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Abgtract
I

The thermodynamic properties of mixtures of real substances
may be calculated rigorously from certain calorimetric or spectro-
scopic measurements on the components together with volumstric
measurements on the mixtures. The practical impossibility of making
sufficient volumetric measurements precludes application of such an
analysis to all mixtures of interest. One possible solution of this
problem is the use of an equation of state which satisfactorily rep-
resents the volumetric behavior of mixtures. Benedict, Webb, and
Rubin (9,10) met with considerable success in developing such an
equation for mixtures pf light hydrocarbons. These authors have
proposed an equation of state and derived thermodynamic eqations
which give accurate predictions of properties of both hcmogeneous
arnd heterogenecus hydrocarbon systems.

These equations are quite complex and their solution a
very time-consuming operation when performed by conventional com=-
putational techniques. It was proposed that this difficulty could be
overcome by use of recently developed high-speed digital computers.
Accordingly, an investigation has been made into the feasibility of
solving the equations of Benedict et al on a punched card digital
computer known as the Electronic Calculating Punch, Type 6011, nanu-
factured by the International Business Machines Corporation. The
results of the investigation are reported in the first part of this
thesis. The development and application of digital techniques for

the calculation of thermodynamic properties of coexisting phases in



light hydrocarbon gystems are discussed. & routine procedurse for
such a calculation which may be completed in about one and one half
hours is presented. Results of calculations on the methane-ethylene-
ethane system and the methane~propane system are presented in graph-
ical and tabular form. Where possible, comparison is made with ex-

perimental measurementa.

I

The isobaric heat capacity at bubble point has been
determined at temperatures from 80° to 200° F. for n-hexans, methyle
cyclopentane, and n-octanse. This quantity was calculated from
directly measured values of the isochoric heat capacity in the two-
phase region by the use of supplementary volumetric data. The latter
were obtained from experimental measurements, when available, or
estimated from the law of corresponding states. The results are pre-
gsented in graphical and tabular form. |



TABLE OF CONTENTS

PART I

SECTION TITLE PAGE
I Introduction
A Statement of prOblem ooouoo.ooooooocoo;:QCQOOOOOt 1
B Equations for thermodynamic properties of

mixtures of real 8588 eevcencesccescsceccccescae h

C Equationa Of 8t8L0 ceevecscccvccscostssnccsncaces
D The Benedict equaticn Of BLalB escccecccccscscnes 13
II Digital Computing Equipment
A Intrcductory remarks ©9000000008000000800000v0000 21
B Electronic Calculatihg Punch, Type 604 cccsseeess 22
c A‘llxiliary equipment evecoccvsscccscescccecsessscossn 25

III Digital Computer Techniques Developed for
Calculation of Thermodynamic Properties
of Hydrocarbon Systems

A Introductozy ranarks 0090900000000 0000000000000CODS 26

B General purpose control panel for the Electronic
Calculating Punch, Type 60L; calculate section .. 26

c General purpose conirol panel for the Electronic
Calculating Punch, Type 60L; punching section ... 31

D Card layout and further remarks on sequential
* Calculationa © 0000000000 0CDODOSS0DOO0O0G®SOO00O00OODGEOOOOSESGS 33



SECTION

Iv

TABLE OF CONTERTS

PART 1
TITLE

The Application of Computing Techniques to
the Calculation of Thermodynamic Propertles
of Hydrocarbon Systems

Nature of problems selected for solutionl ecsseecess

Outline of procedure fér calculation of
composition of coexisting phases sescscescscssesnss

Calculation of parameter VRAINEGS sosevovoossssessss

Solution of Benedict equation of state for
the m0181 volme e 00 A NDNOGODTOIOOOOO0BIG®SOPOSO0OCOOCCEOCOOCROO

Calculation of fugacities and values of
Cmpositicn ® 9 000 OCO 0D QDO 9OOLC OO0 PO S0 0C0O0ADOCDODOSPOD

Calculations of entropy and enthalpy ccceccescses

Qutline of machine 0perations vececoesecssccesscen

Reccrding OFf DESUHLES svemonnsoinneneeennnsssionsiosss

Results of Caelculations

M.eth&na“eth}’lene“ethﬁne sy8 LEHL ovssecessccsccsses

ﬁe’th&ne-propane syst.efﬂ 090009 s0000000300000 000008

CONCIUSLONG evevvensasesocacocsosasssssassensssss
NOBEHCLEDIIE o u s wnmndne o mimes e wweaneenwes«ss e
References sccssccccosssscssoecsossosonsssssassone
TEDIEB covnnsssesaessrsv s esss seesd sdsssasssnses
FIPUNEE noemroeesam oo e ss e e e o snesomnsssss s

Appendix 90 000C0S000QQ0C 0RO OJCIO0N9P0Q0C800600006C680000GD

PAGE

35

36
37

Lo

L7
L9
51

52
53

55
56
56

80
90



SECTION

4

I

Iv

TABLE OF CONTERTS

PART 11
TITLE-

Introduction B0 P02 IRNQGDSPCe00008Q0VOCONIBOQOCTOROOOIDSDO

Mamials ‘...IC...............’.0....005..0.0....

' Appar&tus ﬂnd Procwure .'..D.....l.'...;..-.‘..I

Supplemen‘hary Calculations eceevccosscecncssnsscea

Experimenm Re&ults '.C.O;O..‘.."....0...."....

Kmaenclature 'G.0.0"'.0"I.Q‘...O.......I.G.....,‘

Referexlces 0...lﬂCQOO.'..00..0.'.....'.0'..‘..0.‘.
Tables [ EEEREESNENEEAREE NS NN E R SR EEEENEEEE SRR ERE RS NN ]

Figums 0000000000000 000008300000080000800000 00

PAGE

108
110
112
115

117

119
120
121
129



APPLICATION OF DIGITAL COMPUTER TECHNIQUES TO THE CALCULATION
OF THERMODYNAMIC PROPERTIES OF HYDROCARBOR SYSTEMS



k!
Introduction

A. Statement of Problem

A significant portion of physical chemical research is
devoted to the experimsental determination of thermodynamic proper-
tiea of multicomponent systems in both the homogeneous and hetero-
geneous regions. BEven when restricted to hydrocarbon mixtures in
the single phase and vapor-li@id regions this work is very exten-
sive. From this laboratory alone over & period of almost 20 yoara;
more than J.OC articles have appeared dealing exclusively with thermo=
dynamic¢ properties and phase equilibria in hydrocarbon systems. When
it 1s realized that this amount of laboratory work has given experi-
mental information on only a»amall fraction of the hydrocarbon ays-
tems of possible interest the need of mathematical procedufes for
extending experimental information is apparent. This fact was
recogniged at an early date, and procedures for the prediction of
properties of hydrocarbon systems have appeared in the literature at
frequent intervals.

The mathematical treatments advanced for these caloulations
have been of two general types. One of these has been the so-called
generaliged correlation and the other, the empirical equation of state.
_ The former is based on the law of carresponding states or a modifica-~
tion thereof. These correlations were preaentedv for the prediction
of volmtric or PVT behavior of hydrocarbons as a function of their
~ reduced state (1,2). They were applied to the prediction of phase .



behavior (3) by the use of generalised fugacity plots and the
assunptions of ideal solutions (L). Kay (5) extended the use of
the generalised corrslation to mixtures by irxt.roduétion of the conw
cept of the pseudocritical constants. |

The generaliged correlation has proved a useful engineer-
ing tool. It has widespread applicability, is easy to use and, in
predicting volumetrie¢ behavior, gives results which are aurimciom&
agcurate for many purposes. The "equilibrium constant®, a conven-
tional expression for the ratio of the concentration of a camponent
in the vapor to that in the liguid (3), was not predictsd with as
high a degree of accuracy, particularly in regions above the critical
temperature of one of the compcnents. Rsmtiy, corrections to tha’
original equilibrium conutarit correlations have been proposed (6,7,8)
which improve the accuracy considezfably. |

The uecorﬂ mathematical approach to a thermodynamic analysis
of hydrocarbon systems is the use of the empirical equaticn of state
together with appropriate thermodynamic relations. The derivation of
these thermodynamic relations and a discussion of equations of state
will ba presented in Sections I-B and I-C. This mt.hod is limited
only by the ability of the equation of state employed to describe
sccurately the volumetric behavior of the ,aubaianco. With the devel~-
opment of a highly accurate equation of state for light hydrocarbons
ard their mixtures by Bensdiot, Webb, and Rubin (9,10) and the
recent tabulations of hest capacities for a large mmber of hydrocar-
bons (11,12), the accurate prediction of themodynamic properties
and phase equilibria in hydrooarbon systems has become possible.



Difficulty arises in the practical aspects of this treatment, however,
because the relationships involved are complex and the calculations
time consuming. This obJjection presents a serious obstacle to the
more widespread use of this treatment. As & means of obviating this
difficulty it was suggested that the application of high apeed
digital computers to the calculations be studied. Should this approach
prove practicable, it would be a useful contribution in the field of
prediction of thermodynamic behavior, aﬁd it wuld facilitate research
on equations of state particularly for mixtures by reducing the time
involved in exploratory calculgtiona wl th proposed functions.

The use of computing aids offers two possible approeches to
the prediction problem. One involves the caloulation and tabulation
of the thermodynamic properties of a large number of hydrocarbon mix-
tures. This procedure is open to the criticism that any significant
change in the experimental date or in equations of state as a result
of new work would require a relatively extended revision of the tab-
ular information. Also, ‘because such tabulations would probably
' require a prohibitively large number of values of the desired quanti-
ties, this approach was not considered advisable. The other possi-
bility would be to compute as required the desired i)ropartiea of
hydrocarbon mixtures. A calculation procedure of sufficient rapidity
to make this latter method practical would have obvious advantages and
it was this approach that was investigated in the present work.

This thesis reports research on the application of digital
coamputing techniques to the calculation of the composition and thermo~
dynamic properties of coexisting phases in hydrocarbon systems. lMore



specifically, it concerns the development of procedures for solution
of the equations of Benedict, Webb, amd Rubin (10), using the
Electronic Calculator, Type 604, manufactured by the International
Business Machines Corp. Results of calculations on the mesthanew
ethylene~ethane system and methane~propane system made in the course
of the development are tabulated and compared with experimental data
reported in the literature.

B. Equations for thermodynamic properties of mixtures of real gases

J. A. Beattie (13) gives a comprehensive review of various
treatments of thermodynamic properties of real gas mixtures. These
he olassifies as: 1) the idesl gas formulation, 2) the method of

~van der Waals, 3) the Oibbs-Dalton law, L) the Lewls and Randall

rule end 5) the general limit method. The last, with which the
present work is concerned consists in the derivation of oxpreaﬁiona
for thermodynamic properties of mixtura& by establishing the rslation-
ships as the volume is increased without limit or the pressure de~-
croased to gerc. Under these conditions the rules of ideal solutions
may be considered to apply rigorously. Therafors, a thermodynamig
property such as the molal enthalpy of & mixture may be written

H=2 ot @

The expression for the enthalpy at the desired state is completed
by addition of the definite integral of the type

#eH" +0/P(j%7” P (2)



or

nent - f (5 v (3)
The partial derivatives are obtained from experimental data by
graphical treatment or from an equation of state. This procedure
is quite rigorous, amd the accuracy of the quantities calculated
depends only on the accuracy of the data or ths equation used in
their stead. Since the present work involves calculation of values
of entropy, enthalpy, and fugacity, the expressions for these
properties have been derived (Appendix I). They are written

S 2 nlSi+ Rh v +/ G a7] ()

nRrRT B J
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These expressions have been derived with temperature and
molal volume as independent variasbles because the equation of state
used in the calculations is in this form. When the definite in~
tegrals of Equations 4, 5, and & are evaluated from an equation of
state, calculaf.ion of any of the thermodynamic properties involves



only the substitution of values of the independent variables. In
the calcwlation of the thermodynamic properties of coexisting
phases of a multicomponent system, the composition of each phase is
obtained by solving sirmultaneously a set of equations equal in
mubar to the nurber of componentss

(M
#6[7: l/b1 X,,"',XN) =}£q’/7-l Z’/ Yoo )/N)

C. Equations of state

The application of the relations ‘dabived in:the previous
section deperds on the determination: of the integral terms of those
expressions. These terms may be evaluated from experimental come
pressibility data. For this purpose the equation of state is per-
haps the most convenient method of summarizing the data. Much work
has been done on the development of equations of state and to dig-
cuss even the most important would require a lengthy treatise. How-
ever, since these equations are sc important to the determination
of thermodynamic properties by the method discussed in this thesis,
a review of the major developments up to the presont time aoeﬁn
dosirablé. Equations of state may be conveniently divided into
two catagories: 1) empiricel equations which are primarily attempts
to obtain good representation of experimental PVT data and 2) theor-
etical equations which are derived from statistical mechanical and
@mtun mechanical treatments. They will be discussed in that order.



The eimplest equation of state for gases is the so~called

perfect gas law
PV =RT | (8)

This may be obtained by combining Boyle's and Charles' laws. It
may also be derived from kinetic considerationg or from statistical
mechanics (1L) considering the gas as a body of non—interacting
particles. This equalion was inadequate to describe the volumetric
behavior of gases ov'rer wide ranges of temperature and pressure. One
of the first and most widely known attempts to improve this equation
was made by van der Waals (15) who proposed the equation

- a
L - (9)

where a and b are specific constants for a given gas. This egquation
gives a considerably more accurate description of volumstric be~-
havior than the perfect gas relation. Horeover it gives a semi=-
quantitative description of volumetric behavior of both liquid and
vapor phases at temperatures below the critical, having as ons real
root the dew-point volume and as another the bubble-point volume with
an inflection between these pcints. An interesting feature of any
equation of state with three constants is the fact that the constants
for a substance may be determined from the critical properties of
the substance although these constante may not agree with those
calculated to give the best fit of PVT data.

Two of the better known attempts to improve on the van der

Waals equation are the Dieterici equation



= R7 S
P = oy ex/a/ /?‘;'l// (10)

and the Berthelot equation
pP= R - _a (11)

The relative accuracy of Equations 9, 10, and 11 varies vwith the
partiocular compounds and the range of temperature and pressure
involved. Over a reasonably wide range of conditions their accuracy
is less than that of the generalized correlations based on the law
of corresponding etateg. Another equation of this form quite recent-
ly proposed by Redlich and Kwong (16) is |

P:: _ﬂ: PR - A )
V-4 TEV(V+4) —

Using only experimentally determined oritical touporatura and
pressure of pure compounds for the calculation of the constants the
authors obtained a remarkably accurate fit of PVT data for several
gases.

4 somewhat more complicated modification of ths van der
Waals relation proposed by Keyes (17) is l

p = RT s Q |
V-6 exp(c/V) (V-4d)* : (13)

This equation was used with considerable success to correlate and
compute the thermodynamic properties of several gases. | _
Perhaps one of the better known equations of state is that
presented by Beattie and Bridgeman in 1928 (18) and generally known
as the Beattie-Bridgeman equation. It may be written |



- RT 4 - . 3 71
p - B ~[BRT -4, /7?_2 4, + [A,a Ajégac../?ﬂ‘,éwj
(1u)
RB, 4
4 7—2 C:/‘//f

At the expense of considerable complexity this equation achieves

a high degree of accuracy in describing volumetric behavior of

gases up to pressures as high as 1000 atmospheres. More recently
Benedict, Webb, and Rubin (9) have modified the Beattie-Bridgeman
equation to obtain an equation which gives an excellent representa=
tion of PVT data over a wide range of conditions including the region
below the critical temperature:

P:_lé/f’_l +[30/?7—_,40_7C_‘£]T//.2 +/é/?7'—a/.l7/.a

+[_7§_Z//f77’2/ex/a/~pg_;y7/% * _q;; (15)
This equation was developed to do what the van der Waals equation
does in a semi-quantitative way, namely, describe in a single
equation the behavier of both the vapor and the saturated liquid
of a substance. In their original article the authors obtained the
eight constants in the equation for methans, othani; propane and
n-butane by analysis of PVT data. The high degree of accuracy
obtainable with this equation and the fact that it applies in the
two phase region made it particularly suitable for the purposes of
this research. For this reason it will be discussed in more detail
in Bection I-D.



