 

(Statement 511) 

Earlier, we found the derivative of T according to Kwong by letting, 
r 

the acentric factor wi be zero. Similarly, we obtain from (50) 

(oP;./ao,l/p,. = -1.33J3 AS,/AT
o5+ J.JJJJ(~,/8R -U,SBS,/Bf:.) (52) 

, ' 

........... , ....... ,:, .' 

\ 
'\ 
~ 
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. ". By. sUbtractingEq. (52) from Eq. (50) we have 

: .. ~ 

. 
. (/.0':- O.:r WL 1- O.~-WM). . . 

.In the same manner as for the temperature :f'unction,we find' .. 

By subtracting Eq. (56) from Eq. (55), we find 

- WL.] /(,.o ~ 0.5" WL. 1- 0.5" WM)] • 

.' (57} 

! 
! 

. I 

.:.' 

I 

I 
· I 

t 
1 

I 
! 
f 

. /" I 

i 
To find the quanti ~y a k tfl< I a I'r , wederi ve from 

Eq. (1) 

... . :.". ' 

~., . .. 

. ;. ".' 

" ",,-

'. 

',' :~"',;:, '.'.' 
• < '/": • 

, .~ 

.',. -. "', . " :. ,:. 
., ""'" ' 

· I "., .... . i 
. '.' I 

I 
: I 

.. t 
. ," •.... ' "1 

(58l.-:<;: , 
· i: 

,'r· 
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We now have to combine Eqs. (31), (43), (57) and (58) by substitution' 

into Eq. (11) yielding FKGi or In(¢KGi/¢Ki). Thus, the correction to the 

original Kwong equation due to Gunn.' s combination is found to be 

h-(rpKGi /(JKi) = [WS~ -WL+(WM-wsJ(eSiIBR.)]-{(-t 

-f- I.j E k ( / + Qli~,)] 1[.1. 0'( /.0 - 0.5" WL +- 0.'- ""111 J] 

+ 1.&661[ wSt' - WL + (WM - wS,J(BS,: 181<)]·( I-I) /­

[1.0 - o.5"WL +cJ.5"WM] • 

Simplifying, we have 

~(rjJl:Gil(/JKi): [WS~ - WL+(WM-Ws/fss"!BR)]' 

[K.~/+£.t-(lfQIi!)j/[Z.(J('.O -o.S-WL + O,s"W/1)] • 

With the definitions 

(Statement 246) 

and 

(60) 

(61) 

QJ= [R..a FKr + s.O(z-I)]I[J.()(LO -WL +WM)] . (62) 

(Statement 253) 

FI<D becanes 
i 

fKG i -=~(fq;, It&t) = ~v[ WS,; -WL +-(WM-wsJ(8s,;16R)] (63) 
\ 

(Statement 273) 

We nowcanbine Eqs. (7) and (63) and define the quantity GNFKJ which 
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represents the natural log 'of Kwong IS lndi vidual fugaci~y c()efficient . '/ . 
" , 

according to Gunn's combination, 
".' 

. . " 

GNFKJ = ~.k 1JKc; +- h{ ((JKGi /((JK,J (64) , 

... " 

Finally we obtain . . . .. , 
, , 

GNFKJ:::. «ZI< ~/}8Si!BR. -.<4(ZK -Q) 

~£(;l..O ASi/AT()·r~BSi/8l<)k{t+~/i!;), + ["KGi. , 

'(Statemerit274 ) 

c. Deviation Functions 

As shown in the' "General Remarks," the , contribution" to the individual 
, , 

, fugacity coefficient of the' deviation function is split .intothe terms 

where In, SZl AG is the log of the mean deviation fugacity and is given in 

subroutine FUDEM designed by Gunn. 7 The second quantity, designated by 

,FPC
i

, is derived in this section. We define 

f or 
I ... ·l (66) , 

As noted before, In SZli may be written as 

~ ~Gt= ~fJ,.fi, + aL-...{46/a<Jl ~t~dakPt.Etla 'Ii- '. 
., " : ' . ,',J " ' , ' 

so that FPC i may be written as ' , . \ ' 
, \ 

I., . 

fPC-. , 
. : ..... 

,', 
. ... -

", " 

.r ,'.~" 

" 
" . 

~ ". ;.' 

,', :" .'. 

.",' . ' 

, 
, 

, ,I 

i , , 
I 
I 

I 
I 
l 
I 
1 . 
i 
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Since¢AG·::: FUDEM is a function of Tr' Pr , and WM, we have 

a f)V f!1(? / d;J " :7- (d ~ ~:YAfJA(" I T;-X d r;. la Ii) + (d ,.(.v U?I.::/ aPr)· (68 ) 

( ,0 /. ! ~ (.-:l 1 If) / ",,/, .)/ I,./LI /'.\11 )\ 
01,.. / o(!,'.I, C/ ~,&,.,. 'f"A& / (:) yy/'1 .'1.0 rylFI f 0 c/' i • 

We have already computed (oTr/oYi) and (oPr/oyi) and these are designated 

FPCi may now be expressed by means of the operator K: 

FPC,:: (a,t.v fo6/dr:.)r· K(UM,:) + (dk{JAc, Id;::')I''' 

K(Ut38, ) -I- (ckt{JA(5./dWM )"K(d WMlotJi ) • 

We define ~ 'd; IIA1' = WA 
Ii 

We now have 

K( UAA,) = UAAi - wA ~ UA, 

(Statement 524) 

and K(UBBi ) = UBBi - WB = UBi • 

(Statement 525) 

(70) 

(72) 

Since WM" .~ ~J '1 ~J / ~ 'Ii 1/ , we obtain 
d J 

a WM / a ~i =- Wi'); / Z 1;1; - (4. 'dJ Wj 1i)· 
i . I-

We conclude that 
) 

(TcI.I ~~)/ f ~; 1; · 

., ...• ' ... :l .. " '" ... :.' .. ~ .. ': 

(74) 
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Introducing the operator K,we have 

/((dVlM IdlJi):;': d wM la'!(, .=. 'tIS(' • SS,'!eR 

- Wt-lj· BS~/ BR = (wSi. - WM) ABi 

K(iJ Witt /dfJi} = ueL' • 

. (Statement 520) 

Now FPCi may be written as 

FPCi.;: (ahrpAG. /dT~)r: VA,: + (cJk11t;,ldPr)P·UBc.' 

-I- (dk 'flAG / c9 WM)· UG~ 

The derivative 0 ln ¢AG/OTr is obtained by means of a numerical 

differentiation. The subroutine FDM yields the mean deviation function 

ln ¢AG = FUDEM. We increment Tr by EE and obtain FUDEMU = FUDEM(TR + EE) •. 

We obtain for the temperature derivative of ln ¢AG 

(Statement 195) 

The quantity d 1n ¢AG/OPr is obtained from Eq. (1): 

"R. 

