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Abstract 

I 

The thermodyr1Wllio propert,i•s of mixt.uree of real eubatauea 

mq be oaloulated rigorouely froa certain calorimetric or apectl'0-

1copio measurements on the component, together with voluatr1o 

measurementa on the mixtures, The practical imposaibility ot making 

autfioient volumetric measurements praoludea application of auch an 

analysis to all mixtures ot interut. one poae1ble solution of this 

problem is the uee of an equation ot atate 1h ich satiafactoril7 rep. 

resents the volumetric b9b&Ti.or ot mixtures. Benedict, Webb, and 

Rubin (9110) met wit.h oonaiderable su.ocees 1n developing such an 

equation tor mixtures of light eydrooarbon1. _ The•• authors have 

proposed an equation ot etate and derived thermodynamic eqiationa 

which give accurate predictions ot propert1..ee ot both hanogeneoua 

and heterogeneoue h1d,rocarbon ayat••• 

These equation■ are quite complex and their solution a 

very time-ooneuming operation 1h en pertormed b7 conventional oca­

putational techniquN. It wu proposed that · t.hie ditticulty could be 
.. . 

ovarcana by u1e ot recently developed high-apeed digital ooaputera. 

Accordingly, an investigation has been made into the teuib111t7 ot 

aolving the equations ot Benedict et al on .a punched card digital 

computer known as the Electronic Calculating Punch, Type 604, manu­

.factured by the International Bueineae llacbinee Corporation. The 

reaulta of the investigation are reported in the £int. part ot tbla 

thesis. The development and application of digital techniquee tor 

the calcu.lation of thermodynudc properties ot coexisting pbaaea in 



light eydrocarbon systems are discussed. A routine procedure !or 

such a calculation which may be completed in about one and one halt 

hours 1a preasnted. Results of calculations on the methane-ethylene­

ethane syatem and the methane-propane ayatem are presented in graph­

ical and tabular form. Where possible, comparison ie made with ex­

perimental measurementa. 

II 

The isobaric heat capacity at bubble point baa been 

detennined at temperatures trom 80° t,o 200° F. for n-bexane, met1',l• 

cyclopentane, and n-octane. Thia quantity was calculated .from 

directly measured values of tbe i•ochorio heat capaoi ty in the two­

phase region b7 the use ot aupplea.enta17 volumetric data. The latter 

IIIBN obtained fro• experimental. meaauremente, lilen available., or 

estimated from the law ot corresponding states. The results a.re pre­

e,nted in graphical and tabular form. 
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I 

APPLICATION OP' DIGITAL COMPUTER TECHNIQUES TO THE CALCULATIOll 

OF THllllQD?JWIIC PROPmTIEBOF HYDROCARBON SYSTBMS 



l 

Introduction 

A. Statement of Problem 

A 11gn1£icant portion of peyai.cal chemical research ia 

devoted to the experimental determination ot thermodynamic proper­

ties ot multicanponent qateme 1n both the hcaogeneoua and hetero­

geneoue regions. l'ren when restricted to hydrocarbon mixtur•• 1n 

the eingle phaae and ,rapor-liqiid regions this work is very exten~ 

aive. From this laboratory- alone over a period of almost 20 years, 

more than 100 articlee have appeared dealing exclusively with thermo­

dynamic properties am phaa• equilibria in hydrocarbon systems. When 

it 1e realised that this amount of laboratory work haa given experi­

mental information on only a small traction of the hydrocarbon aya­

tema or possible interest the need of mathematical procedures !or 

extending experimental intormati.on is apparent. Thia .faot wa.1 

recognized at an early date, and procedures for the pred1otion ~ 

properties of hydrocarbon systems have appeared in the literature at 

f.requent intervals. 

The mathematical treatments advanced for these oaloulations 

have been ot two general typea. one of theae has been the 10-oallecl 

generalized correlation and the other, the empirical e4uation of state. 

. The former is baaed on the law ot oorreaponding eta tea or a aodi.tica­

tion thereof. These oorrelatione were presented for the prediction 

of volumetric or PVT behavior ot eydrocarbona aa a function ot their 

reduced state (1,2). · They wre applied to the prediction or phue 



behavior (3) b7 the uae of generalised 1'11acit7 plota and the 

asaumptiona of ideal aolutiona (4). lq (S) extended the uae of 

tbe general.Uc correlation to aixturee by int.roduotion ot the con­

cept of the pseudocritioal constant.. 

The generalized correlation bu proved a Wieful $liineer­

ing tool. It haa widupread applioabillt7, 1• euy to u.ee am, in 

predicting volumetric behavior, givee reaulta whioh are auti'icientl.T 

accurate tor m&l'\1 purposes. The "8ClidJ.ibrl.ua oonatant•, a corrren­

tional e:itpNeaion !or the ratio of the conaantra-W.on ot a ccnponent 
~~-., 

1n the vapor to that in the liquid (.3), waa not ;predicted nth a, 

high a degree or accuracy, part4oularl.7 in reg1 ~ above the critical ,. . 
/ 

temperature cl one of the oomponel'lta. Recq~, corrections to the 

original equilibrium constant oorrel.ationa have been proposed ( 6, 7 ,8) 

which illlprove the accurac,. comd.darabJ.T. 

The 1econd matheatical. approach to a thermoqnamic ~ii 

of l'qdrocarbon ay-ate:ma 1a the uae of the anpirical equation of •tate 

together with appropriate therm.odynamic relatiou. The derivation of 

theae tbtmllodynamic relations and a di8C'J.1Sion ot ·equati.ona of state 

wUl be presented 1n Section, I-B and 1..0. Thia met.heel ie lindtecl 

tml.y by- the abillt7 of the equation ot atate •ployed to dNoribe 

accurately the volwaetrio beha"fior of the substance. With the dnel• 

opnant of a highly' accurate equation ot state tor light hydrocarbons 

ard their mixtures by Benedict, Webb, and Rubin (9,10) and the 

recent tabulations ot heat capacities tor a large mmiberot n,drooar­

bona (ll~l.2), the accurate prediction of them~io propertiee 

aml pbaee equilibria 1n eydrooarbon 97eteme baa become poe■ible. 



Dif.ticulty arieea in the practical aspects o! this treatment, however, 

becauae the relationahipe involved are canplex and the calculations 

time consuming. Thia objection presents a eerious obstacle to the 

more widespread use of this treatment. As a meana of obviating this 

difftoulty it •s suggested. that the application o! high speed 

digital oomp11tera to the calculationa be studied. Should this approach 

prove practicable, it would be a uae!ul contribution in the field ot 

prediction of thermodynamic behanor, and it 11Duld facilitate research 

on equationa of state particularly for mixtures by reducing the time 

involved in exploratory calculations wt th proposed !unctions. 

The use o! computing aide offers two possible approaches to 

the prediction problem. One involTea the calculation and tabulation 

of the thermodynamic properties of a large .murber of l:\fdrooarbon mix­

tures. Thia procedure ie open to the cri. tioiu that any significant 

change in the experimental data or in equations ot state as a reeult 

of new work would require a relati v~ extended revision of the tab­

ular information. Also, because auoh tabulations 11)uJ.d probabl.1' 

require a prohibitively large number of values o! the desired quanti­

tiea, this approach waa not considered advisable. ,The other poaai­

bilit7 would be to compute aa required the deairecJ properties ot 

eydrocarbon mixture■• A calculation procedure of autticient rapidity 

to make thia latter method practical would have obvious advantages aid 

it waa thia approach that wu investigated in the present 110l"k. 

Thia theaia reports research on the appliot.tion ot digital 

canputi.ng techniques to the calculation of the composition and thermo­

eynamc propertiu ot ooaxiating phases in l\YdrOcarbon systems. Kore 
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IJ)eCifically, it concerna the developaent of procedure& !or solution 

of the equations o£ Benedict, Webb, and Rubin (10), using the 

Electronic Oalculator, Type 604, manufactured b;y the International 

Bu11inese lfachinH Corp. Results ot calculation1 on the methane- . 

ethylene-ethane qstem arid methane-propane q1tea made in the courae 

ot the developnant are ~ated and compared with experimental data 

reported in the literature. 

B. lgu!ti one tor thermodynuio prof!l:!1• o1 mixture• of real gaa• 

J. A. Beattie (13) givea a comprehanaive review ot variows 

treatments of thermodynamic propertie1 of real ·gaa m:t.xt.urea. · ' These 

he classifiu u I l) the ideal gu formulation, 2) the method. of 

van der Waal.e, )) the G1bbe-Dalton la•, 4) the Lew18 and Randall 
• . • ' 

rule cm 5) the general limit mtbod. The l&a~, with .'lilich the 

present 1Drk ie concerned consists in the derivation ot upreaaiona 

for therm~c properties of mixt.urea by eatabl.iahing the relation- . 

1hips as the vol\::Dl8 ia inoreaaed wi thou~ llm1 t or the pressure de­

croaaed to aero. Under these Qonditiona the rul.u ot ideal aolutiona 

1147 be considered to appq rigorou,q. Therefore, a theraodynud.o 

property such ae the molal entbalw ot a mixture~ be written 

(1) 

The expr:eaeion tor the enthalpy at the desired state is completed. 

by addition of tha de.t1nite integral of the type 

(2) 



-,-

or 

The partial derivatives are obtained from experimental data by 

graphical treabnent or from an equation or state. Thia procedure 

(3) 

ia quite rigorous, ard the accuracy of the quantities calculated 

depends only on the accuracy of the data or the equation used in 

their stead. Since the preaent work involves calculation ot values 

ot entrow, enthalw, and fugaoit7, the expresaions tor theae 

properties have been derived (Appendix I). They are written 

RT In ~ ::, 

+ /7R _ (JP) }cl// 
V V dTvn 

RT /11 m4 RT 
y 

I 

(4) 

(5) 

(6) 

Th••• expreaaione have bNn derived with temperature and 

molal volume u independent variables because the equation of state 

uaed in the oalculatione ia 1n tr.is form. When the de.finite in­

tegrals ot Equations 4, 5, ard 6 ~• evaluated from an equation of 

state, calculation of any of the thermod.ynam1.c properties involves 
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onq the aubsti tution or values of the indaperdent variables. In 

the oa.l.culation or the tharmoclynaml.c properties ot coexisting 

pbaaes of a mult.ioomponent ayetem, the composition ot each phase 1a 

obtained by solving simultaneously a set o! equations eqial in 

llUJllbar to the number ot oomponente1 

(7) 

o •. Ei1!;tion1 ot state 

The application o! the relat1ona derived in .· the pre'f'ioue 

eaction depema on the determination·~t tba 1ntegrd. terms of those 

ex:preaaiona. Theae tWJU may be evaluated troll experimental oca­
preaaibili t7 data. J'or this purpoee the equation of state 18 per­

haps the moat convenient method ot 8Ulllll&ristng the data. .lluoh work 

bu been done on the development of equatd. ona of et.ate and to dia­

cw,a even the moet illportant 110uld require a lengthy treatise. How­

ever, aince thee• equations are ISO important to the detendnation 

of t~c properti.aa by the method d1aouaaed in this theei•~ 

a review of the major development.a up to the preaent time ..... 

desirable. lquatd.ona ot atate m&1' be convenientl.7 dirlded 1ffliO 

two catagor1 .. 1 1) •pirioal eqiationa which are prima.ri.q attempt• 

to obtain good repreeentation ot experimental PVT data and 2) theor­

etical equationa which are derived ~• et,atiatioal mechanical and 

.-itua ID9Ch&nical treatmanta. Tbe7 will ~ ducuaaacl in that order~ 



The simplest equation o! state tor gases is the so-called 

perfect gae law 

PV=RT (8) 

Thie IJlc\Y' be obtained by combining Boyle's and Charles• laws. It 

may also be derived .trom kinetic coruriderations or .from statistical 

meohanioa (14) considering the gae as a bcdy or non-interacting 

particles. Thie equation was inadequate to describe the volumetr:l.c 

behavior of gases over wide ranges of temperature and pressure. one 

ot the .first and moet widely known attempts to improve this equation 

11118 made by van derlfaale (15) who propoeed the equation 

P= RT _ _g_ 
V- b V,l (9) 

where a and bare 1peci1'io oonatanta tor a given gas. Thie equation 

gives a coll81derably more accurate description of Tolumetric be­

havior than the perfect gas relation. Moreover it gives a aemi­

quanti tat1 ve description of volumetric behav.L or of both liquid and 

vapor phases at temperatures below the critical., having ae one real 

root the dew-point volume and aa another the bubble~oint volume with 

an 1.nO.eotion between these point■• An intereating feature ot arrr 

equation of state with three constant■ is the tact that the oonetanta 

tor a subeta.nce may be determined tram the critical properties of 

the aubatance although these constants may not agree with those 

calculated to give the best tit ot PVT data. 

Tllo or the better lmown attempts to improve on the van der 

Waals equation are the Dieterici equation 



p = RT ex11(---5L-} 
V-6 RTV 

(10) 

and the Berthelot equation 

p = RT _ a 
v-6 rv~ (ll) 

The relative acouraq of Bquationa 91 10, am 11 varie1 with the 

particular compounds and the range ot teperature and preaeure 

involYed. over a reaaonably wide range of conditione their accuracy 

1• lea• than that ot the generalized correlations baaed on the law 

0£ corresponding at.ates. Another equation of tbie form quite recent­

ly proposed b7 Redlich • and lwq (16) 1• 

a (12) 

Using only experimental.q determined critical temperature and 

pre1eure ot pure compounde tor the calculation o! the constants the 

authon obtained a remarkably accurate fit. ot m data tor several 

gaaea. 

A aomnhat more complicated modii'ioation ot the van der 

Wul.a relation proposed b:, le:,• (17) ie 

RT a 
V-6 exp(c/v) {V-d}i/ (lJ) 

Thia equation wa1 ueed with considerable auooeaa to correlate an4 

00111JN.t• the thermodynamic propertiea ot several gaaea. 

Perhaps one ot the ~tter known equations ot state 11 that 

presented b;y Beattie and Bridgeman in 1928 (18) and generally' known 

aa the Beattie-Bridgeman equation. It~ be written 



At the expense o! considerable complexity' this equation aohtevee 

a high degree of accuracy- in deacrl.bing volumetric behavior ot 

guea up to pressures aa high as 1000 •~oapherea. llore recent,q 

Benedict, Webb, and Rubin (9) haft modifi.ed the Beattie-Bridgeman 

equation to obtain an equation which gives an excellent repreaenta­

tion ot PVT data aver a ,ride range ot oonditd.ona including the region 

below the critical temperature, 

P = RT + /4 RT - Ao - £}-L 
V T· V2 

+[i,fi'T-a/_J_ 1~v1 

(lS) 

Thia equ.ation was developed to do llhat the van der Wu.le equation 

doe1 in a semi-quantitative way, naaeq, describe in a Bingle 

equation tho behavior ot both the vapor an:i the saturated liquid 

of a substance. In their original article the authora obtai. ned the 

eight constant.a in the equation tor methane, ethane, propane and 

n-butane by anal,71ia ot PVT data. The high degree ot acoura07 

obtainable with thie equation and the tact that 1t applies in the 

t110 phaee region made it partioula.rly suitable for the purposes ot 

this research. For tbia reason it •ll be diSCW1sed in more detail 

in Section I-D. 
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It will be noted that in all the relati0Il8 mentioned the 

pressure has been expressed expllcit:cy,. Thia is untortunate nnce 

pressure and temperature are us~ the irrlependent variable• in 

practical problems. However, such theory ae hu bean applied to 

equations or state has indicated that an expraasio..'1 explicit in 

pressure should result, a.Id experience seems to have borne out the 

ract that such expreuiona give a more accurate description ot 

volumetric behavior than expresaiona explicit in volume, tor a given 

complexity. lloreover, when a singl.• equation i8 used to represent 

the properties of tlfO-phaee mixtures, it becomes neoeasery to make 

the molal volWJ1e an independent variable. othentl.ae, i! the prNlS\lN 

is used u an independent variable, a two-valued .function would be 

.required to represent propertiee of liquids and gasea since at the 

same temperature am preaaure each phase has 111.deq di!fering molal 

volUJDH1 enthalpies, eto. llowev81'1 •~al equations ot atate haft 

been proposed which are explicit in volume and lti1ch give a deeor1p- . 

t1on of the volumetric beha"lior o! guee sut!ioiently accurate for 

marv purposes. one of these ie that ot Beattie ( 19) 

(16) 

Thie equation applies to .states .above the critical t9111perature and 

above the critical epeoi.fic volume. A more recent expression pro­

posed by Maron am Turnbull (20) is the po,rer eeriea expression 

(17) 
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Thia gives excellent results at temperatures above 1.5 times critical. 