- 10 =

It will be noted that in all the relations mentioned the
pressure has been expressed explicitly. This is unfortunaté since
pressure and tenmperature are usually the independent variables in
practical problems. However, such theory as has been applied to
equations of state has indicated that an expression expliéit in
pressure should result, aml experience seams to have borne out the
fact that such aucpréasiom give a more accur#te description of
volumetric behavior than expressions sxplicit in volume, for a given
complexity. Moreover, when a single equation is used to represent
the properties of two-rhase mixtures, it becomes necessary to make
the molal volume an independent variable. Otherwise, if the pressure
is used as an independent variable, a two-vd ued function would be
required to represent properties of liquids and gases since at the
same benpera’curé and pressure sach phese has widely differing molal
volumes, enthalpies, etc. However, several equations of state have
been proposed which are explicit in volume and wiich give a desorip~
tion of the volumetric behavior of gases sufficiently acourate for

many purposes. One of these is that of Beattie (19)

V=RI(i-8,4) + B, +» c(B.6-1) - A (16)
r | 72 AT |

This equation applies to states above the critical temperaturs and
above the critical specific volums, A more recent expression pro=
posed by Marcn and Turnbull (20) is the power series expression

V=.§Z+d,+«,/3+x_,pa+rx,/73 (17)



This gives sxcellent resulte at temperatures above 1.5 times critical.
The equation of state for a pure substance provides a use-
ful means of correlating and summariging experimental compressibility
data. Being essentially empirical, it does not give reliable pre-
diction outside of the range of the deta on which it is based. How=
ever, it has been observed that accurate prediction of propex"tiss
of mixtures of similar substances can be obtained from an equation
identical in foim to that for the pure components using relatively
simple functions of the composition ‘to obtain the parameters. It is
this fact which permits the ccmputation of the propertles of mixtures
from thermal and compreseibility data on the pure constitusnis alone.
For example, the partial derivative /j;’; )r,y, - in Equation 6
for fugacity may be evaluated from an equation of state in which the
parameters are some known function of composition and the parsmeters
of the pure components. Only a few combination functions have found
wi;daépread use. These are generally based on an equation of the type

i Zk 7 7k A//‘

/
(18)

=/7/2A// + 1, ’412*‘""*/7/’7”’4//v + a0, 4-? o f—/’lj ANN

where A is any parameter in the equation for the mixture. J=k,

A 3k?
are the parameters for the pure components and Ajk’ J # ky are the
so-called interaction constants. Empirical studies on the nature of
the interaction constant have been limited to evaluation of relatively

simple functions. The three most important of these together with



the reasi lting expression for A ares
Linear combination

Ak = % (A + Ay) ()

A:Zk ”k'qk =nA +mA, + +n,A, (20)

Square-root combination

: %
A = (’4/’4/<) (22)
i 2 C 1 % '
A = [Zk nk/l/z] = [/7, /4,44-/7,/}2/2 +-~+n,V/'4,V7 (22)
Lorents combination
Ak = 3'/’4/'1/3 * ”4/:/]}3' - (23)

) / b3
A=§ 5 [y (AP+ AT mid v G(AP+ AL s o ni A (2l

The parameters of the pure components are written with & single

subseript. A study (21) of variocus methods of combining the oconw

stants A, B, and ¢ of the Beattie-Bridgeman equation for the

methane-n-butane system indicated that the best representation of

PVT data was obtained by using a square-root combination for Aojk

and Ojk and the Lorents combination for Bo,jk‘ The avorag§ daviation

of calculated from observed pressures was 0.7Lf or about twice the

error of the equation in representing the behavior of the pure gases.
This discussion has included only & brief outline of the

~ work which has been done on the development of equations of state for
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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 of a quantitative equation of state from statistical
mechanical and quantum mechanical considerations. Although the a
priori derivation of an equation which gives results comparable
with existing empirical equations seems unlikely in the near future,
these treatments have demonstrated the existence of a theoretical
basis for several functions which have been developed in the em=
pirical approach. Among these is the virial form of the equation
of state

PV:P7‘(/+T§+_{§_Z+_VQB o g (25)
and the form of the combination functions for parameters in the
equations for mixtures. The possibilidty of the derivation of a
complete equation of state is enhanced by the fact that current
mathematical treatments are able to predict condensation by indicate
ing }that ths pressure will remain essentially constant when the molal
volume is decreased below a certain value. Comprehensive reviews of
the theoretical treatments of equations of state are given by Fowler
and Guggenheim (22), and by Mayer and Mayer (23). |

D. The Benedict equation of state

Any of the equations of state discussed in Section I-C
could be used to evaluate the partial derivatives in the expressions
of Section I-B. However, as may be seen from Bquations 6 and 7, the

calculation of phase equilibria requires a continuous function which



describes volumetric beshavior of the gas phase and of saturated
liquid in the region between the limits of integration in the
thermodynamic expressions. By far the most successful attempt to
realige such a function is that of Benedict, Webb, and Rubin (9).
Por this reason their equation of state

g AT o bAT-ol

(15)

[__/H Z) exnl- } +mc

was used to evaluate requisite partial derivatives in Equations Ly

5, and 6. The general form of isotherms calculated from Equation 15
is shown in Figure 1. Plots of P vs 1/V or the moles per cubic foot,
'at various temperatures are presented for a hydrocarbon mixture of
invariant composition. Bqﬁation 15, which for gonvenience will be
referred io as the Benedlot equation, was developed to describe
volumetric and phase behavior of low molecular waight hydrocarbons.
The eight parameters have been determined from PVT data for methane,
ethylene, ethane, propans, n-butans and iscbutane (9,24). Vapor
preasures may be calculated from the Benedict equation by simule

taneous sclution of the expressions

B(T,Y)-B/TY) | (26)

BTG = 6078 (2m)



For the pure hydrocarbons methane, ethane, propane and n-butane, the
equation was found to predict the vapor pressure to within 1.1% of
the experimental velues (9). Pressures calculated from molal volumes
for a wide range of conditione agreed with experimental values to
within 0.4% for gases.

In a later peper (10) these authors showed that by using
simple combination functions for the eight parameters in the equation,
a highly accurate description of both volumetric and phase behavior
of mlticomponent systems was obtained. This was further demonstrated
by Benedict et al (24) and by Hough and Sage (25). Pressures wers
calculated with an average deviation of O0.4% and equilibrium constant
values with an average deviation of less than 2.0f from experiment.

As wag discusged in Section I«C, the values of parameters
in an equation of state for a mixture may be calculated by equations

of the form

A = Z/_k g Ak

2 g (18)

== /7/2/4// 7"/7//72 A/z 7L'H+n;n~Am+/Z>/71/4/e7‘ '”7‘/7/1/ ~MN

where Ajk for J = k are the parameters for the pure components and
Ajk for 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 for the param=
‘eters in the 1/V term of the virial equation of state (Equation 25)
and that an equation of the form



A :Z~-k GRURL /41'/'/\'

3
= /ZJA}// # /7/2/29 ’4//2 tot /)/2/7 ’4//4' fﬂfﬂ?/fl/z >k /4 g e ’4/””(28)

should be used in the 1/V2 term. In accordance with this »theory
Benedict et al (10) assumed the parameters B, Ay and G, in
Bquation 15 to be represented by a function of the form of Equa~
tion 18 and b, a, and o by Bquation 28. .‘!’he parameters 27 and «
‘do not have a corresponding term in the virial equation of atate.
Equation 18 was assumed for the evaluation of 7~ and Equation 28
for @ o The equations sre summariged as follows:

B, = 24 7% By (29)
=S, oA (30)
=S nnCpu : (31)
b = Zi/'& 7y by = (32)
a = Z{,/k 7y By | - (33)
c = Z{//{ 1k Cork - (3b)

Z . /7& : (35)



o TF o

X = Zz‘/k /7,/;/34 :7(_1./.'4 (36)

The assignment of values to the various interaction ccnstants

ariging in these equations was made by arbitrarily assuming them

to be simple functions of the pure component parameters as follows:

By= #(8,+ Bu) _ (374)
Bu=3(8)+87) (378)
Ages (AA4)" € )
Coph * [C,/» Cok/I/z (39)
by = /5,5/54/'/’ (ko)
au = (aya)” (1)
tea)® i (k)

74 = (73)" | | (43)
&= -(.“f x ) (k)

The single subscript denotes the parameter of a pure component. The
expressions used for the evaluation of each parameter are obtained
by substituting the relation for the interaction constant into the



e 18 -

corresponding combination function in the group of equations 29 %
36. The resulting equations are as follows:

B, = 2/, ”/céo,& = ”14901 * /7, ﬂoa ¢ty 19,” Vhsk}

= 0B, +nn (8B v ni8, (458)
A= [Sn AL] - [n,/?.;:/z+n2/40§ erm AET W8
G [5Gl ' wn
b= [5 m b0 = [nb i b)srngf] B

a = [Z/r ”'/(quja | (19)

€ = [Zk " ck'/’ja (50)
V= [Zk My ’/:'/2]2 -_ (s1)
A = [Zk /7,(«{’]3 | (52)

Calculations were made (10) in which the linear and Lorentg come
bination for Bo wera compared. For the methans-n-butane gystem
calculations of pressure by Equation 15 in which the Lorents com-

bination for B° wag used gave values with an avu:age dm;tion of



w19

048 fron observed (21); while use of the linear combination gave
values with an average deviation of l.hif. In the methane-pn-butane
and shhane-n~butane systems calculations of ths equilibrium constant
using the Lorentg covbinetion gave values with an average deviation
of about 3.0% fron obeerved (27,28), while calculations using the
linear combination gave values with an average deviation of about
1.1%. B8ince composition of coexisting phases was of primary intere
est in the present work, the linear combination was used throughout.
By combining the thermodynamic equations L, 5, and 6 with
the equation of state 15 and the parameter equations 45 to 52, one
may derive algebraic expressions for euch thermcdynamic properties
&8s the entropy and enthalpy of mixtures and the fugacities of the
components. These functions are given by Benedict et al (10) as

followss
5=3 nf5: +P/n / 7_“ a/r]—[ﬁ,pf%cfr/f_
-bR +2¢ [/ expla/vy) _ _/:(7/1/7 (53)
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The derivation of these expressions is given in Appendix II.
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II
Digital Computing Equipment

A. Introductory remarks

Before a diBCusaion(or the solution of Equations 53, Sk,
and 55, it seems appropriate io describe the digital computing
equipment which was available to this project and which was the
determining factor in the mathematical approach. All of the work
to be discussed was done with punched card equipment manufactured
ard leased by the International Business Machines Corp. These
machines, which were developed primarily for expediting accounting
procedures, have in recent years been applied tc scientific computa-
tions. A punched card machine may be defined as one whose opera-
tions are controlled by a 3.25" x 7.375" manila card passing through
it. The nature of the operation depends on the type of machine, the
way in which the machine is operated, and the number and position
of perforations in the caxd. The card, a diagram of which is shown
in Figure 2, containg spaces for 80 columns and 12 rows of perfora-
tions. Ten of the rows serve for the digits 0 to 9, and the ramainr.
ing two, generally called the "X" and ®l2% punghes,vserva as control
punches, several uses for which will be mentioned. The 80 columns
are used for numerical or alphabetical information at the discretion
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 —



group containing the number. Perforations may be punched manually
in cards by use of the Key Punch which is operated in a manner
gimilar to a typewriter.

In\ the remaining machines to be discussed, cards are fed
to the machine automatically. Perforations are detected as the
cards pass between a brass roll and a brush, certain designated
circuits being closed at the occurrence of a perforation. This
operation is termed "reading®. With the exception of the Sorter,
which has a single adjustable brush, the machines discussed have 80
reading brushea corrssponding to the eighty columns on the card at
a reading station. The operation of the machines 1s controlled by
use of a detachable control panel on which the fixed internal wiring
of the machine is connected by means of external jumper wires to
perform the desired operations.

B. Electronic Calculating Punch, Type 604

The principal item of equipment with which the present work
is concerned is the IBM Electronic Caloulating Punch, Type 60L. The
Type 604 consists of two machines, one of which performs the oalou-
lating operations, while the second serves to read a}d punch the cards.
Cards are handled at a constant rate of one hundred pef minufo. Each
card in passing through the Type 604, encounters a "first read" aution,'
& punch station and a "second read" station. The arrangement is such
that when a card is at the punch station the preceding card is at the
" second read station and the following card is at the first read sta-
tion. In describing the operation of the Type 60l it is convenient
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to speak of "card cycles" time as the time during which the card
is at one of these stations being read or punched as the case may
be, and of the calculate time as the intervening period during
which arithmetic operations are being performed and the cards
progressing between stations.

During card ¢ycles time, informaticn may be read from a
card at either of the two read stations into the electronic storage
of the calculator. Ths latter consists of 4 electron tubes per
digit which are either charged or discharged in a unique seguence
for each number from O to 9. A number introduced to a storage unit
remaing there until another number is read in. There 1s a total of
37 digits of storage into which numbers may be read although for
technical reasons it would usually not be practical to use all of
these for receiving information. In the present work the control
panel was wired so that all values wers treated as eight~digit nume—
bers and further discussion will be limited to this case. During
card cycles time, punching of the card at the punch station ocours
while cards at the read stations are being read. The information
to be punched may come either directly from the card at the second
read station ("gang punching®) or it may come frqﬁ any of 29 elec~
tronic storage spaces of the machine. In the latter case 16 of these
digits may also receive information from cards. However, since read-
ing and punching occur simultaneocusly the same space may not serve
both functions. The remaining 13 digit spaces from which information

may be punched constitute the counter. The counter is the space in
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which sums and products ocour on addition and multipliéatimm respec-
tively, and as such it is directly analogous to the counter of a
desk caloulator.

During calculate time arithmetic operations are performed
on the numbers which are read into atdrage during card oycles time
and the desired results put in the digit spaces deaignated for punche |
ing. During this period a series of "program" impulses is aciivatad.
These impulses will cause various individual functions of which the
calculator is capable such . addition, multiplication, etc., to
occur in any desired sequence as controlled by control pansl wiring.
There may be from 20 to 60 sets of these impulses per calculate cycle
depending on how the machine is equipped. A discussion of the various
factors which limit the complexity of mathematical operations that
may be performed during a single calculate cycle would be quite in-
volved. It will suffice for the present purpose t¢ state that the
operation P = _A_%:_g 4+ C would be & rohresentative calculation for
eight-digit numbers in a LO progrem calculate cycle.

An important feature of the Type 60k and one which was a
major factor in the calsulation techniqua to be described is the pro-
gram suppression. By wiring this device a program or a soquehae_ of
programs may be omitted from a particuler cycle. Control is achieved
through devices known as "calculate selectors® which are two-way re-
lays always closed in one of two possible poaif.ions, normal or transe
ferred. Transfer of these relays from normal position is accomplished
by uge of an "X* or 12" punch and appropriate wiring. In this mnmr
considerable flexsbility of operation is possible. To consider a
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simple example, it would be possible to perform the operation
P=AXxB+ C on some cards of & group and P = A x B on the others

of the same group by punching an "X" punch in a designated column

of those cards on which the first calculation is desired and omitt-
ing it in the others. This feature i8 also employed during card
cyocle time if it is desired to control transfer of information from
cards to the machine or from the machine to the qardn. For example,
when the numbers in & group of cards are to be multiplied by a common
faoctor, this factor may be read into the machine from a "master" card
' designated by a specified "X" or "12" punch and will remain there
until the next master card reaches the read station.

C. Auxiliary equipment

The machines used along with the Type 604 in the procedurs
to be described were those conventionally employed in an accounting
or computing installation, and little discussion will be devoted to
them. They included:

(1) The Reproducing Punch, on which any or all information
on a set of cards may be transferred to any desired
position on another set.

(2) The Sorter, on which cards may be separated acoérding
to the space punched in a single cclumn.

(3) The Collator, on which cérda may be separated or merged
according to numbers punched in a designated column or
group of columns.