~ jJ = J [ ( z - tJ/F:-] de. 
o 

(So) 

Since In ¢ = ~n ¢K + ~n ¢AG' we have 
I . 
" 

I \ 
a~fJAc" /a;;. = ~ /P,.. 

. ! 

= D,V/f;.' ,- ,\ (81) , 
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The quantity (0 In ¢AG/'CMM) = (OFUDEM/cMM) is obtained from the final· . 
expression for FUDEM in ACkerman's work: 

FUDEM = FA + FB + FC • WM (82) 

ak~G /d~/M -: Fe . 

Substituting these quantities into the expression for FPCi yields 

FPC;, = FDT· T· UA i +- DV· ~ • UBi +- Fe • (Jet. ' . (84) 

(Statement 200) 

By means of Eq. (6) the total individual fugacity coefficient may be 

written as 

~~. =GNFK.r + FUDEM + FPC,:. 

(Statement 276) 

D. Enthalpy and Entropy 

In addition to giving mean and individual fugacity coefficients for 

the mixture, ES64 gives the mean enthalpy and entropy for the mixture. 

In t.he following, no individual but only mean quantities will be d.iscussed. 

The derivation consists of a diff~rentiatlon with respect to temperature 

of both sides of the equation 

(86) 

Considering the left-hand side, we have 

[a(Flr)larj, = -Flr7- + (aF/c3T)IT (87) . 
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[a(F/r)/dT]p = - F!T"l.. - S!T ::: -( F+TS)/T (88) 

[0 (Plr)/r] = 
. P 

-HIT1., (89) 

so·that the left-hand side becomes 

{Cl [(F-FO)IT] len1 = - (H-H")/T~. (90) 
. p 

I 
I 

-{H-H())IT~ = R(a~ pf]/dr)p = R(Jh~/dT)p 
I 

(91) . I 
! 
I 

_(H_lio)/RT1.::; (ah rpK/Jr)p + (a~rt.c, IJr)p (92) 
I 

I 
I 

-(H-H~)/RT~= [(oL (JK lar".)p + (a4.·~Cr/rJT;)p]/T", 
I 

(93) I 
I 

I 
. I 

H-I1°:; -RT[ r".(ok{{ laTr)p + Tr(Jhf/JA6/ar;. )p] (94) I 
I 

I 
I 

. In terms of the previously derived quantities, we have 

·1 
j 

o . 
H-H = -RT(FKT+ T~· PDT) " (95) 

(Statment 247) 

To obtain the entropy, we derive from the pre~ed1ng relations 

" . S = (H-F)/T = -R.h.v(Pf/J) + (JI-HO)/r -(F(J-H'J/r (96) ., 
~ . 

.' . 
" . , 
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so that, in terms of' the previously def'ined quan~ities, we have 

. (Statement 248) 

The subroutine FUGAM = In ¢K was derived by Redlich and Kwongl and 

7 FUDEM = ln ¢AG by Gunn. 

III. METHODS OF CHECKING THE PROGRAM 

The user of Program ES64 has not much opportunity of' checking it. 

Comparison with observed data furnishes only spot checks. In a way he 

has to take t~e program on good faith •. A systematic and thorough check 

is therefore an important requirement. 

Ackerman checked the results of his d.eviation function for Z by com-

parison with Pitzer's tables, which had served as a guide anyway. The 

computation of the mean fugacity coefficient by Gunn was examined with 

the aid of the numerical'integration of' an appropriately chosen test example. 

The present additions to the program required checks of the deriva-

tives with respect to the temperature, and checks of' the indiVidual f'u-

gacity coeff'icients. 

The dif'f'erentiation of FUDEM. with respect to the temperature, lead-

ing to FDT, coul.d easily be checked with the aid of' the computer itself'.. 

Computations were prescribed f'or a set of temperatures at close intervals. 

The results for FUDEM furnished an immediate and significant check of 



.,', . 

: ~ .. . . 

" ,.J 

'".> "'~; '. I • ' 

.,' 

.~'. ' 

" : 

. ;", 

:' .. 

-21-
:. : ..... , .. ' . ;. ;.', 

thed~riva.tiveFDT .•. 
. ':, " ~, 

','; , . : 

" ." 
../ .' 

... -. " ..... .', ' . 

At the same time, various values of, tpetemperature increment EE' 

. were tried out. ,Itwas.ico~Clud~d thatEE ~=o.loK or OR is high enough 

"" 

. "', ' 

so that the numerical precision of the computer is. suffic'ient for the 

derivative. At the same time the value 0.1. is low enough so that devia-
. . 

tions from linearity are not significant. The program allows, arbitrary 

changes of EE. 

A different procedure was to be chosen for the individual fugacity 

. coefficients llKGi (term from the old equation),' ¢AGi (term from the de-' 

viation functio~), and for the total values ¢i' A check was considered 

to be necessary only for a binary mixture. The individual fugacity co-., . . 

. . 

efficients ~\are derived from the mean fugacity coefficients according •... 

. to 

(100), . 

It is easily seen that these relations 'are equivalent to 

(101) 

';. ' 
,'., ' . . . ,\,. ,.,,' ...... ken / {J'AJ) 

. I • 

0: . dk(J/ d3' • · 
" "~ 

',\., . 

(102); 
,: ~ '. 

.., , 

'.( , 
.', ,: .,,': ; 
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The last relation may be replaced by its integral 

(103) 

o 0 The limiting values of ¢ are ¢l and ¢2' respectively, according to, 

Eq. (101). Though it is theoretically possible that Eq. (103) is satis-I 

fied while Eq. (102) is not, the check of Eqs. (101) and (103) is prac-

tically sufficient. 

These tests apply not only to the total fugacity coefficients ¢l 

and ¢2 but also to ¢KGi' and ¢AGi separately. It applies also to ¢K1' 

the original fugacity coefficient of Kwong, but with his corresponding 
. ... 

combination rule. 

IV. INSTRUCTIONS FOR THE USE OF ES64 
A. General Remarks 

The program Es64 can compute the compressibility factor, mean and 

individual fugacity coefficieL'its for seven or fewer components, and the 

mean enthalpy and mean entropy for the mixture. Provision is made for 

the introduction of interaction coefficients. 

If experimental compressibility factors are read into the program 

it will compare its values with the experimental values and. compute the 

differences. Otherwise, the only data introduced are, the criti~al 

te~rature and pressure and the acentric factor for each of the com-

ponents. 

The temperature schedule provides for sets consisting of a starting 

temperature and higher temperatures at equal intervals. The pressure 

schedule may follow one of three schemes: (1) starting pressure and any 

• 
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. .. 

number of higher pressures at equal intervals, (2) starting pressure PL 

and any number of pressures of the amounts 2PL, 5PL, lOPL, etc., (3) 

starting pressure plus any number of additional pressures as read in as 

part of the data • 

After a T-P schedule for a pure substance (N9S = 1) a new T~P 

schedule may be provided. If no other T-P schedule is desired, a blank 

card is inserted. Now an entirely new problem can be prescribed to the 

computer, beginning with a new Title-Card and the whole input as described. 

