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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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DERIVATION OF FUGACITY COEFFICIENTS FROM .
| AN IMPROVED EQUATION OF STATE
Max Jacobson
Inorganic Materials Research Division
Lawrence Radiation Laboratory,

and Department of Chemical Engineering
University of California, Berkeley, California

May 1964
ABSTRACT (
| The equation of state proposed by Rediich andnxﬁong hastbeen'improvéd'.f'
by addition of a deviation term containing Pitzer's acentric facfor and
by means of a new rule for the combination of the parameters for mixtures. ,7
Only the critical temperature, pressure, and acentric factor of the
' components are required in a computer program (Fortran for IBM T090)
furnishing compress;bility factors, mean fugacity coefficients, and indi-
vidual fugacity coefficients of the components. The equation is restricted
so.far to the gaseous state. Its accuracy for the campressibility factor ,
‘ ig close t§ that of Pitzer's tables. The camputation of fugacity co-

-efficients does not entail any loss of formal. precision.




N/

I. INTRODUCTION

"A. Previous and Present Work

In 1948, Redlich andeongl proposed an equgtionvof-state whidh;
though still within the limits of the theorem of corresponding states,

was supposea 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 represéntation 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, deSpife the fact that
the only parameters used'were the critical temperature and pressuré of
the individual ccmp0nents;

Between_l9h8 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. Iﬁ o

addition, the need for fugacity coefficients in gaseous mixtures increased

steadily. In 1960, Redlich and Dunlop2 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
acentrieé.: 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 higher order with increasing

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

between the new equation and a group of data for seven representative

substances. : , . o \
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Réalizing the genéraliy satisfactory accuracy of the tables pfcposed-
29

by'Pitzér and his coworkers, Ackerman6’attempted fo develop a- new ‘
deviation functlon, taking mainly Pitzer 5 tables as a gulde.. Ackermanfs
élgébraic:representation camé fairly ¢lose to Pitzer'srresulté'énd showed"
'improvémeht ovér'Dunlop's deviatién function. If,this'éccuracy could be _:.9_

'.extended to mixtures, the resultant fugacity coefficients would be of |

T modified the mixing rules for |

cohsiderable value;‘ For this reason, Gunn
the parameters, guided by dbéerved_compressibility factors for mixtures.

-The dﬁject of the present work was the next and esséntially final.
step, the dérivation-Of ihdividual fugacity coefficients for the coﬁpohent;
of a mixture. In addition, meénventhalpy 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 ES6L

-.A. General Remarks .

Previous work by Kwong, Ackerman, and Gunn has progreésed,to the
~ explicit derivation of the mean fugaéity coefficient ¢ from the compressi-

bility factor Z accbrding to the definition
_ » . .
n @ = [(Z-DdP/P. )
[o)

The derivation of individual fugacity coefficients ¢i from ¢ prescribed S,

by

= A P+ OOy = 2, suphy @




-3~

requires‘differentiatioq Qith r.espect't.O the mo;e fréctions yj_and is -
somewhat complicated. It ié conveniently resolved into a number of dis-
~ tinct steps. |

The use of two operators simplifies the preséntation. The first in-
dicates the differeﬁce between derivatiﬁesvresulting from the combination

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

L; (F)= (9F /oy.), = (0F/04:), - (3)
The second operates on a subscripted Quantity Fi and is given by

A(F)= F= 2.4 W
;7

Kwong's original fugacity coefficient ¢Ki was derived and presented
by Redlich and Kwong in 1949. Gunn's new cambination rule entailed a change

in the individual fugacity coefficient. The term ln(g ) was derived

KGi/¢Ki

by means of Eq. (2) with the aid of the operators L, and K.
The necessity for the operations prescribed by the operator Li is

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

explicitly on the y,'s), we have
J

O § 1y; = (04 Y /OTNOT: f04:)
+ (0t o JoRXOR /5y ).

(5).

' Bﬁt since Tr and P} are def;ned differently for the combinations_of Kwong
and Gunn, the quantities BT}/ayi and BPr/byi are diéferent 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

ettt
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éAG from this deviation function. In order to derive an individual devia-

tion fugacity coefficient, Eq. (2) and operator K were applied to ¢AG»‘
- yielding the quantity (¢AG1/¢AG)' | |
The final form for the individual fugacity coefficient appears as

N, = }y: éf?ﬂ' + A (W/«;/ //W«J . (6)

€ ’

fhnfie Rl

. /51.

N

The following quantities wili appear_frequently. They are presented
here for easy reference along with their statement number location in the

ES6L program. The critical quantities are denoted by TC, and PC,.

Computer Statement
Symbol Number
- Bs(Js) L BS, = 0.08667 'mi/rci = 0.08667 z
AS(Js) 45 As, = 0.6540 '.L'cil‘es/Pcio'5 = o.65h3.""hi,
BR 120 BR = 0.08667 £ y,z,
AT 119 AT = (0.6541 g thJ )2
o - 3
AB | 514 AB, = BS i/BR
Mmoo a3 AA, = - 1.3333 48, /(a1)0*?
Q 182 Q = BR/(T.P)
E 15k E = A’I’/(BR»TJ"S.)
ws(gs) input ~w, = Pitzer's acentric factor
WL , 121 WL = § ijj‘ e
WN 2 N = 0. 2
| 122 WN = 0.08667 R
AC 511 AC = 1.0 - 0.5 WL
WM . 123 WM = WN/BR

4 .
BT S1ek BT = BR/[1.0 + 0.5(WM-WL)]
. . i

\_



Functlons Based on the EquatiOn of T
State of Redlich and Kwong SRR

ij;T and P by Kwongl as . ‘: | T e e
/é"’ﬁﬂm—(z< "'/)55 /BR - (Z Q)._;'[ZIA /AT . |
v .' - 55 /BR),@n/(/+Q/Z) L

. o 'I'ne tem ln (¢KG1

: and (h) to the mean Kwong fugacity coefficient ¢K

,Zm(;em/;v“) FKG~[(a/&w!0x/dg) (axén@/ag)]

_..z %[(azwpﬁ/a% - (a/zn@/au )]

(e

| ,_ F)reé.:' ‘KI[LL. (_gpx)] e

" Kwong ] coefficient ¢K is a function of T ‘and P but not of’ the .

o acentric factors w Therefore, Eq (5) furnishes '_ '

J’ L
FKG [(azn@/ar)/. (7.) +Wn§& /df’)i (. )]

(10)___ B

- Ealmﬂ/ar)z L L, (T)+(dln5/3</al’)ly L(P)]

L ©oer 1n tems of the operator K,

The individual fugacity coefficient ¢ is given as a function of ="

‘, o '("—'(j)'f; e

/¢ ) is obtained by application of Eqs (2),(3), ]

an (axwyz(/ar)K[L (T,)]+ (o’b%%/&f’)/([l. (P,)j ' <1vl)_;f;
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1. Temperature Derivatives

Gunn's combination for the critic‘ai temperatui'e of a mixture 1is given'

by v ' o
/3333 ' ' _
L= (Zyk)" [roros(Zymy/Zgy
d | ¢ } . (x2)
0.6657/ 0.4007
"Z%f“éf)] S Zya)
¢ ¢
Substituting fhe previously defined quantities, Vwe obtain.
| £,3333 0.6667 T
.5 \ | :
T = (AT)o fo.¢5%0| - lLotos WM-WL.]/ BR/0.0£667
" [ | .] [ | (wr ) / (e ) (13)
or further
0.6¢67 , ”
T, = 0.3149%2 (AT/BT)" Caw)

. (Statement number 125)

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

-ylelds .
: 13333
= (J_Zg,-/?) . [2739¢+0f%71"5'2d o,f(‘;?awd)' (15)
0.66¢7 1.3333
(Z %3)] /Cu5)"
stco (9T /0y )/ T = — (3T /oy M T steeren-

tiation of T, yields the following equation where the subscripf G refers .

to the fact that we are using Gunh"s combination for. 'I‘M:

T 040, /e = =[1m3hil £ ity = 12900/ E 43y

* 0uir (g # 08 wigs =08 W Z ity =04 4 v4)/
(%5 0524758 -0 (Z g Zdiy)].

e e g P T NS



R Slmplifylng and introducing the defined quantlties ) we have P'f?..-”rT

(07/ /o’/) //, | /5233{ ke /Zg /1 ? / zfa WA G

o +[9 (/ . Z ?d (‘) + °. (w (5{ Z ga 4 ]/

L [za it lie=o W ’ 2:(, Z Yf

S ( o /dgf / = 3 -ZT}ﬁ}a { (a As; /a Wa)/ ( AT / o 4;40); - i

( 85 / o a(% ¢ 7) / ( 8&/ 0. 0&«6 7 ) + [ ( 5’5 / 0. ag(g 7)(/ 0 -05'Wl_) (18) ,} ;

+0fw5 (35 /005.447 Bﬁ/&a%ﬂ?]/ [(zsk/aa%ﬁ)(/o-ayw)

2 _/_ W/V/O 06”657]

o ( /dﬁ) /T -:'—/ 3333{/)5 /AT” - 55 /5/3

S +[B.S (/o 05'wz.)+a¢ w.S (BS 8/?)]/

s, (85,, 5R)]/ (zm AC+ w,v)} S (20)

[,ZBK(/O OJ’WL) + w/v_]}

(aT / ag )c, / 7’ AA + /3335 AB; f/ 333.3 { [65’ AC +- " 'A   1 | |
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[P ey

(d7r/'cy €] YA VLS (
& .

C.5 ws, (A8, —/.a)]/ (ZAC + WN/BR)} .

(21)

With the abbreviation-

48, < ssssfpn-Lan o sos i ol acomi] @

(statement 515)
we have

(07 /3y ) /'T = (#h: +AD)/Tu = VAA: (23)

(Statement 516)
Since Gunn's combination becomes the o0ld Redlich-Kwong combination

if the acentric factors are zero, we may obtain (aTr/ayi)K méét readily

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

~zero. Thus we obtain from Eq. (18)

(07,709, ) /Tr = —1.3333 AS: /AT" + 0.6667 85: /BR. (24)

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

Li (tuTr)=[(0T /oy, = (0T 1y, ),J/ T (25)

Li(4Tr) = ~1.3333 45; AT 1 3333 85 /BR

-/3333{[(55 :/8R)(1.0 0.5 WL+ 0.5 WS, )—as-wsj/ (26) .

[z,(/a a.fWL)+ WM]} + 1.3333 AS; /Ar" ~0.6667 BS; /Bk.




Slmplliylng we have _"’-“'f‘:f‘_f o B

RGO { - [(85/8@/ /MWLOM |

T r\J :4

i_-g W5 7/[2(,0 05 V/L)?“"/M] 4— 05 95, / :’) :v:
L ULWT) = 0.3 ?3[\»/5 +(35 /EF‘/(!//V— s; /]/

(/0 05WL+0{NM) e

As prescribed 1n (ll) , _we need the expression K[L (T ) From

‘ -;(28) we derive

Z % L (7’)/7' 3135[2 %{ws +55 WM/BR () »

| '—853 WS/BR]/(/O 05‘WL+05‘WM)

. _Tﬁe.'defivnitions of WM a_nd BS 3 show that

25

it (T)/T = 0.3333 WL/(/o ~0.5WL + oJWM) ) : (30)

| | | The obe‘rator K i.sv»define-d_by ‘(h_).. Theterm K[Li (Tr)] ig‘ 'fouhé frem ._
L Eqs._ (28) and (30) as | | -
K[L (7, )] = 0.3333 T[ws + (gsc/gg)(w ws) WL]/

(/0 0.5 WL +a..5‘WM) o (31)

To complete 'the temperature term in the computation of FKG (Eq. 12):

7-": 'we ‘need tpe quantity ? 1n ¢K/BT . From Redlich e.nd Kwong,l we have |
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e = Zt—InlZ ~£F) - (4%/8) L1+ 2z/z) B CORE

B= 000067 T./RT) o B3
A%= 0 9276 7;""{/(,@ 7%%) o (3W)
h=2¢f/z2 | (35)
(62/3%) = 0 S %)
(96/6%)/B= 1/ - (37)

(BMANOAYBOT ] = 15/ T . g (38)

YS'i'nce 7;5,&,?/37; = ——72&[.,,?/872 - - we have

704 O [OT; = - BP/R-8P) + 1.5°(A%/8) bn (148P/Z) |

(BB 1+ B/ 2)) 7 - (39

Simplifying, we obtain

T ol /T = - 8P/ 2(1-h) +(4%78 b/ (1+h)] o |
+ Af(AZ/B),&u(/+A,) | |

oAl /3T = 10— 1/ (1-h )+ (4B h/(1+4)]
+15(AYB) b (1 +1.) |

(1)

Y
1
\

7;&%,@/57;=w fZ +/'5-{A;/3)«£'?(/+5P}2/Z),  . (42) |



el

_ Finally, we: have '

7 a/: —,z ‘ /4 1EEL(a/E)

o (& /o’ Fk e w

"'9;'(Statement) 1h6)

- Pressure Derivatives

u5f73°ff ‘ The preceding process can be repeated for the pressure derivatives i'f?figfff
o 04 G /OB KL, (P)]
Gunn 8 combination for the critical pressure of mixture isvit

[(Z y‘/ /zd)”m/(z 7{, ;}/ /%“7 [/,o+o.5'(wm .l

BN B

'fT;-or, in terms of the previously defined quantities, "_' ;
R | l?ﬁ 0.0%67.7;‘/137',; B 2 R
. (Stetement'126)' T ST S
The first expression can be put in the form. _TVV

[(Zé(/t /3333/(2751 33333] (Zg}g'!

(zr()

0525‘ /9/ “_”_"Z?/ /)/“67

.‘. - B

s (08794, / a; - (a /ag ) / PM .;‘ e

iy

e ™

-
|-
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(6F /oy )y /B = =[ 13353k / f Yk -2 PYe: 5’ 4

4"./.4;4{’7(96 + o,fw‘-g; — 0.5 w,_Z% g/- - o.s‘gl.dz éje" Wd)/

, | (18)
(dZ (%(,( + 0.5';2 91. \«?9". - 0,.9'#5 f/, v (}Z f//éa‘ )] .
(d/“/&‘j) /P = ——[/.3333/45-/Ar°"—3.3333 8S:/8R
* 16667 (85, /R +05 WS, «BS;/BR — 0.5 W, | (k). |
| - 0‘5 WL - 85, /32)/(/.0 +o..s‘ WM —0.5 WL)J
(dP/o’J‘) /P,. = -—/3 233 ,45 /A7‘”'+ 33333{ 85:/3R. (50)
- 50
~[C8s./88Y 1.0 +o5 WS}; ~oswL)—osws; ]/
[2( 10 - 0.5 WH—0.5 WL)]} .
Finally, we have
(51)-

(oF /a;) /P = (AA; +2.54D; )/P - UBB,;

(8tatement 517)
| Earlier, we found the derivative of‘Tr'according to Kwong by letting

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

(dﬁ/&éf&/ﬁ = —43033 AS; /AT® +31333(85¢/BR -0.585:/8R)  (52)

i
L
|3
¥




e g;, R ‘<5é)“ 'f;g;m' éq’;" '<s<'>'>" . “gav'e '}.?,‘j-
L (jnF') [(dP/é’gJG (afa /ay ) ]/P

: L‘[/wp) /5957{55 /Bk"'[(gs /BRX/O OfWL 7“057‘/5)

S —— c)fws ]/(/o os‘wz. +05WM)