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

| formation read from punched cards containing the results of

calculations.,
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Digital Computer Techniquee Developed for Calculation of
Thermodynamic Properties of Hydrocarbon Systeuws

A. Introdustory remarks

The aim of the present work was to develop a digital
procedure for the solution of algebraic expreaaiona exesplified by
Equations 53, 5L, and 55. For reasons stated in séction I-4 it is
desirable to solve these eqnationa for a small number or even &
single hydrocarbon system at a time. This requirement precluded
conmtional punched card calculation procedures which rely for -
their efficiency on performing a large number of identical calcula-
tions. The first phase of the preaent work, t,bercfom, was devoted
entirely to development of a practical procedure for the sclution
of @ relatively small number of complex algebraic equations. The N
principal novel operational techniques developed in the course of
the work and used on the Electronic Calculating Punch, Type 60k,
are described in the following aact.ionﬁ. It ahould be emphasised
that this presentation is not a resumé of information to be found
in operating mamuals but an attempt to describe as hinply &8 possible
what is believed to be a definite contribution to the computing art.

B. Qeneral purpose control panel for the Electronic Calculating Punch,
Type 60l caloculate section

In cases where problems involve a mathematical operation of
greater complexity than can be completed in a single card cycle on
the Type 60L, it is customary to divide the problem into a minimum



mumber of parts and solve each part in a separate pass through the
calculator with the appropriate cgntrol panel. Because of the time
consumed in changing wiring, this becomes practical only when there
is a large number of similar problems to solve. Since the problem
at hand did not meet this requirement a different procedure was
sought which led to the development of what will be called the gen=-
eral purpose control pamels, one for each machine compesing the
Type &L as discussed in Section II-B.

The calculate panel will be discussed first. Briefly, this
is a panel which ie wired to perform all ﬁha bagic aritimetic opera-
tions required in the entire solution. In addition each sequence of -
programs performing an operation is wiréd to "suppresg hubs" through
selactor relays as discussed in Section II-B. The operations pere
formed during a particular calculate cycle depend on the combination
of calculate selectors which are transferred which in turn is cone
trolled by the code ("X" or *12") punches in the card at the read
station.

The details of programming of the calculate control panel
are shown in Table I and the wiring in Figure 3. Much of its develop~
ment was the result of experience and numerous practical considera-
tions and no attempt will be made to explain all the reasons for the
particular layout finally used. The principal features of the panel
are tabulated in Table II. The solution of a problem can best be

1llustrated by taking a simple exampla. Consider the problem

ynA+Bx+cx2+Dx3 (56)
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Rearrange this to
y= [(x+C)x+Bf x+a (57

This problem can be solved by introduo'ing to the calculator a .
sequance of cards containing the values of the variocus terms of the
equation and the code ("X" or "12") punches causing the proper series
of arithmetic operations. The planmning of a sequence or deck of cards
will be referred to @sjcoding. In the present case the first card
could contain the value of x along with instructions for it to be
read into storage space 3= during the card cycles time and to be
read into the counter during calculate time. Referring to Table II
we find this opsration would require code punches in columns L and
12. In this case the code punch in column l causes the counter to
be cleared of its previqus nusber (program 24) and causes the number
in storage space 3-4 to be put in the counter (program 25). 4ll
other programs occurring during this particular card cycle are either
suppressed or result in no change to the mmber 'in the counter.

In the solution of Bquation 57, the second card might‘ctm-
tain the value of D and instructions for D to be placed in storage
space 1«2 (it being desirable to retain x in storage space 3-4) and
to form the product Dx. Again referring to Teble IT we see this
would require code punches in columns 3 and 15. In all aritimetic
operaticns the number in the counter is one of two factors involved.
Purthermore, & number in the counter at t.he end of a given calculate
cycle is there at the beginning of the next. At the end of this card
cycle the product Dx will be in the counter. The third card may |
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contain C wiich can be read into storage space 1-2 replacing D and
can be added to Dx to give Dx. + C at the end of this calculate cycle.
This operation requires code punches in columns 6 and 15. The fourth
card may contain the value of B and the value of the term (Dx 4 C)x + B
may be completed by putting cocde punches in colurns 3, 6, 8, and 15,
’.fhe cods punch in 8 controls the selection of factors for the differ-
ent arithmetic operations. Omission of the cocde punch in 8 would
have given (Dx + C)B + x. It has been assumed in this example that
the decimal point was always correctly placed for addition. If such
is not the case, the number in the counter may be shifted one place
to the right or left at the beginning of ths calculate cycle by use
of a code punch in columm 2 or 1 respectively. The value of A may
be entered on the fifth card and the solution for y completed by
using code punches 3, 6, 8, 13, and 15, A code punch in column 13
is used to cause the value of y to be punched into the second follow-
ing card (number 7 in this deck) which completes the problem.

To recapitulata, the coding of a dack of cards to obtain
the solution of Equation 57 for y using the general purpose calculae
tion panel in the Type 604 calculator is:



Value Code punches Term in gounter at end

Card Number on card _in columns of calculate cycle
1 x L2 ‘ x
2 D 3,15 Dx
3 c 6,15 "Dx+ 0
L B 3,6,8,15 (Dx+C)x+ B
5 A 3,6,8,13,15 y= [(Dx+C)x+B]x+4
6 - -
7 - -

If a solution to an equation of this nature is desired at frequent
intervals it beccmes practical to keep on file a set of cards (in

this case the seven described above) which contain the values of
constants in the equation and the necessary coding for its solution,
Obtaining a value of y involves key pmwhing of the argument x on

the first card of the prepared deck and passing the deck through the
Type 604 using the general purpose panel. In the initial preparation
of such a deck the term values and coding are key punched on the cards.
Addi tional decks are prepared using the Reproducing Punch (Section
II=C).

This example has presented only a few of the many operations
that may be performed by using various combinations of coding. How~
ever, it is believed that it does illustrate the general approach.

A more detailed discussion of coding problems is given in Appendix I1I.
If the reader desires further detaile on this matter it is suggested
that he oonsult Appendix III and follow the coding sheets of actual



problems given in Tebles III to VI, referring either to the program
charts in Table I or to Table II for the function of individual code

punches,

C. General purposs control panel for the Eleotronigc Cslculating Punch,
Type 60L; punching section

The control panel for the punching section of the Type &0L
controls the reading and punching of the cards at card cycles time,
Its functions include control of the columns read, the storage space
into which the number goes, ths storage place from which numbers
are taken, and columns into which Ay e punched. The principal
novel feature introduced in:this work is an arrangement by which the
cards serve as storage space supplementary to the electronic storage
of the machine. This feature may be illustrated_ by a simple example.
In the previous section the equation

yaA+Bx+k2+D23 (56)

was solved for y by a sequential caloulation in the Type &0L. Suppose
now that it is desired to obtain a value of x for a given value of y.
Ons way to accomplish this would be to select two trial values of x,
obtain y from these values and then obtain a third trial value of x
by a linear interpolation of the form

X =X Xa-X - Yo (58)

3 2 * ),———2_/[}()’/)
The value of Y3 can be calculated and a new interpolation made. This
process may be continued until the value of ¥ is obtained to the



desired accuracy. In carr&ing out this calculation by means of the
general purpcse calculation panel in the Type 604 as described in
the previous section the problem of assembling the values of y and
x required in Equation 58 arises. Aa»has been pointed out, tha
storage space in the machine is limiied and not adoqh#te for this
purpose. One possible solution to this difficulty would be to re-
move cards containing the calculated values from the machine and
reproduce the values on another deck of cards properly coded for
the next calculation, This proéedure would be very time~consuming
and a more satisfactory solution was sought. The procedure :inally
evolved will be described.

A calculated valus, say Yy is punched in a designated
eight columns of & card. The punching control panel is wired in
such a way that when thialoard reaches the second read station the
value of yy iﬁ punched in the followiné card. As mentioned in
Section II~B this operation is known as gang punching. By this
means the value of y can be punched'on every card following the}cno
on which it is originally punched. This feature will be referred
to as card storage. Meanwhile, the sequential calculation is con-
tinuing as described in the previous section. When the point is
reached where y; is needed, say in the solution of Equation g8, 1t
may be read from the card at the second resd into the storage space
of the calculator. It is still kept in card storage by gang punche
ing as usual. A number is removed from card storage by punching a
new value from the ﬁachina into its space. A total of 6L columns

on the cards or space for eight eight~digit numbers is devoted to



card storage as shown on the card diagram in Figure 2. The coding
("12" punches) on a given card determines whether a number in card
storage is read into the machine and whether a new number is punched
into card storage. |

This description has only outlined the principles and use
of card storage. The actual details are considerably more complicated
(Appendix III) due principally to the fact that the Type 604 used did
not have sufficient selector relays to permit each eight~digit group
in card storage toc bes handled independently.

D. Card layout and further remarks on sequential calculations

Some of the procedures described in the previous two sec-
‘tions may be made moie conorete by referring to the card layout
diagram in Pigure 2. The code punches already referred to in these
sections and in Table 1I, are placed in columns 1 through 15. As
shomn in Figure 2 the digit zone of the first eight columns is
divided into spaces for a number to identify the problem being worked
(columns 1=2), a rnumber to identify the card in a deck (columns 3=
6), ard a sort number (columns 7=8). Columns 17 to 80 are used for
card storage space as described in the previous section. Columnsg
9 to 16 are used for values required for the solution of a problem
which are not to be stored, i.e., not to be gang punched from card
te card. Such values, referred to as card factors, are entered in
the appropriate cards of a deck prior to passing the deck through

the calculator. Examples of such values are the terms A, B, C, and
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D of Equation 56 in the illustrative example of Section III-B.

In a long problem it is probable ﬁhat the number of
intermediate values desired in subsequent calculations ﬁll exceed
the eight which may be stored in card storage. In such a case the
procedure is to punch these values as they are obtained on the
Type €Oi. Ho attempt is made to store them until required, i.e.,
additional values are punched into the card storage space as cale
culated. When the calculation has proceeded as far as possible,
or until one of the intermediate values being discussed 18 iequirad,
the deck is removed from the Type 60L. This deck is run through
the Sorter (Section II-C) and cards containing desired values are
selected according to the number in columns 7 and 8 (see Figure 2).
These cards are passed through the Reproducing Punch and the values
transferred to columns 9 to 16 of a deck of cards already coded for
the next calculation. The calculation on the Type 6OL is now re-
sumed.
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The Application of Computing Techniques to the
Calculation of Thermodynamic Properties of Hydrocarbon Systems

A. Nature of problems selected for solution

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 and the Benaedict equation of state.
For the initial work in developing digital calculation techniques
the analysis of a three-component system in the two~phase region
was chosen as repregentative of a reascnable degree of computational
complexity. Specifically, it was decided to solve for composition,
molal volume, enthalpy and entrdpy of the coexisting phases in a
ternary system, given the temperature, pressure and the composition
of one component in one phase. This calculstion involves the simule

taneous solutions of the equsations

BT Yy woren) = BT 6 v s p)

=
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for the coamposition and molal volumes of the phases followed by
calculation of enthalpy and entropy. The pressure and fugacity
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functions are given by Equations 15 and 55 where the parameters

are functions of composition as given by Equations LS to 52.

Actual calculations were limited to this type problem and to solution
of binary two-phase systems. However, it is thought that the tech-
niques developed are directly applicable to aolut.ion of other prob-
lems differing in number of components or in the nature of thn

restraints imposed.

B. Outline of prochure for calculation of composition of coexisting

Ehaasc

Before discussing some of the details involved in the
separate steps of the procedure it seems advisable to oixtlim the
entire algebraic solution of the composition of coexisting phases.
The steps involved are as follows:

1. Trial values of composition of each phase are obtained.
The parameters in the expressions for the pressure and
fugacities, Equations 15 and 55, are calculated for each
phase from Equations LS to 52.

2. The value of molal volume is calculated for each phase
by a trial and error solution of Equation 15 using the
parameters caloulated in step (1) aboﬁ and the values
of tempsrature and pressure given for the problem.

3. Using the values of the parmter§ from step (1) and the
molal volumes from step (2), the fugacity of each com=
ponent in each phase is caloulated from Equation 55.
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li. On the basis of results obtained in step (3) new values
of the composition of each phase are obtained and steps
(1) to (3) repeated.

5. The trial and calculated values of compositions from
two successive iterative calculations of compositions
are correlated and the composition extrapolated to the
convergence of trial and calculated values. If the
extrapolated values are not too far removed from the
last values calculated in étep (L), they are accepted
as final. Otherwise, steps (1) to (L) are repeated.

6. Using the values of camposition obtained in step (5),
stepa (1) and (2) are repeated to obtain the final
values of the dew=point and bubble-~point molal volumes
and then the entropy and enthalpy calculated from
Equations 53 and 54 respectively.

C. Calculation of parameter values

Thevvalues of the parsmeters in Equations 15, 53, 5L, and

55 for mixtures are given by the equations (Section I-D):

A= 7B, (LsA)

(]

Ao a [2; 7 4%]2 (46)

G- [ ()
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s-[F a8 )
a-[5 nall (L9)
c- [5 mel] _ (50)
7= [5 k] | (1)

a- [5 nl] (52)

In addition, the various coeffigcient termé of Bquation 55 for the
fugaocity of each ccmponent must be evaluated. Values of the parasie
eters for the pure conpohmtc were taken from Benedict et al (10).
These values were converted to English units and the roots required . _
in the calculations of Equations L5 to 52 are tabulated in Table VII.
8ince the composition of the coexisting phases is calculated by

trial and error, first approximations of these values are required.
For this purpose it was decided to use two nomograms given by

Hadden (6) for the "idesl equilibrium vaporization constant, because
they were convenient to use and covered a wide range of temperatures
ard pressures. When caloulating several ternary mixtures at the

same pressure and temperature it is generally better to use K values
resulting from one of these calculations. The value of the composition
of one caomponent, defined as component 1, in the liquid phase ia given
as a condition of the problem as mentioned in Seoction IV-A. The



remaining compositions are calculated using the above-mentioned

values of'xk in the equations

X, = 1=K # X (K,-K,) (59)
K,- K,

Xj = /-X, =X, (w)

)// = K/ X | (61)

Yz = /(z Xz (62)

ys = Ksx, ha)

The values of the parameters listed above can now be caloulated
from Equations LS5 to 52. This 1s done in a sequential caloulation
of the typs described in 8ection III-B.

| For details of the calculations the reader is referred to
Table III. This table contains a description of each card used in
the sequential calculation together with an expression of the status
of the calculation at the end of the corresponding calculate cycle
in the IBM Calculating Punch, Type éoh.' The information listed con-
siste in the card number, a sort number and such numerical terms as
are common to all problems. The positioning of these various nume
bers on a card are shown in the card diagram of Figure 2. Values
which change with the problem such as compositions in the present
cage are entered in card storage space (Section III-C).



The deck for the calculation of all the parameters in the
pressure and fugacity equations for a ternary mixture consists of
112 cards for each phase. The calculation is started by key punche
ing the trial values of Y35 Yp» ¥y in ocolumns 17 to 4O of a card
and placing it at the beginning of the deck for vapor phase param-
sters (cards 2001 to 2140 in Table III), and doing likewise for the
1liquid phase (cards 3001 to 31L0). The cards are thon passed through
the Type 60 using the general purpose control panels. Each ternary
mxture requires a different deck wibh may be px;epared by a procedure
described in Appendix IV. As the decks proceed through the Type &L
the values of all the desired parameters are caloulated and punched
in cards designated by preassigned sort numbers. The cards containe
ing these values are separated {rom the others and arranged in a
desired order by the Borter, Wlish sslects the cards soerding &
the sort number in columms 7 and 8. The barmtors are now availe
able for the caloulation of tho molal volume of each phase and of
the fugacit.iea of each ccmponent in each phau.