If no new problem is to be submitted, a second blank is inserted. The 

calculation will then be terminated. 

After a T-P schedule for a mixture (NOS> 1) the compositions for 

which the computation is to be carried out must be provided for. The 

number of such mistures NOM has been prescribed. in the Title-Card and is 

fixed for a whole problem. A new T-P schedule may follow. But the same 

number of compositions NOM must be provided for after each T-P schedule. 

If no new T-P schedule is desired, a blank and. a new problem (Title-Card 

and so on) may be put in, or two blank card.s will terminate the computa-

tion. 

For the various schedules, the following outputs are available: 

(1) only the compressibility factor Z, (2) only the compressibility factor 

and the mean fugacity coefficient ¢, (3) option (2) plus the enthalpy H 

and entropy S, and (4) option (3) plus individual fugaCity coefficients 
. 

¢i. These options are controlled by the sign of the control quantity 

ECL. 

If the control quantitY.KCL = 1, the intermediate quantities FDT 

and FPCi = d in ¢AG/oYi will be printed out. 

maybe used to punch the normal output. 

The co~trol quantity NPC = 1 
.i 

f 
1 
f 

f 
I 
i 
t , 

i 
r 

! 
I 
I 

t 

I 
I 
I 
1 

I 
I 
I 

I 
I 
I 
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The program can also be used for computations starting from the 

reduced variables T and P. In this case, one sets T = 1, P = 1 and r r c c 

introduces T and P whereverT and P are prescribed. If heat content, 
r r 

entropy, and individual fugacity coefficients are desired,the absolute 

value of ECL in the Title Card should. be 0.01 so that EE = 0.001. The , 

lower numerical values of T necessitate a lower value of EE for the 
r 

differentiation with respect to T. 

The same (arbitrary) 'units must be"used for the whole input. The out­

put is given in the same units except for H (eal/mole) and S(eal/degree 

C • mole). 

The various kinds of cards are described in the following in the 

order of the input. 

1. Title Card 

Column 

1-54 

55-56:' 

57 

58 

59 

60 

61 

62-72(4 d~c.) 

B. Input 

Title of the problem 

KCL print inter.mediate quantities: 0 no print. 

1 print. 

MCL experimental data: 0 no 

1 yes 

NOS munber of components (1-7) 

NOM number of mixtures (1-9) 

NPC ptmch nor.mal output: 0 no punch 

1 punch 

NRC interaction coefficients: 0 no 

l!, yes 

ECL 1:11 0: compute only Z 
l 
; 
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ECL = 99.0: compute Z and mean fugacity coefficient ¢ 

ECL = < 0: compute Z, ¢, H, ·S 

EE = -0.1 ECL in the computation of·FDT 

ECL> 0 but * 99.0: compute Z, ¢, H, S and Pi 

EE.= 0.1 ECL for FDT 

2. Experimental Data for Z (only if MCL = 1) 
" 

Insert any number up to 199 card.s followed by one blank card 

Column 

1 - 10 (4 dec) ZE Experimental value 

3. Substance Cards 

NOS cards, one for each substance 

Column 

1-24 Name of substance 

25-36 (6 dec) TC(JS) Critical temperature in any units. 

37-48 (6 dec) PC(JS) Critical pressure in any units. 

49-69 (6 dec) WS(JS) Acentric factor 

4. Interaction Coefficients 

NOS cards (only if NRC = 1). The input consists of a symmetric matrix 

of order NOS with 1.0 in the diagonal. 

Column 

1 - 12 (4 dec) R(l,JR) 

13 - 22(4 dec) R(2,JR) 

••••••••••••••••••••••• 

5. T-P Schedule 

(JR = I, 2, •••• NOS) 

Column;. 
I 

1 - 12 (6 dec) TL 10westtemperature to be introduced, in same 

unit as TC(JS). 

I 

i 
I 
! 

i 

I 
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13-24 (6 dec) PL lowest pressure to be introduced, in same units 

as PC(JS). 

29-30 NOT number of temperatures to be introduced. 

31-'42 NOP number of pressures to be introduced •. 

/ 49-60 (6 dec) DT temperature increment in same units as TL. 

61-72 (6 dec) DP = -1: pressure schedule is PL, 2PL, 5PL, 10PL, etc.,. 

for NOP pressures. 

DP = 0: schedule given by PL and the following NO?-l 

additional pressure cards. 

DP> 0: pressure· increment for NOP pressures (same 

units as PL). 

6. Additional Pressure Cards 

(NOP-l cards only if DP = 0.) 

Column 

13-24 (6 dec) pressure (same units as PL) 

7. Composition Cards 

(Only if NOS> 1, NOM cards for the precedingT-P schedule, one for 

each mixture) 

Column 

1-12 (4 dec) Y(l) mole fraction of first component (described in 

the first substance card) 

13-22 (4 dec) Y(2) mole fraction of second component (described in 

the second substance card) 

23-32 (4 dec) Y(3) mole fraction of third component (described 

in the third eubstance card) 

33-42 (4 dec) . Y(4) mole fraction of fourth component (described in 

the fourth substance card) 
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43-52 (4 dec) 
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Y(5)' mole. fraction of fifth component (described in 

the fifth sUbstance card) 

53-62 (4 dec)Y(6) mole fraction of sixth component (described in 

the sixth substance card) 

63-72 (4 dec) Y(7) mole fraction of seventh component (described in . 

the seventh substance card) 

8. New T-P schedule (insert additional pressure cards if prescribed by 

DP and NOP, and insert NOM composition card.s if NOS> 1.) 

A blank' card starts a new problem (insert a full set of cards, types 

1-7). 

A second blank card (0 in column 58) means end of calculation. 

C. Output 

A typical output is shown in the Appendix. For the example the option 

KCL = 0, MCL = 1, NOS = 2, NRC = 0, and ECL = 1 have been chosen. For 

each problem, the Title Card and Substance Cards are printed. out as the 

head1ngo The pOints are nested as follows: , Each composition contains 

all the temperatures specified, which in turn contain each pressure 

specified. 

After a particular composition is printed out, a heading line appears 

which applies to the entire composition. The symbols have the following 

meanings: 

ZRK =, ~ (old equation of Redlich and Kwong) 

ZAG =' ZAG (:l.mproved equation) \ 
, 

ZEX = exper:l.mentalcompresSib111ty factor 

DZ = . ZEX-ZAG 

LOG FRK ~ l~~O ~ K 

... 

I 
I 

I 
I 
I , 
! 
I 
i 
I 
I 

'I 

I 
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LOG FAG = 10glO q> AG 

FAG = <{>AG' final result 

MZ = number of the point 

Q = kind of the printed line or punched card (1 = Z 

and mean values of <f'. , 3 = ~ of components) 

C = component 

P = number of the phase 

Immediately under the heading line the temperature (same units as 

the input critical data) and reduced temperature are printed. Under the 

temperature, the pressure, reduced pressure, enthalpy and entropy for the. 

part,icular point are printed. 