SR Le (/&vf’) = 6667[WS +(BS /BT (WM WS U/

(10 ~0.5 WL + 0.5 wh),

(ss) ‘

'-'”'v‘f.;-,‘ In the same manner as for the temperature f‘mct,ioﬁ: we "find" L

B [Z o‘c Z./: (Fl)]/ P< 16667 wrf(10-0.5 WL+ oswn)
s rpeTesIE T e

By subtracting Eq. (56) from Eq. (55): ve find -

KL (P)J = /6667 {[ WS +(856/37’)(WM ws) (57)"?.?_.'_.}-,}':.'_-:,';“_;'

-m]/(/o ofWL 7"05’WM)}

e a b /o8 = (500

(6)

‘To find the quantity d/‘vu% /35 we derive frOm LT

AR - Eq (l)
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We now have to combine Egs. (31), (43), (57) and (58) by substitution’
into Eq. (11) yielding FKG,. or ln(¢KGi/¢Ki). Thus, the correction to the

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

/4“(@«,6 /ch’) = (_—WSL “WL+(WMfWSC')(BSJ/.E*R_)]"['/-'E

115 E4u(1+Q/2)]/ [30( 10 —~05wL +0.5wm)] (59)
+1.6e67[ wS; —wr + (WM —wS, )(BS: /BR)] (2 ’/)/ ”
[t.o - 0.5wL +o.5wWM]. |
Simplifying, we have |
o (s / Oe) = [W5: - wi+(wm-wS:X85:/8R)]-
| [z-.u Z‘l.v(/+ 62/5)]/[.3.0(/.0 -0.5wL + 0.5 WM)] . )
. w1th_th§ definitions
FKT = Lo =& + 1.5 EL(10+QIE) (61)

,» (Statement 2&6)

. and
QT = [2.0 FKT + 5.0(2=1)]/ [3.0(20 ~wL +wm)] . (62)

~ (Statement 253)

mi becomes _
FKG; =M (Ps /0,) = Q.r[ ws,.-m. +(wm-ws)(8s:/6R)] (63)

- (Statement 273)
~ We now combine Eqs. (7) and (63) and define the quantity GNFKJ which -



.b.:frepreaents the natural log of Kwong s individual fugacity coefficient '

_,according to Gunn s combination,

Finally we obtain .

GNFKJ' (z,(-/)BS /BR ~. Au(z, @)

'-~£(20A5 /Ar -85, /BK)/&/(H@/Z) + FA’G SAES)

(Statement 27h)

,‘.iC. Deviation Functions
As shown in the General Remarks , the contribution to the individual

i fuga.city coefficient of the deviation function is split into the terms |

’d“’ %G + ’4‘/(@6‘ /@a)
"'_,"whe‘re' 1n 8,, is the 1log of the mean deviation fugacity and is given 1in
subroutine FUDEM designed by Gunn.7 The second quentity, designated by |

FPCi, is derived in this section. We define

As noted before ; 1n ¢ may be written as

e Pt = e+ az»@s/agt -Z‘gdaxmg,ﬁ/%

80 that FEC

4 may be written as . . , C e

FPC-. = a,zwﬂ.a /o)g - Z %a,émfa /8% | .;_":_{ (6‘7‘5'

\
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Since ¢,..= FUDEM is a function of T, P, and WM, we have

5

O b P, /(a/f = (3.1 Dacs /T,i)‘(o‘ K/CQ‘!/L' )+ (d_"é"‘ (/7,\/60 /‘f—)’ v(68.)
(o3 /o4 P (0l Dy, S OWm N M /5 i | '

- We have already computed (BTr/ayi) and (6Pr/5yi) and these are designated

by UAAi and UBBi. _' .
3.0 (o /ty; = (S Pac /ST Y URR T+ (0. oha IOR)-
(ues; - P) + (& tn Pho /O WMXdWM/dZ;; ). , (69)

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

FPC; = (a,éwﬂ(, /T )T K(UAA;,) + (o&fnﬂa'/o)/’%)ﬁ' |

| (70)
K(0B; ) + (2l he /WM )-KOWM /By ) .
We define JZ Y; l/A/}}' = WA and dz é{o‘- VB8 = wa. |
We now have v
K(UAA;) = UAA; - WA = UA; (1)
(statement 524) |
and K(UBBi) = UBB, - WB = ﬁBi- . o (12)
(Statement 525) _ | |
Since - WMe j'i' g; W 4 / f: Y9 i y we obtain -
SwM/oy; = W*'?f/,z 4i% — (§ 4% (13)
| ¢/ Fec .@: . |
We conclude that (7; /R )/; 4i 3 v ‘ : .
() |

) 5: 4 (awm/agd) =0. |
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Introducing the Opefator K, we have

K(owm/sy.)=0wm /By, = wis; - 85, /ER O (73)
— wM- BS; /BR = (wS; — WM ) AB;
k(5 WM/355)= ve: . (76)
~ (Statement 520) .
.. Now FPCi may be written as v
FPC, = (0L Quo /ST )T UAe + (St gy /P P+ UB; -
_ : K T7

+ (DLhe /OWM)- UC,

The derivative @ 1n ¢AG/aTr is obtained by means of a numerical

differentiation. ’I'he subroutine FDM yields the mean deviation function

1n ¢, = FUDEM. We increment T by EE and obtain FUDEMU = FUDEM(TR + EE).-

We obtain for the temperature derivative of 1n ¢AG

Ot s /9T = FDT = Ty (FUDEMU - Fupem)/ EE (18)

(Statement 195)

The quantity O 1ln ¢AG/aPr is obtained from Eq. (1):

, 2. -
g = [[(z-0/R]dR . (19)
With Z = ZK + ZAG we have A
, - | |
Ln @ = [((2e=1)/RIdE +ﬁzﬂa/fi)de : - (@)

i

Since 1n ¢ = 1n ¢K + 1ln ¢AG’ we ha.ve

Obnfhe /R = o [P = DV/R . | &
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'The quantity (6 1n ¢AG/BWM) = (OFUDEM/OWM) is obtained from the final:
expression for FUDEM in Ackerman's works: '
FUDEM = FA + FB + FC « WM . (82)

Ol /GWM = FC . o (83)

AN

Substituting these quantities into the expi'essior_x for FPCi yields

_FPC,; = FOT-T-UA; +DY-B,- UB: + FC-UC; + o (8n)

(Statement 200)
By means of Egq. (6) the total individual fugacity coefficient may be

written as

bn P; = GNFKT + FuDEM + FPC; . - (85)

(Statement 276)

D. Enthalpy and Entropy

In addition to giving mean and individual fugacity coeffiéients for
the mixture, ES6h gives the mean enthalpy and entropy for the mixture.
In the following, no individual but only mean _quantitieé will be discussed.
_ The derivation consists 6f a 'differentiation with respect to temperature

of both sides of the equation

(/‘--F‘)/T = R»&«/(Pp). _ (86)

Considering the left-hand side, we have

AN
<

= [a(F/T)/5T], - —F/TEH (FTNT ®1)
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[a(e/aT], = —E/TE = S/T = ~(FeTSVT

. = :_; F A
[a(r/m/T], = - HIT
s0 -that thé lef£-hand.side becémes
{a [(F-F°)/T] /ar} = —(4-H)/TE
. P o
ROV T™ = R(O 4w PP /T, = R(Oln 9/ T)p .

 —(H-HIRT = (0L ), /9T ) + (DAl /0T )p

—(H-H)/RT*= [(0 4 0 /3T, ) + (a/zwﬂ(,/dﬁ)p]/ Tm

CH-HC= RT[ T (04l /0T )p + FO2ve /O Dp]

~ In terms of the previously derived quantities, we have

H-4°= —RT(FKT+ TR-FDT). .

- (Statment 24T)

To obtain the entropy, we derive from the preceding relations -

5= (4-F/T = -REAPP) + CH-tr ~(F-HYT

(88)

- (89)

- (%0
(o1) -
(92)

(93) e

(94)

(95)

(%6)
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S= —R(Laf + Lo P+l e) # (=42 YT + 57 ()

so that, in terms of the breviously definedfquan#ities, we‘havei
5-58° = —R( LoP+ FUGAM +Fucfr4) + (H—H")/T. (98)

(statement 248)

The subroutine FUGAM = 1n ¢K was derived by Redlich and Kwongl and

o = 7
FUDEM = in ¢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 the program on good faith. " A systematic and thorough check
vis therefore an important requirement.