D. 8olution of Benedict equation of state for the molal volume

In caloulations with the Benedict equations it is more gon-
venient to use the molal density™ in place of volume, When this

W W R G G Gu P an o 8

* Actually, this quantity is not a density in the English units used
in this paper. It is & weight rather than a mass per unit volume.
However, it is convenient to use the term "density" and it is
believed that such usage will not lead to any ambiguity in the
present instance.
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substitution is made, Equation (15) becomes

P RTd + [BRT-A- & |o° + [4FT-a] 4’ |
7e ,
2 (84)
+gp(q/6 +£j3(/+ a’a’)exp (—ra/")
7-2

which is the form in which the equation is written by Benedict et al
(9). The calculation of molal density, given pressure, temperature,
and composition from this equation invoives a trial and error solution.
¥hen a trial value of the density is selscted, the calculation of
pressure may be done by the sequential calculation procedure described
in Section III-B. FPor this purpose Equation & is written

p{//;f (0 esplad V4 oxd ~ o +4RT i + BRT-A.- ?z; /4* /?7/4 (65)

A trial and error procedure for the calculation of the
density was evolved from a consideration of the form of the & va P
isotherms as caloulated from this equation. A series of such igo-
therms for a methane~propane mixture of invariant composition are
presented in Figure l. For calculation of dew-point density two
trial values of the density are calculated by letting 2 = 0.7 and
2 = 0.7/1.8 = 0.389 in the equation

——

ZRT
Experience showed these values of Z to be about optimum over a

d- _P (66)

wide range of conditionas. The pressure is calculated for each of
these densities by Equation 65 and a new trial value of density
calculated from the interpolation formula



dy=d,, + /a/n— a/nz)/p A,) | (67)

The pressure is again caloulated using the new value of density and
the interpclation repeated. It was found from experience that a
total of four calculations of pressure was sufficient to obtain an
accurate value of the density. The entire procedure is done in a
single pass of the Type 604 calculator by making use of card
storage (Section III-C) %o hold values of temperature and density
and the variocus terms required for the interpolation.

The calculation of bubble-point density differs slightly
from that of the dew=point density. Briefly, the procedure consists
in making one trial guess of the bubble-point density and a guess
of the value s = ( dd « The pressure is calculated from
Equation 65 and a new trial value of the density calculated by the
interpolation formila

a/zza{+ 5/,0—/—'{/ (68)

This process is repeated to obtain a third trial value of density.

Then two additional iterations are made using an interpolation of the
form of Equation 67. As with the dew-point density a total of four ite
erations was found to give & sufficiently accurate value of the bubble=
point density in all caloulations made. The first trial value of the
density may be obtained by taking the weighted average of the bﬁbble-
point densities of the pure components at the given temperature. For
components whose oritical temperature is below the temperature of the
mixture, values of bubble-point denaity extrapolated from below the



oritical gave satisfactory results. The first value of 8 used was
- estimated from experience. When this procedure is repeated for
new values of the composition (Section IV-B) the values of density
and 8 caloulated from the final iteration of the previous calculae
tion are used as the firet trial values. This fact makes the
accurasy of the original selections less critical.

The evalustion of the exponential term exp( 7o/ ) re-
Quired in the course of each calculation of pressure has not yet
been explained, The calculation of this term is done by a sequential
process on the Type 604 using about twenty cards which are part of
the deck for the solution of the entire equation. The mechanics of
the calculation involve progressive multiplications of values o”5'°,
o‘a‘s, e"l°2s, seebnp 0'0'00007629, suppressing those which are not
required to sum to the given valus of 7 d2. The first value e‘s'o,
is used because it raa_decided from physical considerations that the
value of 7 d° would always be less than 10, The actual calculator
operations to effect this calculation occur in programs 6 to 11 and
1 to 22 (Table I) of the calculate cycle. The calculation is
described in more detail in Appendix III. The exponential operation
is performed by the calculator when code punches in columms 3, 6,
and 7 ocour on a card (Table II).

A deck of cards required for the sequential calculation
of pressure for a given density and temperature would consist of
cards nuzbered 0002 to 0062 of Table IV. The entire iterative cal=
culation to obtain the density of both phases is done on cards 0002
to 0564, This table lists the cards required to carry the calculation



as far as the new trial values of compositions (steps 2 to L in
Section IV-B). It will be noted that there are two decks listed
in Table IV. The larger of these two decks (B deck) is made up
of cards which remain the same for all problems. The other (A
deck) is made of cards which are to contain values of the param-
eters which, of course, change with each problem. The values of
the parameters are calculated and arranged as described in the
previous section. The sort numbers on which they were arranged
were 8o chosen to put the values in the proper order for the den=
sity and fugacity calculations. The naext step in the calculation
is to transfer these values of the parameters to columns 9 to 16
in the cards of A deck for the dena;ty and fugacity calculations.
The Reproducing Punch is used for this operation. The cards of A
and B decks are then merged or arranged in a single deck by the
Collator according to the card number in columns 3 to 6. The deck.
thus obtained is ready for sequential calculation in the Type 60L.
Values of the pressure and temperature and a trial value of the
bubble~point density are key punched in the card storage space of
a lead card.

E. Calculation of fugacities and values of composition

The calculation of the fugacities of each component is
made on the Type 604 calculator using cards numbered 0565 to 1045 of
the deck described in the previous section and listed in Table IV.
For the purpose of this calculation Equation 55 is written
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The values of the bubble-point and dew~point densi ties are calculated
as dencribad in the previous section and are held in card storage for
the sequential calculation of fugacities.
Bince it is a necessary condition of equilibrium that the
fugacity of each camponent in all phases be equal the eqnilibfimn
constant should be cbtained by the equation

K, = L WEY (70)
Xk )/k .
If the values of the composition used to calculate the parmetora

had been correct salutions of the problem, this wuld be so. 8ince
this i8 not generally the case, the valuee of K calculated from
Equation 70 may only be considered corrected values of the original
approximations. New trial values of composition are calculated from
these X values using Equation 59 to 63. This calculation is made by
means of cards 1046 to 1064 (Table IV) of the éame deck used for the
density and fugacity calculations. Cards numbered 1061 and 1064 have
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new valges of the liguid and vapor phase compositions punched so-
that these cards mnay be placed ab the front of the paraweter cale-
culasion decks {Section I¥=C) and the entire calculation repeated
as descrived.

In general, satisfactory convergence of the composition
values or K values is obtained in two ér three iterations. The
number of iterations is found to vary depending on the agreeuent
of the original trial K values with the correct sbiution and the
proxisity of the temperature, pressure, and composition conditions
to the critical state of the system{ Regarding the_latter point,
the compesition values for mixtures near the critical point were
foﬁrd tc converge relatively slowly to thg correct solution. Howe
ever, in all cases calculated there has Leen definite convergences
The rate ci this cohvergence may ve seen from avtabulation cf the
values of K and of composition calculated in each iteration of a
itypical problex given in Table VIII. In order to hasten convergence
it was found practical %o correlate linearly two seits of K values
ug=d as approximations with the corresponding K values calculated

/
and extrapolate te the point where these are egual. Takimn the
wwrial and the calculated XK values irom two succéssive iterations of
.the type descrived in Sections IVl to IV=E and resembering that the

set ol X values calculaled in the {irst iteration is used as the

oo

rial seu

o

a the second, we obtain as the extrapolation equation

K a"kn-u
Knea = an (—'2'*_’——
/('”3 = Knwi = Ky

P - kﬂ-f-z“ "7 (71)
A/l'l-nﬁ-l 'Kn ' )
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Kn and xml represent trial and calculated values respectively in

the first lteration and K,y and K, o, the corresponding values in
the second iteration. This calculation is made for each of .the three
components of the mixture on the Type 604 by a sequential calculation
using the deck of 67 cards listed in Table V. The cards containing
the eippropria’c.e K values for solution of Equation 71 are selscted
from the decks of the campleted fugacity calculations and the K
values reproduced on the cards of the A deck of Table V. The com-
position corresponding to the extrapolated K values are calculated
from Equations 59 to 63 as part of the sequential calculation of

this deck.

These values 'may elther be accepted as final or used as
trial values in further iterations of the type described in Section IV~C
to IV-E. This decision is made at the discretion of the operator on
the basis of the agreement between the K values obtained by the above
extrapolation and those obtained from the last fugacity calculation.
In mogt problems this agreement is sufficiently close after two
fugacity caloulations to permit acceptance of the extrapolated K
values and corresponding composition values as final. In cases of
mixtures near the critical state, two additional trial and error cale

culations are required to give satisfactory convergence.

Fe Galculation_a of entropy and enthalgx

When the final values of compogition are obtained as dee
scribed in the previous section, completion of the problem (S.ection IV-_
A) requires calculation of the entropy and enthalpy of both phases. |



The first requirement is to calculate the parameters in the equation
for entropy and enthalpy using the final values of the composition.
These parameters are the same as those in the pressure equation and
are calculated using the deck listed in Table III and the procedure
‘described in Section IV-C. Since Equations 53 and 54 for entropy
and enthalpy respectively are in terms of the density, the density
of each phase is calculated using these parameters in the procedure
described in IV-D. This is a questionable refinement over taking
the density values calculated in the final iteration of the composi-
tion calculation. The density, and the entropy and enthalpy functions
for both phases are calculated using a single deck of cards listed
in Table VI. For the purpose of the sequential calculation Equation
53 for entropy is rewritten |

S - Z ”k[5 ~/\7/r7/alf7- )] [/zc /- eyplra?)

Rad (72)
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and Equation S4 for enthalpy rewritten
f1- Z ﬂé [( [j nu/rq’) 55 ;d)+fc/e,/p[,f/}/( |
73
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The right hand sides of these equations are evaluated by a sequential
calculation in the Type 60L. The remaining terms are calculated on
a desk calculator using the given value of temperature and caloulated
values of the composition and demsities. Values of B; and 8'; for
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sach component were obtained by integration of C;k and c; values

obtained from tabulations of Souders et al (12). The datum vd ues
for entropy were obtained from Selected Values of Properties of

Hydrocarbons (11).

G. Outline of machine operations

The principal work involved in preparations to solve a
. particular equation by a sequential calculation on the Electronic
Caloulating Punch, Type 604, is that of preparing decks of cards
of the type shown in Tables III to VI, and discussed in the previous
sections. The coding of the cards is described in Section III-B
and Appendix IIX. Testing of & deck is done by comparing sclutions
obtained on a desk calculator with the solutions obtained by the
Type &OL. Once these decks are prepared and tested the machine
operations are quite routine. The sequence of machine operations
required for the complete solution of an individual problem of the
type discussed is diagrammed in Figure L.

As Figure L indicates, the initial step in the procedure
is to pass the parameter calculation deck for each phase through
the Type 604 using the general purpose control panels. Except for
two lead cards containing the key-punched trial values of composition
the cards are obtained from files. The calculated decks are then
run through the Sorter and arranged in order of the value punched in
columns 7 and 8. The parameter values on these cards are transferred
to the A deck listed in Table IV by passing them both through the
Reproducing Punch using an appropriately wired control panel. The A
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and B decks listed in Table IV are placed in the Collator and merged
in a single deck arranged in order of the card number punched in
columns 3 to 6. A card containing values of the temperature and
pressure and a trial value of the density is placed at the head of
this deck and the deck introduced to the Type 60L4. During this
pass of the 60k, the density of each phase, fugacity of each com=
ponent in each phase, K vdl ues, and new epproximations of composition
are caloulated. If another iteration is to be performed, cards 106l
and 1061 of the caloulated deck are put at the head of the parameter
decks and the calculation repsated exactly as above. Card numbered
0281 from the calculated deck of the previous iteration is used as
the lead card for the density-fugacity calculation deck for the
second and subsequent iterations. Values of the composition obtained
in each iteration may be sight read amd recorded so that the operator
may obgerve the praximity of composition values to convergence. The
calculation of final composition values by the extrapolation described
in S8ection IV~E is performed in a similar way using the deck listed
in Table V. The same applies to calculabtion of entropy and enthalpy
functions.

The varicus decks whioh are passed through the Type 60l are
simul taneously being reproduced (first 16 columns) on the Reproducing
Punch. This is necessary since every calculation results in the card
storage space being punched with values unique to that calculation,

A completed deck is therefore thrown away after the few cards con-
.taining certain required values are selected.
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In actual practice about one half hour was required to
complete an iteration, 1.e., calculation of new approximations of
composition values from trial values. An average problem required
about one and one~half hours to completas.

He Recording of results

When the final calculations on a particular hydrocarbon
system have been completed it is, of course, desirable to record
the results in printed form. This is accomplished by a routine
punched card procedure. The values of the reguired properties are
punched in designated cards dispersed throughout a completed sequens
tial calculation deck. The particular cards deeired are selected
from the final calculation decks (cards numbered 5001 to 5083 of
Table V and 6002 to 6777 of Table VI), and simultaneously inserted
in the proper position in a "listing" deck. The latter consists of
cards containing alphabetic descriptions of results interspersed
with cards containing numerical values. The operation of selecting
the proper carde and inserting them in the listing deck is performed
on the Collator. The listing deck is now run through the Tabulator
and the values of the equilibrium constants, composition, molal den-
sities, and the pressure correction terms for the entropy and enthalpy
of each phase are properly titled and recorded. The form in which
this information is obtained is shown in Table VIII.



v
Results of Calculations

A. Methane-ethylene-sthane system

The methane-ethylene-ethane system was selected for the
purpose of making the calculations incident to development of the
computing techniques discussed in the previous sections. This
system is one that met the requirements that the parameters in the
Benedict equation for each of the components were available (9,2L)
and that experimental data had béon published (29). Calculations
of the composition, molal volume, entropy and enthalpy of each phase
were made for this s}sm at several states by the procedures de~
scribed in Section IV-C to IV~F., For the sake of comparison, some
of these calculations were made at the same state, 1.e., same pres-
sure, temperature, and liquid phase concentration of ethane, as some
of the experimental measurements of Guter et al (29). A tabulation
of the caloulated and experimental values of the equilibrium cone
stant is presented in Tsble IX. The composition and the molal volime,
entropy and enthalpy of each phase are tabulated in Table X. Alsc
included are the results of calculations for the methane-ethylenew
ethane system at 70° F and 734.8 1b. per sq. inch absolute (50 atm.),
for which no experimental information is available. Ternary phase
diagrans for this system at the four states calculated are given in
Figures S to 8.

The large discrepancy between calculated and experimental
results is not surprising since FVT data which adegquately covered
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this range of conditions were not available for the determination
of the numerical values of the parassters used. That the results
improve markedly with increase in tewperature is further desonstrae

tion of this,.

B. dethane=-propane systei

In addition to the calculations on the methane=ethylenew
ethane systes discussed above, a few states were calculated for the
methane-=propane systeme The states were chosen so as to ovitain a
couparison of results with data of this laboratcry (30). In these
calculations a binary wixture was treated as a ternary with the cou=
position of the third corponent set equal to zero. In this way the
identical sets of cards used in ternary mnixture calculstions could
be used for the binary. Actually this is wasteful of cards and
machine time and if the demand warrants it, a special set of cards
should be prepared Ior the calculation of binary sixtures. ,A tab=
ulation of calculated and experimental values oi the equilibrium
constants is given in Table XI. Calculated values ol the compoei-.
tion, molal volume, entropy, and enthalpy of coexistipg phases at
LO®F. and 190°F. are tabulated in Tacle XII. A comparison of cale
culated and experizental values of cauposition is shown graphically
in Figure 9. 1In general the agieement is wituin the experiiental
error.

It is to be expected that the use of the Lorentz come

bination for the calculation of the parameter By (Equation 45B)



when making the i‘inai calculation of the molel voluues would give
more .accurézte predictions of these properties. This wes found to
be the case in the calculstions of Benedict et al (10)s The pres=-
ent card deck use;i in calculations oi ﬁhe paraceters (Tavle III)
could be easily sodified to include calculation of Bo by the Lorentz

combinatione



Conclusions

The results of the present work may be sumariged as

followss

1.

2.

3.

L.

Techniques have been developed which facilitate the solution

of complex polynomials in a single operation ofl the IBM

Blectronic Calculating Punch, Type 60L.

These teohniques have been applied to the solution of the
relationships of Benedict et al (9,10) for the composition
and thermodynamic properties of coexisting phases in light
hydrocarbon systess. |

A punched card machine procedure for the sclution of the

- eomposi tion, molal volume, entropy, and enthalpy of coexiste

ing phases in ternary mixtures has been evolved. A caloula-

~ tion time of one and one half hours was found fram experi-

ente to be reasonable for an average problem. It is esti~-
lﬁ.a’d that the same oglcula‘bion performed on a desk calculator
would require about 4O hours of work.