The MZ column has been included for easy sorting if the output is 

punched on cards. 

Below the critical temperature, the program may give results for two 

d.ifferent phases. The old equation, just as well as that of van ,derWaals, 

is of third degree in Z and therefore may have one or three real solutions. 

This is not changed by the ad(;l1tion of the deviation function. 

For a pure substance the significance of three solutions is well known. 

The highest value of Z is that of the gas, the lowest that of the liquid, 

and the mid.dle value represents an unstable state. Only one of the two 

other values must belong to a stable state. The other belongs, in general, 

to a metastable state. In the exceptional case of a vapor-liquid equilibrium, 

both phases are stable. 

The computer prints out data for the gaseous and liquid state without 

.. any indication of stabUity. The fugacity coefficients however indicate 

immediately the stability for a pure substance: The fugacity coefficient 

of the stable phase is lower than that of the metastable phase. Vapor­

liquid equilibrium exists at the given temperature and pressure only if 
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the two fugacity coefficients .are equal. 

The output does not give any indication of phase stability for ~­

tures. ActuallY the information obtained in an isolated point for a mix- . 

ture is intrinsically incomplete for the decision of a question of meta-

stability. This _question can be discussed. only on the bads of a set of' 

results for a whole system at a given temperature. So far, no attempt 

.. has been made to solve the general problem of' stability. 
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V. CONCLUSIONS 

The program developed so far is believed to furnish reasonably 

accurate values for compressibility factors and fugacity coefficients. 

Its range of application is restricted to the gas phase. It will probably 

furnish crude approximations for the liquid phase but such results cannot 

be relied upon. For the gas phase the accuracy is quite close to that of 

Pitzer's tables. Some moderate deviations may appear in the vicinity of 

the critical point. For hydrogen, helium, and water, the approximation 

is not better than that of Pitzer's tables, i.e., not very satisfactory. 

Comparison of the results for mixtures with experimental data indicated 

that about the same accuracy is obtained as for pure substances. No 

additional parameters beyond the critical temperatures, press~es and 

acentric factors of the components are 'used. Further checks will be 

. carried out. If they are in accord with present results the proposed 

method may turn out to be a practically satisfactory solution of the 

irksome problem of the ;.f:ree .energy of mixtures. 
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APPENDICES 

A. ESG4 

B . . Sample Calculation 
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ES64, EOUATION UF STATt.: 1964 

C SUBRUUTINES ~EQUIMEo - VIETA MOO ], fUM,ANGLE,FTEM,FUGA~,OEV,FFC 

C 

1 01 Mt.:NS ION T I ( ql ,lE (200) ,1'\14), SUf\(4 I, TC (71 ,PC (71 ,AS( 71, fiSC 71 ,CS (71 
2, W S ( I) ,~ ( 7,71 , P ( 991 ,Y ( 71 ,U ( 53) ,HH S ( 7) , )( ( 3) ,U A ( 7 ) ,U~ I ." , 
3UCI11 ,BhU(1l,UUIS31,FPCI71, BA(71 

6 FU~~AT (9A6,I2,511,F11.41 
7 FOIH~hT (lHl,9A6, Il,'>1l,F7.31 
8 FU~"'AT (FIO.41 
q FOMMAT (4A6,1F12.bl 

10 FU~MAT (IHO,4Ab,3F12.61 
11 FUR~AT (FI2.4,bFIO.41 
12 FORMAT 1/11 
13 FUM~hT (ZF12.6,4XIZ,10~12,bX2FIZ.6) 
14 FURMAT (LZHOCOMPUSITIONI 
1'> FURMAT 112xF12.bl 
16 FURMAT (73HO ZRK lAG lEX Ol LOG F~K LOG FA 

2G FAG MlQCP/I 
17 FU~~AT (lHOT,F17.4,4H TR,FIO.5) 
1A FORMAT (IHT,FI2.4,4H T~,FIO.5) 
19 Fll~MAT (2HQP,FI7.4,6H PR,FI2.4,1H H,FIO.l,'H S,F9.41 
20 FUR~AT (IHP,FI7.4,bH PR,FI2.4,7H H,FIO.I,3H S,F9.4,3X,14) 
21 FUR~AT (4F9.4,Fl1.4,2F9.4,15,2Hl ,Ill 
24 FURMAT (J7X,FlL.4,2F9.4,l4tlIH,2111 
25 FURMAT (4HOFDT,F19.b,9H FUDEM,FlS.6,6H FC,Fld.6/3H EE,F20.b, 

210H FUDEMU,F14.6,7H FCU,f11.b) 
26 FURMAT (4H FPC,FI2.61 
27 FOMMAT (15HOCMITICAL POINTI 
2~ FURMAT (lH ,4F9.4,Fl1.4,2F9.4,14,2Hl ,Ill 
29 FOR~AT (4H FKT,FI9.b,9H Q,FI5.6,6H QJ,FIA.61 

C INPUT,AND INDEPENDENT INTEKMtDIATES 
31 READ INPUT TAPE 2,b,(TIIM),M=1,9),KCL,MCL,NUS,NOM,NPC,NkC,F.CL 
32 WRITE UUTPUT TAPE 3,1,ITIIM),M=1,91,KC.L,MCL,NOS,NUM,NPC,NR.C,ECL 
33 If (MCL) 39,39,34 
34 READ INPUT TAPt l,8,lEIMCL) 
35 IF (ZE(MCL)) 38,38',36 
3b ""CL=~CL+1 
37 Gu TU 34 
38 MCL:MCL-1 , 
39 If (NOS) 40,40,41 
40 NOS=l 
41 Du 45 JS=I,NOS 
42 READ INPUT TAPE 2,9,CSUBIM"H:l,4"TCeJS"PCeJS"WSeJS' 
43 WRITE OUTPUT TAPE 3~lO,(SUBIMI,M=1,4),TC(JSJ,PCCJS"WSIJS' 
44 BSCJS)=0.08667*TCCJS)/PCfJSI 
45 AS(JS)=O.b540.TC(JS' •• l.25/S~RTFIPCCJS" 
46 IF (NRC) ~O,50,47 

47 00 49 JR=l,NOS 
48 READ I~PUT TAP~ 2,11,CRCJS,JK),JS-l,NOS' 
49 W~ITE OUTPUT TAPE 3,11,(RCJS,JRI,JS-l,NOS) 

\ 
l 

\' 



ES64 EQUATION OF STATE 1964 

50 WHITE OUTPUT TAPE 3,12 
C 
C PRESSURE SCHEDULE 

C 

51 READ I~PUT' TAPE 2,13,TL,PL,NOT,NOP,OT,OP 
52 P[l)=PL 
53 JP=2 
54 IF(DP)5S,66,69 
55 P[JP):P(JP-1)·l.O 
56 JP=JP+l 
57 IF(JP-NOP)58,58,74 
58 P(JP)=P(JP-1)*2.5 