Ackerman checked the results of his deviation 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 fu-
gacity coefficients.

The differentiation of FUDEM with respect to the temperature, lead-
ing to FDT, could easily be checked with the aid of the computer itself.
Computations were frescribed for a set of temperatures at close interv;ls."~

The results for FUDEM furnished an immgdiate and significant check 6f



”'?fthe derlvatlve FDT'?,A"

_._g-al;f_;vk'_3_;,d

At the same tlme, varlous values of the temperature 1ncrement EE

'J;fwere trled out It was concluded that EE O l K or R 1s high enough

"',so that the numerlcal precis1on of the computer is. suff1c1ent for the

*derivative | At the same tlme the value O 1 is low enough so that devia_r;f '

._tlons from llnearity are not significant ‘I’he program allows, arbltrary

"changes of EE.

A dlfferent procedure was to be chosen for the indiv1dual fugacity~“;;ﬂfbf.5

.:Qcoefficients gKGi (term from the old equation), ¢AG1 (term from the de‘dl{:?{l%_:‘

‘viation function), and for the total values Bye A check uas'considered :ﬁ}Vﬂ;(v.

" fto be necessary only for a binary mixture. The individual fugacity co- f'?ﬁf{lﬁu

'effiCients ¢i are derived from the mean fugacity coefflcients according{R w5.:Aa_

A AT A2

M= e = G (dlnPldg) gy
.:,;eit.la'eas;ly seen that theée relatlons'are'eculvalent to;t'f,,'" R

. (102)

/&u(ﬁ/ﬂb) aC&v¢ /a’;,




n22=

. The last relation may be replaced by its integral

4 . i 2‘;" ‘ » |
. : 7 : o
fj’_‘-(@ /Wz>d%, :—’/&‘~ W/ = /{”:‘417, -"///;”"Wz A (103) .
The limiting values of @ are ¢g and ¢g, respectively, according to.
Eq. (101). Though it is theoretically possible that Eq. (103) is satis-'
fied while Eq. (102) is not, the check of Egs. (101) and (103) is prac-
tically sufficient.
These tests apply ﬁot ohly to the total fugacity coefficients ¢l
and ¢2 but also to ¢KGi'and gAGi separately. It applies also to ¢Ki’

the original fugacity coefficient of Kwong, but with his correspohding

combination rule.

IV. INSTRUCTIONS FOR THE USE OF ES6hL

A. General Remarks

The program ES6L4 can compute the compressibility factor, mean and
individual fugacity coefficients for seven or fewer components, and the
mean enthalpy énd mean entropy for the_mixture. Provision is made for
| the introduction of interaction coefficients.

Ir éxperimental compressibility factqrs are read into the program
it will compare its values with thé experimental values and compute the
differences. Otherwise, the only data introduced are the critical
temperature and pressure and the acentric factor for each of the com-
yonents.

The temperature schedule provides fo? sets consisting of a starting
temperaturevand hiéhef temperatures at equal intervals. The pressuré

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, SPL 10PL, 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 (NOS = 1) a new T-P

schedule may be provided. If no other T-P schedule is desired, a blank .
card is inserted. Now énaentirely new problem can be prescribed to the
compﬁter, beginning with a new Title-Card and the whole ;nput as described.
| If no new problem is to be sﬁbmitted, a second biank.is inserted. The
calculation will then be terminated.

After.a T-P schedule for a mixture (NOS > 1) the cﬁmpositions for
'.which the computation is to be carried out ﬁust be provided for. . The
number of su;h 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, é blank and a new problem (Title-Card
and so on) may be‘put in, or two blank cérds will terminate the computa-~
tion.

For the various schedules, the following outputs are available:

(1) only the campressibility 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
¢1: These options are controlled by the sign of tpe control quantity

' ECL. | |

If the control quantity XCL = 1, the 1ntermediate quantities FDT
and FPC, = 3 1n ¢AG/ayi will be printed out. The control quantity NPC 1 ¥

may be used to punch the normal output.
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The ﬁrogramlcan also be used.for'computétions starting frqm tﬁé
reduced variables Tr and Pr. In this'cése, oné sets Tc =1, P;‘= 1 and
introduces TrAand Pr wherever T and P are prescribed. If heat content,
entropy, and individual fugacity coefficients are desiréd,‘the absolute
value of ECL in the Title Card should be 0.0l so'ﬁpatvEE = 0.001. The
lower numerical wvalues of Tr necessitate a lower value of EE for the’
differentiation with respect to T.

The same (arbitrary)lunips must beused for the whole input. The Qut- :
. put is given in the same units except for H (cal/mole) and S(cal/degree
C + mole).

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

order of the input.

B. Input

l. Title Carxrd
Column'
1-54 .~ Title of the problem
55-56-" | KCL print intermediate quantities: O no print.
1l print. .
57 MCL experimental data: O no
1 yes
58 : NOS number of components (1-T)
59 NOM number of mixtures (1-9)
. 60 . NPC punch normal output: O no punch
1 punch
- 61 A v NRC interaction coefficients: O no
ftyes~

62-72(4 dec.) ECL = 0: compute only Z - %
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ECL

ECL

< 0: compute Z, ¢, H, S

- EE = -0.1 ECL in the computation 6f:FDT
ECL > O but # 99.0: compu£e Z, ¢, H, S and ¢i
EE.= 0.1 ECL for FDT

Experimental Data for Z (only if MCL = 1)

Insert any nﬁmber up fé 199 cards followed by one blank card
Column
1 - 10 (4 dec) ZE Experimental value

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.

49-60 (6 dec) WS(JS) Acentric factor

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(1,JR) (JR=1, 2, «es. NOS)

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

63 = 72(4 @ec) R(T7,JR)

T-P Schedule
Column : ‘ B o ‘ é

-_— : » : . : ¢ .

1-12 (6 dec) TL lowest temperature to be 1ntro&uced, in same

unit as TC(JS). 5

99,0: compute Z and mean fugacity coefficient ¢ =




13-24 (6 dec)

29-30
31-42

V' 49-60 (6 aec)
61-72 (6 dec)

DP
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PL lowest pressure to be introduced, in same units
as Pc(Js).

NCT number of temperatures to be introduced.

NOP number of pressures to be introduced.

DT temperature increment in same units as TL.

DP = -1: pressure schedule is PL, 2PL, 5PL, 10PL, etc.,.

for NOP pressures.

: schedule given by PL and the following NOP-1

additional pressure cards.

. DP > 0O: pressure. increment for NOP pressures (same

units as PL).

6. Additional Pressure Cards

(NOP-1 cards only if DP = 0.)

- Column

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

T. Composition Cards

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

each mixture)
Column
1-12 (L4 dec)

13-22 (4 dec)

23-32 (4 dec)

33-42 (4 dec) :

.

¥(1) mole fraction of first component (described in
the first substance card)

Y(2) mole fraction of second component (described in
the second substance card)

Y(3) mole fraction of third component (described
in the third eubstance card)

Y(4) mole fraction of fourth component»(described in

the fourth substance card)
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" 43-52 (4 dec) f(S)ﬁmoie“fraction of fifth component (described in-
v | th»ev fifth s’ubsfance card)
v53-62 (4 dec) Y(6) mole fraction of sixth component (deséribed_in._
| | the sixth substance card)
63-72 (4 dec) Y(7) mole fractidn.of seventh component (described.in'
the seventh substance card)
8. New T-P schedule (insert additional pressure cards 1f prescribed by
DP and NOP, and insert NOM composifion cards if NOS > 1.)
A blankAcard.starts a new problem (iﬁsert a full set of cards, types
1-7). i

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

C. Output
A t&pical output is shown in the Appendix. For the example the option

KCL = 0, MCL = 1; NOS = 2, NRC = O, and ECL = 1 have been chosen. For
each problem, the Title Card and Substance Cards are érinted‘out_as.the
heading. The points are nested as follows: Each composition contains
all the temperatures specified, which in turn contain each pressure
gpecified.