The procedures developed were applied to the calculation of
several states in the methane-ethylene~ethane and methanee
propane systens. Whore possible, these calculations have
been compared with experimental data. The agreement is good
except in thoss regions not covered in the original develop-

ment of the equations of state for the pure components.
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NMomenclature

Iscbaric heat capacity at constant composition for a system,
B.t.u. per lb.-molecular wt. per °R

Isochoric heat capacity at constant camposition for a system,
Betsu. per lb.=molecular wt. per °R

Refers to weight per unit volume, termed density in this paper,
lb.~molecular wt. per cu. ft.

Internal energy, molal internal energy, B.t.u. per lb.-molecu=
lar wt.

Fugacity, 1lb. per sq. in.

Free anergy, molal free energy, B.t.u. per lb.-molecular wt.
Enthalpy, molal enthalpy, B.t.u. per lb.=molecular wt.
Equilibrium constant) K = y/x

Weight o; systen, lb.e-molecular wi.

Nole fraction

Number of components in a mixture

Pressure, lbs. per sq. in. absolute

Molal gas constant

8lope of d v8 P isotherm = (j‘%.fi )T,n

Entropy, molal entropy, Bet.u. psr lb.-molecular wt. per °R
Temperature, °R

Volume, molal volume, cu. ft. per lb.-molecular wt.

Totel volume, cu. ft.

Mole fraction referring to liquid phase

Mole fraction referring to vapor phase

Compreasibility factor; Z = PV/RT

Chemical potential, B.t.u. per lb.-molecular wt.
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Co _
a Parameters in Benedict equation
o
Subsoripts
Refers to bubble-point conditions
Raferq to dew-point conditions
Refers to the ith component of a mixture
Refera to the jth component of a mixture
Refers to the kth component of a mixture
Indicates that the moles of all components except component
k are held constant
n Indicatea that the composition of the system is held constant
R Refers to the Nth component of a mixture

o Indicates state at datum temperature

Superscripts
% Refers to condition at infinite attemation
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TABLE I (Continued)
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TABLE 11

Summary of Code Punch Functions for
General Pyrpose Control Panels

Calculate Section

Code Punch

in

Column Function Programs®
3P ¢®x 10 2 = Ly 12 = 13
2 ¢ x 107¢ " "
3 Multiplication (C x A®) v 1, - 22
L Clear counter, insert B® 24 - 25
5 Division (C + B) 26 - 35
6 Addition (C + A) ' 36
7 Subtraction (C = A) 36
8 Factor selection® -

3-o-5e (CxA) + B

23¢e Table I
bIn columns 12 and 15, code punch is an X; in all others a 12.
CA represents number in Factor Storage 1-2

B represents number in Factor Storage 3=l _

C represents number in Counter at start of calculate cycle

de.g., in each function indicated, B wlll be substituted for A or
vice versa wen a code punch in column eight is added.

SPor explanation of combinations see Appendix III.



TABLE TI. (continued)

Calculate Sectlion

Code Punch
Coizmn Function Programs
34 6 (CxA) +B |
L+5 B+C
S+ 6 ' (C+B)+4A
6+17 Transfer from General Storage 3 = L 1
_ to Factor Storage 1 - 2
1+2+3 hecumilative miltiplication® Uy = 23
3+L+5 B (CxA)
3+L+6 2xB
34546  [(CxA): B]+B
3+45+8 (CxB)+ 4
346+17 Exponential operation® 8 - 13
3+6+8 (CxB) +4
L+5+6 (B+C)+4A
S+6+ 8 (C+4)+B

3+L4L+6+8 2x4
3+5+64+8 [(CxB)-a]l +4

'fArw addition is changed to subtraction by substitubtion of a
code punch in column 7 for one in 6.



TABLE II. (continued)

Punch Section

Code Punch
in v
Column _ Function
12 Factor Storage 3=l read in from columns 9 to 16
9+ 12 " n " noon o " 25 %o 32
9 +10+ 12 " " noom nooow ] to LB
9+ 11+ 12 " " "" LI "‘ n 57 to 6l
9+10+ 11412 " moooomoomoowowmm 73 40 80
13 Punch number from (General Storage 3=i

(i.€., rounded Counter number) oy o colowwmt [z-2y

15 Factor Storage 1=2 read in from columns 9 to 16



Table III.

Details of Punched Cards Used for Sequential
Calculation of Parameters in the Benedict Lkquation



FORM NO. 103

1-50

AA-RN-RA

Co., Oakland 6, California

susTAyre (¢ ‘eueyjem (g ‘eueyse (T $JI0J SJe POISTL SenTeA %

Sales

(ee-Stan Register

$ I— Printed by Sunset McK tandard R

e o o

@

2 A/T 00000007 2T SvyeeT 080¢
tx 002T07ST o4 ST 5T TT OT 6 y LT02 @

Tk + LK T

A+ Ty OvLETY LT T, ST €27 SERAR

e 08v9TveT It 0s ST 2T 1T 0T 6 e STO2
3 T% eT I3 6 v r102 @
7 (2 006090917 %9 e¢ €T 27 8 S ¢ £T0E

2 2

] g, (P2°)E 8ee2c6L0 0 ST ¢°7T g = 2702
9 e, (g€ 07y826S58T ,° g1 €T 2T 8 S ¢ TT02 @
of 0000000¢ I 8 ¢ oaom'
8 ° 0000000T €T 2T S ¢ Looez

)

o 5 9002z @
&9 L9 moom.
¢ 0 cT TT 68 €8T Y002
& 8CC2E6L0 % ST A 0T 68 y¢eT €002 @

RT 006095091 5 ST g v e €008
1 7 - . ‘

g0 0y826S8T 00 ST T 0T 68 e T00¢2

XIANT AEIER! ELNRE Wag3Lr  ON SNWNT00 NI ON

HONNd H431NNOD HOLOVA GYVDI  1¥OS SIHONNd 3009 ay¥yo

T -
zn O - €€ STANTVA WHIANVHYI IIT 39gvyL
oC =19
€2 1z - 1T a0 avat

e e o o o



FORM NO. 10:

1-50

$ —I!rinted by Sunset Mcl(ee»!tano‘ard Register Sales Co., Oakland 6, Catifornia AA-RN-RA

@
N?E ¢ o0vo0¢e
., () L9 L0z @
. (o) €eT wmom.
ts 68LTcL82 (Cqu) ST 2% TF 6 % Scoeg
1
.“\Amnﬁg +(Ta)e  228280£7T¢ (Ta) 0¢ ST ¢ceT v¢02 @
d & 7
L TE6YYOTE (am) 67 ST o A v 6 7 c mmom.
2k 0% gT  OT 6 ¥ BEGE
L (£ /E£)02 008T0¥sT £, T& ST €71 S ¢ Tcoz @
(£ /% 2)02 08%9T¥78T 2 cT 27 8 § ¢ omow.
( A
" ET Leoe
L £/feyoe  0YLETYLT T ST 5 & 9202 @
0000000G . T mmom‘
[0 TT | eT 0T 68 ¢ Peog
©2/T g1 8 ¥ £20e @
A 000000T0 cT 27T Sve mmom'
7% 4/1 4 L9 T20¢g
N1 WE I AN TYA Ng3IL ~ ON TSNWMT09 W1 ON @
Nd Y43 LNMNOD HOLOVA QYYD L¥HOS SIHONNd 3000 R
SENTYA SHAIAN UV IIT 379Vl O
o
’.

&

3
./



103

FORM NO.

1-50

Co., Oakland 6, California Aa-RN-RA

Printed by Sunset McKee-Standard Register Sales

@

e o o

@
eGeT 000000ST ST ) ¢ 0902
9 ® £T 3 LS50z @
® ¢ 9602
% ®
o ® L9 SG0¢2
g ® 2T TT 68 €2T vS02 @
]
Ze 0SL90%% T Qe T g% 0T 68 ¥ce1 £50¢8
% g @
m\mm 00L620S¢2 mmm v G ST 8 ye 2992
t 7 e
¢ Te 068¢¥%SL2 Te Sv ST T 0T 68 ¥ TG02 @
( ]
€ . 68LTcL8e (€ cT ST 8 G ¢ 0S0¢2
L o, (F)us T n\\ﬁ ay) ©
8 (Caz)¥s T €T Lvoe
: 9r0c @
" °o¢ mvom.
wANnmpvmm.H T€6y»0T2 m\amév ST § g y 08
f mﬁnmemm.a 22820cT¢ (Tqu) ST cT 8T 8 S ¢ T ¢v0c @
4 ,
: qus° T 000000ST ST 8 ¢ mvom‘
9 ay L 2 Troe
XIANT g 31 INTYA Ny 31 0N SNANTO0O NI ON @
HONNd H3ILNNOD HOLOVL QYYD Lyo0s SIHONNG 3009 a4vy9
SANTYA WIIARVHY IIT3779V 1 @)
®
@
® ® s _



FORM NO. 103

® o o
1-50

la AA-RN-RA

egister Sales Co., Oakland 6, Californi

. l N I— Printed by blunset MCKee—!tand;J'd R

[

L (Geem9vo £ o
M LLOZ @
- @>9m0
o (Eem)x9°0 00000082 g7 S SLog
,«Ammmavxm.ﬁ €T. 1T OL 68 ¢ yL02 @
» 0000000T B S ¢ T m»om.
£ < gLoe "
“” L9 TL0Z @
% ST 0LOZ _
g )
€r 069LT060 %u ST 2T TT OT &6 2 L9002
(]
mxmhwmxd.. 0L88000T n\ﬁa ST 2T 9902 @
() (
LYs 080T0080 eax ¢S ST 2T TT OT 6 v m@omO
(4
o vy cT TT 6 b4 y90¢
1 &?%mé 00L620528 = S¢ cT 27T 8 & ¢ 902 @
L J a
5 g%ﬁﬁmﬁ 0sL90%y T (e o &% S ¢ mmom.
9  (Tee)5°T 068¢c¥sLe le v T cT 2T 8 G ¢ T T90¢
7 ?
XIaN1 wg 31 AN TVA I RSEC I ON SNANTO0OOI NI ON @
HONNd H3ILNNOOD HO0LOVA Q¥UVYD LY¥0S SAHOINNd 300D ayvo
STENTYA YHIAHVHEVL III3lgyv.l O
-
@
L ® e .



103

FORM NO

1-50

AA-RN-RA

$ || Printed by 5|unset N1ci<ee-!tandard Register Sales Co., Oakland 6, California

e o o

@
L ,(¢027)®9°0  080T0080 g7 €T . BT 8 00T?
8 (T02¥)®9°0  0L88000T 7 ST S % L6022 @
u 0000000T T 960¢
@
m T S6068%
¢, ¥ 9°0 ¢T 7 0T 68 y602 @
. ? 9°0 00000090 &5 8 c60¢
% @
g > 0000000% v c cT &7 260¢
X 7°0 1602 @
L (Te_2)% 970 cT 0602 _
8 ( B
u L80¢8
u 9802 @
n T §80¢
- O
M\Armmavic.o ¢ b cT 6 8 780¢
!
Y10 2% TT 0T & £802 @
1P . 28
4 m\,AwNmVJ\co cs £t 2% TT 6 om.
m\_ﬁwmwmv&nmmmﬁ& 6°0 ST 1T 68 T80¢
X4U0ONT Wg 31 I TV A Ndd1 ON SNANTO0OO NI ON ®
HONNd H3LNNOD ¥01lOoVd QYYD L¥0s S3IHONNd 3009 ayvo
SANTYA ¥AIANYYY III 379V L ®
: ®
..
@ ® o .



AA-RN-RA 1-50 FORM NO. 103

Printed by Sunset McKee-Standard Register Sales Co., Oakland 6, California

o o o

o

®  ©
{

) 9 0000000T €T 2T ' 02T ¢
.0 L9 L1T2 @
%0 &T.TT. 0T 68 €CET @Hﬁm01
oD mmuamoaoﬁwoo ¥ &% IF 68 y¢eT STTE
LF°n 0L8S00%0 N\_moo SS ST 8 v e y17¢ @
g 9LL28970 o 9v ST g% TT 68 ¥ MHHNO
3 gy + %y 8L6LS600 €9 LS cT 2T 9 ¥ £TTEe.
9 Ogy + % 9¢82¢L00 gy 9T ¢cT 27T 9 ¥ TTTIC @
] Pag+°%uy 8266L0T0 Tog cT <¢71 8 9 oim.
8 gy T L9 LOTE
gy c2T 90T @
3 8L6LG600 toq ST 2T TT 6 ¥ mOHmO
POques + gyl ©8866L0T0 Togy ST kT T
£ 9¢82¢.00 gy TS 67T 2F LT 6 ve c0Tc @
2k ey g 0T 6 ¥ moﬁm.
9 < (fPy P90 069LT060 E0 €€ ST ¢1 ¢ Tete .
XIaNT Wy 31 ANTYA Wg 31 ON SNANT0D NI ON @

HONNd HY3LINNOD HO0LOVI GHYYDI LHOS SIHONNd 3000 aYvo
SENTVA A IFRYHYD I:37evi ®
°
@
" ® ..



FORM NO. 103

=50

1-

AA-RN-RA

tandard Register Sales Co., Oakland 6, California

ee->tand

t McK

Sunse

Printed by

$

e o o

@
9¢ OVTLZ
LY LETC @
€0,,0 00S0c2T T €0 ac ¢ T 2T 8 > ¢ T @
T 2, (F°VV)2 o5V P
o 0 o 'y S ¢ S¢Te
2 .&AN<O<VN V4 vm@mwO nNd. m,H g .
¢ (Tovy)z 00000006 LT ST ¢7T 8 S 7T @
2
TOwO 0£GL2SCT Toy 2L g S < cCrle
wﬁ<<v Y, @
p oy cT g Z¢le
oy L9 TETC@®
2,
oy gL 6 8 2L OCEtLe
N\, . .
20y Y0P 69¢80 @« S T 2T 1L OT 68 PEe L LEZT2
u\. (]
€oy 00G0€C<2TT €% LS ST 8 Ve 92712 @
Y 7
oy 0€SLESeT Toy 8 v ST T 1T OTF 68 4z SeT e
EZ 7 @
¢ (£°5%9)2 0LB8S00% 0 €0 6 ¢ cT ST o 8 S ¢ PETE
y 1
00 2¢LT99TO0O 2o GT ¢T ) <9 ¢ ccTc @
Lt &m 0%0)2 m\_o ®
g (T°9°9)z 0000000S 8T &% £ I 8 S mmﬁmﬂ
%
0n0 9,LL89%0 10 2T 8 S < Tetle
7, £90%) %0
X3IANI We3 L ANTVYA Wy 3L 0N SNANT02 NI ON @
HONNd 83LNNOD H0LOV4 QYYD LY¥0S SIHONND 300D ayva
STNTYVA MAIAFVEVI IIT 3°9gvVvl @
®
@
& o



FORM NO. 10

1-50

% I- Printed by Sunset Mcl\’ee—!tandard Register Sales Co., Oakland 6, California AA-RN-RA

®

0000000T &T SYeeT
002TO0%¥ST ST 2T TT OT 6 % LTS @
OV LETY LT ST ceT

08%9T¥2T 8 ST 2T TT OT 6 ve
69 2T IT 6 ¥ yT0¢ @

0060909T | 09 cT 2T 8 S <

8CE2E6LO ST €71 S ¢
0¥826S8T 2 cT eI 8 S ¢ TTIOL @

0000000¢ T 8 ¢

0000000T cT T S ¢
¢ 900 @

L9
ONT2 01 T00Z STHVD 0% EE .00 68 ceT

TYOIINIQI ESIMMHEHIO 8¢S 6L0 ST . BT 0T 68 ycetT c00¢@

HSVHd QINOTT ¥0d @V 0060909 T ST 8 Ve

ONTE 0L TOOE s@vd0 O0¥%8E26G8 T ST ST 0T 68 12

X3aN TEER ANTYA TEEN ON SNWNT09 NI
HONNd d431INNOD 401 0vd OQHVD l140Ss SAHOINN 300D
x on - €€ SENTYA MHIAMVEYL IIT 3749V.L
¢X 2t - &2