. 59 JP=JP+1 
60 IF[JP-NUP)61,61,74 
61 P(JP)=P(JP-1).2.0 
62 JP=JP+l 
63 IF(JP-NOP)SS,55,74 
64 READ INPUT TAPE 2,lS,P(JP) 
65 JP=JP+1 
66 IF(JP-NOP)64,64,74 
67 P(~P)=P(JP-1'+UP 
68 JP=JP+l 
69 IFIJP-NOP)67,67,74 

C CONTROL SCHEDULE 
74 A(l)=l.O 
75 A(2)=-1.0 
76 IF (NOM) 11,77.18 
77 NOM=1 
78 EE=0.1*t:CL 
79 If (eCL) 87,80,82 
80 MISS=O 
81 GO TU 88 
82 IF (I::CL-99.0) 85,83,85 
8J MISS=l 
84 GO Tu 88 
85 ~lSS=3 
86 GU TU 88 
87 MlSS=2 
88 Ml=O 

C Y-CYCLE 
101 DO 2Y3 JM=1,NOM 
102 IF (NUS-l) 130,130,103 

C MIXTURES 
103 READ INPUT TAPE 2,11.(Y(JS',JS=l,NOS' 
104 wRITE UUTPUT TAPE 3,14 
105 WRITE OUTPUT TAP~ ),11,(Y(JS).JS=1,NOS1 
106 WHITE OUTPUT TAPE 3,12 
107 BIt=O"O 
108 AT=O.O 
109 WL=O.O 

- ,,,"1. l,.; 

" 
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ES64 EQUATION OF STATE 1964 

110 WN=O.O 
III 00 127. JS=I,NOS 
112 HHS(JS)=O.O 
113 IF (NRC) 111,111,114 
114 DO 115 JR=l,NOS 
115 HHS(JS)=HHS(JS)+YCJR)*RCJS,JR)*AS(JR) 
116 GO TO 119 
117 ou 118 JR=1,NOS 
116 HHS(JS)=HHS(JS)+yeJR)*AS(JR) 
119 AT=AT+Y(JS)*AS(JS)·HHS(JS) 
120 BR=BR+Y(JS).BS(JS) 
121 WL=WL+Y(JS)·WS(JS) 
122 WN=WN+Y(JS)·BS(JS)·WstJS) 
123 WM=WN/BR 
124 BT=B~/(1.0 + 0.5*(WM-WL» 
125 TM=0.34492·(AT/BT) •• 0.~66667 
126 PM=0.08661*TM/BT 
127 IF (MISS-2) 136,136,128 
128 CALL FFC(AS,BS,WS,y,TM,PM,WL,WM,UA,U8,UC,KCL,8R,~OS,AT) 
129 GOTU 116 

C PURE SUBSTANCE 
130 PM=PC(l) 
131 AT=A5( 1) •• 2 
132 OR=AS(l) 
13.3 BT=BS(1) 
134 WM=WS(l) 
135 TM=TC(l) 

C GENERAL 
136 WRITe OUTPUT TAPE 3,16 
137 IF (NPC-2) 139,139,138 
138 WRITE OUTPUT TAPE 14,16 
139 T=TL 

C r-CY~LE 
151 DO 292 JT=l,NOT 
152 TR=T/TM 
153 [\=8T/T 
154 E=AT/(BT*r.*1.5) 
15~ IF (MISS) 166,168,156 
156 IF (NOS-1) 159.159,157 
15700 158 JS=l,NOS 
158 BACJS)=T*UA(JS) . 
159 CALL FTEMCU,TR) 
160 IF (MISS-I) 166,168,161 
161 TU=T+EE 
162 TRU=TlJ/TM 
163 '~U=BT/TU 
164 eU=AT/CBT+TU •• 1.5) 
165 DU 166 JS=1,NOS 

.166 BAUeJS)=TUoUAeJS) 
161. CALL FTEM(UU,TRU) 
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~S64 . EQUATION OF STATE 1964 

168 WRIT~ OUTPUT TAPE 3,11,T,TR 
169 IF (NPC) 111,111,110 
110 WRITE UUTPUT TAPE 14,18,T,TR 
171 CUNTI"IUE 

C P-CYCLE 
180 OU 2~0 JP=l,NOP 
1 81M l ="M l + 1 
182 Q=I3*P(JP) 
183 A(),=Q*(E-1.0-Q) 
184 A(4)=-E*Q*"2 
996 IF (KCL) 185,185,99( 
997 WRITE OUTPUT TAPE 3,11,AT,OT,A,E,Q,A(3),A(4) 
185 CALL VIETA(A,X,MTYPtl 
998 IF (KCL) 196,1H6,999 
999 WRITE UUTPUT TAPE 3,11,(A(M),M=1,4),(XCK),K=1,)' 
186 P~=P(JP)/PM 
181 OV=OtV(TR,PR,TM,PM,WM) 
191 IF (MISS) 198,198,192 

.. --- 192 CALL FOM(U,TR,PR,WM,FC,FUOEM) 
193 IF (MISS-l) 198,198,194 
194 CALL FOM(UU,TRU,PR,WM,FCU,FUOEMU) 
195 FOT=(FUOEMU-FUOEM).rM/fE 
198 IF (MISS-21 219,219,199 
199 nu 203 JS=1,NOS 
200 FPC(JS)=FOT*UA(JS)*T +OV*U6(JS)*PM +fC*UC(JS)~ 
201 IF (KCL) 203,203,202 
202 WRITE OUTPUT TAPE 3,26,FPC(JS) 
203 CONTINUE 

C PHASE CALCULATION 
219 IF (AOSF(TR-1.0)-0.0003) 220,221,221 
220 ·IF (ABSF(PR-l.O)-O.OOO) 222,221,221 

'4\221.- IF (MTYPE) 225,222,223 
~221 WRITE OUTPUT TAP~ 3,27 

223 LP=l 
224 GO TU 230 
225 LP=2 
226 XMAX=MAXIF(Xel),X(2),X()) 
227 XMIN=MIN1FeXel),X(2),X(3" 
228 X ( 1) =XMAX 
229 X(2)=XMIN' 
230 00 284 MP=l,lP 
231 IF (~ISS-l) 236,232,232 
232 GNFK=FUGAM(Q,E,X(MP» 
233 GFK=0.434294*GNFK 
234 GFA~GFK+0.434294*FUOEM 
235 FAG=EXPFeFUDEM+GNFK) 
236 IF (Mel) 231,231,240 
237 ZE(MZ)=O.O 
238 OZ=O.O 
2)9 GO TO 241 

.. 