The equation of state for a pure substance provides a use­

ful means of correlating a?Xi aunnarizing experimental. compressibility 

data. Being essentially empirical, it does not give reliable pre­

diction outside of the range of the data on which it is based. How­

ever, it has been observed that accurate prediction of properties 

of mixturee ot similar substances can be obtained .from an equation 

identical. in 1'oni to that tor the pure components w,ing relatively' 

1imple !'unctions of the composition to obtain the parameters. It 1a 

this fa.ct which permits the computation of the properties of mixtures 

from thermal and comprees1b1lity data on the pure constituents alone. 

For example, the partial derivat.1Te /cJP} in· Equation 6 
. f drn1, r,y, m, 

for fugao1 ty ~ be evaluated from an equation o! state in which the 

parameters are eome known tu.notion of composition and the parameters 

or the pure components. Only a fn combination tunctione have found . 

widespread use. These are generally baeed on an equation of the type 

A= \ n n,_ A '-L :k j " /1<. I 
(18) 

where A ia 8.f\V parameter in the equation for the mixture. Ajk' j • k, 

are the pa.rametera for the pure components and Ajk• j :# k, are the 

so-called interaction constants. Empirical studies on the nature of 

the interaction constant have been limited to evaluation of relatively' 

simple .tunctions. The three moat important or these together with 
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the rem l ting expression for A are r. 

Linear combination 

Square-root combination 

Lorentz oombin&tion 

(19) 

(20) 

(21) 

• (22) 

(23) 

(24) 

The parameters o! the pure oomponente are written 'Id. th a •1n&le 

subscript. A study ( 21) of various aethoda of coi.m1n1ng tbe oon­

atante A0 , B
0

t and c of the Beattia-Bridgeun equation tor the 

methane-oo-butane a,atem indi cat.eel that the best representation of 

PVT data was obtained by uaing a square-root combination tor Aojk 

am ojk and the Lorentz. combination tor Bojk• . The average deviation 

of calculated trom obeened pressures was 0~71d or about t•c• t.be 

error ot the equation in representing the behavior ot the .P11N gaa•• 

Thia diacuaeion bu included only' a brief O\ltline ol the 

work which baa been done on the develop1111nt ot equat.ioria ot atate .tor • 
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real gases and their mixtures. In addition to this work, during 

the past twenty years considerable progress has been made in the 

derivation or a quantitative equation of state .t'rom atatistioal 

mechanical and quantum mechanical conaiderat1ons. Although the a 

priori derivation of an equation which gives results comparable 

with existing empirical equat..1. ons seems unlikely in--the near future, 

these treatments have demonatrated the existence ot a theoretical 

baei1 for several functions which have been developed in the em­

pirical approach. Among these ia the virial form of the equation 

of state 

(25) 

and the .form ot the combination tunctions for parameters in the 

equationa for mixtures. The possibill ty of the derivation o! a 

complete equation of state ia enhanced by the tact that cun-ent 

mathematical treatments are able to preqict condenaation by ind1.cat-

1ng that the pressure will remain essentially constant when the molal 

volume ia decreased below a certain value. Cariprehenei ve revine of 

the theoretical treatments of oquatione of state are given by Fowler 

and Gugger..heim ( 22):, and by Mayer and Kayer ( 2.3). • • 

D. The Benedict equation ot state 

Any o! the equations of state diecussed in Section I-C 

could be used to evaluate the partial derivatives in the expressions 

of Section I-B. However, ae may be seen from Equatiol'l8 ,6 and 7, the 

calculation of phase equilibria requires a continuous function which 
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describes volumetric behavior of the gas phase and of saturated. 

liqaid in the region between the l1m1 t, ot integi-ation in the 

thermodynamic expresaions. By tar the most S\lCCesaful attempt to 

realize such a function is, that of Benedict, Webb., am Rubin (9). 

For this reason their equation ct state 

P' =, RT + (13. RT -A - CJ-' + 'iJRT- a}v' > V f. 0 " T; vc fG J 

(l,S) 

was used to evaluate requisite partial derivative• in Equationa 4, . 
5, and 6. The general form of ieotberu oalculated trom Equation l5 

11 ehown in Figure l. Plota ot P va l/V or the mol.. per cubic toot,. 

at various temper•turee are preaent9d to:r a h7drocarbon mixture ot 

invariant composition. lqu.ation 15, which tor oonvenienQe 'liill be 

referred to as the Benediot equ&ti. on, WU developed to deacribe •• 

volumetric and phase behavior ot law molecular weight bydrcoarbont. 

The eight parametere have been determined from PVT data tor methallll, 

ethylene, ethane, propane, n-butane and uobutane (9,24). Vapor . 

preasures may be calculated trom the Benedict equatioQ b;r eilu]... 

taneoua solution o~:the axpresaiona 

(26) 

(27) . 



For the pure hydrocarbons methane, ethane, propane and n-l:mtane, the 

equati on was found to predict the vapor pressure to within 1.1$ ot 

"the experime:ital values ( 9). Pressures calculated fran molal volumes 

for a 'ldde rar,.ge of oondi tions agreed with experimental. values tn 

within 0.4% for gases. 

In a later paper (10) these authors ahowed--that by using 

simple combination tunotiona for the eight parameters in the equation, 

a highq accurate description of both volumetric and phase behavior 

of multicomponent aystema •a obtained. Thia was further demonstrated 

by Bened.iot et al (24) and by Hough and Sage (25). Pressures were 

calculated with an average deviation of o.~ and equilibrium constant 

values with an average deviation of less than 2.()% from experiment. 

As was discussed in Section I-C, the values of parameters 

in an equation of state for a mixture mtq be calculated by equationa 

of the form 

(18) 

where Ajk for j = k are the parameters for the pure components and 

Ajk !or j + k are the interaction constants. The statistical mechan­

ical treatment of imperfect gas mixtures by Mayer (26) indicates that 

an equation of the form of Equation 18 should be used tor the param­

eters in the '1/V term of the virial equation o! state (Equation 25) 

and that an equation of the torm 
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A = '\ n -n -n, A .. k L;Jk I j K lj 

A ,? A 2 A 2 A • 2A .,.. .. · .1 A ( 28) = n.1 • -1- n n -f "· t /? n.., /IN t-n, n2 112 +n. 112 1z2 +nN N,.,,., 
I Ill ~ ,! Iii! I " 

should be used in the 1/V2 ten. In acoordanoe with---lhia the017 

Benedict et al (10) UIIUJD8d the parameter• B0 , A0 , and 00 1n 

lquation lS t,o be represented by a function ot the fora ot ·Bqu&­

tion 18 and b, a, and a by Bquation 28. The parautere r and A: 

do not have a corresponding tel"JI in the vi.rial equation of atate. 

Bquation l8 waa uaromed tor the evaluation ot 7" and lquation 28 

tor IX • The equations . are eumariaed as tollowa 1 

(29) 

(30) 

(31) 

b :::-
2 . /c n,. ni Ilk /J,jk 

1/ 
(J2) 

q = 
Lijk n,. ~-nlr C1t/k (33) 

(34) 

(3S) 
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c( = \ M-11-111 &( • • k L ijlr I I J(' •11 
(36) 

The aesii.;ni.---aent o! values to the various interaction constants · 

arising in theae equations -wa.e ni.ade by arbitraril,1' assuming them 
I 

to be simple functions of the pure component parameters as f'ollo,nu 

(37A) 

8 ..!. (./1 Y<_''J R }j J .J 
ojlr =- 8 OJ f uok) (37B) 

Aojk = ( 
½ 

'A,-A,,1) (38) 

½ 
Cojk :: (Co/ C0 1<) (39) 

1/ 

b--k = (~,- ~ li1r) J 
'J 

(40) 

½ 
a,/lr = (Q,- °;· al<) (41) 

(42) 

(43) 

½ 

o< lj k = (oi:, O{:i o<.k) 
3 

(44) 

The single subscript denotes the parameter or a pure component. The 

expressions used for the evaluation o! each parameter are obtained 

by substituting the relation for the interaction constant into the 
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correeponding oanbination function in tbe group of equatione 29 W 

36. The reaulting equations .are a, toll01nu . 

= 11, 2 4, 

(46) 

(47) 

(Sl) 

0alculation1 wen made (10) in which the linear and Lorente cca­

bination tor 1
0 

wro compared. ror thG methane-n,,,,butane .,...t• 

calculations of preasure by Equation lS 1n which the Lorents 0011-
·'" ~ ., ,. ~ 

bination ~or B
0 

1'B8 uaecl gave value• with an average dmation ot 



o.4% i'ron observed (21), while use of the linaar coriliination gave 

value~ with an average deviation or l.~. In the methane-n-butane 

and ethane-n...t>utane systeJ!'IS calculations of the equilibrium constant 

ns~ ns the Lorente oo•,1binat:ton gave values wl th an average deviatfon 

o.f about J.0% from obeerved (27,28), while calculations ueing the 

linear combination gave values with an averag~ deviation of about 

l.]$. Since composition ot comating phaaea was of primar,y inter­

est in the present work, the linear combination was used throughout. 

By oombining the thermoeynamic equations 4, 5, and 6 wU,h 

the equation ot state 15 a~ the paral!leter equations 45 to 52, one 

mq derive algebraic expressions !or euoh thermodynam:1.o propertiaa 

as the entropy and enthalpy of mixtUNS and the .tugacitiea of the 

componente. These functiol".e are given by- Benedict et al (10) ae 

i'ollowi 

+ {c!,RT-.u:,l_, +s_ f.J ,_e.,;,fo/"v2) 

'12 v" T"v"L - ?"/v 1 

_ ~xi' f r/vz) -1- _z ex~(-r/vz)1 
;z vz ] 

(53) 

(S4) 
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RT In fi =- RT/,, n1 RT -1 {( 80 ~B,,;..) RT - .?(AaA01c)~-2(c; t;)J: 
V T~ 

j[ RT(/J 'l,) 11
- (a~a1)];,? · r} {a(q-zak/

1 
-1 «(d"aK)~ 

The derivation ot these expressions is given in Appendix IX. 
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II 

Digital Computing Equipment 

A. Introduotorz: remarks 

Before a diaouseio1or the solution of Equations 53, 54, 
and;;, it seems appropriate to describe the digital computing 

equipment which was available to this project and which was the 

determining factor in the mathematical approach. All o! the work 

to be discussed was done with punched card equipment manuiactured 

and leaaed by the International Business Uachines Corp. These 

machines, which were developed primarily for expediting accounting 

procedures, have in recent years been applied to scientific computa­

tions. A punched oard ma.chine may be de!ined as one whose opera­

tions are controlled by a 3.25" x 7.379' manila card passing through 

it. The nature of the operation deperxis on the type o! maohine1 the 

way in which the machine is operated., and the number and position 

of perforations in the card. The card, a diagram of which is ehown 

in Figure 2, contains spaces for 8o columns and l2 rows of perfora­

tions. Ten of the rows serve for the digits Oto 91 am the remain­

ing two, generally called the "X" and "12" punches, serve as control 

punches, several uses for which will be mentioned. The 80 columns 

are used for numerical or alphabetical information at the diecretion 

of the operator. Thus, an eight-digit number could be represented 

by punches in eight columns, the punch in each column representing 

the value of the corresponding digit. A negative number is repre­

sented by an "X" punch generally in the extreme right column of the ---
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group containing the number. Perforations may be punched manuaJ.li 

in oarda by un of the Key Punch which ia opera.ted in a manner 

eimilar to a typewriter. 

In the remaining machine• to be diecuaaed, oa.rd1 are ted. 
I . . 

to the machine automatically. Pertoratione are d•teoted u the 

cards paee between a brass roll and a brush, oertain -d.eaignated 

circuits being closed at the occurrence o! a perforation. Thia 

operation ia termed "reading". With the excep\ion of the Sorter, 

which has a aingle adjustable bru1h, the 111B.Ohinee disouesed have Bo 

reading bruahea corresponding to the eighty columzl8 on the card at 

a reading station. The operation of the machine1 1a controlled bJ' 

use ot a detachable control panel on which the fixed internal w1nng 

ot the machine 11 connected b;y aeana o! external jumper wires to 

perform the deeired oparationa. 

B. Blectronio Calculat1pg Punohr TzP! 604 

The prinOipal item of equipment with irhioh the precsent work 

ia concerned ia the·IBK Electronic oalaulating Punch, Tn>4' 604. The 

lYJ)e 604 oonaieta ot two •obi.nee, one of · Which pertorme tlle oalcu­

lating operat1ona, llhile the ■econd "rw• t.o read ·am puno~ the carde. 

(Jal'(le are handled at a oonatant rate of ou hundred per miilut•• koh 

card 1n pasaing through the Type 604, enoouniera a "tiret read• etation, 
. . 

a punch atatio~ and a "aeoond read" •tation. The arrangement 1a aucb 

that when a card is at the punch •tation the preceding card 1e·at the 

second read station and the follOld.llg .oard is at the first read•~ 

tion. In describing the operation of the Type 604. it ill OODYenient 
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to speak of "card cycles" time ae the time .during which the card 

1a at one o! these stations being read or punched aa the case mq­

be1 and ot the calculate time aa the intervening period during 

which arithmetic operations are being performed and the cards 

progressing between stations. 

During card cycle■ time, in.formation may be read from a 

card at either ot the two read etatione into the electronic storage 

of the calculator. The latter consists of 4 electron tubes per 

digit which are either charged or discharged in a unique sequence 

tor each number from O to 9. A number introduced t.o a storage unit 

remains there until another number 1a read in. There is a total ot 

37 digits o! storage into which numbers may be read although tor 

technical res.eons it would uaual]3 not be practical to use allot 

these !or receiving in.formation. In the present work the control 

panel was wired so that all values were treated as eight-digit nua­

ber1 and .further d1scuaaion will be limited to this oaee. DuriDg 

card cycles time, punching o:t the card at the punch station occura 

while card.a at the read stations are being read. The intormation 

to be punched may coma either directly !rom the card at the second 

read station ("gang punching") or it may come from a.rq o! 29 elec­

tronic storage epaoea of the machine. In the latter case 16 of these 

digits may also receive in.tormation from cards. However, since read­

ing and punching occur simultaneously the same apace may not aerve 

both functione. The remaining l.3 digit spaces tram which intormation 

may be punched constitute the counter. The counter 1a the apace in 
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which arum• and products ocour on ad.di Uon and mul tipl1cat1one ree.pec­

ti vely I and as auoh it is direotl.Y, analogous to the counter ot a 

deak caloul.ator. 