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

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

. meanings:

ZRK = Z, (014 equation of Redlich and Kwong)

ZAG = 7, (improved equation)
. ZEX = experimental"compressibiiity»factor
DZ = ZEX-ZAG

100 FRK £ log @y B R
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i

LOG FAG 1‘o§glo <¢AG |
FAG = @, final result | |
‘MZ = number of the point ‘v;" ' I o e
Q = kind of the printed line or punéhed card (1 = 2 |
and mean valués of @ ’ 3= ? of c_ornponehts) '
€ = component
P = Aumber of the phase ‘
E Immediately under the heading line the temperature (same units as -
'vthe input criticél_data) and reduced temperature are printed. ‘Unaer thé
.temperature, the pressure, reduced pressure, enthalpy and enffopy for the .
particular'poiht aré 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
vdifferent phases. The old equation, Jjust as well as that of van der'Waals,
ig of third degree in Z and therefore may have one or three real solutions. R
This is not changéd.by the addition 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 liéuid,

| and the middle value represents an unstable state. Only one of the two

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

to a metastable state. In the exceptional case of a vapor-liquid equilibrium,
5othvphases are stable. | ’
The computer prints out data for the gaseous and liquid state without  ~ 
- any indication of stability. The fugacity coefficients however indicate -
-1mmed;ately the staebility fo? & pure substance: The fugaéity 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‘twovfugacity'coeffiCients.are equal.

The output does not give any indication of phase stability for mix- )
- fures. Actually the infonhatién.obﬁained iﬁ an isOlated pOiﬁt‘fbf a mii'iji £:%}2
;turé ié_intrinsidally incompleté for the decision of‘é question bfimeta;fa‘ o
;:>'Vstability. This_Questioﬁ can bé d;séussed”OHly'on the bas1s5of . sét of fii*wr7’9<'

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

_has been made to solvefthengeneral problem of stability-

B S Ay AT TPy Wikt i i
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V. CONCLUSIONS

The program deveioped so far is believed to furnish reasonably
accurate values for compressibility factérs and fugacity coefficients.
Its range of application is réstricted to the gas phase. It will probably
furnish crude approkimations 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 critiéal point. For hydrogen, helium, and water, the approximation
is not better than that éf 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, pressures and
'acentric factors of the components are 'used. Further checks will be |
;carfied out. If they are in accord with present results the propqsed.
method may turn out +o0 be a practically satisfactory solution of the

irksome problem of the:free.energy of mixtures.
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C Su

1 DIMENSION TI{ 9),2E(200),A{4)ySURL4),TC(T),PCLTIAS{T),yHS(T7),C5(T)

31

33
34
15
36
37
38
39
40
4l
42
43
44
. 45
46
47
48
49
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EQUATION UF STATE 1964
BRUUTINES REQUIRED - VIETA MOD 3, FOM,ANGLE,FTEM,FUGAM,DEV,FFC

2 WSI 7Y oRIToTIPLIT) S Y(TI4U(53) 4 HHSIT)yX{3) UA(T) UBRLT),
3UCLT)Y LBAULT)ILZUUIS3),,FPC(T), BAL(T)
FURMAT (9&6.]2}5110Fll.4’

FORMAT (1HL,9A06,[2+95L1,F7.3)

FURMAT (Fl10.4)

FORMAT (4A6,3F12.6)

FURMAT (1HU,4AK,3F12.6)

FORMAT ($12.446F10.4)

FORMAT (/7))

FORMAT (2F12.6,4X12,10X12,6X2F12.6)
FURMAT (12HOCOMPUSITION) '
FURMAT (12xXFl2.6)

FURMAT (73HO IRK ZAG LEX ne _ LOG FRK 'LOG FA

26 FAG- MLQLP/)

FURMAT lZHOT'Fl?.“,‘OH YR'FIO.S)

FORMAT {(1HT,Fl2.4,0H TRyF10.5)

FURMAT (2HOP,F17.4,6H PRyFL12.4,TH HeFlOele3dH S,F9.4)

FORMAT (1HP,F17.4,6H PReF1l2.%447H HeFl0ely3H SeF9.4,3X,14)

FURMAT (4F9.4,Fl1.442F9,4,1542H1 ,11)
FURMAT (37XsFlle%s2F9e4,y14,1H3,211)

FORMAT (4HOFOT,F1l9.6,9H FUDEM,F15.646H - FCoFl3.6/3H EELF20.6,

210H FUDEMU,Fl4,6,7H FCU,F1T7.6)

FURMAT (4H FPC,Fl12.6) :

FORMAT (15HOCRITICAL POINT)

FURMAT (LH 44F9.4,F1le%e2F9.4,14,2H1 411)

FORMAT (4H FKT,F19.6,9H QiFLl5.646H QJ,Fl8.6)

INPUT. AND INDEPENDENT INTERMEDIATES

READ INPUT  TAPE 2464 (TI1{M)yM=21,9) 4KCL MCLNUSSNOM,NPC 4NKRC,FCL
WRITE QUTPUT TAPE 3,753{T1(M)¢M=21,9) yKCLyMCL o NOSyNUMoNPCyNRC»ECL
IF (MCL) 39,139,346

READ INPUT TAPE ?'80ZE(MCL)

IF (ZE(MCL)) 38038.36

MCL=MCL+]

GU TU 34

MCL=MCL~-1 .

I1F {(NOS) 40,40,41

NOS=1

DU 45 JS=1,NOS

READ INPUT TAPE 219 {SUB({M) M=1464),TCLJIS)sPCLIS)WS(JS)

WRITE OUTPUT TAPE 3,10, (SUBIM) 4 M=1e4)yTCLJIS) PCLIS)eWS(JS)
BS(JS)=0.0866T+TCLJS)/PCLJIS) .
AS(JS)=0.65400TC{US)ee]l, ZS/SQQTF(PC(JS’)

1F (NRC) 50,5047

NO 49 JR=1,NOS o

READ INPUT TAPE 2,11 (RUJSsJIR}9JIS=1,NOS)

WRITE OUTPUT TAPE 3,114(R(JSyJIR) 4JIS=1,NOS)

e i
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SO WRITE QUTPUT TAPE 3,12

PRESSURE SCHEDULE
51 READ INPUT " TAPE 2,13,TL,PLyNOT,NOP,DT,DP
52 Pl1l)=PL '
53 JbP=2
S4 [F(DP)S55,66,69
5SS P(JP)=P(JP—-11#2,0
56 JP=JP+1]
57 IF(JP-NOP)58,58,74
58 P{JP)=P(JP~-1)#%2.5
v 59 Jp=JpP+l
60 IF(JP=NUP)6L,61,74
61 PLJYP)I=P(JP~1122,0
62 JP=JP+1
63 IFLJP-NOP}SS5,55,74
64 READ INPUT TAPE 2,15,P(JP)
65 JP=JP+1
66 IF({JP~NOP)64,644,T4
67 PLJIP)=P{JP-1)4+DP
68 JP=JP+1
69 1F(JP~NDOP)I6T 467,74

CONTROL SCHEDULE

T4 All)=1.0

75 A(2)=-1.0

76 1Ff (NOM) TT7,77,78

77 NOM=]

78 EE=0.1%ECL

79 IF (ECL) 87,80,82

80 MISS=0

81 GO TU 88

82 IF {ECL-99.0) 85183;85
83 MISS=1

84 GU Tu 88

8% M1SS=3

86 GU Tu 88

87 M1SS=2

88 M21=0

Y-CYCLE

101 DU 293 JM=]1,NOM

102 IF (NOS-1) 130,130,103
MIXTURES .
103 READ INPUT TAPE 2,1141(Y{JS)JS=1, NOS)
104 WRITE QUTPUT TAPE 3,14

105 WRITE OUTPUT TAPE 3,11,(Y(JS)eJS=1,NOS)
106 WRITE QUTPUY TAPE. 3,12 :
107 BR=0,0 .
108 AT=0.0 3
109 WL=0.0 '

Jp——
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

DO 122 JS=1,NOS o 3 .
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WN=0.0