~. 
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ES64 FC"J\TJn~~ OF STI\TE 1964 

240 Ol=Z[(~l)-X(~P)-QV 
-241 It\G=X(MP)+DV 

245 IF (~ISS-1) 254,254,;>'.6 
246 FKT=-X(~P)+1.0+1.S*f*LGGF(1.n+Q/X(MP» 

.147 H=-1.9R126.T*(FKT+TR*FD~) 
252 Cf1~!TPJUE 
24R S =-1.9 C77.6* ( Ulf~f (I' ) + rU[)E~'" GNrK) +H/T 
253 ~J:(2.0.FKT+S.O.(X(MPI-l.U»/(3.0.(2.0-WL+WM)' 
254 CO~TI~Uf 
2~5 ~RITr OUTPUT TI\P( 3,lq,P(JP),P~,H,S 

256 IF (r-!PC) 25fl,2S8,~51 
257 ~R:TE nUT~UT TAPE 14,2C,PtJP),PR,H,S,Ml 
2~8 IF (KCLl2bC,260,25 Q 

259 WRITE OUTPUT TAPE 3,2Q,FKT,Q,QJ 
260 CONTINue 
2 6 1 L r ( K C L) 2 b 'i , 2 6 3 , 2 6 2 
262 wRITE OUTPUT T~PE 3,25,FOr,FUDEM,FC,H,FUUU'tJ,FClI 
26'3 HRIT[ ('\lITPlJT TAPr: 3.78,X(MP),li\G,l[(Ml),OI,GFK,GFI\,FAG,Ml,~P 
264 IF (~PC) 271,211.265 
265 WRITE OUTPUT rJ\PE 14,21,X(~P),lhG,l("l),Ul,GFK,GFA,FI\G,Ml,MP 

C DW I V I r U A L F llG "C I T Y C () 1: F FIe I r: N T S 
211 IF (fJIS~-2) 2R3,2U3,212 
272 00 282 JS=l,NOS 
273 rKG=QJ«(WS(JS)-WL+(WM-WS(JS»·~S(JS)/RR) 
214 G~FKJ =(X(MP)-1.0).PS(JS)/AR-l()Gr(X(~p'-Q)-E.(2.0*AS(JS)1 

2S0~TF(AT)-"5(JS)/"R).lnGFJ 1.O+Q/X(MP» +FKG 
215 GFKJ=0.434294*G~FKJ 

. 276 G"JFAGJ=G~·IFKJ +FPC (J S) +FUDEM 
277 GF"GJ=O.4342q4·r.~FAr,J 
118 FAGJ=~XPF(GNFAGJ) 
279 ·.~RITE OUTPUT TAPE 3,14, GFKJ,GFhGJ,F"GJ,rU,Js,MP 
280 IF (~~C) 2~2,2n2,l81 
281 WRITE nllTPUT TAPE 14,24, GFKJ,GFAGJ,F4GJ,Ml,JS,MP 
282 CONTINUE 
2H3 CONT I ~JlJE 
284 CONTlf\lUE 
2QO CONTIl"jUC 
291 T=T+OT 
292 C("HH I NUE 
293 CONTI NUE 
294 READ I'JPur. TI\PE 2.13 ,TL,PL,"JOT,~/oPtUT,oP 
295 IF (Tl) 291,291,5l . 
297 READ INPUT TAPF 2,6,(rl(M),M=1,9),KCl,MCL,NnStNOM,NPc,~RC,eCl 
298 IF (NOS) 299,299,J2 
29q CAll eXIT 

~NO(l,O,O,O.O,O.l,O,O,l,o,o,o,n,o, 

.. 

.. 
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FTEM SU!3~OUTINE (P-INDEPENI)EN1 INTERMEDIATES f-O;( FlIUE\I) 

SU~RUUTI~c FTEM(U,TR) 
I)lMENSI0N U(53),V(S2) 

401 sa = 1.414214 
402 TT = 11{ 
403 V(1) = «1.0+14131.b.(TT-l.0)··2)/1391.1Z)··O.25 
404 VIZ) : -13.44.TT+12.41 
40'> VI)) =-0.035/11.0+14131.~0(TT-l.0)"2) 
406 V(4) = 0.00260913·ITT-3.19325) 
401 V[S) = 0.OOI13345·ITTo·2-4.0~5bO) 
408 V(6) = 0.00104150·TT-0.144)92 
409 V[" = 4.9:33'>S.(TT-1.00122) 
410 V[U) = (-U.246913)·(TT+0.2Z628') 
411 V(9) = TT-l.0 
412 V(lO) = IO.~25114+0.0011S1Z9·TT)/TT··1 
413 VIII) = (0.00136591-0.00255204·TT)/TT.03 
414 VI1Z) = 0.564031.(TT-2.465Q6)/TT 
415 Vil3) = 0.00913531·(TT-l1.6081)/TT 
'.16 V(lA) = V(2)/V(l) 
411 V(19) = O.176711.V(U·V(3).(V(Z)"2-V(U··2) 
418 VIZOI = U.353554·Vlll·V(3)·(V(l)··2+Vl1)··Z) 
419 V(ll) = I-V(1) •• Z.V(Z)·V(3) 
4200V(Z2) = V(41/VI8)-V(1)·IV(5)+V(4)·V(6))/V(~'··2+V(~)·V(6'.V(1 

1 /V(tJ) •• ~ 

4Z1 V(Z3) = O.5.((V(S)+V(4'.V(6)"V(H).·2-2.00V(5).V(6).V(7)/V(S' 
422 V(l4) : V(?'.V(~)/VI8)·.1 

423 V(25) = O.176177.(V(22)-V(24') 
424 V(2~1 = 0.3~3S54.(V(2Z)+V(Z4» 
425 V(Z7) = (-0.0006431Sa.TT··ZI 
4 260 V ( 2 R) = v ( '1 ) • v ( 1 0 ) 1 V ( 13 , -V ( 12 ) • ( v ( 9 ) • v ( 11 ) - 0 • 04 (] • v l 1 0) ) 1 V ( 1 " 

1 -O.049 It Vlll1·V(lZ)"2/V(13I.·l 
4210V(l11 =(VI~)·V(11)-U.049.V(10)/V(13)··2+0.098.V(111.V(12)/V 

1 •• 3 
428 V(3D) = 0.049·V(111/V(13)··3 
429 VIJ11 = O.176111-(V(Z81+VI30)1 
430 V(l2) = O.353554*(V(28)-V(30) 
431 V(4) = LO~F«V(18) •• 2+SQ·V(18)+1.0)/(V(18)··2-SQ·V(18)+1.O 
432 V(44)=O 
433 V(45). = ATANF(V(18~*.2) 
434 V(46) = LOGF«V(1) •• Z+SQ.V(1)+1.0'/(V(1) •• 2-S0.V(1)+1.0) 
43<) V(41)=0 
436 V(48i = ATANF(V(1) •• 2) 
437 V (49) = 0 
438 V(,O) = LUGf«V( l2)"2+S(J.VCl2)+1.O)"V(12)"2-SC.V(lZ)+1.1 
439 V(~l)=O 
440 V(S2) : ATANF(V(lZ' •• Z) 
441 00 442 1=1.13 
442 uti) = V(I) 
443 OU 444 J:18,3Z 
1t44 U(~) = V(J) 
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FHY, SUH~(JUTlr-.jE (P-I~If)I?PE~DE~T INTE{~EOIt\TE5 Fl1I~ FUDEr.,) 

44~ DU 446 K=43,~2 
44h U(~) = I/(l<.) 