During calculate time arttl'llletic operatione are performed 

on the numbers which are read into storage during card cycl• time 

and the d•aired reaults put 1n the digit spaces dea!gna.ted for ·p!lDCh• 

ing. During this period a am .. of •program" 1mpulaee 11 activated.. 

These 1mpulees will cause vanoue individual tu.notions o! which the 

calculator ie capable such as addition., multiplication• •to., to 

occur 1n arq desired sequence as controlled by contl-01 panel 'WU'in&• 

There mq be trom 20 to f:O sets ot these impulses per calculate c;ycle 

depending on how the machine ia equipped. A discusaion of the varioua • 

faotora which limit the oaaplexity of mathematical. operations that 

may be performed during a Bingle calculate c,ycle would be quite in­

volved. It will eu.tfioe tor the present p;1rpoae to state that the 

operation Pa Ax B ♦ C would b4I a repreaentatift calculation trit' c . 
eight-digit numben 1n a 40 l)l'OgJ'8m calculate cycle. 

Ap. important !e&tUr'e of the Type 604 and one which waa a 

major factor 1n the calaulat!on technique to be deao.~bed 11 the pro­

gra suppression. By wiri.ng tb1a deYice a program or a, .. queDQe ot 

programs may be 011:1.tted from a part1cula:r eycle. Control is achieved 

through devico known as •calculate selectors• which are two--wq re­

l.aye &lwaye cloaed in one ot two poaaible positions, normal or trane­

ten-ed. 'frans.f er ot these relays from normal poei t1on is aooompl1ahe4 . 

by- uae of an T or "12" pinch and appropriate wiring. • .• In t.hia mal'lDer 
considerable tleubUi v ot ope,ration 1a pottaible. . To considez- • a 



simple axampl•, it 1f0Uld be possible to perform the operation 

p u Ax B +Con some oarda o! a group and P •Ax Bon the others c c -
o! the same group by punching an "I" punch in a designated column 

or those oarda on which the first calculation ia desired and omitt­

~ it in the others. Thie feature is also employed during card 

cyole time it· it is desired to control transfer of in.formation trom 

cards to the machine or from the machine to the cards. J'or example, 

when the numbers in a group o! cards are to be multiplied 'by a CoJIIIIOXl 

factor, this factor may be read into the machine from a "master" card 

designated by a specified "I" or "12" punch and will remain there 

until the next master card reaches the read atation. 

C. Auxi.11!!7 equipment 

The machines w,ed along with the Type 604 in the procedure 

to be described were those conventionally employed 1n an accounting 

or computing installation, and little diacusaion will be devoted to 

them. They included I 

(1) The Reproducing Punch, on which 8rf¥ or all intonation 

on a set of oarda may be transferred to any desired 

position on another set. 

(2) The Sorter, on which cardo may be separated according 

to the space punched in a single column. 

(3) The Collator, on 11hich cards may be separated or merged 

according to numbers punched in a designated column or 

group of columna. 

(4) The Tabulator, use of which was limited to printing of in­

formation read from punched cards containing the results of 

caloulationa. 



III 

Digital Computer Teohniquee Developed tor calculation ot 
Thermodynamic Properties ot ·~arbon Syst8Dl8 

A. Introduotoq remarka 

The aim 'or the present 110rk waa to develop a digital 

procedure tor the aolution ot algebraic expreaaiona axempllfied b7 

Bquationa S3, 54, and S.S. For reaaona stated 1n Section I--' it 1a 

desirable .t,o eolve these equationa tor a emall number or even a 

single }eydrooarbon ayatem at a timtt. This requirement precluded 

conventional punched card oaloulation procedure1t ,~ch req tor 

their efficiency on performing a large number ot identical oalcula­

tiona. The tirat phaae of the pr9¥nt work, \her.tore, was de'fl>ted 

entirely to development ot a pracUoal procedure for . the aolu\1~ 

or a relatively IIJIIAll number ot ccmpla: algebraic equatiODa. The 

principal novel operational technique• developed in the courn of 

the 110rk and used on the Blectronio Oaloulating Punch, Type 604, 

are described 1n the foll011ing sections. It ahould be empba11H4 

that thi1 preamtation ie not a resume ot Womation to be tcnud 

1n operating manuals but an attempt to describe u i ~ u poaeible 

llhat 18 believed to be a definite contribution to the c0111p1.1ting art. 

B. General purpose control panel tor the Bleotronic Calculating Pmaoh, 

type 60hJ calculate aeotion 

In caaee where probleu involve a mathematical operation of 

greater aomplexit.7 than can be .completed in a single card cycle on 

the Type 6o4, it is ouatomary to di'tide the probl• into a 111111mm 
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number of parts and solve eaoh part in a separate pass through the 

calculator with the appropriate control panel. Because ot the time 

consumed in changing wiring, this becomes practical only llhen there 

is a large number ·ot aimilar problems to solve. Since the problm 

at ham did not meet this requirement a different procedure wu 

sought which led to the development ot what 1lill be called the gen­

eral purpose control panels, one tor each machine composing the 

Type 004 as discussed in Section II-B. 

The calculate panel will be discussed first. Brie~, thie 

i■ a panel which is wired to per.tom all the basic arittmetic opera­

tions required in the entire solution. In addition each sequence of 

programs per.t'orming an operation is wired to "auppress hub•" through 

selector relBl'• as diaouased 1n Section II-B. The operations per­

formed during a particular calculate cycle depend on the qombination 

o! calcula. te selectors lilioh are traneterred which in turn is con­

trolled by the code ( "X" or n12u) punches in the card at the read 

station. 

The details of programming o! the calculate control panel 

are sh01t11 in Tabla I and the wiring in Figure 3. lluoh of its develop­

ment was the result of experienoe &rd nwaerous practical. considera­

tions and no attempt will be made to explain all the reasons tor the 

particular layout .finally used. The principal features of the panel 

are tabulated in Table II. The solution or a problem can beat be 

illustrated. by taking a simple example. Consider the problaa 

(56) 
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Rearrange thie to 

Y r:: [(Dx + C)x + B} x + A (S7) 

Thia problem oan be solved b.Y introducing to th-e oaloulator a , 

sequence ot card.I containing the values of the various terma ot ·tbe 

equation and the code ( •I" or "12•) punches caueing the pro~ 1e:ri.ee 

of arithmetic .operations. The planning of a IJG(flenoe or de<Jk ot caxda 

will be referred to u coding. In the present caae the tlnt card . 

could contain the value of x along 111 th 1.naitNotions tor • 1 t to be 

read into storage epaoe 3-4 during the card cyolee ti.Ille and. to be 

read into the counter during calculate time. Referring to Table !I 

w find thie operation would require code pw10hae in columns 4 and. 

12. In thi1 cue the code punch in column 4 oau.aea the counter to 

be cleared of its prev1oua number (program 24) and cauaea the number 

in etorage space 3-4 to be p!lt in the counter (program 2$). ill 

other programs occurring during this particular oard cycle are either 

euppreseed or reault in no change to the number'in t.he ooµnter. 

In the aolu tion of Bquation S7, the second card might con­

tain the value of D and inatruotione !or D to be placed in storage 

space 1-2 (it being desirable to retain X in etorage space )-4) and 

to form the product ox. Again referring to Tab-le II we see thie 

would require code punches in oolumna 3 and 1.$. In all srithmatio 

operations the nwnber in the counter ia one ot two .fact.ore involved. 

Furthermore, a number in the counter at the em of a given calculate 

cycle 18 there at the beginning ot the next. At the end of tb1t cC'd 

cyola the product Dx -Will be in the counter. Tb• third c&l"d uy 
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contain C which CL"l be read into storage space 1-2 replacing D and 

can be added to Dx to give Dx + C at the and o! this calculate cycle. 

This operation requires 0 ode punches in columns 6 and 15. The .fourth 

card my contain the value of B and the v~ue of the term (Dx + C)x + B 

mq be completed by pt.1tti:ng cala pu.'lChes in columns .3, 6, 6, and 15. 

The coda pu.."lch in 8 controls the selection of !acwrs for the differ­

ent arithmetic operations. Omission o! the cede punch in 8 110uld 

have given (Dx + C)B + x. It has been assumed in this example that 

the decimal point was al.ways correctly placed .for add!.tion. I! such 

is not the case, the number in the counter may be shi!ted one pl.ace 

to the right or le.ft at the begiruung of the calculate cycle by use 

of a code punch in column 2 or 1 reapl!ctively. The value of A J.DliI3' 

be entered on the fifth card am the :solution !or :, completed by 

using code punchos .3, 6, 8, 1)1 and 1$. A code punch in column 13 

is used to cause the value o! 7 to be p~1ched into the secom .f'ollow­

ing card (number 7 in thia deck) Which completes the problem. 

To recapitulate, the a oding of a deck of card.a to obtain 

the 1olut1on o! Equation 51 for y using the general purpose calcula­

tion panel in the Type 004 calculator is-: 
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Value Code punchee Term in counter at end. 
Ce.rd Number on card in oolumna of oalculate 91!4• 

l X 4,12 X 

2 D 3,lS- Dx 

' 0 611.S r 
Dx + 0 

4 B l,618,lS (llX + O)x-+ B 

s A 3.6,8,13,lS 7= [Cnx + o )x + B] x + A 

6 - -
7 -- .. 

If a 1olution to an equation of this nature 1a deeired at. trequent 
. . 

intervals it beccmea practical to keep on tile a set of oarde (in 

this case the eeven described above) 'llhioh contain the values of 

constants in the equation and the neoeesary coding !or 1 ts. solution. 

Obtaining a value ot 1' inTolvee key punching ot the argWlent -x on 

the first card ot the prepared deck and passing the deck through the 

Type 604 using -the general purpose panel. In the initial preparai1on 

of such a deck the term values and Oe><:\ing are key punched on the carda. 

Additional. decks are prepared using the Reproducing Punch (Section 

II..C). 

Thie example has presented only a .few of the many operations 

that may be performed by u■ing various combinations of ooding. How­

ever, it 18 believed that it does Uluetrate the general approach. 

A more detailed diacueaion ot coding problems is given in Appendix IIIo 

It the reader desires further details on this matter it ia suggeet«i 

that he oonault Appendix III and .follow the coding -'11eeta ot actual 



problema given in Tables III to Vi, referring a1 ther to the prograa 

cbarta in Table I or to Table II for the function of individual oode 

punohea. 

o. General l)U1]>2B8 control E'!!!t for the Bleotronio calculating Punolt, 

Type 604J PllDChiPS aect1on 

The control panel for the punching eection of the Type 604 

oontrole the reading aJXi punching of the oarde at card oyolee tilae. 

Ita tu.notions include oontrol ot the oolwrll8 read, the storage apace 

into which the number goea, the storage place from which llUlllbere 

are •taken, and colUIIIDI into whioh they are punched. The principal. 

novel feature introduced 1n·,,,thia work is an arrangement by which the 

cards serve aa storage epaoe supplementary to the electronio etorag• 

of tha machine. Thia feature UT be illustrated by a simple example. 

In the previous section the equation 

(S6) 

was solved !or y by a sequential calculation in the Type 604. Suppoae 

now that it is desired to obtain a value of x for a given value ot y. 

One way to accomplish this would be to eeleot two trial values ot x, 

obtain Y.trom these valuea and then obtain a third trial value ot x 

by a linear interpolation ot t.he form 

(S6) 

The value of Y.3 can be calculated and a new interpolation aade. Thi• 

process may be continued until the value ot 7 ia obtained to the 
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desired accuracy. In q~ • out this calculation by m&at'UI o! the 

general purpose calculation panel in the Type 604. as described 1n 

the previous section the ;problem ot assembling the valuu ot 1' and 

x required 1n Kquation SS ariau. Ae baa been pointed out, the 

storage space in the machine ia llm1.ted ·am not adequate tor tb1I 

purpose. One poaaible aolution to thia dittioulty would be to re­

move cards eont.a1ning the calculated values trom the machine and 

reproduce the values on another deck ot cards properly coded tor 

the next calculation. This procedure WQUld be very tillle-con8Wling 

am a more aatisfactoq t!olution was sought. The . procedure tinalq 

evolved will be described. 

A calculated value, sq y1, ia punched in a designated 

eight columns of a card. The pu.nohing control panel is wired in 

such a way- that when thia oard .reachee the second .read station the 

va4Ie of y1 is punched in the following card. A8 mentioned 1n 

Section II-B thie operation ia known u gang punching. B7 t.hie 

means the value of 7 can be punched on every card following the one 

on which 1 t 18 ~rig1 nalJy punched. This feature will be re!'erred 

to ae card storage. Meanwhile, the sequential calc~ation 1a con-. 

tinuing as described 1n the previous seetion. When the point 11 . 

reached where 11 is needed, say 1n the solution ot Equation $8, it 

may- be read from the card at the aecond read into the storage apace 

ot the calculator. It ia still kept 1n card storage by gang punch­

ing a11 u1ual. A number ts removed from card storage by punching a 

new value trom the machine . into i tlJ space. A total o.f 64 colUDID9 

on the cards or space tor eight eight-di.git numbers is devoted to · 
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card atorage as ehown on the card diagram in Figure 2. The codi~ 

("12" punches) on a given oard determines whether a number in oard 

storage is read into the machine and whether a new number is punched 

into card storage. 

Thia description h.aa only outlined the principles and uae 

of card storage. The • actual details are considerably more complicated 

(Appendix III Y due principally to the tact that the Type 6o4 uaed did 

not have sufficient selector relays to permit ea.oh eight--digit group 

in card storage to be handled independently. 

D. Card layout and further ranarks on sequential oalculationa 

Some ot the procedures described in the previous two sec-

• tions may be made more concrete by referring to the card layout 

diagram in Figure 2. The code punches already referred to in these 

sections and in Table II, are placed in columns l through 1$. Aa 

•hown in Figure 2 the digit zone of the tiret eight columns 1a 

divided into spaces for a number to identify the problem being worked 

(columns 1-2), a number to identity the card in a deck (columns 3-

6), am a sort number (columns 7-8). Columns 17 to 80 are used for 

card storage space as described in the previous section. Columns 

9 to 16 are used for values required !or the solution or a problem 

which are not to be stored, i.e . ., not to be gang punched from card 

ta card. Such values, referred to as card factors., are entered in 

the appropriate cards o! a deck prior to passing the deck through 

the calculator. Examples o! such values are the terms A, B, 01 and 
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D of Equation 56 1n the 1llU8trative example ot Section III-B. 

In a long problem it ia probable that the number of 

intermediate values desired 1n eubaequent calculations will exceed 

the eight which mq be stored 1n card storage. In auob a cue the 

procedure is to punch these values· aa tbe;y are obtained on the 

Type 604. Bo attempt 11 made to etore the until req~red, i.e., . . ___..,, . 

additional values are punched into the card storage apace as cal• 

culated. When the calculation baa proceeded aa tar as possible, 

or until one of the intermediate valuee being. di.acuand ie required, 

the deck is removed frm the Type 604. Thia deck ia run through 

the Sorter (Section II-C) and cards containing desired values are 

selected according to the number 1n oolWlllll 7 and 8 (aee Figure 2). 

These cards are passed through the Reproducing Punch and the valWNI 
. 

transferred to columns 9 to 16 of a deck ot cards already coded for 

the next oal.culatiQn. The calculation on the Type 604 1a now re­

sumed. 
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IV 

The Application ot Computing Techniques to the 
Calculation ot Thermo<izn!mic Properties of Hydrocarbon Szateu 

A. lature of problema selected tor aolut..1on 

There is of course a great variety of calculations that 

might be made with the relationships obtainable .from the thermo­

dynamic equations of Section I-B alXl the Benedict equation ot state. 