HHS{JS)=0.0

IF (NRC) 117,117,114

DO 115 JR=1,NOS '
HHS(JS)=HHS(JS)+Y(JR)#R(JSsJR)#AS(JR)
G0 TO 119

DU 118 JR=1,NOS
HHS(JS)=HHS{JS)+Y(JR)I#=AS(JR)
AT=AT+Y{(JS)#AS{JIS)HHS(JS)
BR=BR+Y{JS)*BS(JS)

WL=WL+Y(JS)#*WS(JS) v
WN=WN+Y(JS)*BS(JS)enWS(JS)

WM=WN/BR

BT=8R/(1.0 + 0.5¢(WM-WL))
TM=0.34492+(AT/BT)2»0.'666667
PM=0.08667+TM/BT

IF {MISS-2) 136,136,128

CALL FFC(ASyBS WSy Yy TMyPMy WL WMyUA,UB,UC,KCLBRyNOS»AT)
GO - Tu 136

PURE SUBSTANCE

130
131
132
133
134
135

PM=PC(1)
AT=AS(1)=e=2
BR=BS(1)
BT=85(1)
WM=WS(1)
TM=TC(1)

GENERAL

136
137
138
139

151
152
153
154
15%
156
157
158
159
160
161
162
163
164
165
166

167

WRI{TE OUTPUT TAPE 3,16
IF (NPC~2) 139,139,138
WRITE QUTPUT TAPE 14,16
T=TL

T-CYCLE

DO 292 JT=1,NOT

TR=T/TM

B=BT/T

E=AT/(BT#Teal.5)

IF (MISS) 168,168,156
IF (NOS-1) 159,159,157

DU 158 JS=1,NOS

BALJS)=T=UVA{JS) .

CALL FTEM{U,TR)

IF (MISS-1) 168,168,161
TU=T+EE

TRU=TU/TM
BU=BT/TU
EU=AT/(BT#TUse1,5)

DU 166 JS=1yNOS
BAU(JS)=TU=2UA(JS)
CALL FTEM{UU,TRU)
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168
169
170
171

180
181
182
183
184
996
997
185
994
999
186
187
191
192
193
194
195
198
199
200
201
202
203

219
220
22
221
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
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EQUATION OF STATE 1964

WRITE QUTPUT TAPE 3317,T,TR
IF {(NPC) 171,171,170

WRITE UUTPUT TAPE 14,18,T7,TR
CUNTINUE

P-CYCLE

DU 290 JP=1,NCOP

MZ=MZ+1

Q=B=P(JP)

A{3)=Q#(E-1.0~-Q)
Alg)=~EaQen?

IF (KCL) 185,185,99/7

WRITE QUTPUT TAPE 3,11,AT, BT BoEyQ,A(S),A(4)
CALL VIETA(AX MTYPE)

IF (KCL) 186,186,999

WRITE UUTPUT TAPE 3,11,(A(M) M=]1,4),(X{K)yK=1y3)

PR=P(JP)/PM

DV=DEV(TR,PRy TM, PM, WM)

IF (MISS) 198,198,192 »

CALL FOM(U,TR,PRyWM,FC,FUDEM)

IF (MISS~1) 198,198,194

CALL FDM(UU,TRU,PRyWM,FCU,FUDEMU)
FOT=(FUDEMU~-FUDEM) =« TM/EE

IF (MISS~-2) 219,219,199

DO 203 JS=1,NOS , ' .
FPC(JS)=FDT=UA(JS)*T +DVaUB(JS)*PM +FC¢UC({SF
IF (XCL) 203,203,202 '

WRITE QUTPUT TAPE 3,26,FPC(JS)

CONTINUE

PHASE CALCULATION _

IF (ABSF{TR-1.0)-0.0003) 220,221,221

“IF (ABSF(PR-1.0)-0.0003) 222,221,221

[F (MTYPE) 225,222,223
WRITE QUTPUT TAP& 3,27
LP=1

GO YU 230

LP=2 |
XMAX=MAXLIF{X(1),X(2),X(3))
XMIN=MINLF(X(1)sX{2)9X(3))
X{1)=XMAX

X{2)=XMIN "~

DO 284 MP=1,LP

IF (MISS~1) 236,232,232
GNFK=FUGAM(Q,E,X(MP))
GFK=0.4342944GNFK
GFA=GFK+0.434294+FUDEM
FAG=EXPF (FUDEM+GNFK)

IF (MCL) 237,237,240
ZE(MZ)=0.0

DZ2=0.0

GO TO 241




ESG4

240
241
245
246
247
252
248
253
254
255
256
257
258
259
260
261
262
263
264
265

271
272
273
214

215
- 276
277
278
279
280
281
282
2R3
284
290
291
292
293
294
295
297
298
299
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FGUATION OF STATE 1964

DZ=72C(M2)=X{(MP)-DV
ZAG=X{(MP)+DIV
IF (MISS~1) 254,254,246
FKT==X(MP)+1,041,.5¢FE=0OGF( 1., Q*Q/X(MP))
H==-1. 98726 T#(FKT+TR*FDT) ~
CONTINUE
S=-1. 987?6'(LDGF(P)*TUDE“‘GNFK)*H/T
CJ=(2.00FKT+S, Q0% (X(MP)~1. 0))/7(3.0e(2. O-HLOWM))
COVTINUF :
RITC CUTPUT TAPFE 3,19,P(JP),PR,H,S
lF {NPC) 258,258,257
WRITE OUTPUT TAPE 14,2C4yP{JP) +PRyH,SsMZ
IF (KCL)26C,260,259
WRITE QUTPUT TAPE 3,29,FKT,0,QJ4
CONTY INUL
IFIKCLY 263,203,262
WRITE OUTPUT TAPE B.ZS.TDT FUDEM,FCCE,FUDC MY, FCU
WRITE CUTPUT TAPE  3,2R,X{MP),ZAG,ZE(MZ), DZ’GFK.GFA FAG’VZpMP
IF (NPCY 2714271,265
WRITE QUTPUT TAPE l«.Zl.X(uP)olAG.lﬁlﬂl).DZ.GFK.GFA'FAG-MZ'MP
INDIVICUAL FUGACITY CNEFFICIONTS
IF (MISS=2) 283,283,272
PO 282 JS=1,N0S
FKG=QJe (WS(JS)~WL+{WM- kS(JS)”qS(JS)/HR)
GNFKJ = (X{MP)~1,0)#RS(JS)/RR=LNGT{X(MP)=Q)~En{2.0#AS(JIS)/

2SORTFLAT)I=BS(JS)/BRI*LOGF (L. 0+Q/X(MP)) +FKG

GFKJ=0.434294eGNFKJ

GNFAGJI=GNFKJ+FPC(JS)+FUDEM

GFAGU=0.434294»GNFAGY

FAGJ=CXPF{GNFAGY)

WRITE QUTPUT TAPE 3,24, GFRJIsGFAGI s FAGJU oMLy JSyMP
IF (NPC) 2R2,212,281

WRITE NUTPUT TAPE 14,24, GFKJIs GFAGJ»FAD J,VI.JS'MP
CONTINUE

CONTINUE

CONTINUE

CONT INUC

T=T+DT

CONT INUE

CONTINUE

READ INPUT. TAPE 24313 4TLPL,NOT,,NOP,DT,DP

IF (TL) 2979297 52

READ  [NPUT TAPE 2,6, (TI{M)4M=1,9)4KCL,MCL,NNS,NOM, NPC, VRC,ECL -

IF (NOS) 299,299,132
CALL EXIT
END( 190'0'0'0'0,1'0709110000000'0’
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FTEM SUBROUTINE (P-INDEPENDENT INTERMEDIATES FUR FUDEM)