4 't 7 I{ l T IJ K ~ 
(r~I)( 1 ,O,O,O,O,{), 1,0,0,1,0,0,0,0,0) 
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FFC SUU~UUTlo\IE ~FC IP,T-INOtP~NOE~T ~UANTI1IES) 

SUBROUTINE FFCIAS,RS,WS,y,TM,PM,WL,WM,Uh,U13,UC,KCL,(3R,NIlS,AT' 
50 1 I) I MEN S ION AS l 1 ) , B S I 1) , W S I 7 , , Y ( 1) ,UA I 1) , U Ii ( 71 , UC I 1) , U A A l 7 ) , U B B ( 1 , 
502 FO~MAT (4HOFfC, 3F18.11) 
511 Ae = 1.0 - O.SwL 
512 WA=O.O 
513 WA=O.O 
514 DO Sl2 JS=l,NOS 
515 AA=-1.3~313*ASIJS)/SQRTF(AT) 
516 AB=BSIJS)/uR 
517 AO=1.33333*IAB-IIAO*IAC+0.5*WSIJS')-0.,*wSIJS»/12.0*AC+WM») 
518 UAAIJS)=(AA+AO)/TM' 
519 UAHIJS)=IAA+2.S*AO)/PM 
520 UCIJS)=AA*IWSIJS)-WM) 
521 WA=WA+UAAIJS)·YIJS) 
522 WB=w~+UUBIJS)*YIJS) 
523 OU 528 JS=l,NOS 
524 UAIJS)=UAAlJS)-WA 
525 UBIJS)=UBA(JS)-WO 
526 IF (KCL) 528,528,521 
527 WRITE OUTPUT TAP~ 3,502,UAIJS),UAIJS),UCIJS) 
528 CONTINUE 

RETU~N 
ENOll,O,O,O,Q,Q,1,0,Q,1,0,Q,Q,Q,Q) 

, , . , 
.~ 



FOM FUG CUEF~GUNN2 F~OM OEV hCKERMA"J ~UO 2 JACOBSIlN 

SUBRUUTINE ~OMIU,TK,PK,WM,fC,fUDEM' 
O[ME"SIUN UI531 
SLJ=L.414214 

638 U114, = IPI{+UI2'''U(1) 
639 UI151 = U(8)*PR+UI7, 
640 U(16) = O.495493*PR/TR 
641 U(17) = UIU)*PR+Ul1l1 
6420UI331 = LUGFIIU(14)**2+ 

1 +1.0» 
641 hi = UIZ'/Ull) 
644 AV = 1.0/Ull) 
645 U(34) = ANGLEIAl,AV,PR) 
646 U(35) = ArflNF(U(l4)**21 
6470UIJb) = LOGFI(UI15)**2+ 

SO*U(14)+1.01/IU(141·-2-

1 +l.U') 
648 U(371 = 
b49 U(lSI :: 
6500U(039) :: 

1 +L.U)) 
6510U(40) = 

ANGLE(UI71,UI8"PRI 
ATA,\jF(U(151**ZI 
LOGFI lUI 16)·*Z+ 
-Z.O*ATflNF( 

SO*UI16'+1.0'/(U(161**2-
SO * U ( 16 II ( 1 • 0-U ( 16 1 * * 2 1 1 

SO*UCI71+1.0l/(U(171**2-LOGFI lUI 17)"2+ 
1 +1.0)) 

652 U(41) :: ANGLE(U(lZ',U(13"PR) 
653 U(42) = ATA~FIU(17)**21 

SO*U(15) 

654 FA :: U(191-(U(33)-U(43») + U(20l-U(341 + UIZl)*(U(35'-U(4511 
~550Fa = U(251*(U(36'-UI4611 + UI261*U(37) + UIZ3)*(UI3SI-U(4H) 1 

1 + U(21)*UI]9) 
656 FC : U(311*(U(40'-U(50" + UI32'*U(41) + U(29)*(U(4Z1-U(52,,*0.50 
657 FUOEM = FA+FB+WM*FC 
661 KETURN 

.. , 
\ 

\ 



Of V DEVIATIUN 0-8 + OlC + ACtNT 121 

FUNCTIO~ DEV(TR,PR,TC.PC.w) 
C •••••••••• P~R~METE~S FRUM PITlER •••••••••••••••••••• 

701 08=.002b0913.PR.(TR-J.1932S -1.7148b4 .PR+.4)4418 .PR·TR··Z)· 
1 (1.0-.144391~ .PR+ .001041~8 ·TR.PR) I (1.0+ b1b.H)04 .(TR-
2 1.001Z1b .01121414 .PR- .0495514 ·P~.TR ) •• 4 ) 
3 + .U00442593 .TR •• l.P~.·) I (TR~.4+ .06021bH .PR··4) 

702 AClNT = TR.PR.(TR-l.0-0.049.PR).( .8251143 + .001)b~~7 ·PR 
1 +(-.0025~204).TR.PR+ .001157Z~5 .TR II (TK •• 4+ .1012124 ·(TR 
2 - 2.4b59b - .120411 .p~+ .01b19b34 ·TR·PRI··4 I 

C •••••••••••• •••••• CRITICAL CO~RtCTION •••••••••••••••••••••••• 
70) OlC = -0.035. P~ •• 3 I ( 1.0 + 14117.b • ITK - 1.01··2 + 

1 1397.124. IPR - 1.03 - 13.44 • ITR - 1.0)1··4 I 
704 OEV = DB + Ole + ACENi: ~ 

RETUotN 
ENOl1,0,0,0,0,0.1,0.0,1,0,O.0,0.0) 

.>--.~. '-"", ,~ .. '~". :.~ " .. -' 
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ANG ,FUNCJIONANGLE,' 

FU~CTIUN ANGLE(Al,AY,PRl '", . ' 
8010AX=ATANF(O.1414214*AY*(1.0+Al*~Z+0~1~AY*Al)/(CAZ~*Z+O.l*AY*AZ)**Z+ 

1 1.O~(0.1~AY1**ZII ' 
8020EN=(AZ**2+AY*AZ*PR)·*Z+1.0-(AY*PR1**2 
8030NU=1.414Z14.AY*PR·(1.0+AZ*CAZ+AY.PR)1 
804 IF (AASF(OEN1-l.OE-ZO) 805,805,80R 
ROS IF (AtiSF(DNUI-l.Of:-15) 808,808,1306 
806 ANGLE= 1.5707963 
807 GO TU 815 

'808 iNGLE=ATANFCONU/OENl • 
BOq AW = AX*ANGLE 
810 IF(hWI8l1,811,815 
811 IF(ANGLEI H12,812,B14 
812 ANGLE = 3.1415926+ANGLE 
813 GU TU 815 
814 ANGL~ = ANGLE-3.141S926 
815 Rt:TUKN 

ENO(1,0,OtOtO,Otl,O,O,1,OtO,O~6tO' 

,I 
, i 

I 
I • 

I 
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FlJGI\M r., E 1\ N F U G A CIT V C'i.J E: F FIe lEN T . K ~ UN G 

FUNCTIUN FUGh~(Q,E,l' 

900 FUGAM = (l-l.O - LOGF(l-Q) - E·LUGF(l.O+~/l» 
901 RETUKN 

END(l,O,O,O,Q,O,l,Q,O,l,Q,O,Q,O,O) 

,. 