J'or the initial work in developing digital calculation techn.1.quee 

the analysis of a three-component ayatem in the two-phase region 

ws chosen a.a repreaentative of a reasonable degree o! computational 

complex! t.)r. Speoitioal.ly I it •• decided to aol ve tor compoa1 t..1on., 

molal Yolume, enthalpy and entrdpy- ot the aoexiating phases 1n a 

ternary eyatem, given the terllperature, pressure am the oompoaition 

ot one oauponent 1n one phase. Th1a calculation involvaa the 11mul­

taneous aolutiorus of the equations 

£,{ T, ~ 
1 

x, , x2 , x,) = (1 (,: f; / J,, ~ ~ y3 ) 

~h(T,~,x,,x~)xJ) = ~4(T;J(;,Y 1 ½,Y,) 
(S9) 

for the canposition and molal volumes o:t the phaeea followed by 

calculation ol enthalpy and entrow• The preasure and .tugaci't7 



- .36 .. 

1'unct1ona are given by Equations 15 and 55 where the. parameters 

are !unctions of compoaition as given by Equations 45 to ,2. 

Actual calculatione ~ limited .to thia type problem and to eolut1o.p 

ot binar:, two-phaae ■yatana. HowitVer, it is thought that the teoh­

niquea developed are directl.y- applicable . to aolution of other prob­

·l•• diftering in number ot oompbnenta or in the nature of the 

restraints imposed. 

B. Outline o! procedure for calculation or composition of coexisting 

pha.sb 

Bef°'9 diecuasing aome of the detaile involved in the 

separate at.ape or the procedure it aeeu advisable to outline the 

entire algebraic solution of the com.position ot coexisting phases. 

The steps involved are aa tollowaa 

l. Trial val.uea ot compoaition of each phase are obtained. 

The parameters in the expressions tor the pressure and 

tugacitiee, Bquationa 15 and SS, are calculated for each 

phase fraa Equations 4S to 52. • 

2. The value of molal volu,me 1• calculated tor each ph&ee 

by a trial and error solution of Bquation lS uaing the 

parameters calculated in step (1) above and the values 

o! temperature and pressure given tor the probl•• 

3. Using the values ot the parameter• !raa ewp {l) and tu 

molal volumes .from atep ( 2), the .tugaci ty or each oom­

ponent 1n each phase ia oaloulated !rom lquat.ion SS. 
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4. On the basis of resul ta obtained 1n step (.3) new values 

o! the composition of each phase are obtained and stepe 

(l) to (3) repeated. 

5. The trial and calculated values of compositione .from 

two eruaceaaive iterative calo1.4-ations of compositions 

are correlated and the composition SJttrapolated to the 

convergence of trial and calculated values. I.f the 

extrapi)lated values are not too far removed .from the 

last values calculated in step (4), they are accepted 

as .final. Otherwise, stepa {l) to (4) are repeated. 

6. Using the values of canpoeition obtained in step (5), 

steps {l) and (2) are repeated to obtain the !inal 

values of the dew-point arxl bubble-point molal volumes 

and then the entropy and enthalpy calculated .from 

Equations 53 and 54 respectively. 

c. calculation or parameter value! 

The values of the parameters in Equations 15, 53, 54, and 

55 tor mixtures are given by the equations (Section I...0)1 

(46) 

(47) 
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(48) 

(49) 

(51) 

(S2) 

In addition, the yarioue ooetfioient terms ot Equation 5S tor tba 

fugaoity ot each component 11Wtt be naluated. Value■ of the para­

eters tor the pure component■ were taken from Benedict at al (10). 

The1e value■ wre converted to lnglieh uni ta am the roote required . 

1n the caloulationa ot· lquat1one 4S to 52 are tabulated 1n Table VII. 

Since the oompoe1t1.on ot the coG11t1na pbaeea ia calculated 'b7 

trial and error, .t1ratapproximat1ona of these valuee are requiNd. · 

For this purpoae it wu decided to un two noaograme gi,,en by' 

Hadden (6) tor the "ideal equilibrium vaporisation conatantn, because 

thq ..-e convenient to uae _and covered a wide ·r&l'Jge ot taperaturea 

and preuuree. When caloul.ating ■fferal tern&r.Y aixturea at the 

eaae pressure and temperatun it ia gmerallT better to uae I Taluee 

resulting troa one ot theae oalculationa. The value ot the GmlpOntion 

of one component, defined aa component 11 in the liquid phue 1' given 

u a condition of the problem• mentioned 1n Section IV-A. The 



remaining compoeitione are calculated using the above-mentioned 

values of Kk 1n the equat1one 

X -3 -

/1 "' 

Yz::: 

I - . K., f- X, ( K, - I<, ) 
K,l - K3 

K,x, 

Kz Xz 

Y.J = KJ X3 

(S9) 

(60) 

(61) 

(62) 

(63) 

The values of the parautera liated. above can now be caloulated 

from Equations 4S to s2. Thia 18 done 1n a sequential calculation 

ot the type deaoribed in Section III-B. 
I 

For detail• ot the oaloulationa the reader ia referred to 

Table III. Thia table containl a deacription ot each card ueed 1n 

the aequenti&l calculation together with an expreaaion of the atatua 

of the calculation at the end ot the correaponding Qalculat,e cycle 

in the IBM Calculating Pwlch, fype ll04. The Wormation liated con­

eiate in the card number, a sort Il\llllber and such numerical. tuu aa 

are common to all problems. The positioning of these v&rioua num­

bers on a card are shown in the card diagram of Figure 2. Valuea 

which change with the problan such ae compoeitiona 1n the present 

case are entered in card storage apace (Sect.ion III-0). 



The deok for the calculation of all the parametere in the. 

pressure am .tugaoit7 equatione for a ternary ..S.Xture ooneiatl of 

112 oarda for each phue. The oalculat.1on 1• started bJ' k97 punoh-

1.ng the trial values of 73, 72, 71 1n oolumne 17 to~ ot a cud 

and placing it at the beginn1Qg of the deok for vapor pbue par..., 

etera (card.a 2001 to 2~ 1n Table III), and doing ltkm.ae tor the 

liquid phue (oarde 3001 to .3llt0). The cards are then ·paaaed through 

the Type ~ ueing the general purpoee control panela. Bach ternarr 

mlxture requir~ . a different, deok •h .mq be prepared by a prooeclUJ'e 

described 1n Appendix IV. Aa t.be decke prooeecl through tbe ·Type 601' 

the valu• ot all the deaired paruetere are caloulatecl &Id. pmchecl 

1n cards designated by preau1gned aort nuabere. The cante oontain­

ing theae ftluea are aeparated .troa the other• and arranged 1n a 

duired order by the Sort.-·, wlttob aelecte the carda according to 

the 10rt nuaber 1n oolumne 7 a.n4 8. The par8Mten are now a'ftil.- · 

able tor the caloulation ot the molal volwne of each pbaae am of 

the tugaoitiea o! each component in each pbaale • . 
D. Solution ot Benedict equation of state tor · the aolal '90lwle 

In oaloulationa with the Benedict equatione it 1a aore _ oon. 

venient to use the molal dena1 ~ in ~• ot volume, 1lhen tbia 

---.. -- .. --.. * Aotual,4r, thia quantity 1a not a dene:1.t,y in the Inglish unite used. 
1n this paper. It ia a weight rather than a mus per unit vol:a111. 
However, it ia convenient to use the term "denaitr' amt it 1a 
believed that auoh usage 11111 not lead to arq ambiguit7 in the 
present instance. 
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eubatitution ia made, Equation (lS) becomes 

which is the form in which the equation ia written 'by/ Benedict et al 

(9). The calculation or molal denaitq1 given pre1aure, temperature, 

and composition from this eq,uation involves _a trial and error aolution. 

When a trial value ot the deneit7 1a selected, the calculation ot 

pressure may be done b7 the eequential calculation procedure uaoribed 

in Section III-B. For thia purpose lquation 64 1a writ.ten 

P=((/ fz {;+r<l2Jey[-rtJ'~)-ft:¥tJCd
3
- t;r +/,RTjtl -f /jl?T-Ao -[°;)el+ R]cl (6S) 

A trial and en-or procedure !or the calculation o! the 

density' was evolved tram a consideration of the form of thed va P 

isotherma aa oaloulated trca thia equation. A aeries ot such iao­

therma for a methane-propane mixture of invariant 00111p0a1tion are 

presented in Figure 1. For oaloulat1on of dew-point density two 

trial values of the deneitq are calculated b7 letting Z a 0.7 and 

Z • 0.1/1.8 • 0.389 int.he equation 

c/,,-_B_ 
ZRT 

Bxperieooe ehowed theee values ot Z to be about optimum aver a 

(66) 

wide range of · conditions. The pressure is oaloulated !or each ot 

these denaitiea by Bquation 65 and a nn trial value o! den81tq 

calculated fr<llll the interpolation formula 
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(67) 

The preaaure 1a again calculated using the new value ot denaitq and 

the interpolation repeated. It waa found .trom experience that a 

total ot tour oalculatione ot pressure waa autticient to obtain an 

accurate value ot the denait7. The entire procedure 1a done 1n a 

eingle pas■ · or the Type 604 calculator by making use of oa.rd 

storage (Section III-C) to hold values ot temperature am density 

and the varioue tel"IDI required tor the interpolation. 

The calculation ot bubble-point den•ity dif.f'ere alightq 

f'ltom that or the dew-point density. Briefly, the procedure coneiata 

in making one trial gueae ot the bubble-point deneity and a gueaa 

ot the value s = (-LI d J • The pressure is calculated from 
LlP/7

1
,,., 

lquation 6S and a nn trial value ot the density calculated by the 

interpolation formula 

(68) 

Thia proceae 18 repeated to obtain a third trial value of density. 

Then two additional iterations are made uaing an interpolation ot the 

form ot Equation 67. Aa with the dew-point, density a total ot four it­

erations waa found to give a sutt1cientq aoourate value ot the bubble-
• 

point density in all oal.oulatione made. The t1rat trial value of the 

density may be obtained by taking the weighted average ot the bubble­

point densities of the pure components at the given tanper11tu.re. For 

componenta whoee critical temperature ie below the temperature ot the 

mixture, nl.uaa of bubble-point density extrapolated .tram bal.ow t.he 
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critical gave satisfactory results. The .first value -0£ 8 used WU 

eatimated Jro111 experience. When t.bia procedure 1a repeated tor 

new values of the compoei tion (Section IV-8) the values of denait,' 

and a calculated trom the final iteration ct the preuoue calcula­

tion are used aa the .tirat trial '9'8luea. Thia !act makes the 

accuracy of the original selections leae critical. ' · 

The evaluation o! the ~ponential tem exp( r cli ) re-

4uired in the couree of e&oh oaloulation ot preearure has not 7et 

been sxplained~ The calculation of this term 1a · done by a sequential 
.; > • 

process on the Type 604 using about twenty carde Wlitoh are part of 

the deck £or the 10lution of the entire equation. the mechanics o! 

the calculation inwlve progressive mul.tiplioationa of valuea .-s.o, 
9-2.S, 9-l.2S, •••••; .-o.r:xm7629, euppreesing thoee 11hioh are not 

required to 8\111 to the given value of 7" d2• The first value e-S.o, 

ia uaed becauae it wa.a decided from pl:veical considerations that the 

value of 7' d2 would always be leas than 10. The actual calculator 

• operations to effect thia calculation occur in programe 6 to 11 and 

14 to 22 (Table I) of the oalculate cycle. The calculation 18 

described 1n more detail in Appendix III. The exponential operation 

1a performed by the calculator when code punchae :in columns J, 6, 

and 7 occur on a card (Table II). 

A deck ot cards required !or the sequential calculation 

ot pressure !or a given density and temperature would consist of 
\ 

cards numbered 0002 to 0062 o! Table IV. The entire iterative cal­

culation to obtain the deru,it.y o:t both phaaea ie done on carda 0002 

to 0564. Thia table liata the cards required to carry the caloulation 
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u tar aa the new trial values or canpoeitione (steps 2 to 4 1n 

Sect.ion IV-B). It will be noted that there are two decks 11eted 

in Table IV. The larger o! these two deoka (B deck) ia made up 

of cards which ranain the same !or all problems. The other (A 

deok) ia made of cards which are to contain values ot the param­

eters which, of course, chang" with ea.oh proble. T-he valuee ot 

the parameters are calculated and arranged as described in the 

previous aeotion. The eort numbers on which they were arranged 

11ere so chosen to put the values 1n the proper order tor the den­

•1 ty and tugaci ty oaloulationa. The next ■tep in the calculation . . 

is to transfer these val.uee ot the parameters to columns 9 to 16 

in the cards ot A deck tor the density and tugacity calculations. 

The Reproducing Punch ie used tor this operation. The cards ot A 

am B decks are then merged or arra~ed in a single deck b7 the 

Collator according to the card number in colurana 3 to 6. The deck . 

thue obtained i8 ready tor sequential calou.lati.on 1n the Type t()4. 

Valuea ot the pressure am temperature and a trial value ot the 

bubble-point denai ty are kErJ punched in the card storage apace ot 

a lead card. 

B. Calculation of 1'1gacitiea and values 'ct composition 

The calculation ot the .fugaoitiee ·or each component. 1• 

made on the Type 6o4 calculator uaing cards nmbered 0.56.5 to 1045 or 

tha deck described in the previous section ard listed in Table IV. 

For the purpoae of thie calculation Equation .55 ia written 
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The values o! the bubble-point and dew-,point denm.t.1..es are calculated 

as deacribed in the previous section and are held in ca.rd storage tor 

the sequential calculation or fugaoi tiee. 

Since it is a neoeseary oondition or equilibrium that the 

.fugacity of each ccmponent in all phases be equal the equilibrium 

constant should be obtained by the &4uati on 

Kk ::- f"" 1~ 
Xk .jk 

(70) 

If the values of the oanposi tion used to calculate .the paraetera 

had been correct aalutiona of the problem, this ,a:,uld be so. Since 

this is not generally the case, the valu• of K calculated trom 

Equation 70 may only be conaidered corrected values of the original 

approximations. New trial values or cam.position are calculated from 

these K values using Equation 59 to 63. This calculation is made by 

means of cards 1046 to 1064 (Table IV) of the same deck used tor the 

denaity and fugacity oalculationa. Cards numbered 1063. and 1064· have 
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new values of the liquid a.."'ld vapor phase compositions punched so . .. , ... 

that these cards may be placed at the front of the pararueter cal­

culation decks (Section IV-C) and the entire calculation repeated. 

as descril.)ed. 

In general, eatis.fa<.:tory convergence of the composition 

values or K values is obtained in two or three iterations. The 

number oJ.' iterations is found to varJ depending on the a;;reer:,ent 

of tho original trial K values with tho correct l5e>lution and the 

prox:Lni ty of the t.e..1:1perature, pressure, and cor.:posi tion ccndi tions 

to the critical state of the system. Regarding the latter point, 

'the ccr::posi tion values for mixtures near the critical point were· 

found to converge relatively slowly to the correct solution. How- . 

ever, in all cases calculated there has ueen definite 0onvergence. 