€ fz - JT :quyd QvaT




FORM NO. 10

AA-RN-RA 1-50

I tandard Register Sales Co., Oakland 6, California

% - Printed by Sunset McKee-Stan

e o o

@
g 0%0¢
) L9 LSO @
ce L 9¢0¢
@
68LTcL8¢ ST ST TT 6 ¥ G0 %
ce8c0¢T¢ 8g ST 2T v¢0< @
TC6vv0T8 L2, ST ST 17T 6 ve mmom.
89 2T 0T 6 v Z¢0¢
002T0vCT 65 ST ¢T & & Tco0: @
08v91Tvet cT = g (S 0S0¢<
@
<1 LEOT
OvLEIV LT §T - 920¢ @
0000000SG A SE20¢
@
T g1 0T 68 ¢ % 20¢
2T g 1z ce0C @
000000TO e =T S5 ¢ ZT0¢
O
5.9 TZ0¢%
X3anl TR ANTYA IR 0N SNANTO0D NI ON @
HONNd H31LNNOD 40LOV4d Q¥VvD LY¥0S SIHOINND 300D aygvo
SANTYA YAIFWVEYL IIT 39gvyl Y
®
®
& @ ¢ o



®: ®
@® @
000000CST 2T ) E 090¢
@ T £ LS0¢ @
¢ SG 0L
] @
59 C80¢
® 2T TT 6 8 C2T 7S0¢@
o 0649077 T &1 T 0T 68 Yot mmom.
00L620S¢2 28 L. S] e 2SO0 ¢
@ 068¢<¥vSL¢E ¢l ST 2T 0T 68 v TS0 @®
: 68L1tcL8¢e T 21 3 ¢ Oc0c
@ @
2 T LY0C
o R R B
3 xS SV O0¢
o ®
. T¢C6vv0T¢E G T ¢ Y %0 ¢
(2 2Zee0cTe S cT 2T g ¢ T £Y0¢ @
: 00000061t g7 g ¢ gv0¢
® e
s ¢T ¢ T ¥ 0%
@ XJGNT Wd3l ANTVA Wg3L ON NANTO0O NI oN @
ZHONNd A1LNNOD H0LOVd QHVD L40S JHONNG 300D R
Qp SANTTA UATATVHV 379V L ®
® ®o
@ @
s ©® @ ¢ At



® @
@ @
cT 080¢
® LLOS @
5LO0¢
@ @
000000G5¢ g1 S SL0%
@ T TT OT 68 ¢ y,L0S @
g 00000007 S 5 €& F S40D&
@ @
. ¢ 2L0¢
® L9 TLOS@®
: €eT 0LO¢
®: ©
2 069LT060 &7 T TT OT 6 7 L90¢
o 0.88000T BT €2T 990: @
3 08010080 T8 o1 €%t 1T OT 6 v e $90¢
[ B @
E gl T 17T 6 Z $90¢
® 00L620G6¢ <o €T 27T - g S ¢ c90¢ @
2 0SL007 v T ST €71 5§ 290¢
L ‘ @
2 068¢¥SLE 7 ¢T 27T 8§ § ¢ T T90¢
@ X3aNT We3l ANV A Wd3L ON SNWN100 NI oN @
HONNd H3ILNNOO HOLOVI QHYD 140S SIHONNd 300D GyvD
() SENTYA WAIATVHVI III 379Vl @
® -
@ &
« ® ¢ o



FORM NO. 10:

1-50

California AA-RN-RA

Co., Oakland 6,

% -I Printed by Sunset Mcl\’se—!iandard Register Sales

e o o

@
@
08070080 <T g1 3 00T ¢
0,.88000°T 6T €71 L60S @
0000000T 2 T 960 ¢
@
S60¢
¢ 2T OT 68 ?60¢ @
00000090 2T 3] mmom'
0000000 ¥ 29 [ 2T S60¢
T60S@
€ T 060¢
@
L.80¢
980¢ @
B80T
@
T2 g 68 5 80¢
T TT OT 6 c80< @
08 ok 2T 171 S mmom'
2T 17T ) T80 L
X3aNI EEN ANTYA TR 0N SNWANT100 NI ON @
HON NG A1LNNOD YO0LOV4d QHVD LH0S SIHOINND 3009 adyo
SENTYA WHITNYUVd T 3749V 1 )
®
@
& & B



10

FORM NO.

- Printed by blunset MckKee-Standard Register Sales Co., Oakland 6, California AA-RN-RA 1=

8

e o o

0000000T cT gL S ¢ omam‘i
L9 LITC@
98 2T 1T OT 68 o R T i
€ELTO99TO ST eT TT 6 8 yceoT mﬁﬁm.
0L8S00%0 ¢8 ST 8 v e P11 @
9LLLS89%O0 v. GF 2T TT 6 8 7 CTELS
8L6LS600 9 cT T 9 ¥ mﬁﬁm.
9¢8¢2¢L00 9 T 2T 9 ¥ TTITC@
8266L0TO cT BT g 9 0TT¢
cT L9 >Oﬁm.
T 90TL@
/ 8L6LS600 ST 2T LT 6 % SO0T¢S
< 8266L0TO ST B ceT voam.
9¢82¢.400 6L ST 2T T°T 6 Ve CO0TC @
0L eT 0T 6 i gO0LE
069LT060 T9 ST ¢1 S ¢ HoﬁMQ
X30aNI EER ANTYA Ny 3L 0N SNANT0O NI oON @
HONNd FLNNOD 401 0Vd QYYD L1408 SIHONNd 3002 adyd
SANIVA WIIITTYYL IIT . 319y 1 @@
o
®
@ & o



FORM NO. 10

1-50

AA-RN-RA

Co., Oakland 6, California

. ‘ % I— Printed by >Iunset McKee—!tardard Register Sales

o

v 8 ovﬁmO!

S/ LETC@
00S0¢2eTT 29 cT 2T 8 ¢ ¢ Rk

P09 69¢80 ST €7 S ¢ mmﬂmﬂl

0000000¢ L ST ¢7T g8 S PETC @
0csLeSeT 2T 8 S ¢ ccTC

cT ¢ NMHmﬂw

L9 TSTCE @
ST 68 £E81T OLELS

Y09 69£80 ST 2T TT OT 68 yeeT pmﬁmbi

00S0€2TIT S8 ST 8 3 92T¢ @
0csLeSeT 9L ST T TTF OT 68 % SCTc

0,L8S00%0 L9 ¢T eT 8 S ¢ vmﬂmﬁs

CCELT99TO ST ¢°1 S ¢ cCTC @
00000008S§ 8 ST €1 g g ceT ¢

9LLL89YO 2T g8 & ¢ ﬁNHM.

XAANI IEER INTYA TEER ON SNANT09 NI oN @
HONNd 3LNNOD 4O0LOYVYd QYYD L4008 SIHONNd 300D advo

SANTYA WALAWYYY 3ngN 1 @

o

. e

b . . .[\.



=4 ‘37@

Table IV.

Details of Punched Cards Used for Sequential Calculeation
of idolal Density, Fugacities of Components and
Composition of (oexisting Phases In Ternary dixtures
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Table V.

Letails of Punched vards Used for Sequential Calculation
of Extrapolatea K Values and Phase Composition
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Table VI.

Details of Punched Cards Used for Sequential Calculation
of iiclel Density, Intropy, and Enthelpy
at the Eubble Point and Dew Point
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KEUFFEL & ESSER CO., N. Y. NO. 359-32 o
Triangular Co ordinate.
MADE 11 U, S. A,

Methane

Figure 5

Ternary Phase Diagram of iethane-
o Ethylene~Ethane System at
~155.2"F. and 147 Lb. per Sq. Inch Absolute
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KEUFFEL & ESSER CO., N. Y. NO. 359-32 -
Triangular Co-ordinate. 5
MADE IN U. S, AL

Wlethane

Figure 6

Ternary Phase Diagram of Methane-
Ethylene-Ethane System at
-108.4°F. and 51L.}4 Lb. per Sq. Inch Absolute

— _ Calculated

O - Reference (29)
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KREUFFEL & ESSER CO.. N. Y. NO. 352.32
Trinngular Co-ordinate
MADE IN U, S. A,

Methane

Figure 7

Ternary Phase Diagram of Methane?Ethylene-
Ethane System at 32°F. and
734.8 Lb. per Sq. Inch Absolute

_— Calculated

O Reference (29)

Ethylene
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KEUFFEL & ESSER CO., N. Y. NO. 359.32
Triangular- Co-ordinate.
MADE IN U.S. A,

Figure 8

Ternary Phase Diagram of llethane=-
Ethylene-Ethane System at
70°F, and 734.8 Lb per Sq. Inch Absolute
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Appendix 1

Derivations of Thermodynemic Relations for Entropy,
Enthalpy, and Fugacitles of Real Gas Nixtures

1. Bnthalpy
In order to derive an expression for the enthalpy with molal

volune end temperature ag independent wariables it is convenient to
first treat the internal emergy, Since the internal energy is & state

variable we may write

:-f,,'=/ dr a/7- +//o’£/ % | (1)

Substitubing the deflinition

(J (2)

and the thermodynanic relation

ae = 8.
dV Tn (,T-Vn _ B}

into Bquation 1 we obtain

E-£, =/7 C, o7 +{V[7/ga%2”-/jo/1/ (a)

For s mizture at infinite attenuation

EY =3, nE. e | (5)

¥
= 2, Gy (8)
Choosing the path of interration in Equation 4 so that the beme
perature of the sysbten is chenped at infinite atbenuation, and

substituting Bquation 5, we obtain



- 02 =

%

¢ e R _
E.——ankfok +/ ﬂff;k a’7—+//7'(dz P/JV (7)
The equation for enthalpy is obtained from Equation 7 by

substitubing the relations

H= E + PV (8)
(P RT ®
C,-Cr=FR : (10)

This substitution gives

=3 n k[ﬁ;; +/c 47] /[P T(JP/]/V (11)

+PV=~RT
-2. Eni:rom,

The treatment of entropy in a manner identical to
enthelpy results in an improper integrales This diffioulty is
circumvented by adii‘aien and subtraction of & terms The followe
ing derivetion is sdapted from Beattie (13)e From the thermodyne

anio relations

(3) - Z, | (12)

(#)-G7, )

the general expression for an entropy change of & system of ine
veriant composition may be written

5-5, - /,//0,37_5_75/1/+/7_§£ P (10)

A Yn 75



i
4B)
[@X]

{

Sinee entropy is s state variable, it 1s possible to choose any
interration paths For the presont purposes it is expedient to use
a threefstep'path, first changing volume from V, to v* at temperature

™ () m

T,, then changing the temperature from T, to T at conditions of

o
’ L
infinite attenuation and finally changing the volume from V to V

at.tamperature Ty Lhe expression thus obtalned is

ST

The integral expression R dV/V is now subtracted to each integral

and the equivalent inteprated expression added, giving

7. * . |
A o
/ [";’)V) -B]av + R ink

A% infinite'attenuatWOﬂ the ideel solution laws apply, and we

nay write
* * -
= 21( ny ‘Sk = Zk ", K la nkV/i/‘ (17)
Integraﬁing between the states (TO,VA) and (TQ,V*)

/[ 9F) - Flav s Rk -

Combining Equetions 17 end 18

//' [_( - 5274/V’ t Rl K +‘§;/n‘:21

r7,;

Q

—/?Ekﬂk/nﬂk - 9



- G4 &

Also at infinite attenuation
X

x*
Cou = 2, Oy (30)_
~¥ * o
G -g-rR N (21)
Substibubing fquations 18, 20, end 21 in Equation 18
SZ/TC"‘Q/T‘ “T1p) - R4V
= - Cpr f/// /f_:: "—]/ '
—k /. 47f ' s 6/4” v
. - ' ’ | x* (22)
.-RIH% + R/”;Fl% *'an“k—/?zknk/ﬂnk
~ Rearranging Equation 22 we obtain
S =v:Ek ”%[f:;k * /?’%57%%;_ +///. Cox ‘/%;]
: kR 7 ,
» L F (23)
a
2 o (98] |
*/[V ar/m v
3. Fugaocity
" The free ener gy may be written
F=H-TS (2¢)

Combining Dquations 11 and 23

F=3 n[h-7s; +4c,,,‘ar—[ oo AT~ RTh i

. RP7]

. | (25)
| - *ZN['D* T/J%}Zh]?’”f/yw[_j/?-fé_;z']wmﬁm



w 35 =

Rearranging

£ = 2_ ”k[HA - T 34 —pr/ﬂnkl;/?r

+[ [p~1;;_T]a/V « PV-RT

¥iriting Equation 26 in total quentities

F= 5 m [t -7 Sk -/?r/,,%_]

+/w/P— /lvyi’_f] dV + PV -mPRT
i Y

where

1 = g
| =3
The chemicel potential may be written
Jd[F-Py]
dmk T))/)mi

Differentiating the term (F « PV ) in Lguation 27

My = /‘/;:-7—\5;2‘ -~ R7 /s + KT

.
meRT

+/V [/()mk - BT]AY - RT

Reerranging

—ﬁ’ YV - RTln V¥ // 75
/u //dmk T,y , rnk/?7+

The fugacity is defined by the expression

H= RTinf + B 7

(26)

(27)

(28)

(29)

(30) .

(31)

(32)



whereo

B(7) =p} = H; - TS, (83)

Substituting hLquations 32 and 33 in fguation 31 we obtaln the

fugacity expression

RT I £ = /?T/ﬂf/ﬂipr-;/[ééf_o) - _f;_z‘/ /4 (s¢)
LV, ~
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Appendix II

Derivations of Equatlons Por inmtropy, Enthalpy, and
Fugeeitiss from tho lenediet Lguation of 3tate

The thermodynemie expression {or enthalpy derived in

édppendix I is

H=2 nk[/zf Cos " J7] / [P- 7/ /]dl/+PVA’7‘ (11)

E
The Benediot Equation of state 1s

P= _§_T+[B°RT-A, —_TC_]_Vl_e + [A/PT—a]V_’J

— (/+ W/VZJCXF (-2’/[/3) +% (35)

7y
Differentieting Lquation 35 with respect to temperature at

constant volume and oamyositibn '

PP) =R + [BR+ ]_. +8R _ 2¢ (nafvdespfajvy) (36)
ars., V. Vi 7

Multiplying Bquetion &6 by T and subtracting from Lguation 36

p-T7(9P ——[,40-/-3(; L o-a 4 qx

Tl 7V Ve
+ 3¢ ex,a(r/t/‘) + ICT ex/o/a’/l/’) s,
21/3 7-21/5
Integrating Equetion 37
) -‘ _d_/_D. dYV =-[4 +3(] 1L - a +ax
[l (/R S
(38)

+3¢ [/—CXP(J/V‘)] 3C- ex/b/f/l/")
2’72



Mulbiplying Equation 35 by V and subtracting KT

PV-RT = [8,RT AmG ] +[4RT-alL,

/l +7/v%) ex/:(a//y} + ax (39)

T v

£dding Equations 38 and 39 and substitubing in Egquation 11

H=2 1 +/°7(p: 47/ + [B,RT- 34,-%/7/ +[2bRT-39/2,

+ 6ax 4+ _C /- explahd) _ explilvi) _ o Ve (40)
oz T‘V"[j 7/ 2 A ex’a//)/

2e¢ Ent ropy

The thermodymamic expression for entropy derived in

Appendix I is

S = Zﬂk/5 +ﬁ7/in +/r_CE£a’77

;
e @

Rearraenging Equa‘t;ibn 36 and integrating

/[ dﬂ/]a’V"—[5°/\7+2_£¢_l_;__£_éjl‘_\:

7-3

+ 2¢ [’_j’__'ef" o) _ eng-azy)’/ W
T:Vz 7/1/2 2

Substituting this equation in Eguetion 23



-5 = :E; nk[:Z:.+ ﬁh&qwg7'-;4( C}: a/7;7 ergf-eCT

-

- 4R + 2c [,-exe(—?/w’) _ exg (7/;/2/

2ye 7—'372- 7/ V2

3¢ sacit

The thermodynemic expression for the fugasity of a

oamponent in a mixture as derived in Appendix I is

RT £, = ﬁmmmr /[Jm - '?T/a/l/

Writing the Bonsdiot eqyation of state with total quantities

e

P mRT 4 [BRT-4.-C [0 + [4RT-a] m
v o o

+Cf77 /+7’m'~
e )F M2

The paramotora in this equation may be written

x 8

A% = ;?; 7, éik
- e

: he2
/2km“ o k

_)4;,=
c [2 e ,k/

[z mkbj

(42)

(34)

(43)

(44)
(48)
(48)

(47)



5 3
. é"k”m] (48)
7
Y 3
c = Ek e G (49)
m
%2
7 = [kaka;t/ (50)
x= [ 2 m.‘«L] (51)
m
where
m= 2 m (52)

Uifrerentieting Iquetion 43 with respect %o my

JP) = AL 4 2[HRT-4,-G ] o + 3 [6RT-a] m?
Iy 7 14 [ 72 /

+6¢l2/a;m"' +;;/;1 I+ 17//;1 ex/J/ f;:’yc;n"ex,b - xm®
/4
- 4,
;3’;;}1 [/fd’m ex/a( / /[Bk 5]:‘?7 - [4 ]
) a7c”2[c,,k 4] fﬁ”“ +/.i$ ik 4 JRT-30"laf ]/51

+ /Jaa%[“kz-dyy # 340%[”/‘54%]}7',"‘;
" z[c i ][/* a’m e;{p{-ﬂ?
V% v (63)

< /z 72
+§_c:‘1,1:a’ _/QXf(

- setenfn 2[5 iz



Rearranging and integrating

/[Jm,‘ - RT JV = /[5 B, )RT- Z(AAOA) 2{(5,4)//11
+2—3[(524}%/?7-‘(020,4)/7:§7}-2 +§/ﬂ@%)g+«ﬁ'q)g}6‘

+ 3(c? C,‘) -exp(~ 7”’2/ + 3(C C)

22’7‘2 277‘2
3(c’c,) m" cx - 3(626) exp
27'1 VZ // 27‘2 /

..c(rr) m¢e,/ ./-zc/f/ e,/,/_%,z

Pt
(64)
. EC -

5% / ex/;/ /

Substituting Equetion 54 in Equation 34 and rearranging we obtain

the expression for the fugaecity of & component in a mixzture

RThf = RT I nRT +[//z+5i,k)/?7-z(/7a/fak) ~2(5(/()/
v ‘

2 Y5 2, 1%] 2 / . 5
+ 2[FTU) - (o) [ + £ [ata)s <o)

+ 3(c [/-CXP/‘?YV') - "*)‘F(‘V/‘ﬂ}/
T L }

- 2c f/ [/-exg(ﬂ’/b") exf/ 7/;/).._%/ e);ﬁfa//"9 (65)

v
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Appendix III

Directions for Coding of Cards for
Sequential Calculations

The principlee of calculations using the general purposge
control panels.on the Ilectronic Calculating Punch, Type 60L, are
explained in Sections III-3B and III=-C. Coding of a problem cone
sists of designating the proper "X" or "12" punches and value, if
any, to be placed in each card of a sequence or deck sc that the
desired solution is obtained when the deck is passes through the
Type &0L4. To code a protlem one must know the function of each code
punch and the order in which operations occur during e calculate
cycle, ee.ge., multiplication occurs before division, etce The plan=
ning of the calculate section of the general purpose control panel
| is shown in Table I. The functions of_the code punches are sume
marized in Tavle 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, becsuse it was
desirable to achieve & maximum of efficiency, i.e., fewest cards for
a given calculation, it was found sxpedient to introduce the com=
plication of combination code punching (see Table II). In this man-
ner & wider selection of operations during a single card cycle is
pdssible.

A couplete explanation of all the functions of the general
purpose control panel would not be possible in a discussion of
reasonable length., It i1s felt that a person fapiliar with the Type

» 60l can obtain from Tables I and II and from the wiring diagrasm of



Figure 3 a working knowledge of the coding procedure. The explane-

ation of ‘special features given Lelow should aid in this objective.

1, TFactor transfer. It is often desiravle to iransfer the counter

nunber to a Factor Storage space as, for exauple, when the counter
number is to be squarecs. OSuch an operation mey be done most readily
by reading the rounded vealue of the counter number into Factor
Storage l=2 on the firsiu program. Code punches in columné 6 and 7
will give this result. Since punches in 6 or 7 cause adcition or
subtraction respectively, it follcws that an addition or subtraction

cannot be done during the same card cycle as the transfer.

2. Accumulative multiplication. The sum of two products involving

four éifferent factbrs may be made on two successive card cycles

by use of this feature. The product of a multiplication during}the
first cycle is transferred to General Storage 1-2 in program 2.

This is caused by a code punch in column L if one is not also present
in 5. A new factor is alsc caused to be put in the counter by this
codings. In the following card cycle a second multiplication may be
performed and the two products added at progran 23 by use of code

punches in ceclumns 1, 2, and 3.

- 3. Exponéntial Feature. The procedure for calculating'ax involves
introducing as the card factor on a series of cards the values of \
61/2, QX/h, eX/B, *o*, where X is the maximum value of x. During
the initial card cycle the value of x is doubled and the value

2x = X calculated in programs 6 to 8. This value is "balance tested"



= 104 =

in program 9. I1f the value is positive the counter number is mule
tiplied by ex/2 during the multiplication programs and the value

2x = X tranasferred to General Storage in progran 9. If the value

is negative the multiplication is suppressed and.the value of 2x is
calculated and transferred tc General Storage 1=-2 in prograns 8 and

9. The process is repeated on the succeeding card using the values
ex/h and 2x - X or 2x as the case nay bee. In this wanner the ex—
ponent may be calculated to any desired accuracy. The avove operations

take place when code punches are in colurns 3,6, amd 7.

L. Card Storage. The principles oi card storage are outlined in

Sectior ITI-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 expedientse A value
to be stored is punched (when a code punch is in column 13) into
columns 17 to 24 of a card. It is punched frow this card into
coluins 25 to 32 of the next card and so on. In this manner & nume
ber moves across the cards, completing a cycle after eight cards.
¥hen it is desired to trensfer a nuvber from card storage to the
machine for use during the calculate cycle, a code punch is placed

in column 12 and in the proper coabin&tion‘of 9, 10, and 11 as shown
in Table ITI. If the nusber is not in any of the groups of columns
shown in Teble II, it is necessary Lo delay the read=-in one card cycle
at which time the number necessurily will be in one of these groups.

A number is dropped from card storage by punching a numver fron the



machine into coluins 17 te 2L when the mumber to be droppea is in
73 to 80.
‘ To facilitate coding it was found convenient to number
,_céfds in a node of 8 (see Tables III to VI) so that a particular
‘stored mumber would be in the saue position on all cards with an
identical units number. The adoption of the "punch index" listed
in Tables III to VI was also for convenicnce ih coding. Punch index
is defined as (7 minus the units number of card containing instruce
tion to punch). For example, a nuuver which is caused 1o be punched
by & code punch in column 13 of card 3041 has the punch index 7 = 1
or 6. The punch index serves té "Jocate" a number in card storage
when it is desired to read it into the machine. Humbef the card
sterage colusn groups 17 to 24, 25 to 32, etc., aa.l, 25 ssp Oy
a stored value may be located on a card by the formula, (units
number of card + punch index = storage space). For exauple, in card
3090, a value with punch index 6 would be in storage space € or
columns 57 ﬁo 6L. Althcugh this scheme mey appear complicated, it

is oi considerable aid in coding problews,
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Appendix IV

Preparation of Parameter Calculation Decks
for Dififerent Ternary dixtures

[

The card deck for calculation of paramcters in the Benedict
equation is described in Table IXI. This particular deck is for the
methane-ethylene-ethane systen. Preparation of a deck for any other
ternary iixture o1 components for which paraimeters are available may
be done by a routine punched card procedure which will be described.
The apprepriate fractional powers oi the parameter values ior each
compound are key punched ;n columns 17 to 24 on a series of cards
and the cards filed., These cards are numoered in colwins 4 to 6
with the card nunber corfespcnding to the cards on which the values
should appear as card factors in the paraweter calculation deck
(Table III). To obtain a deck for a different ternary, the cards
containing powers of the parameter values and an existing calculation
deck are run through the Collator, selecting all calculation cards
which have nuibers in coluzmns 4 to 6 identical to the paraweter
value cards. The calculation cards are then reproduced, first
leaving out the card factor value, and then punching the new paran-
eter va}ues intoc the card factor space. The entire parameter cale
culation deck can then be merged on the Sorter. It is now ready for

calculations on the new ternary mixture.
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Introduction

Bxperimental measurements of the heat capacities of n-
hexane, methyloyclopentane, and n-octane in the liquid phase have
bean reported in the literature. The studies by Parks et al (1),
Huffman et al (2), and Douslin and Huffman (3) established the
behavior of n-hexane in the liquid phase at temperatures below 80°F.
There are available (2,L) measurements of methylcyclopentane in the
liquid phase at temperatures below 80°F. Data on n-octane were
obtained by Parks et al (1), Huffman et al (2), and Osborne and
Ginnings (5) which eastablished the heat capacity at temperatures up
to 95°F. The work reported in this part of the present thesies in-
cludes measurements of the isobaric heat capgoity of the bubblew
point liquid from 80° to 200°F. for these three hydrocarbons.

Measurements were made in the two-phase region with a
constant~volume calorimeter (6,7,8,9). A measured quantity of
energy was added electrically to the calorimeter and contents, amd
the change in temperature noted. This procedure was repeated throughe-
out the temperature interval between 80° and 200°F. for the hydro=-
carbons investigated. Measurements were made on two different quantie
ties of each hydrocarbon. A thermodynsmic analysis of this process
has been presented (9) and leads to the following equation relating
the experimentally measured quantities to’ the isobaric heat capacities
at bubble points
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. £ Vy - 7 JV/ 0//07

Cs d,: ,izr/d / ! Ty (w77
el % 2% - m +1/ G, - 7/2 / (1)
é—f/[ ; & 4

Vo
The experimentally determined quantities ¢ /47 and &,/47

represent the net energy required per unit temperature change of
the calorimeter bomb and contents for the large and small samples
of each hydrocarbon studied, and for the small temperature intere
vals used they were taken as equal to gi/dr and ge/dr for the mean
value of temperature in the ﬁterval. The other terms of Equation 1
serve to relate the isobaric heat capacity at bubble point to the

isochoric measurements.



II
Materials

The n~hexans was obtained from the Phillips Petroleum
Company and was reported to contain over 99 mole ¥ n~hexans. This
material was subjected to two distillations in a 30-plate column
at a reflux ratio of approximately 5 to 1. At least 10% of the
initial overhead and a similar quantity of material remainming in
the kettle were discarded in each fractionation. The variation of
the temperature at the top of the column was observed to be less
than 0,1°F. during the fractionation of the sanple. The refractive
index as measured on an Abbe refractometer at 77°F. was 1.3722 for
the D-lines of sodium as compared with a critically chosen value of
1.37226 (10).

The methylecyolopsntane likewise was obtained from the
Phillips Petroleum Company and was reported to contain more than 99
mdle % methylcyclopentane. This material was first fractionated in
a 30-plate glass column at a reflux ratic of 5 to 1, discarding about
108 of the initial overhead and a like amount of material remaining
in the kettle. The intermediate overhead liquid was passed through
a l~inch diameter column packed for a distance of 5 feet with silica
gel supplied by the Davison Chemical Corporation and identified as
659528 « 2000, The initial 80% of the effluent was collected and
passed through a second column of the gel, the first 80% of this
sample then being treated in the same manner a third time. The
partially purified methyloyclopentane thus obtained was subjected to
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a second distillation identical tc the first. Independent measure-
ments made at the California Research Corporation upon & sample of
the purified methylcyclopentane indicated a refractive index at 68°F,
of 1.40973 and a freezing point of -224.39°F. The corresponding
critically chosen values (10) are 1.40970 and -22).L0°F.

The n~octane used was supplied by the Eastman Kodak Company
and was identified as the "white label" grade. This material was
fractionated in the same manner'as was the n-hexaﬁe. The variation
of the temperature at the top of the column was observed to be less than
O.loF. during the isobaric fractionation process. The refractive
index of the product was 1.3951 at 77°F. as compared with a reported
value (10) of 1.39508.

In all cases the samples were stored over sodium following
purification. Noncondensable gases were removed from sach sample by
repeated solidification at liquid air temperature and low pressure

immediately before adding it to the calorimeter bomb.
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III

Apparatus and Procedure

The calorimetric equipment used in these studies was sub-
stantially the same as that employed in earlier investigations at
this laboratory and has been described in some detail (7,8). The
calorimeter bomb consisted of a cylindrical steel container pro=
vided with hemispherical closures within which the hydrocarbon
liguid was confined. The volume of the container was 0.0142 cubio
foot. Energy was added electrically to the interior of the calorim-
eter by means of a glass-insulated constantan wire encased within a
stainless steel tube epproximately 0.05 inch in diameter. The ends
of the steel tube were brought through the wall of the calorimster
and were sealed to it at the point of egress. The quantity of energy
added electrically to the calorimeter was determined by conventional
volt box and standard resistance techniques. A Leeds and Northrup
m K potentiometer was employed to measure the electromotive force
applied and the current flowing through the calorimeter heater. All
of the electrical measuring devices were carefully calibrated ani it
is believed that the determination of the rate of energy addition
introduced no significant uncertainty in the results.

In order to decrease thermal transfers to and from the calo-
rimeter, it was surrounded by a metal jacket and the intervening space
evacuated. The jacket was submerged in an agitated oil bath and pro-
visicns were made for automatically maintaining the average temper—
ature of the interior surface of the Jacket at substantially that of
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the exterior surface of the calorimeter. Measurements weré carried
out to establish the thermal tranafer between the calorimeter and
the wall of the jacket as a function of the measured temperature
difference. This operation was acccmplished by adding a messured
quantity of senergy to the calorimeter vhile holding the temperature
of the Jacket constant. The temperature difference was than deter-
mined a8 & function of time until the temperature of the calorimster
returned to its initial value. These calibrations were made at
several temperatures in order to obtain the variation in the rate of
thmi transfer with change in the temperature of the calorimeter.
The energy transfers between the calorimeter and the wall of the
Jjacket were in almost all cases less than 1% of the total energy
added to the system. It is believed that such transfers were measured
with sufficient acouracy to ensure that the resulting uncertainty in
the value of the net energy added to the calorimeter was not greater
than 0.07%.

The experimental procedure involved adding to the calorim-
eter a knowmn wsight of the particular bydrocar_bon under investigation
and the determination of the net energy required to raise the temper—
ature of the calorimster and contents through a imown small temperature
interval., For the temperature interval of a aﬁ.nglo measurement, it '
wes sssumed that the quentity O/(Ty = T,) was oqual to the value g/dt
&t the mean of the initial and final temperatures. As a check on the
results, two series of measurements over the temperature range in= |
vestigated were made on different days. Additional material was then
added to the calorimeter and the sequence of measurements repeated.



The quantity of energy added slectrically was a.djust'ed
to yield a temperature rise of approximately 6°F. between the
initial and final states. Energy was added to the calorimeter for
either 500 or 700 seconds for each measurement. The longer heating
period was used when the larger of the two quantities of hydrocarbon
was in the calorimeter. The umsertainty in the determination of the
total energy added to the equipment was less than 0.05%. 4An effort
was made t0 caryy ocut each set of determinations in accordance with
an eatablit;hed procedure. The time necessary for the attainment of
equilibrium after the addition of ensrgy was used as the conditione
ing period for the next step. The temperature of the contents of
the celorimeter was measured with a precision of + 0.005°F. at the
beginning of the energy addition ‘and at the end of the period re-
Quired for the attainment of equilibrium. The uncertainty in the
measurement of temperature rise was not greater than 0.25%.