'. 



V~OD) SULUTIUN OF THE GENERAL CUSIC EUUATION 

C WITHUUT CIl~(KTF, ASINF. ACUSF. FO!{ Gt:NERAL USl: 
SU~~QUTIN~ VIETA lA, V, MTVPl: ) 
DI~ENSION A141, 0(3), VI)) 
,}(1) '" AIZIIAlll 
01 UV3 = B I 1113.0 
0121'" AIJIIAllI 
tH 31 : A(4)/A11I 
ALF = OIZI - BIII-SI0V) 
BET'" 2.0.dlUV1 •• 3 - B121-010V3 + HI31 
B£:TOVZ FH:TIZ.O 
ALFUV) = ALF/3.0 
CUADV) '" ALFOV3·-1 
SOtHlVl = UETOVl-·Z 
D~L = SQROVZ + CUAOV3 
IF IUEL) 40,ZO,)0 

20 MTVPt;; '" 0 
GAM = SQMTFI-ALFOV)) 
IF I~ET) 22,ZZ,21 

21 VII) = -Z.O-GAM -010V) 
VIZ) = GA", - S10V) 
VI3I = VIZ) 
GO TU 50 

22 VIII = 2.0.GA~ -BI0V3 
VIZI = -GA~ -BIOV) 
VI31 = Vlt) 
GU TU 50 

)0 MTVPt;; : 1 
I:PS'" SQRTFIOELI 
TAU'" -BETJV2 
RCU=TAU+EPS 
SCU:TAU-EPS 
SIM:l.0 
SIS=1.0 
IF I~CU) 31.32.32 

31 SIR =- 1.0 
12 IF ISCU) 33.34,34 
H SIS=-1.0 
)4 ~=SIM.ISIM.RCU)--O.33333333 

S=SIS·ISIS-SCU1·-0.l333333) 
VIII = R + S - SlOV3 
V(2) = -IR+SI/Z.O - SIOV) 
VI)I 2 0.8bb02540-IM-SI 
GO TU 50 

40p.tTVPt: ,. -1 
QUOT a SQBUV2/CUAUV3 
KOOT a SQRTFI-QUUTI 
IFISETI 42.41,41 

"'00 3 

41 PHI ~ 11.5707963 + ATANFIROOT I SQRTF(l.O - MOOT •• Z)II I 3.0 
GU TO 43 

. I 

00010002 
OOOIOO!)) 
00010004 
uOOl000,) 
00010006 
00010001 
000100011 
0001000') 
00010010 
00010Ull 
000100lZ 
00010013 
00010014 
00010015 
O('10100lh 
00010011 
0001001'3 
(lOOI001') 
00010020 
00010021 
00010022 
00010023 
000lOOZ4 
(00101)7.5 
0001u02b 
OOOlOOl7 
0001002R 
OOOIOOZq 

00010012 
000100H 
(l00100\4 
000lOiH5 
0001001b 
000I0()37 
UU0100)R 
00(100)9 
00010040 
00010041 
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42 PH! '" ATANFISQ~TFl1.0 - RUUT"Z) I ROUT) I 3.0 00010042 
4) FACT '" Z.0·SQ~TFI-ALfOV3! 00010043 

Y III '" FhCT-COSFIPH!) - R10V3 00"'10044 
YIZ) '" FACT-COSFIPHI + Z.0c)439O;1) - 01UV3 00010045 
Y(3) FACT-COSFIPHI + 4.11111790Z) - 81UV3 0001004~ 

50 RETU,{N 00010047 
ENOl1.0.0.0.0.0.1.0.0.1.0,0,0,O,O) 



~ .. " 
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" 

I 

.. ,' 

. ," 

-', -: . 
. , .... r 

PROPA~E-15UPENTANE SYSTEM. , 
Tc) OK 

PROPANE 369.9q9996 

. I SOPt'HAN!.:' 460.799999 

COMPOS I fI ON 
0.5090 0.4910 

IRK lAG ZE X 

T 348.2000 TR 0.66779, 

P 15.0000 P~ 

0.7262, 0.71 76 o. 

", ~". . 

Ol 

0.4232 
O. 

-.~,. , 

P IS.0000 P~ 0.4232 
0.0758 0.0672, O~ o. 

" COMPOS I T I ON 
0.4140 0.5860 

IRK ZAG lEX Ol 

T 373.2000 TI{ 0.91138.' 

P 20.0000 PR 0.5171 
0.6S15 0.6412 o. . o. 

P 20.0000 PR 0.5771 
0.1097 0.0994 O. o. 

COMPOSITION 
0.9090 0.0910 

IRK lAG leX Ol 

, T 373.2000 TI{ 1.02227.' , 

P 39.0000 PR 0.Q900 
0.545' 0.5347 o. ' o. 

'. 

I~J t(J-M, 
42.011000 

-002100 1.e-OO 
tUel11'rti:: fo..cror ' " 
0.152000 

32.900000 0.212000 

lOG FRK lOG FAG F~:; MZQCP 

Ii -565.0 S ~6. 5124' 
-0.1038 -0.1075 . O. 7?07 11 1 
-0.0530 -0.OS47 0.flB17 131 r '.' 
-0.lS66 -0.1623 0.6882 ,1321 

Ii -3464.6 5 ~14.8510 
-0.1014 -0.1051 0.7851 11 2 

0.1775 0.1759 1.4993 1312 
-0.3905 ,-0.3963 0.4015 1322' 

lOG FRK lOG FAG FAG , Ml~CP 

Ii -803.4 S --7.5:>91 
-0.1262 -0.1305 0.7405 11 1 
-0.OS02 -0.OS09 O.8B')4 1311 
-0.1799 -0.1867 0.6506 1.)21 

H -3253.0 5 -14.0807 
-0.1245- -0.1288 0.7434 11 2 

0.1601 0.1594 1.4436 1312 
-0.3256 .-0.3324 0.4652 1322. 

LOG FRK LOG FAG FA:; MlOCP, 

. J .' 

, . 
. ':., ,,: 

," 

..... 

.-
, ' .. ' ...... , . 

H -11 71.Q S 
-0.1583 -0.1612 
--O.13~0 ,-0.13Q9 
-0.3603 -0.3747 

,-9.6827 
0.689Q 

. 0.7247 
0.4220 

11 1 
1311 
1321 

..... ! 
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