The rate ci this convergence r:1ay be seen from a t,abuli.iticn cf the 

values of K a.-:id of composition calculated in each iteration of a 

typical prolJlea; given in Table VIII. In order to hasten convergence 

it was .found practical to correlate linearl:~ t-wo sets oJ K values 

us,,d as approxh,ations with t,he corresponding K values calculated 

arn:i extrapolate t,o the poL1t where these are equalo Taking the 

trial and the calculated K values irom two suo.;essi ve iterations of 

the type des,:,;ri';.)ed in Sections IV-G to IV-E ar:rl ren.embering that ti1e 

set ol: K values calculated in the first iteration is used as the 

trial set i:n the second, we obtain as t,he extrapolation equation 

l<,,+3 = 
(71) 
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Kn and ln+l repreeent trial and calculated values respectively in 

the first iteration ard Kn+l and 'n.,2, the corresponding valuea in 

the second iteration. This calculation ia made for each of the three 

oanponente of the mixture on the Type 6o4 by a sequential calculation 

uaine the deck of 67 cards lis.ted in Table V. The cards containing 

the appropriate I values for solution ot Equation 71 are selected 

.from the decks o! the canpleted fugacity calculations and the I 

values reproduced on the oarda ot tbe A deck ot Table V. The com­

pos1 tion con-espondit;ig to the extrapolated It values are calculated 

from Bquattone 59 to 63 ae part of the sequential calculation ot 

thie deck. 

These values may either be accepted as .final or ueed ae 

trial values 1n further iterations of the type described 1n Section IV-C 

to IV-E. This decision ia made at the diaontion of the operator on 

the basis or the agreement between the I valuea obtained by the above 

extrapolation and those obtained .from the last .fugacity oalculation. 

In most problems t.hia agreement is autficiently close a!'ter two 

fugacity calculations to permit acceptance ct the extrapolated K 

values and oorreaponding composition values as finel. In cases ot 

mixtures near the critical state, two additional trial and error cal• 

culations are r94uired to give aatiaf'actory convergence. 

r. calculations of entropy and enthalm: 

When the final values ot composition are obtained ae d ... 

scribed in the previous section, completion ot the problem (Section IV­

A) requires oalcu.lation or the entropy and enthalpy of both pha•••• 
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the tirat requirement is to calculate the parameters in the equation 

for entropy and enthalpy using the final values ot the composition. 

These parametera are the aae aa thoee in the presaure equation and 

are calculated using the deck listed in Table III and the procedure 

• described in Section IV-C. Since Equations 53 and S4 tor entropy 

and enthalpy re1pectiYel.7 are 1n teme of the denait7, the denait7 

of eaoh phase ia calculated uaing these parameters 1n the procedure 

described in IV-D. Thi• 1• a questionable re.t.1.nement over tak1~ 

the density valuu calculated in the final iteration of the composi­

tion calculation. The denai v, and the entropy and enthalw tunotione 

tor both phases are calculated u.eing a single deck ot c&rda listed 

in Table VI. For the purpose of the sequential calculation Equation 

53 for entropy ia rewritten 

5 - zk 11k ! 5k* - R In (a' ff T n,J} = {(-;c,/ I -?~r;f>-tr~) 

- exp{-rd'Jl - '7/?}J - /3,,R- i' C. j d 
z J 2 1/ 7 1 

and Equation S4 tor enthalpy rnri~ 

( .72) 

The right hand aides of these equation& are evaluated by a sequential 

calculation in the Type 604. The remaining terms are calculated on 

a deak calculator ueing the given value or temperature and calculated 

'nlues of the composition and densities. Valuea of ( and st tor 
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each canponent were obtained by integration of c~ am c;i/' values 

obtained i"rom tabulations of Soudere et al (l.2). The datum vfi. uea 

tor entropy were obtained trom Selected Values ot Properties ot 

J\Ydrooarbona (ll). 

o. Outline ot machine operations 

The principal work involved 1n preparations to solve a 

particular equation by a sequential caloulatd. on on the Electronic 

0aloulating Punch, Type 604, is that ot preparing decke ot oarda 

of the type ehown in Tables III to VI, and diacuaoecl in the previous 

■actions. The coding of the card.a 19 described in Seotion III-B 

and .lpperxiix III. Testing ot a deck is done by comparing eolutiona 

obtained on a deek calculator wl th the eoluti0ll8 obtained by the 

Type 604. Once these decks are prepared and teated the machine 

operations are quite routine. The sequence ot machine operaUona 

required tor the complete aolution ot an individual problem of the 

type diacuaaed ia diagrammed in Figure 4. 

Aa Figure 4 indicates, the initial step in the procedure 

1a to pass the parameter calculation deck tor each pbaae through 

the Tn>e 604 ueing the general purpose control pa.na'la. Except for 

two lead cards containing the kq-puncbed trial value& ot compoeition 

the .cards are obtained trom .t'ilee. The calculated decks are then 

run through the Sorter and arranged 1n order of the value punched 1n 

columns 7 and 8. The parameter value• on these cards are transferred 

to the A deck listed in Table IV by passi~ them both through the 

Reproducing Punch using an appropriately wired control panel. The A 



and B decke listed in Table IV are placed in the Collator and merged 

in a ei~le deck arranged in order of the card number punched in 

columns J to 6. A card containing values o! thra ttmpe.rature and 

pressure and a trial value o! the density 11 placed at the head ot 

thi1 deck and the deck introduced to the Type 604. During this 

pas■ . of the 604, the denai t;y ot each pbaae, .tugacd. ty ot eaoh com,. 

ponent in each phase, K val uu, axxt new approxima ti one of compoai ti on 

are oaloulated. If another iteration ia to be performed, cards 1064 

and 1061. of the caloulatecl deck are po.tat the head of the parameter 

decka and the calculation repeated. exactly as above. Card numbered 

0281 from the calculated deck or the previ.oua iteration ia uaed u 

the lead card tor the deneity-.tugacity calculation deok tor the 

second and subsequent iterations. Values of the composition obt.a1ned 

in .-ch iteration may be eight read am recorded 10 that the <>perator 

my observe the praximity of compoeiti.on valuea to convergence. The 

calculation of final canposition values by the extrapolation ducribed 

in Section IV-E 11 performed in a limilar way- uaing the deck lleted 

in Table v. The eaae applies to oal.culation of entropy arxl enthalP7 

tuncti.one. 

The various decks which are paa■ed through the Type 604 are 

11imultaneoual.y being reproduced ( tirat 16 columns) on the Reproducing 

Punch. Thia 18 necessary since every calculation re8Ulte 1n the card 

storage epace being punched w1 th v al.uee unique to that calculation. 

A completed deck is there.fore thrown away after the tn cards con-

. ta1ning certain required value• are selected. 



In actual practice about one halt hour was re.quired to 

complete an iteration, i.e., caloulation ot new approxirlationa ot 

composition values from trial values. An average problem required 

about one and one-half hours to complete. 

H. Reoordt!!a of results 

When the tinal calculations on a particular hydrocarbon 

qstem have been completed it ia, of course, desirable to record 

the results in printed form. Thia is accomplished ~ a routine 

punched card procedure. The values of the re~ed properties are 

punched in designated cards diepereecl throughout a completed aequen­

tial calculation deck. The particular carda desired are selected 

from the final calculation deoka ( carde numbered SOOl to S083 of 

Table V and 6002 to 6777 of Table VI), and aimaltaneoualy 1.naerted. 

in the proper poeit.1.on in a "listing" deck. The latter oonaieta of 

oarda containing alphabetic deecriptions of reaulta intereperaecl · 

with card• containing nuMrioal values. The operation or eelecting 

the proper carde and ineerting them in the listing deck 11 performed 

on the Collator. The lleting deck ii now nm through the Tabulator 

·am the valuee of the equ.111brium 00natant1, composition, molal den .. 

aitiea, and the pre1•ure correction terma tor the entropy and enthalpy 

of eaoh pha■e are properly' titled and recorded. The torm in which 

tb:11 1ntormat1on ~ obtained 11 •hown in Table VIII. 



V 

Ruul ta ot C&l.0\11.ati om, 

A. llethane-et!W;lene-ethane !7ltall 

The methane-eteylene-ethane syatem waa select~ tor the 

purpose ot mald ng the oalculationa incident to developfient of the 

computing technique• diecueaed in the previous sections. Thia 

syetam ie one that, met the requirementa that the parameters in the 

Benedict eq,uation tor each ot the canponenta were available (9,24) 

am that experillental data had been published (29). calculationa 

ot the compoei tion, 1110lal volume, entropy and enthalpy ot each phue 

wve made tor thia eystem at several ■tatee by the procedure• de­

ecribed in Section IV-C to IV-1. Por the eake ot compariaon, IClle 

of these calculationa were made at the same atate• i.e., ume pree­

eure, temperature, am liquid phaae ·conoentration ot ethane, as 101111 

or the experimental meaaurements or Outer et al {29). A tabulation 

ot the calculated and ax.perimental valuee ot the equilibrium con• 

·" atant 11 preaented in Table IX. The oompoeition and the molal volitme, 

entrow and enthalpy ot each phase are tabulated in Table 1. Aleo 

included are the reeulte of calculations for the methane-eteylene­

ethane 1yatc at 10° F and 734.8 lb. per sq. inoh abaolute (.SO atm..), 

torwhioh no exparimantal in!o:nnation ia available. Ternary phue 

diagrams tor thia system at the tour atatee calculated are given in 

P'igurea 5 to 8. 

The large discrepancy between calculated and experimental 

reaul ta is not surprising since m data 1ll ioh adequate~ covered 
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this range of conditions were not available for the determination 

of the numerical values of the parameters used. That the results 

improve markedly with in-:.:rease in temperature is .further demonstra­

tion of this. 

B. l.itetha."l.e-propane system 

In ad.di tion to the calculations on the 1.iethane-ethylene­

ethane systen; discussed above, a few states were calculated for the 

methane-propane system. The states were chosen so as to obtain a 

comparison of results w1 th data o.f this laboratory (30). In these 

calculations a binary clxture was treated as a ternary with tbe co:H­

posi tion of the third con,ponent set equal to zero. In t his way the 

identical sets of cards used in ternary rcixture calculations could 

be use:i for the binary. Actually this is wasteful of cards ond 

machine time and i.f the der:.:and w&ITants it1 a special set of cards 

should be prepareci for the calculation of· binary .nixt:.ll'ea. A tab­

ulation of calculated and experii..ental values ol the equilibrium 

constants is given in Table XI. Calculated values o.L the compoei­

tion1 molal volume, entropy, and enthalpy of coexisting phases at 

40°F. and 190°F. are tabulated in Taole XII. A coniparison of cal­

culated and experi.I.iental values of coritposition is shown graphically 

in Figure 9. In general tile agre01:;ent is wi t :1in the experi;;ental 

error. 

It is to be expected that the use of the Lorentz co.11-

bination for the calculation of the par.meter B0 (Equation 45B) 



when making the final calculation of the molal voltlL:es would · give 

more accurate predictions of these properties. This was found to 

be tbe case in the calculations of Denedi et et al (10). 'l'he pres­

ent .card deck u.sed in calculations 01. the parameters (1'aule III) 

could be easily· 11-odii'ied to int: lu.de calcu.lation o.f B by the Lorentz 
0 

co1nbination. 



VI 

Concluaiona 

The reeulta ot the present 1iQrk ·aq be eumarised aa 

toll0111t1 

1. Teohniquee haTe been developed wbioh .tacilitate the eolution 
_.,/ 

. ot ocapl• pol.Jnomlala in a aingle operation ot the IBM 

llectrcm1o Oaloulat.1121 Punch, f7pe 604. 

2. fheee teohniquea haw been applied to the aolution of the 

relationahipa ot Benedict et al (9110) for the compoeition 

am th~c propert.181 ot cOGiating phaaee 1n light 

~carbon ayat ... 

3. - A pinched ca.rd machine procedure !01." the 1olution of the 

oC111pOl1tion, molal YOlwne, entropy, am· enthalw o! coex:l.at­

illg phuee 1n temal'7 mlxturea · haa be~ eYOlved. A calcula­

tion time of one and onti halt houre wu found .fr<n experi• 

enc• to be reasonable tor~ average problem. It 11 eati­

•ted that the••• oaloulat1onpertormed on -a desk calculator 

wow.d require about J.40 houn ot ,.,rk. 

4. fhe procedure• de-rel.oped nre applied to the -~cula U. on of 

e..-.ral etatee 1n the methane-etb7lene-ethane and methane­

propane 1,-tema. llbere poeaible, theee calculationa have 

been ocapared with exper1mental data. The agreement ia good 

except in t.hoee regiona not covered 1n the original develop,-_ 

..,_t of the equationa ot state for the pure oomponente. 



CV 

d 

- 56 -

Nomenclature 

Ieobario beat capacity at constant ocmpoa1t1on tor a qetem, 
B.t.u. per lb.":'fD.Olecular wt. per Oft. 

Iaochoric heat capaci ey- at oonatant oamposi tion for a ayatem1 
B.t.u. per lb.-GC>leoular wt. per Oft 

Re!ere to weight per unit volume, termed density in thie paper, 
lb.-aoleoular wt. per cu. tt. 

Internal energy, molal internal energy, B.t.u. per lb.-molecu­
lar wt. 

t F.ugaoity, lb. per eq. in. 

F Free energy, molal tree energy, B.t.u. per lb.-molecular wt. 

H Bnthalpy, molal enthalpy, B.t.u. per lb.-molecular wt. 

K lquilibrium conatantJ I• 7/x 

JD 

n 

I 

p 

R 

• 
8 

T 

V 

V 

X 

y 

Z · 

Weight of ey1ttem, lb.-aolecular wt.; 

llole fraction 

lumber of componente in a mixture 

Pressure, lba. per aq. in. absolute 

Molal gaa constant 
. 11.d 

Slope or d ve P ieothera • (L1f >t,n 

lntropy, molal entraw, B.t.u. per lb.-molectilarwt. per °R 

Temperature, °B 

Volua1 molal volume, cu. tt. par lb.-moleoular wt. 

Total volume, cu. rt. 

Mole .fraction referring to liquid phase 

Kole fraction referring to vapor phase 
' . 

Oompreaaibillty !actorJ Z • Pi/RT 

Ohenical potential, B.t.u. per lb.-molecular wt. 
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Ao 
Bo 
co 
a Parameter& 1n Benedict equation 
b 
C 

b 

d . 

1 

j 

k 

n 

I 

0 

Retere to ·bubble-point oond1t1one 

Refera to dew-point. oonditions 

Refer• to the 1th cc:mtponent. or a m1xture 

Refer■ to the jth component o! a IDixture 

Refers to the kt.b component or a mxture 

Indicates that the mole1 of all oamponenta except component 
k are held oonatant 

Intlioate1 that the ocmpoa1 t.ion ot the Q'Stem 11 held oonatant 

Re.ten to the Ith oomponent ot a ml.xture 

Indioatee state at datum tempet"ature 

Sp:acr1ptfl 

• aeten to condition at infinite attenuation 



(1) 

(2) 

(.3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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OPERAT ION NO TE S 

R READ PROGRAM S£(/V£NCE 
,'I/ s tf 

FACTOR TRANSFeR 

L SHIFT 

E~PtJIVENTI L FEATURE 

10 

II 

12 

" 
15 

16 

17 

18 

PL.ICATIO 

19 

20 

TABIE I 

IBM ELECTRONIC CALCULATIIG PUNCH, TYPE 604 

PLANNING CHART FOR GENERAL PURPOSE CONTROL PANEL 

I I 

I I 

12 

fACTOP. STORA GE 

ASS IG NM ENT 
MULT 
Q UO T. 

GE NERA L STO RAGE 

ASSIGN ME NT 

COUNTER 

r: I . 

•• l ' T 1 : 



OPERATION . NO TE S 

R READ PROGRAM 
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TABLE I (Continued) 
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• 11 
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Code Punch 
in 

Column 

TABLE ll 

Summary of Code Punch Functions for 
General Purpose Control Panels 

Calculate Section 

Function 

lb c0x 10 2 - 4., 12 - 1.3 

2 C x 10-l " 

3 Multiplication (C X A0 ) 14 - 22 

4 Clear counter, insert B0 24 - 25 

5 Division (C ~ B) 26 - .35 

6 Addition (C + A) .)6 

7 Subtraction (C - A) 36 

8 Factor eelectiond 

3 + ,e (C X A) + B 

8see Table I 

bin columns l2 and 15., code punch is an XJ in all o·thers a 12. 