The samples mo added to the calorimeter by weighing bomb
methods (11) with a precision of + 0.0000) pound. A check of the
weight of sample in the calorimeter was cbtained by weighing the
material withdrawn after completing a set of measurements on a hydro-
carbon. It is believed that the uncertainty in the sample weight made
8 negligible contribution to the probable error of the measured heat

capacity.
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Supplementary Calculations

In orde:j to obtain the isobaric heat capaclity at the
bubble point from the experimentally measured quantities, the terms
of Equation 1 mst be evaluated. The volumetric data and isobaric
heat capacity valuss for the dew-point gas required as correction
terms were available primarily from experimental information. Vol-
umetric and vapor pressure data £¢;r n-hexane were based on umeagure-
ments by Young (12). In order to obtain the specific volume of the
dew-point gas at temperatures lower than those coversd by this ex-
perimental work, the Clapeyron equation was employeds

g - AZ. (2)
a7 Yavild
Values of the enthalpy change upon vaporization for n-hexans at
tha below 14O°F. were sstimated from the relation proposed
by Nutting (13):

AH-8(7:-7)" (3)

The constants of Equation 3 for n-hexane were determined from ex=
perimental measurements of the heat of vaporisation at 77°F. and at
the normal boiling point (10)s The value of tha critical temperature
deteruined by Kay (1) was uaad in the calculations. Agreement within
1€ was found betwsen the specific volumes at dew point calculated in
this way and Young's ea:perimentai values (12). The heat capacity of
the dew~point gas for n<hexane was estimated from values of the iso~

baric hsat capacity at one atmosphere and at gero pressure as given
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by Waddington and Douslin (15). The isobaric volume~temperature
derivative at dew point was calculated from an equation of state
derived by these asuthors (15) from thermal measurements.

The specific volume for methylcyclopentane at bubble point
was obtained from Timmermans et al (16), The vapor pressure was oObe
tained from the compilations of Rossini et al (10). Vapor pressure
and bubble-point volume values for n-octane were obtained by Young (13).
For both methyloyclopentane and n-octane, the epecific volums of the
dew-point gas was calculated from the Clapsyron equation by the pro-
cedure desoribed for n-~hexane. Values of the heat capacity of the
dew=point gas were estimated from the heat capacity at infinite
attenuation as reported by Souders et al (17) for methylcyclopentane
and from a recent compilation (10) for n~octane. Values of the iso-
baric volume~tenperature derivative at dew point were determined for
nethylcyclopentane and n-octane from ths law of corresponding states.
The accuracy of the partial derivative so obtained is probably low,
but the term of Equation 1 containing thies quantity amounted to no
more than 0.3% of the heat capacity and consequently a large error
in this derivative would not influence the final result significantly.



Experimental Results

The expérimental values obtained for the heat capacity of
the calorimeter boub and contents at several temperatures for two
different quantities of each hydrocarbon are presented in Table 1.
FPigures 1, 2, and 3 show these values as a function of temperature
for n-hexane, methylcyclopentane, and nwoctane respectively. For
each quantity of a hydrocarbon in the calorimeter two sets of data
are shown. These represent measurements taken on different days.
The average deviation of the experimental points from the corres-
ponding smooth curves drawn for each substance and expressed as a
percentage of the difference in heat capacity between the two curves
is 0.6% in the case of n-hexane, 0.4% for methyloyclopentane, and
0.5% for n~octane.

In order that the magnitude of the correction terms of
Bquation 1 as established may be more readily evaluated, they have
been combined into a single term. This term is defined by the follow-

Cos /m m}/ (L)

The value of this quantity as a function of temperature for each of

ing expressions

]

C

the compounds investigated is presented in Figure L. The corrections
are of relatively small magnitude and do not appear to contribute
to the uncertainty of the recorded isobaric heat capaéi ties by more
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than 0.15%.

Values of the isobaric heat capacity at bubble point for
n-hexane, methylcyclopentane, and n~octane are recorded in Table II.
These values were cbtained from the information presented in Table I
by solution of Equation 1. A consideration of the accuwracy of the
individual quantities involved indicates a probable error in the
tabulated values of approximately O.7%.

The heat capacities are presented graphically in Figures S
and 6, which also include earlier measuremsnts for éanpnriaon. Most
of these measurements were made at temperstures below 80°F. but can
be compared with short extrapolations of the present work. Good
agreement was realized with the results obtained by other investigators
in the cases of n~hexane (1,2,3) and of methylcyclopentane (2,h4).

The values of isobaric heat capacity shown in Figure 6 and
attributed to Osborne and Ginnings (5) for n-octane were caloulated
from the wolumetric corrections developed in this work and from t~heir
values of (@ - )/AT 4 m for an isochoric system. The correc-
tion was less tm 0.1¥ of the reported heat capacity. The data of
Osborne and Ginnings (5) are about 1.3% higher than the information
obtained in this study. Values reported for the iscbaric heat capacity
of liquid n-octane by Parks et al (1) and by anfman et al (2) Appeir
to be in close agreement with the present measurements. The dige
orepancies between the extrapolated data of this study and published
data are believed to be less than the estimated combined uncertainties
of the various sets of measurements except in the case of the results
of Osborne and Ginnings (5). |
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Homenclaturs

Cp Igobaric heat capacity, B.t.u. per 1lb. per‘qa.

H  Enthalpy change during isobaric-isothermal vaporizaﬁion,
B.t.u. per 1b.

B

VWeight of material in calorimeter, 1lb.
P Pressure; 1lbs. per sqg. inch absolute
Q Heat associated with process,; B.t.u.
g Heat associated with infinitesimal change in state, B.t.u.-
T Temperature, °R.
v Specific volume, cu. ft. per 1b.
3 Constant of proporticnality in Equation 3
Subseripts

A,B Refers to state A and state B

b Refers to bubble-point conditions
¢  Refers to critical state

d Refers to dew-point conditions

1,2 Refers to conditions with different quantities of sample in
calorimeter

Superscript
" Refers to two-phase state
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TABLE I.

Reat Capacity of Calorimeter and Contents

n-Hexane
Measurement A 0.0LLL43 1b.B _ Measurement B
S B.t.‘&(% Re T B.t.ﬁ./% B.
79.60 0.30L47 | 76,07 0,302}
87.33 0.3061 | 83.43 0.3050
9485 0.3075 90.68 0.3069
102.25 0.3086 97.80 0.3076
109,59 0.3117 104.82 0.3103
116.85 0.3135 11.72 0.3140
120,28 0.3126 118.56 0.3124
131.46 0.3139 125,38 0,3127
138,56 0.3166 132.15 0.3150
145,61 0.3181 138.88 0.3167
152,64 0.3191 145.57 0.3180
159.65 0.3210 152.26 0.3190
166.63 0.3220 - 158.94 0.3200
173.58 0.3254 165.58 10.3238
180.48 0.3258 172.17 0.32L8
187.L0 0.3270 178,74 0.3247
194,26 0.3307 185.30 0.3269
201.05 0.3327 191.80 0.3293

198.23 0.3320

8meight of material in calorimeter.



= 123 =

TABLE I. (Cont.)

n—Hexane
Measurement A 0.35573 1b.2 Measurement B
TS o . S Y 39
78.31 0.4690 124,10 0.4893
85.78 0.k761 130.31 0.4913
92.40 0.4784 136.49 0.4919
98.92 0.4785 12,64 0.L964
105,38 0.4819 18.81 0.4987
111,76 0.LB6L 155.05 * 0.5001
118.09 0.4878 161.2L 0.5031
124.40 0.4893 167.37 0.5088
130,68 0.1:908 1739 0.5091
136.89 0.4927 179.64 0.5064
143.13 0.L972 © 185.75 0.5113
109.31 0,991 191.75 0.5205
155.14 0.5008 197.71 0.5197

161.55 0.5040
167.66 0.5053
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TABLE I. (Cont.)

Methylcyclopentane
Measurement A 0.01763 1b& Heasurement B
TR b . TR e,
86.2L 0.2883 119.40 . 0.2954
93.88 002896 126.03 0.2979
101.26 0.2927 132.65 0.2985
108.35 0,293k | 139.26 0.2983
115.27 0.2960 5.77 0.3026
121.96 0.2975 152.06 0.30l1
128.53 0.2987 158.30 0.3038
135.07 0.2992 164467 0.3046
141.58 0.3003 171.08 0.3081
148.05 0.3025 177.48 0.3097
1L6 - 0.30L2 163.84 0.310; -
160.90 0.30LL 190.18 0.3118

167.16 0.3076
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TABLE I. (Cont.)

Methylcyclopentane
Measurement A 0.41089 b2 - Measurement B
e i P, U T T R,
85.60 0.4639 < 118.53 0.4796
92.47 0.L692 124.90 ~ 0.4859
99.18 0.4728 | 131.19 0.L85L
105.71 0.4759 137.46 0.4875
112.12 0.4792 U3.67  0.L926
118.65  0.L819 149.88 0.L9L7
125,04 0.L80L 156.08 0.4971
131.36 0.4871 162.21 0.4988
137.61 0.u882 168.33 0.5056
11,3.82 0.4918 | 17447 045047
150.00 0.4952 180.59 0.5083
156.15 0.L968 | 186.68 0.510k
162.27 045000 192,73 0.5149

168.34 0.5031 198.73 0.5182
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TABLE I. (Conts)

n~Octane
Measurement A 0.057545 1b.2 Measurement B
TR nadle . T na S .

77.32 0.3109 132.98 0.3221

8L.LL 0.3110 139.65 T 0.3247
91.33 0.3142 146.26 0.3265
105.80 0.3167 | 152.84 - 0.3271
112.49 0.3193 159.40 0.3276
119.19 0.3205 165.93 0.3307
125.85 0.3229 172.39 0.3319
132.48 0.3229 ‘ 178.84 0.3312
139.08 0.3235 185.30 0.3325
145.65 0.3250 A 191.70 0.33L9
152.20 0.3274 198.11 0.3368
158.72 0.3279

165.22 0.3287

171.68 0.3325
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TABLE I. (Cont.)

, D~Octane
Heasurement A | 0.45042 1b* Measurement B
T e T pa i,
81.65 0.5165 ~ 118.30 0.5335
88.L40 0.5238 12)4.29 0.5360
L9k 0.52Lk 130.42 05354
101,34 00521 136,73 0.5383
107.66 0.529k U2.99 0.5439
11,01 0.5319 119.20 0.5431
120,38 0.5350 155.41 0.5446
126,70 0.537h 161,56 0.5493
132.99 0.5388 167.70 0.5522
139.2k 0.5417 173.81 065555
145.45 0.5L48 179.89 0.5574
151.62 0.5480 185.94 0.5603
157.83 0.5L78 191.97 0.5642

1615.0 0.5536 197.99 0.5632



= 128 =

TABLE II.

Isobaric Heat Capacities of n~Hexane, Methylcyclopentane,
and n~Octane at Bubble Point

Temperature, n~Hexane Hethyleyclopentane n=0ctane

80 0.5435% 0.4516 0.5255
90 0.5496 04577 0.530L
100 ' 045559 04639 045353
110 05624 0.4702  0.5403
120 0.5690 0.4766 045L53
130 © 0.5757 004830 04550k
10 0.5825 04895 045555
150 0.5894 0.4961 0.5606
160 0.5963 0,5028 0.5658
170 0,603 0.5096 0.5711
180 0.6106 0.5165 0.5764
190 0.6182 0.5235 0.5819

200 0.6261 0.5305 0.5875

81sobaric heat capacity at bubble point, B.t.u. per lb. per %,
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Chemical Engineering

l. In order to facilitate the caloulations involved in the
design of multicomponent distillation columns Underwood (1) and
Gilliland (2) have derived relationships in terms of component cone
centrations as & criterion of the optimun feed plate., Both of these
relationships may be showm to give crroneous answers in some CasSes.
This result ‘arises from errors in certain assumptions in their derivations,

2+ Certain low temperature fractional crystallization
processes might be facilitabed by throttling a cooling medium such
as COp at high pressure directly into the crystallizing medium, This
would eliminate heat transfer surfaces which may become reduced in
efficiency due to coating with crystals., Such an expedient should
lend itself to & continuous process as opposed to bateh and offer
the advantages generally attached thereto.

3, Stockmayer (3) has proposed thet a second virial coefe
ficient of the form

B(T) = B, = A/RT exp (D/T%)

be applied to polar gases in mixture with non=polar gases, It is
recommended that a second viriel coefficient of this form be ihcore
porated in the Benedict equation (4) and parameters for H,S evaluated.
This equation together with existing equations for hydrocarbons could
be used for calculations of properties of HpS ~ hydrocarbon systemss
The applicability of such an equation could be tested by cowparison
of calculation results with existing date from this laboratory.

4, Mn accurate and relabively simple equation reluting
the isobaric heat capacity at the bub.le point to isochoric calor=
imetric measurements on pure substeonces in the two=phase region is

7’ Z‘ / s G
Cop = 77 “dy . A8 - B~ fg%;z;
7~ 7% a7 (See Nomenclature in Part II of thesis)

8= 7§ a4P"
A7

This relationship offers the advantege that the correction terms
require only a knowledge of the vepor pressure and bubblewpoint
specific volumne in the temperature range studied.



65« In a batch heating or cooling process of the type

where the heating or cuoling medium is a single phase fluid, the log
mean temperature difference correction [or multipass heat exchangers
(5) may be applied,s This correction can be showm to be constant with
time providing that flow rates and entering temperature of the heating
or cooling medium remain consbent,

Chemistzz

6. It hes been reported (6) that when BFg is introduced

to & twowliguid phase mixture of HF and certain alkylaromatic hydro=
carbons, & transfer of the hydrocarbon to the HF phase occurs, This
phenomenon offers a good possibility of a process for separation of
meta= and para=xylecne since the transfer of xylene to the HF phase
is selective for meta=xylene, A& study to determine whether the kinetics -
of the metathesis resction

CHa CHz CHy s

Chz (Hydrocarbon g ( HF 0(“> (' HE ( “y dvoc«rbor9
( Prase ) Cita Ph«5¢> Phase Ut Phasec.

are favorable would be interesting, If such is the case, a liguide
liquid multistage extraction process using reflux at both "raffinate"
and "extract" ends of the stages could be designed to obtain good

- yields of high purity isomers,

7« In binary solutions of miscible liquids where one or
both of the constituents are capable of forming hydrogen bonds, the
formation of constent boiling mixtures can be closely related to the
hydrogen bonding characteristics of the constituents., For a given
mixture, qualitative predictions can be made as to the existence and
type of azeotrope (maximum or minimum) from considerabtion of the type
and strength of the hydrogen bonds,

84 As s Cox (7) has proposed what appears to be an ace
curate and unique equation of stvate

}/5 A + B ¥ C/

= = Ny A EVETA

where the integral powers of the cube roobt of the volume arise from
conventional treatment of PVT data rather than any preconceived forms
The parameters A, B, and C are functions of temperature, It has been
noted that the values of some of the constents in the parameter fuhce
tions change abruptly at certain states in the single phase region.
The changes appear to occur et a definite value of the specific volume
for a given substance and are uneffected by relatively large changes



in pressure and temperature. It is sugrested that if these obser=
vations can be checked, the data should be considered [or possible’
sipnificance to the study of molecular interactions,

Mechanical Engineering

9« The temperature distribubion in a thermel explosion of
a combustible gaseous mixture can be predicted by a solution of &
non=linear differential equation of the following types

C?-?I‘;Km"a/,—b—ﬂ

06 ox* e

The first term on the right hand side of the equetion represents
cooling by conduction, the second term heating by chemical reaction.
To obtain the temperature distribution in an explosive mixture Jost (8)
approximates the solution of the sbove equation by a consideration

of only the heat conduction term., A solution neglecting the heat
generation term is appreciably in error and it is recommended thet

a more exact solution of the equation be obtained by the numerical
method of Orank and Nicholson (9).

10« It is suggested that more reproducible snd significant
measurenents of the ignition temperature of gaseous mixtures can be
made by means of an adiababtic compression device then be some of the
conventional techniques (8).
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