SUBRUUTINE FTEM{U,TR)
DIMENSIUN UI(53),V(52)
401 .5Q = l.6l14214
402 1T = TR '
{(1.0+14137.60{TT-1, 0)"?)/[397 12)'00 25

403 V(1) =
40h VI2) = =13.642TT+12,41
405 VI(3) ==0.035/(1.0+14137.6%(TT-1.0)ss2)
406 V(64) = 0.00260913+(TT-3.19325)
407 VIS) = 0.00113345%(TT##2-4,08560)
408 VI6) = 0.007047588TT7-0,1464392
409 VIT7) = 4.,93358({TT-1.,00122)
410 VIB) = {(-0.2646973)&({TT40.226285)
411 VI(9) = TT-1.0
. 412 V(10) = (0.8257164+40.00115729»TT7)/TTes3
413 VIL11) = (0.00736587-0.00255204%TT)/TTue3
414 V(12) = 0.564037#{TT=2.46596)/TT
415 V{13) = 0.00913531#(TT-13,608T7)/TT
416 V(18) = v(2)/Vvil)
417 VU19) = 0JL76TTToV(L)sVI3)e(V(Z2)na2~V(])es2)
418 V{20) = V. 35355«-V(1)-V(3)-(V(za~-z+v11)--z)
419 VIZ21) = (=V{1)we2sV(2)ev{3)) :
\ 4200V122) = V(a)/V(8)-V(7)-(V(S)*V(4)°V(6))/V(B)DOZ*V(S)'V(b)OV(?
M 1 /v(B)ee}
N 421 VI23) = 0.5#((V(S)I+V{4)#V(6))/V(B)ee2=-2,0eV(5)aVI6)aV(T)/V(8)
3 422 V{24) = V{S)eV(6)/V(B)es3
B 423 VI(25) = 0.1767T71#{V(22)1=-V{24))
B 424 V(26) = 0.353554%(V(22)+V(24))
con 425 V(27) = {(=0.000643158%TT#e2)
g : © 4260V(28) = V(9)#V(101/VI13)=V(12)e(V(9)eV(11)=-0.049sV(10))/V(LY
N : 1 ~0.049*V(111aV{12)%82/V(13)es)
4270V(27) =(V(I)eV(11)-0.049#V(10))/VI(L3)#e240,098sV(11)eV(12)7V
1 w23 :
428 V(30) = 0.049*V{11)1/V(13)ne3}
429 V(31) = 0.176777e(V{28)+V(30))
430 V(32) = o 353554 (V(28)-V(30})
i 431 V{43) = GF{{V(18)#»2+SQeV(18)+1.0)/(V(18)ee2-5Qev{18)+1.0
EO 432 V(44)=0 ,
. ' 433 V{45) = ATANF(V(18)ee2)
434 V(66) = LOGF((V{T7)a82¢SQeV(T7)41.0)/{V(T7)0e2-SQsV(T)1+1.0})
435 V(47)=0
436 V(48) = ATANF(V(T)wa2)
437 V(49) = 0 :
438 VI50) = LUGF({(V(12)ee245QeV{12)41.0)/7(V(12)ee2-SQav(12)+].1
439 V{51)=0 : o
440 VIS2) = ATANF(V(I12)ew2)

441 DO %42 [=1,13
442 UL = V(1)
443 DU 444 J=18,32
464 ULY) = V()
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P

FTEM SUBRRUUTINE (P-INDEPENDENT INTE{NEOIAYTES FOR FUDEM)

445 DU 446 K=43,52

446 Y(¥) = v{K)

447 RUTURN
ErlL120030,000904912Cy04140,0,0,0,0)
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501
502
S11
512
513
514
515
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518
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13

SUBROUTINE FFC (PeT=INDEPENDENT QUANTITIES)

SURBROUTINE FFCUAS BSyWS» Yy TMyPM, WL WM, UA, ud,uC, KCL QRoNUSvAT)
DIMENSION AS(7).BS(7)'NS(7)pY(7)'UA(T),UB(?).UL(T).UAA(7),UBB(7)
FORMAT {(4HOFFC, 3F18.12) o
AC = 1.0 = 0.5WL
HA:OQO .

WB=0.0

DO 522 JS=1,NOS

AA=-1. 35353'AS(JS)/SQRYF(AT)

AB=BS(JS)/BR

AD=1.33333«(AB~((AB=(AC+0. SONS(JS))- e H#WS{JS))I/{2.0%AC+WM)))
UAALJS)={AA+AD)/TM : o
UBHB{JS)=(AA+2.5#AD)/PM

UC(JS)=AB& (WS (JS)-WM)

WA=WA+UAA(JS) =Y (JS)

WB=WB+UBB(JS)eY(JS)

DU 528 JS=1,N0OS

UA{JS)I=UAA(JS)~WA

UB(JS)=UBB(JS)-WD

IF (KCL) 528,528,527

WRITE OUTPUT TAPE 3,502,UA(JS), UB(JS).UC(JS)

CONTINUE

RETURN
END(L1+0+04070409100504150+0+40+0,0)




S 1%

FOM FUG CUEFF GUNN2 FROM DEV ACKERMAN MOOD ZZJACUBSUN

SUBRUUTINE FDMIU,TR,PRyWM,FCFUDEM)
DIMENSION ULS3)
S=l.4l4214
(PR+UL2)) /UL

638 U((l4) =

“639 U(L5) = U(B)*PR+U(T)

640 U(1l6) = 0.495493+PR/TR

641 UL17) = U(13)aPR+U(12) :

6420U{33) = LOGF({{U(Ll4)ne2+ SQeU(14)41.0)/(U(l4)ne2— ~ SQeU(1A4)
1 +1.0)) . .

643 A2 = Ut2)/U(l)
644 AY = l.0/U(1) ‘
ANGLE(AZ,AY,PR)

645 U{34) =

646 U(35) = ATANFU(]14)es2) :

6470U(36) = LOGF((U(LS5)es2+  SQeUL15)141.0)/(U(15)9e2~ SQe=U(1lY)
1 +1.0)) ’

648 U(37) = ANGLE(U(T7),U(8),PR)

649 U(38) = ATANF(U(15)ne2)

6500U(39) = LOGF{(U(L16)wn2+ SQeU(16)+1.0)/71U(16)=e2~ - SQeU(16) "
I +1.0)) -2.0#ATANF( SQeU(16)/(1.0-U(16)es2)) .

6510U(40) = LOGF{(U(LT)we2s SQeULLITI+1.0)/7(U(LT)wn2~ S SQsu(LlT)

1 +1.0)) : .
652 Ul4l) = ANGLE(U(12),U(13),PR)
653 U(42) = ATANF(U(LT7)#»=2)

654 FA = U(19)#(U(33)-U(43)) + U(20)=U{34) + U(21)#{U(35)-U(45))

6550F8 = U(25)+(U(36)-Ul46)) + U(26)#UL3T7) + U(23)+(U(38)-UL48))
1+ Ul27)+U(39) )

656 FC = U(31)e{U(40)=U(50)) + U(32)sU(41l) + U(29)#(U(42)-U(52))20.50

657 FUDEM = FA+FB+WMaF(
661 RETURN
END{190,0,0909091904041+0,0,0,0,0)
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DEV DEVIATION D-8 & DIC + ACENT 123
FUNCTION DEVITR,PR,TC,PC,W) , ,
ssesunsean PARAMETERS FRUM PITZER NescssesnenssseNaERERS
701 D8=.00260913PR#(TR-3.19325 =1.774864 *PR+,434418 *PReTRes2) e
1 {1.0-.1443918 «PR+ ,00704758 «TRePR} / (1.0+ 616.8304 o {TR=-
2 1.001216 - 01121414 PR~ .0495574 sPReTR )we4 )

3 ¢+ ,000442593 eTRes3eplesl / {(TReess 0602764 sPRees )
702 ACLNT = TRePRe(TR-1.,0-0.069¢PR)&( 8257143 + ,00736587 PR