CA represonte number in Factor Storage l-2 
B represents ·number in Factor Storage .3-4 
C represents number in Counter at start of oal.oula.te cycle 

II 

de.g . ., in each function indicated., B 111.ll be substituted for A or 
vice versa 1tl en a code punch in column eight is added • . 

8For explanation of combinations see Appendix III. 



Code Punch 
in 

Column 

3 + 6£ 

4+5 

5+6 

6+7 

1 + 2 + .3 

3+4+5 

.3+4+6 

3+5+6 

3 + 5 + 8 

~ + 6 + 7 

.3+6+8 

4+5+6 

5+6+8 

TABLE II. (continued) 

Calculate Section 

Function 

(C X A)+ B 

B-;-C 

(C-;- B) + A 

Transfer tram General Storage .3 - 4 
to Factor storage l - 2 

e Accumulative multiplication 

D -+ (C X A) 

2xB 

L(C x A)+ B) + B 

(C X B) + A 

Exponential operation8 

( C x B) + A 

(B .,. C) + A 

(0-:- A)+ B 

.3+4+6+8 2xA 

3 + 5 + 6 + 8 [(C x B) ~ A] + A 

1 

14 - 2.3 

8 - l.3 

fArl:¥ addition is changed to subtraction by substitution of a 
code punch in column 7 for one in 6. 



Code Punch 
in 

Column 

12 

9 + l2 

9+10+12 

9+ll+.l2 

9 + 10 + 11 + 12 . 

13 

15 

.. 65 o.o 

TABLE II. (continued) 

Punch Section 

Function 

Factor Storage 3-4 read in from columns 9 to 16 

n " fl " " " " 25 to 32 

" n n " " " tt 41 to 48 

" " it " " " II 57 to 64 

" " " " " " ff 73 to 80 

Punch number £ran General Storage 3-4 
(i.e., rounded Counter number) ~ f>""- eu~ I ;t - 2 'I 

Factor Storage 1-2 read in from columns 9 to 16 



tllD GG cc 

Table III , 

Details of Punched Cards Used for Sequential 
Calculation of Paran.eters in the .Benedict Equation 
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Table IV. 

Details of Punched Gards Used for Sequential Galc ulation 
of :folal Density, Fugat:ities of Components and 

Composition of Coexisting Phases i n '£ernnry :aixtures 
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Table V. 

Details of Punched vards Used for Sequential Calculation 
of Extrapolateu K Values and Phase Composition 
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Table VI . 

Details o.f Purn.:he<.i Cards Useti f or Seq_uential Calcula'\.iun 
of /Aolal Dens::.ty, Entropy, and Enthalpy 

at the Bubble Point and Dew Point 
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KEUF'FEl. &, ES S E,t CO ., N. Y . NO . 359-J.2 

Tr!ar.gnlar •~o ord ina t <' . 
._...,o; : ·~ u. s. A. 

Figure 5 

Ternary Phase Diagram of Methane­
Ethylene-Ethane System at 

-l,5,5.2°F. and 147 Lb. per Sq. Inch Absolute 

' ' Calculated 

0 Reference (29) 

Ethylene 

C 

· - Methane 
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KEUFFEL ~ ESS.Eft co·. , N, Y . No . 359-32 

Trlangu htr Co- ord intt te . 
..CJt, DI: ltl U, S, A.. 

Figure 6 

Ternary Phase Diagram. of Methane­
Ethylene-Ethane Systan at 

-108o4°F. and 514~4 Lb. per Sq. Inch Absolute 

\ 
\ 
\ 
\ Calculated 

0 Reference (29) 

Ethylene 

C 
Methane 
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K E U ~f"EL ,5. E SS£,. CO . . N . Y . NO . ~i SS - .1 2 

Figure 7 

Trlil ~iKUla.r Co -ord ir:~i 1 l'.' 

J.A AOE I N U. S . A, 

Ternary Phase Diagram of ilethane-Ethylene­
Ethane System at 32°F. and 

734.8 Lb. per Sq. Inch Absolute 

\ 
\ 

Calculated 

O Reference (29) 

Ethylene 

C 
Methane 
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Ethylene 

KEUF' F' EL &. ESSEft CO . , N, Y . NO ; 359 -32 

Tr1 angula r• Co-ordma.te . 
tJ Ao= , ,., u. s. A . 

Figure 8 

Ternary Phase Diagram of 11ethane­
Ethylene-Ethane System at 

and 734.8 Lb per Sq. Inch Absolute 

C 

Methane 
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Appendix 

I. Derivations of Theroouynu::.ic Relations for Entropy, 
Enthalpy and Fugacities of Real Gas Mixtures 

II. Derivations of Equations f or Entropy, Enthalpy, and 
Fugacities .from the Benedict Equation of State 

III. Directions for Coding of ..:;a.rc1s for Sequential ~alculation~ 

IV. Preparation of Parameter Calculation Decks for Diff erent 
'l'ernary Mixtures 



Appendix I 

Derivations of Thermodynamic Relo.tions for Entropy, 
Entha.lrs:, and F\tgt:cities of Real, Gas Mixtures, 

1. Enthalpy 

In order to derive an express ion f'or the enthalpy with molal 

volume and temparatw.·a a.a independent variables it is convenient to 

first treat the intaTnf;il energy. Since the internal enerey is a state 

variable we may write 

V 

+J({1 dY 
I/ d// 711 
'" J 

Substituting tho definition 

C =- ·(dE) 
y ,rr 7v,,, 

and the thermodyrnamic relation 

( JE) 
d V ,,,, 

into Equa.t ion 1 we obtain 

T/r)P} 
l;; riv.,., 

Por a mh:tura at infinite attenuation 

p 

Choosing the path of intecration in Equation 4 so that the tem­

pere.-ture of' the system is cho.nr;ed at infinite attenuation, and 

substd.t:uting Equation 51 we obtain . 

(1) 

(2) 

(3) 

(4) 

(5) 

{G) 
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' T 4' V 

£. :- L1r/'k £0: • + I n, c:,J, cl T + l [r{:df! }_ Pj cl V (7} 
re . 0 dT{,, 

The equation i'or enthalpy is obtained from Equation 7 by 

substituting the relations 

ff=E +PV 

This sub3titution gives 

+-PV-RT 

The trea·tment of entropy in a manner identical to 

enthalpy results in an improper integral. This difficulty ia 

oircµmvented by ad.l i tion o.nd subtraction of e. tel"l.t.. The follow­

ing derivation is adapted from Beattie (13). From the thermodyn­

amic relations 

B3J,~ 8n 
the general expression for an entropy change of a system of in-

variant composition may be written 

S-5-o 

(8) 

(9) 

(10) 

(l.2) 

(13) 

(14) 
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Since ontropy is a stato varin.blo, it is possible to choose any 

intesra.ti_on pat;h. :Por the ;)resont purposes it is expedient to use 

a three-step path, first cha.nrinc volume fror'.1 VO to v4' at temperature 

T
0

, then changing; the temperat'..lre from T0 to T at conditions of' 

• infinite atte1mation and finally changing the volume from V to V 

at temperature- T• The'exprassion thus obtained is 

The 

and the equivalent integrated e;tpression added, giving 

"S - 5
0 

== J v+ /;_JP) - Ji} q' J/ + i r; Cv#:. cl r 
L(dTiv. VJ T. T . 

Ye1 ,h O 

i- 1/ [(-j{)v,n -lj-}dY -t R /11 i 

integral 

At infinite attenuation the idee.l solution law~ apply, and we 

may vn-ite 

~-l- = ~ n" ~* ..,. L, n,. R l11 "t<- 11. l 
k k ~ 

Integrating between the states (T0 ,V
0

) and (T
0

,V*) 

Combinlng Equations 17 and 18 

(15) 

(16) 

(17) 

(18) 

(19) 
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Also at infinite attenuation 

(20) 

* C -R P · 
(21) 

Substituting Equations i s . 20. and 21 in Equation 16 

(22) 

Rearranging Equatio11 .22 we obtain 

5 = 2. n {5~ + R ln_L +Jr Cp: dT.1 
• k k • o le n~ R. T 

To 
(23) 

s. !P,gao i ty 

The free energy may be written 

F =- H-TS (24) 

Combining Equations 11 and 23 
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Rearranging 

~riting· Equation 26 in total quantities . 

where 

/77 :::- L mk 
Ir. 

The ohemioe.l potan·tial may be wri'tten 

/ik = (J[f- py]) 
d tn/:. )T, v, t'11j 

Differentiating the term (!_ • P,! ) in Equation 27 

+- RT 

~ 

+j[IJP) -iTJa"y-RT 
V 1 d.mk/7 V 111· 

- ) -J z. 

Rearranging 

(26) 

(27) 

(28) 

(29) 

(30) . 

IA. -fer;f/JP) - R!lc1il- RTlnL r/{1,.1£-_ rs.:: (31) 
I I( - Y f f dmk/T, ¥, mi Y J - . n,I< RT 

The fugacity is defined by the expression 

£( = RT;,, ~ f- B {T) 
/ k 

(32) 



where 

Substituting Equations 32 and 33 in i'±:quation 31 we obtain the 

fugaoity expression 



Appendix II 

Der1vatiol:ls of Equations for }~tropy, Enthalpy, and 
Fugaoit1es from the Benedict Equ«ition of' 3tate 

The thermodynffl'llio exprass:ton for enthalpy derived 1n 

Appendix I h 

M~ zk "*[It,: + 17 

cp: t:17}+-jiP-T(jfJ }dv +PV-RT <11> 
r,; V V," 

The Benedict Equation of state ie 

Differentiating Equation 35 with re2pect to temper0:tlire at 

constant volume and composition 

Multiplying l"ilqus:tion 36 by T and subtracting .t'ran. Bquation 36 

Intep-ating Equation 37 

(35) 

(37) . 

(38) 



J:iiultiplying Equation 35 by V and subtracting; nT 

(39) 

Adding F..quations 38 and 39 and substituting in Equation 11 

If::-~ n1c[ Jtt TIT cp: dT) f flt RT- e?Ao-;_<;J; +[21iRT-3i~i! 

+ 6cr« 1-~ / 3 1 - expf~v·') _ exetl'/v') _ _:g:' ex/7(-;r/yjl (40) 
s V

5 
T

2
V

2 
.r/v.z 2 y.1. 'J 

The -~hermod.yne.mic o:.q)ression for entropy derived in 

Appendii I is 

Re&rran~in~ Equation 36 and integrating 

Substituting ·this equation- 1n Equation 23 

(23) 

(41) 



a .. tyecity 

The thermodynamic expression for the fugac1ty of' a 

ocmponent in a mixture as derived in Appandix I 1e 

Writing the Bened1ot equation ot state wi.th total quantities 

-f- Cl IX m 6 

y6 

The parameter• 111 this equation may be written 

(42) 

(34) 

(43) 

(44) 

(46) 

(46) 

{4r7) 
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Cl" [ 
J$j] 

~/11/17" ~ 

C-:: '13 [ 2:-nmkc,.' 

'T-= 
~} 2. 

[ ~"'tntn1<. -r; z 

where 

Di.f'f'erentie.ting Lque.tion 43 with respoot to ink 

RT+ 
V 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 



.. J.01 ... 

Ree.rrancinE and integratine 

(54) 

Substituting Equation 54 i n Equation 34 and rearra..ngin~ we obtain 

the expression for t ha f"¾-~aoity ot a component in a mixture 

RT/n ~ =-

(65) 



II 

ISOBARIC HEAT CAPACITIES OF N-HEXANE, METHYLCYCLOPENTANE, 

AND N-ocTAD AT THE BUBBLE POINT 
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Appendix III 

Directions for Coding of Cards for 
Sequential Calculations 

The principles of calculations using the general purpose 

control panels on the Electronic Calculating Punch, Type 604, are 

explained in Sections III•B and III-C. Coding 01' a problc con­

sists oi' designating the proper "X" or "12" punches and value, if 

any, to be placed in each card of a sequence or deck so ·that the 

desired solution is obtained when the deck is passes through the 

Typo 004. To code a problem one 1~1ust know tho function of each code 

punch and the order in which operations occur during a calculate 

cycle, e.g., multiplication occurs before division., etc. The plan­

ning oi' the calculate section of the general purpose control panel 

is sho'Wl1 in Table I. The functions of the code punches are sum­

marized in Table II. In cases where a single operation such as 

addition is desired during a card cycle, the proper coding will .be 

obvious from a study of these tables. However, because it was 

desirable to achieve a maximum of efficiency, i.e., :fewest cards i'or 

a given calculation, it was found expedient to introduce the com­

plication of con:bination code punching (see Table II). In this man­

ner a wider selection of operati ons during a single card cycle is 

possible. 

A complete explanation of all the functions of the general 

purpose control panel would not be possible in a discussion cf 
. 

reasonable length. It is felt that a person familiar with the T'.rpe 

, 604 can obtain from Tables I and II and .from the wiring diagram of 
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Figure 3 a working knowledge of the co:iing procedure. The explan­

ation of ·spe'..!ial f'eatures given belon should aid in this objective. 

1. Factor transfer. It is often desiraole to trans.t'er . the counter 

number to a Factor Storage space as, for example, when the counter 

number is to be squared. Such an operation tiay be done most readily 

by reading the rounded value of the cou.'1ter number into F~ctor 

Storage 1-2 on the first program. Code punches in columns 6 and 7 

will give this result. Since punches in 6 or 7 cause adrJ i tion or 

subtraction respectively, it follows that an addition or subtraction 

cannot be done during the same card cycle as the transfer. 

2. Accuraulative multiplication. The sum of two products involving 

four different factors raay be made on two successive card cycles 

by use of thia feature. The product of, a multiplication during the 

first cycle is transferred to General Storage 1-2 in program 24. 

This is caused by a code punch in column 4 if one is not also present 

in 5. A new factor is also caused to be put in the counter by this 

coding. In the following card cycle a second multiplication rnay be 

performed and the two products added at progra;,i 23 by use of code 

punches in colmT.s l, 2, and J. 

3. Exponential Feature. The procedure for calculating ex involves 

introducing as the ca.rd factor on a series of cards the values of 

ex/2, ex/4, ex/8, • • •, where . X is the maximum value of x. , During 

the initial card cycle the value of x is doubled am the value 

2x - I calculated in programs . 6 -to 8. This value is 1tbalance tested" 
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in program 9. If the value is positive the cou..~ter number is mul­

tiplied by eX/2 during the maltiplication progr&ns: and the value 

2x - X transferred to General Storage in progra.".il 9. If the value 

is negative the multiplication is suppressed and the value of 2x is 

calculated and t.ransf erred to Oen er al Stora6e 1-2 in progrU!LS 8 and 

9. The process is repeated on the succeeding card usi11g the values 

eX/4 and 2x - X or 2x as the case may be. In this I.Canner the ex­

ponent may be calculated to any desired accuracy. The above operations 

tak8 place when code punches are in colwms 3,6, and 7. 

4. Card .Storage. The principles oi' card storage are outlined in 

Section III•C. However, because there are eight eight-digit storage 

spaces on the cards and only sufficient selector capacity to transfer 

values from four of these spaces to the storage of the machine, 

it was necessary to introduce some complicating expedients. A value 

to be stored is punehed (when a code punch is in colum .. '1 13) into 

columns 17 to 24 of a card. It is punct.1ed from this card into 

columns 25 to 32 of the next card and so on. In t nis manner a num­

ber moves across the cards, ccY~pletin6 a cycle after eight cards. 