1 +(=-.0025%204)2TRePR+. 001157285 TR )/ (TResss 1012124 o (TR

2 - 2.46590 - 2220411 sPR+ 01619634 sTRePR)ess )

sBNNAGIBERERINSONES CRITICAL CORRECTION s sssnsanessssnavsnsnneS

703 DZC = =~0.035 ¢ PRee3 / ( 1.0 + 141376 * (TR = 1,0)ee2 +

1 1397.124 & (PR = 1,03 - 13,44 » (TR = 1.0))mss )
704 DEV = D8 + DLT + ACENT = W

RETUXN

END(140+4040¢0¢04150,0,1,0,000,0,0)




CLANG FUNCYION ANGLF

FUNCTIUV AMGLE(AZ,AY.PR)

bf'BOlOAX =ATANF(O.1414214AY(]. O*AZOOZ*O l'AY'AZ)/((AZ"ZOO l'AY'AZ)"Z+ :

1 1.0-(0.1%AY)##2)) - o
802 DEN=(AZss2+AYeAZePR)"82+1, o—(av-PR)--Za_-?-i'“
803 ONU=1.414214sAY*PR*{1,0+AZ«(AZ+AYSPR) ) .
. 804 IF (ABSF(DEN)-1.0E~-20) 805,805,808
805 IFf (ABSF({DNU}=-1.0E-15)" 808,808,806
. 806 ANGLE= 1.5707963 A
-807 GO TU 815
- " 808 ANGLE= ATANF(DNU/DEN)
_809.AW = AX*ANGLE
810 IF(AW)BL1,811,815
. 811 IF(ANGLE) H12,812,81l4 -
" 812 ANGLE = 3.1415926+ANGLE
. 813 GU TO 81Y -
8l4 ANGLE = ANGLE-3.1415926
815 RETURN
END(140,0,0, o.o.x 0,0, 1.0.0.0.0.0)




e

FUGAM MEAN FUGACITY CUEFFICIENT .. KWUNG

FUNCTIUN FUGAM(Q,E,2) , .
9C0 FUGAM = (Z~-1.0 - LOGF(Z-Q) = E=*LUGF(1.0+Q/2))
901 RETUKN } ' :

END(1,09000,090'19'0)0,1'0[0'090,0)




vmMoD3 SULUTIUN OF THE GENERAL CUBIC EQUATION  MO0D 3

20

21

22

30

40

41

WITHUUT CUBERTF, ASINF, ACOSF, FOR GENERAL USt

SUBROUTINE VIETA (A, Y, MTYPE )
DIMENSION Af4), B(3), Y(3)
(1) = A{2)/7A11)

8luvd = B(1)/3.0

B(2) = A(31/A(1)

B{3) = Al41/AL(1) B

ALF = B(2) - B(1)eBlOV]

BET = 2.0°810V3es3 - B(2)eBL10V3 ¢+ 8B(3)
BETOVZ2 = RET/2.0

ALFUV3 = ALF/3.0

CUAQV3 = ALFNV3sse3

SQBUV2 = BETQOVZ2es2

DL = SQROV2 + CUAODV]
IF (DEL) 40,20,30
MTYPE = O

GAM = SQRTF{-ALF(OV3)
IF (BET) 22,22,21

Y{l) = -2.0eGAM -B10V3
Y(2) = GAM - BlOV3
Y(3) = vt2)

GO TU 50

Y{l) = 2.0#GAM ~B1lUVI
Y{2) = -GAM -B1lOV3
Y(3) = Y(2)

GO TU 50

MTYPE 1

EPS = SQRTF(DEL)
TAU = -BETUV2
RCU=TAU+EPS
SCU=TAU-EPS
SIR=1.0

S18=1.0

IF (RCU) 31,32,32
SIR==1.0

CIF (SCU) 33,344,346

S1s==-1.0
R=5[Ke(SIRsRCYU)®»«0,33333333
$=S1S#(S1525CU)=20,33333333
Y(l) = R ¢« S = BlOV3

Y(2) = ~{Re¢S§)/2,0 - BlOV3
Y{3) = 0.86602540%(R-S)
GO TO 50

‘MTYPE = =]

QUOT = SQBUV2/CUAUV3
ROQT = SQRTF(=-QuUUT)
IF(BET) 42,441,410

PHI = (1.5707963 + ATANF(ROOT / SQRTF{1.0 - RU

GU TO 43

UTee2}))) / 3.0

00010002
00010003
00010004
00010005
00010006
00010007
00010008
00010009
00010010
000310011
00010012
00010013
00010014
00010015
00010016
00010017
00010018
00010019
0VO10020
00010021
00010022
00010023
00010024
00010025
00010026
00010027
00010028
00010029

00010032
00010033
00019036
00010035
00010016
00010037
00010038
00010039
00010040
00010041
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vMUD3 SOLUTIUN DF THE GENERAL CURIC EQUATIUN MOD 3
42 PHI = ATANF(SQRTF(1.0 - RUUTes2) / ROUT) / 3.0 ‘ 00010042
43 FACT = 2.0¢SQRTF(-ALFOV]) . . : 00010043
Y{1l) = FACTeCOSF(PHI) - B10V3 . ‘ : 00N10044 .
Y{2) = FACT#COSF(PHI + 2.09439%1) - Bluv) : o 00010045
Y(3) = FACT#COSF(PHI + 4.,1887902) - Bluv3 00010046
50 RETURN 00010047

END(1+s0+040¢040+140+0+41,040,0,0,0}
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- PROPANE-ISUPENTANE SYSTEM _ " °

. PROPANE

S ISOPENTANL

72)'@(/:

 460.799999"

. S )Z)IQfW1?:':'
. .369.989998"

42.011000."

', 32.900000 -

5.212000 5

o f-COZIGQJ"rroco‘ ¥;,
aayﬂrc'ﬁgab,.”j1ﬂ
0.152000 . -+

‘COMPOSITION
0.5090

0.4910

CIRK. . lAG JZEX % 0z 7 LOG FRK -LOG FAG . FAS  oMZQCP . o L. |

T 348,2000 TR 0486779, o Qlﬁ_iaf{i;}'
P 15,0000 PR 0.4232 . W =565.0 S =6.5126 . - T
" 0.7262 0.7176 0. 0. =0.1038 -0,1075 0.7807 111 .G .

0 =0.0530 =0.0547  0.8817 ° 1311- . ¢
: -0015663 ‘001623 B Oo6882-_ﬁ1321x&f.‘”

B AT 115.0000 -~ PR 0.4232 H  =3464.6 'S -14.,8510 . .
.. 0.0758  0.0872.° 0. . -0. . =0.1014 =-0.1051 . 0.7851 . 11 2

o R - 0.1775  0.1759 144993 1312 7" ... - 4§

-0.3905 =0.3963  0.64015  1322° v .

1;”conbosxrxo~_

0.4146  0.5860

ZRK ZAG S Ex - o2 LOG FRK LOG FAG FAG - MZ3CP -
T 373.2000 TR 0,91138 h - R

-803.4 S =7.5091 |
0.7405 - 11 1~ o
0.8894 . 1311 S o
0.6506 - 1321 . i ey

P 20.0000 PR 0.5771 H
0.6515 OOOQLZ 0. 06 b "Oo1262 ~0.,1305
-0.1799 "001867

- 20,0000 PR 0.5771 H  =3253.0 S =14.0807
0.1097 |

0.0994 0. . . 0. -0.1245 =-0.1288 0.7636 11 2 . i
o . 0.1601  0.1596  1.4636 - 1312 - . -

-0.3256 .=0.3324 0.4652 1322 .. |

COMPOSITION.

0.9090 0.0910

ZRK IAG - ZEX. Dl_f'f 3L0G FRK LOG FAG - FAS - mzace -

LT 373.2000 TR 1.02227°

e 39,0000 PR

| 7009900 - M =1171.9 S  =9.6827
045453 |

0.,5347 0. . . -0 . =0e1583 ~0.1612 0.6899 111 -
R C .. =0.1380  =0.1399 - 0.7247 1311 -
 =0.3603 -0.3747  0,4220 1321 .
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