When it is desired to transfer a nud:.ier from card storage to the 

machine for use during the calculate cycle, a code punch is placed 

in column 12 and in the proper conibinatton o.f 9, lO, and 11 as shown 

in '!'able II. If the number is not in any of the groups of columns 

shown in Table II, it is necessary to delay the read-in one card eye-le 

at which time the nu.-nber necessurily will be in one of' these groups. 

A number is dropped .fron. card storage by punching a number .fron. the 
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· machine into col\.Uills 17 to 24 when the number to be droppect is in 

. 73, to 80. 

To facilit&te coding it was found convenient to number 

... ~arda in a r..1ode of 13 ( see Tables III to VI) so that a particular 

stored number would be in the s ame posi ticn on all cards rd th an 

identical units number. The adoption of the •11 punch indexrr listed 

in Tables III to VI was also for convenLmce in codin.g. Punch index 

is defined as (7 minus the units number of card contai ning instruc­

tion to punch). For exai~ple, a nu1::iuer which is cause;1 to be punched 

by a code punch in column 13 of card 3041 has the punch index 7 - 1 

or 6. The punch index serves to "locate" a number in card storage 

when it is desired to read it into the n:achine. Number the card 

storage colu:m groups 17 to 24, 25 to 32, etc., as 11 21 •• , 8, 

a stored value :nay be located on a card by the formula, (units 

number of card + punch index = storage apace). For e.xarr:ple, in card 

3090, a value with punch index 6 would ·.be in stora:;e space 6 or 

colw;:ns 57 to 64. Although this schen:e may appear co::aplicated, it 

is of considerable aid in codinf, problems. 
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Appendix IV 

Preparation of Parameter Calculation Decks 
for Diff erent Ternary Mixtures 

The card deck for calculation of parameters in the Benedict 

equation is describeJ. in 'fable III. This particular deck is for the 

methane-ethylene-ethane syste1:.. Preparation oi a deck for any other 

ternary :..:ixture or' cocponents for which parw;;eters are available may 

be done by a routine punched card procedure which Will be described. 

The appropriate fractional powers o.r the para.meter values for each 

con:po:.md are key punched in columns 17 to 24 on a series o1' cards 

arxl the cards filed. These cards are numoered in colurms 4 to 6 

with the card nwi;ber correspcncl.ing to the cards on which the values 

should appear as card factors in the paran.eter calculation deck 

(Table III). To obtain a deck for a different ternary, the cards 

containing powers cf the parameter values and an existing calculation 

deck are run through the Collator, selecting all calculation cards 

which have nu;::ibers in coluz.:ns 4 to 6 identical , to the parameter 

value cards. The calculation cards are then reprodt1ced , first 

leaving out the card factor value, and then punching the new parao­

eter va~ues into the card factor space. The entire parameter cal­

culati on deck can then be merged on the Sorter. It is now ready for 

calculations on the new ternary mixture. 
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I 

Introduction 

Experimental meaaurementa of the heat. oapacitiea ot n­

hexane, metcylcyclopentane, aal n-octane in tha liquid phase· have 

been reported in the literature. The studies by Parks et al (1), 

Huttman et al (2), and Doualin an:l Hui'i'man (.3) established the 

'behavior of n-hexane in the liquid phase at temperatures below 80°F. 

There are available (2,4) meaeuremante of matcylcyclopentane 1n the 

liquid phaee at temperatures below 80°r.. Data on n-ootane ..re 

obtained by Parke et al (l), Huttman et al (2), am Osborne and 

Ginning• (5) ltiich established the heat capacity a.t tempera:turea up 

to 9S°F. The w::> rk reported in this part of the present thaaia in­

cludes measurements of the ieobaric heat capacity of the bubble­

point liquid .from 80° to 200°r. for these three hydrooarbona. 

Jleaaurementa •re made 1n the two-phase region with a 

constant-volume oal.or:1.meter (6,7,8,9). A meaaured quantity o! 

energy waa added electrioal.1,7 to the calorimeter and contents, an:1 

the change 1n temperature noted. Thi.a procedure was repeated through­

out the temperature interval between 80° and 200°F. for the eydro­

carbona investigated. lleaeuremente were made on t1'0 di.t'!erent quanti• 

tiea ot each hydrocarbon. A the~c anaJ¥ais ot this prooeea 

hae been presented ( 9) and leads to the !ollow!ng equation relating 

the experimentally measured quantitie• to the iaobaric heat capaoitie1 

at bubble points 
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(1) 

The experimen~ determined quantities !2/ cl T and g;z/L'.JT 

represent the net energy- required per unit tenperature change ot 

the calorimeter banb and contents tor the large and email samples 

of each cydrocarbon studied, and for the 1111all tanperature inter­

vals used they were taken aa equal to 9f,;/dT and .9rtdT tor the mean 

value of temperature in the interval. The other terms of Equation l 

serve to relate the isobaric heat capacity at bubble point to the 

iaochorio measurements. 
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II 

Jlater1als 

The n-ha:ane was obtained from the Phillips Petrolteum 

Oompazv and wu reported to contain over 99 mole% n-hexane. This 

material was subjected to two distillations in a JO-plate column 

at a ref'l.ux ratio ot approxima~ S to l. At least 10% of the 

ini t1&l overhead and a eim:1.lar quanti tQ- of material remaining in 

the kettle were discarded in each fractionation. The variation ot 

the temperature at the top ot the column waa observed to be leee 

than O.l°r. during the .1.'racttona.tion of the sanple. The refractive 

index as measured on an Abbe refractometer at 770,. wae 1.3722 for 

the D-linea of eodiua a.a compared with a critd.cally chosen value of 

1.37226 (10). -
The me~lcyolopentane likewise was obtained !ran the 

Phillipe Petroleum Compal\1 ard was reported to contain more than 99 

mole~ meteylcyclopentane. This material was first .fractionated 1n 

a 30-pl&te glue column at a reflux ratio ot 5 to l, discarding about 

10% ot the initial overhead am a like amount o! material remaining 

1n the kettle. The intermediate overhead liquid wae passed through 

a l•inch diameter column packed for a distance o! 5 .feet with ailica 

gel supplied b,- the Davison Chemical Corporation and identified as 

659.$28 - 2000. The initial 60% of the etnuent wu collected and 

passed through a aeoond column of the gel, the first 8o% of this 

ample then being treated in the same manner a third time. The 

partially purified methylcyclopentane thua obtained wu subjected to 



a second distillation ide."'ltical to the first. Independent measure­

ments made at the California Research Corporation upon a sample of 

the purified methylcyclopentane indicated a refractive index at 68°Fo 

of l.40973 and a freezing point of -224o39°F. The corresponding 

critically chosen values (lO) aro 1.40970 and -224o40°F. 

Then-octane used was supplied by the Eastin.an Kodak Company 

and was identified as the 11whi te label" grade. This material was 

fractionated in the same manner as waa then-hexane. The variati on 

of the temperature at the top of the column was observed to be less than 

0.1°Fe during the isobaric fractionation process. The refractive 

index of the product was 1.)951 at 77°F. as corr.pared with a reported 

value (10) o! l.39508. 

In all cases the samples were stored over sodium following 

purification. Noncondensable gases were removed from each sa~ple by 

~epeated solidification at liquid air temperature anj low pressure 

inmediately before adding it to the calorimeter bomb. 
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III 

Apparatll8 arxi Procedure 

The calorimetric equipment uaed in these studies wa1 eub­

etantiall.y the same aa that em;plo,-ed 1n earlier investigations at 

tbie laboratory am baa been described in eo• detail (7,8). The 

calorimeter bomb consiated ot a cylindrio&l steel container pro­

Tided with hemiapherical cloeuree within which the cydrooarbon 

liquid we.a conti.necl. The volume of the container wae 0.0142 cubio 

root. Energy waa added eleotricall3 to the interior or the calorim­

eter by mean.a ot a glaa■-ineulatt!ld oonatantan wire encased ld.thin a 

etainleaa steel tube approximately 0.0S inch in diameter. The encle 

of the steel tube nre brought through the wall or the calorimeter 

and 1iVe sealed to it at the point of egre••• The q,uantity of energy 

added electrically to the calorimeter waa determined b,Y conventional 

volt box and etandard reeiatanoe teohn14uea. A Leeds and Northrtlp 

Type I potentiometer was employed to measure the electromotive toroe 

applied and the current !Lowing through the calorimeter heater. All 

o! the electrical measuring devices were oare!ully' calibrated am it 
ill believed. that the determination of the rate of energy addition 

introduced no e1gni.ficant uncertainty 1n the reaulte. 

In order to decrease thermal transfers to arxl trom the calo­

rimeter, it was eurrounded ~ a metal jacket and the intervening apace 

evacuated. The jacket•• aubmerged in an agitated oil bath am pro­

visions were made for autcmaticalq ma1.nta1n1ng the ·average taper­

ature of the interior eurface o! the jacket at aubetantiall7 that of 
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the exterior eur!aoe of the calorimeter. Jleasuremento were cai-ried 

out to utablieh the thermal transfer between the calorimeter and 

the wall of the jacket as a .function ot the measured temperature 

ditterenae. Thil operation wu acocapliahecl by adding a meaaured. 

quantity or energy to the calorimeter 11tlile holding the temperature 

ot the jacket oonatant. The t.mpera ture ditt8l"enoe was than deter­

mined aa a !unction of time until the tempera\ure of the calorimeter 

returned to 1te initial value. These calibrationa were made at 

aeveral temperature• in order to obtain the variation 1n the rat. ot 

thenal tranllfer with change in the teraperatuz-e ot the calorimeter. 

Th• 8ner&1 transfer■ between the oalonmeter and the wall of the 

jacket. were in al.moat all ca1e1 leaa than lj ot the total &n8l"Q' 

added to the ayata. It 18 belieftd that suoh trana.tera nre mea8UJ'8d 

with autt1cient accuracy to ensure that the resulting uncert&int,- 1n 

the value oft.be net energy added to the calorimeter waa not greater 

than o.07j. 

The experimental prooedure involved adding to the caloria­

•ter a kno1111 wight ot the particular hydrocarbon under inva1tigat1on 

and the determ:1.nation of the net energy required to raiae the taaper,. 

ature ot the calorimeter and oontente through a known ...ii temperature 

interval. For the temperature interv-1 of a •inil• meuursent, it 
. •!f•d;' 

wae usuaed that the quantit7 g/(TB • TA) wu equal to ~he val~::t dT 

at the mean of the initial and final temperatures. Aa a obeck on the 

resulte, two aeries ot measurement■ over the tamperature rqe in-

v .. tigated were made on dittenntdqa. Additional material waa then · 

~ed to th• calorimeter and the sequence ot meaeuremente repeated. 
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The quantity of energy added electrically lRi.B adjusted 

to yield a temperature riae o! approximatel.r 6°F. between the 

initial and .final atatu. Energy wae added to the calorimeter tor 

either 500 or 700 eeoond.e tor each meaaurement. The longer heating 

period was ueed when the larger ot the two quantities of hydrocarbon 

waa in the calorimeter. The UnDertainty in the determination ot the 

total energy added to the equipment was leaa than O.OSJ. An e.t'.tort 

was made to carry out each set ot deteri:iinations in aecordance with 

an utabliahed procedure. The time neceeaacy tor the attainment ot 

equUibrium after the addition ot energy waa used a.a the condition­

ing period for the next step. The taaperature of the contents ot 

the calorimeter waa measured 111th a preci1ion of+ 0.005°1. at the -
beginning ot the energy addit.ion ·and at the en:l .o! the period re­

quired tor the attainment ot equilibrium. The uncertainty 1n the 

measurement ot temperature rise WU not greater than 0.2$j. 

The umple1 were add.eel to the calorimeter b;y weighing bmb 

method.a (11) with a precision ot + 0.00001 pound. A check o! the -
wight of eample 1n the calorimeter was obtained by weighing the 

material withdrawn attar completing a eet ot measurements on a~ 

carbon. It ia believed that the uncertainty in the sample weight mad• 

a negligible contribution to the probable error ot the meaaured heat 

Oap&Qit7. 
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IV 

iu.pplamentaq Calculations 

In ordor to obtain the isobaric heat oapaci ty at the 

bubble point !roll the EDCperimental.l.y measured quantities, the terms 

o! Equation l must be naluated. The volumetric data ani isobaric 

heat capacity values !or the dn-point gu required as correction 

terms were available primar1l.y from experimental Wormation. Vol-. . 

umetrio and vapor pressure data £or n-hexarie were based on measure-

ments by Young (12). In order to obtain the epeci.fic volume ot the 

dn-point gaa at temperaturee lower than those Co:Yered by thia ·ex­

perimental work, the ClaJ)8.Yron 94uation wae amployech 

d..P " = L1 /j (2) 
dT T Ll// 

Valuea o! the enthalpy change upon vaporization tor n-llexane at 

temperatures below lhO°F. were estimated from the relation propoaacl 

bl' Butting (l3)s 

(3) 

The oonatanta o! lquation 3 !or n-hexane we.re determined trom •• 

perimental measurement.a o! the heat o! vaporisation at 77°F. and at 

the normal boiling point (10). The value ot the oritioal tempera'W.1'8 

detumined by Xq (14) wu ueed in the cal:aulatione. Agreement within 

)$ _. f'ound betnen the epecilic volumae at dn point calculated in 

this 1l&Y and Young'• experimental valuee (12). The heat capacity of • 

the dni-point gaa I.or n-hexane wu estimated from ftluee ot the ieo- . 

baric beat capacity at one atmosphere and at aero pressure as given 
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by Waddington and Douslln ( lS). The isobaric volume-temperature 

deriv.ative at dew point was calculated from an equation or state 

derived by these authors (15) from thermal measurements. 

Th.a apeci.fic volume tor meteylcyclopentane at bul:ble point 

wae obtained tram Timmermans et al (16) ., The vapor p~eseure ae ob­

tained trom the CQm.pilationa or Rossini et al (10). ___,Vapor preesure 

and bubble-point volume value• for n-ootane were obtained by Young (]J). 

For both methyloyclopentane .and n-octane1 the specific volume o! the 

dew-point gas waa calculated fl-om the ClapeJron equation by the pro­

cedure described for n-haxane. Values of the heat capaci tq of the 

dew-point gas were eatimated from the heat oapaoity at infinite 

attenuation u reported by Souders et al (17) !or methyloyclopentane 

and tro11 a recent compilation (10) for n--octan9. Values ot the iso­

baric volume-temperature derivative at dew point were determined !or 

methylcyclopentane and n-octana from the law o! corresponding states. 

The accuracy o! the partial derivative ao obtained is probabq low, 

but the term o! Equation l containing thie quantity amounted to no 

zoore than 0.3% of the heat capacity and oo.nsequentl.y- a large error 

in thia derivative would not intluenoe the final raeult signi.tioantq. 
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V 

ExJ?!rimental Results 

The~ values obtained for the heat capacity ot 

thl oalorimater bOltb am. content■ at aenral temperaturee tor two 

dit.terent quantities ot each ~drooarbon are presented in Table I. 

J'iguru 1, 2, am .3 lhow theee valuea u a tunotion ot temperature 

torn-hexane, methyloyolopentane, and n-octane rupectiveq. For 

MCh quanUt7 ot a }v'drocarbon in the calorimeter two aete ot data 

are shown. These repreaent measurements taken on different daY9. 

The average deviatl.on ot the experimental point■ from the corres­

ponding smooth oune1 dra1111 !or each substance and axpreseed u a 

percentage of the di.t.twenoe in heat capacity between the two ourvea 

18 0.6- in the oaae ot n-hexane, 0.4% tor methyloyclopentane, am 
o.Sj for n-octane. 

In order that the magni. tude of the correctd. on tenu of 

lquation l u eatabliabed mq be aore readily evaluated, th.,- have 

been combined into a einsl• term. Thia term ie defined by the toll<>ll-'. 

ing u:preaaiona 

C = 
[ 

9, :!1/ C - . dT - dT 
Pb 

tn, -m2 
(4) 

The value of this quantity aa a function of ta:nparature for ea.ah ot 

the compounds investigated ie presented in Figure 4. The correotione 

are ot relatively' amaU magnitude and do not appear to contribute 

to the .uncertainty ot the recorded ieobaric heat oapaoitiea 'by'.more 
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than O.1$j. 

Value• ot the isobaric heat oapaci ty at bubble point tor 

n-:.hexane., metbyloyolopentane, and n-ootane are recorded in Table II. 

These values were obtained .trom the information pre•ented in Table I 

b;y aolution ot Equation 1. A oonaiderat1.on ot the accuracy- of the 

individual quantitiu inYolved indicates a probable error 1n the 

tabulated value1 of approximateq o. 7j. 

The heat capacitiee are preeented graphical.1¥ in Fi.guru S 
and 6, 1ltl ich &l.ao include earlier aeaaurementa tor canpariaon. Mollt 

of these measurements 1l'8N made at teperaturea below Bo°r. but. can 

be compared with 1hort extrapolationa of the present -.,~k. Oood 

agreement waa realised with the reeulte obtained by other inveetigatora 

in the caaea of n-bexane (112,3) and of metbyloyclopentane C2,4). 

The values ot isobaric heat capacity- ahown in Figure 6 and 

attributed to Osborne and Ginnings CS) tor n-ootane were calculated 

frca the TOlumetric correot.1. one developed in this 10 rk and .tr011 their 

valuea ot ( g, - _9e) / L1 T L1 m tor an iaochoric eyatem. The 001Tec-

tion wu leas than 0.3$ ot the reported heat capacity. The data ot 

Oaborne ard Qjnninga (S) are about 1 • .3% higher than the information 

obtained in thla study. Values reported ibr the isobaric beat capac1t7 

of liquid n-octane by Parke et al (1) and by Huttman et al (2) appear 

to be in oloae agreement w1 th the present meaeuremait•. The d.1a­

orepanc1ea 'between the axtrapolated data of this study and publiahed 

data are belle-red to be lua than the estimated canbined unoertai.ntie1 

of the variou1 eete o! meaauremente except in the oaae of the reaulta 

ot Osborne and 01nning1 CS). 
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Nomenclature 

Cp Isobaric heat capacity, B.t.u. per lb. pe~ °R. 

H Enthalpy change during isobaric-isothermal vaporization, 
B.t.u. per lb. 

m Weight of material in calorimeter., lb. 

P Pressure, lbs. per sq. inch absolute 

Q Heat associated with process, B.t.u. -
5 Heat associated with infinitesimal change in state., B.t.u • . 

T Temperature, <>a. 

V Specific volume., cu. rt. per lb. 

8 Constant of proportionality in Equation 3 

Subscripts 

A,B Refers to state A and state B 

b Refers to bubble-point conditions 

c Refers to critical state 

d Refers to dew-point conditions 

11 2 Refers to conditions with different quantities o! sample in 
calorimeter 

Superscript 

" Refers to two-phase state 
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TABLE I. 

Heat Capacity of calorimeter and Contents 

n-Hexze 

Measurement A 0.04443 lb.a Measurement B 

Temperature, sfdT Temperature, f/d'f 
o F. B.t.u./0 R. o r. B.t.u./0 R. 

79.60 0 • .3047 76.07 0 • .3024 

87 • .3.3 0.3061 83.43 0.3050 

94.85 0 • .3075 90.68 0 • .3069 

102.2, 0.,3086 97.80 0.3016 

1()1}.$9 0.3117 104.82 0 • .310.3 

116.85 0.31.35 lll.72 0 • .3140 

124.28 0.3126 ll8.56 0.3124 

JJl.46 0.3139 125.)8 0 • .3127 

]J8.56 0.3166 132.15 0 • .3150 

l.45.61 0.3181 l,36.88 0.3167 

152.64 0 • .3191 145.57 0.3180 

159.65 0.3210 152.26 0 • .3190 

166.6.3 0 • .3220 158.94 0 • .3200 

17.3.,58 0.3254 165.58 0 • .3238 

180.48 0.325.a 172.17 0 • .3248 

187.40 0.,3270 • 178.74 0 • .3247 

194.26 0 • .3307 185.JO 0.3269 

201.05 0.3327 191.80 0 • .329.3 

198.23 0.3320 

8we1ght ot material in calorimeter. 



- 123 • 

TABLE I. (Cont.) 

n-Hexane 

Measurement A 0.35513 lb.a Measurement B 

Temperature, 'j/dT Temperature, ~dT 
o F. B.t.u./0 R. o F. B.t.u./<> R. 

78.31 o.4690 124.10 o.4893 

85.78 o.4761 130 .. 31 0.4913 

92.40 o.4784 136.49 0.4919 

98.92 0.4785 l.42.64 o.4964 

105.38 o.4819 146.81 o.4987 

lll.76 0.4861 155.05 • 0.5001 

u8.09 o.4878 161.24 0.5031 

124.40 o.4s93 167.37 0.5088 

130.65 o.4908 173.49 0.,091 

136.89 0.4927 179.64 0.5064 

143.13 0.4972 185.15 o.SlJ.3 

J.49 • .31 0.4991 191.75 0.,205 

155.44 0.500a 197.,71 0.,197 

161.55 0.,040 

167.66 0.5053 
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TABLE I. (Cont.) 

Methylcyclopentane 

Measurement A 0.0176.3 lb.a Measurement B 

TemperatureJ 9/d't TemperatureJ ~dT 
o F. B.t.u./0 R. o F. B.t.u./0 R. 

86.24 0.288.3 119.40 0.2954 

93.BB 002896 126.0.3 0.2979 

101.26 0.2927 132.65 0.2985 

108 • .35 002934 139.26 0.2983 

115.27 o.296o 145.77 0 • .3026 

121.96 0.2975 152.06 0.3041 

128.SJ 0.2987 158.30 0.3038 

135.07 0.2992 164.67 O.J046 

l.41.$8 0 • .3003 171.08 O.JQ8l 

148.05 0.3025 177-48 - 0.3097 

154.46 0 • .3042 18.3.84 0 . .3104 • 

16o.90 0.3044 ' 190.18 0 • .3118 

167.16 0.3076 
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TABLE I. (Cont.) 

Hethylcyclopentane 

Measurement A o.4].089 lb.a · Measurement B 

Temperature, ;¥d'l Temperature, ;¥dT 
o F. . B.t.u./0 R. o · B.t.u.l° R . F. 

85.W 0.4639 118.53 0.4796 

92.47 o.4692 124.90 ----:/ 0.4859 

99.18 0.4728 1.31.19 o.4654 

105.71 0.4759 137.46 o.4875 

1l2.12 0.4792 143.67 0.4926 

118.65 o.4819 14~.88 0.4947 

125.04 o.4804 156.o8 0.4971 

131.36 o.4871 162.21 o.4988 
;, 

l.37061 0.4882 168.:33 0.5056 

143.82 o.4918 174-47 0.5047 

150.00 0.4952 l8o.59 o.SOB.l 
. 

1,6.15 o.4968 186.68 0-5104 

162.27 0.5000 192.73 0.5149 

168.34 0.5031 198.73 o.51e2 
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TABLE I. (Cont.) 

n-Octane 

Measurement A 0.057545 lb.a Measurement B 

Temperature, sfdT Temperature, ~dT 
o F. B.t.u./o R. or. B.t.u./0 R. 

77.32 0.3109 1.32.98 0.3221 

84.44 0 • .3110 139.65 
/ 0.3247 ·-----

91.3.3 0.3142 146.26 0.326, 

105.ao 0.3167 152.84 0.3271 

112.49 0.3193 159.40 0.3276 

ll9.19 0.3205 165.93 0.3.307 

125.65 0.3229 112.39 0.3319 

1.32.48 0.3229 178.84 0.3.312 

139.08 0.323, 185.30 0.3325 

145.65 0.3250 191.70 0.3349 

152.20 0.3274 198.ll 0.3368 

158.72 0.3279 

165.22 0.3.287 

171.68 0.3325 
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TABLE I. (Cont.) 

n-octsne 
• 

Measurement A· o.h.5042 lb.a Measurement B 

Temperature, sfdT Temperature, sfd'l' 
o F. B.t.u./0 R. o F. B.t.u./0 R. 

81.65 o.SJ.65 ua.30 0.533; 

88.40 0.5238 · 124.29 0.5360 . 

94.94 0.5244 1.30.42 Oo5.354 

101 • .34 0.5241 lJ6.7l 0.,.38.3 

107.66 0.5294 142.99 0.5439 

114.01 0.5319 149.20 0.54.31 

120 • .38 . 0.5350 155.41 0.5446 

126.70 o.5.'3.7.4 161.56 • 0.5493 

132.99 o • .5388 167.70 o.;522 

1.39.24 0 .. 5417 17.3.81 0.5555 • 

JJ.S.4S o.5448 179.89 0.5574 

1,1.62 o.5480 185.94 0.5603 

157.83 o.5478 191.97 o.,642 
164.04 0.5536 197 .. 99 0.56.32 
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TABLE II. 

Isobaric Heat Capacities 0£ n-Hexane, Methylcyclopentane, 
and n-Octane at Bubble Point 

Temperature, n-Hexane Mettvlcyclopentane 
or. 
8o o.543s& o.4516 

90 0.5496 o.4577 

100 0.5559 o.46.39 

llO o.5624 0.4702 

120 o.5690 o.4766 

lJO 0.5757 Oo48.30 

140 0.,825 0.4895 

150 o.5894 o.4961 

16o 0.5963 0.5028 

170 0.603.3 0.5096 

180 o.6106 0.5165 

190 0.6182 0.5235 

200 o.6261 0.5305 

n-Octane 

0.5255 

0.,304 

0.5353 

0.540.3 

0.545.3 

0.5504 

o.5555 

0.$606 

0.5658 

0.57ll 

0.5764 

0.5819 

o.5875 

4Isobaric heat capacity at bubble point, B.t.u. per lb. per °R. 
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Chemical Engineering 

l. In order to facilitate the co.lculations involved in the 
design of multicomponent distillation columns Und.erwood (1) and 
Gilliland (2) have derived relationships in terms of' component con• 
oentrations as a criterion of' the optirmhil feed plate. Both of those 
relationships may be shO'wn to give erroneous answers in some cases. 
This result arises from errors in certain assumptions in their derivations. 

2. Gerta.in lov, temperature fractional crysta.lli?.ation 
processes might be facilitated by throttling a cooling mediUJn such 
as CO2 at high pressure directly .into the crystallizing medium. This 
would eliminate heat transfer surfaces wh1 ch may become reduced in 
efficiency due to coating with crystals. Such an oxpedient should 
lend itself to a continuous process as opposed to batch and offer 
the advantages generally attached thereto. 

3. Stockmayer (3) has proposed that a second viria.l coef­
ficient of tho form 

be applied to polar gases in mixture with non•pdlar gases. It is 
recommended that a second viria.l coefficient of this form be i:ncor• 
pora.ted in the Benedict equation (4) and parameters for H2S evaluated. 
This equation together with existing equations for hydrocarbons could 
be used for calculations of properties of n2s • hydrocarbon systems. 
The applicability of such an equation could be tested by co1.:-parison 
of calculation results with existing data from this laboratory. 

4. 11.n accurate and relatively simple equation rehting 
the isobaric heat ca.pa.cHy a.t the bubde point to isochoric calor­
imetric measurements on pure substences in the two-phase region is 

:ft _ fz g 'P" T cltf c/P"' 
CP6 .:::c dT dT t- Li!._ - ti;}- -t- c/T a'T 

tn,-rn., ,1 1 (See Nomenclature in Part II of thesis) 

8~ I 1 «P" 
d/ 

This relationship offers the adva.nta.ge that the correction terms 
require only a knowledge of the vn.por pressure and bubble-point 
specific volume in the temperature range studied. 



5. In a batch heating or cooling process of the t ype 

where t he heatint, or c -:iolinc med i um is a single phase fluid , the log 
mean t emperat ure diff erence correction f or multipass heat exchangers 
(5) may be applied• This correction can be shown to be const ant with 
time providing t hat flow rates and entering temperature of the heating 
or cooling medi um rema i n constan·bo 

Chemistry 

6. It has been r eported (6) that when BF3 is introduc ed 
to a two ... liquid phase mi xt ur e of HF and cer tain a l ky la.romatic hydro­
carbons, a transfer of the hydr ocarbon to the HF phase occurs. This 
phenomenon of'fers a good possibility of a proces s f or s eparation of 
meta- and para-xylene since the t ransfer of' xylene to the HF phase 
is selective f or meta•xyleneo A s udy to det ermi ne whether the kinetics 
of the metathesis r eaction 

are favorab l e woul d be interesting. If such is the case , a liquid­
liquid multistage extract ion process using reflux at both "raff i nate" 
and 11 extr actn ends of the stages could be designed to obtain good 
yields of hi p;h purity isomer s~ 

7, In binary soluti ons of miscib l e liquids where one or 
both o.f the constituents a.re capable of f orming hydrogen bonds., the 
formation. of constant boiling mixtures can be closely related to the 
hydrogen bonding characteristi cs of the constituents. For e. given 
mixture, qua litative predictions can be made as to the existence a.nd 
type of a zeotrope (maximum or mini mum) f'rom consideration of the type 
and strength of the hydrogen bonds. 

8. 
curate and 

A. ij • Cox (7) has proposed what appears to b e an ac ... 
unique equation of state 

where t he int;egral powers of the cube root of the volume a rise f rom 
conventional treatment of PVT data. rather than any preconceived f orm• 
The para.meters A, B, and Care f unctions of temperature._ It has .been 
noted that the values of some of the constants in the pare.meter f'unc ... 
tions change abruptly at certain states i n the single phase region,. 
The changes appear t o occur at a def inite va lue of the specif ic volume 
for a given substance and are vneff ected by relatively l ar ge changes 
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in pressure and temperature. It is sugg~ested that i f these obser ... 
vations can be c hecked , the data should be cons idered f or possible · 
significance to the study of molecular interactions. 

Mechani cal EnGineering 

9. The t emperature distribution in a thermal expl osion of 
a combustible gase ous mixture can be predicted by a solution of a 
non•linear differential equat ion of the following t ~rpe: 

C O 'c)T ~ K 1_1..T _ a.., on 
J 'r)e ~J<.... oe 

'l'he first term on the r i ght hand side of the equa.tion represents 
cooling by oo,nduction., the second term heatintr. by chemical reaction. 
To obtain the temperature distribution in an explosive mixture Jost (8) 
approxi mates the solution of the abo-ve equation by a consideration 
of only the heat conduction term • .!} solution neglecting the heat 
gmeration term is apprec iably i n e;fror and it is recommended t he,t 
a more exact solution of . j;he equation be ob·tained by the numerical 
method of 6t ank and l'licholson (9} • 

10. It is s ug p.;es t ed t hat more reproducib l e and significant 
measurements of the i gnition temperat ure of gaseous mixtures can be 
made by means of an adiabatic compres ., ion device than be some of the 
conventional techniques (8) • • 
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