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CALCULATION METHODS IN CHEMICAL THERMODYNAMICS
Vlftorla B. T Ngo
Inorganic?Materlals Research Divieion,
Lawrence Radiation Laboratory, and

Department of Chemical Engineering
Unlver51ty of Californla, Berkeley

December 1968

j Abstract

A Aew modification of the equation of state of.Redlioh and KWohg
has beeﬁ developed and tested. Like earlier modifications it.introducee
only!a'third parameter and setisfies the limiting conditionsvfor high
temperatures‘and high presSures discussed before. -It is essehtially.of
B the third order in the volume, i.e., deviations from the third order
Vare ihtrodueed only_through minor'terms. An attempt has been made to
etrive at abmore elegant’aodﬁoompact fojm than_presented by earlier |
modificatioﬁs. This objeétite is believed to be realized to some'exteht
by the present equatlon of state. 'its.practieal use howevef.is etill
restrlcted to automatic compotatlon.

The representation of observed P-V-T data is in general very satis-
factory. Some deviations‘occur at_reduced temperatures between 1.1 and
1.4 inCvarioﬁs pressure ranges for highly polar substances and for mole-
cules with long.chains. vThe7deviations also increase below fedoced |
temperatdfe O.ét No attempt has been made to apply the equation to
anomalous substances such as water.

) The extepSion to the cagculatlons_of,fugecity coefficients aﬁd to

multicomponent'mixtures is plannedf

t



The program,'ealled ESSSZ“is‘described in the Appendix.- Instructions
fpr its use are given and the :esults of test computations are pyeeented;
Principles of the ealculation nethods in chemical thermodynamics,
except for the equation of state,‘have been develofed by Lewis and
Randail before 1923. Detaile required1for the most efficient performance
have been discuseed end illustrated in the present work. The examples
given are the-ammenia synthesis, the representation of explosion limits
in fhe tefnary‘system water-hydrogen peroxide-acetic acid, apd a model
for the:calculation of the equilibrium conditiens of simultaneous reactions.
This model serves as an illustration of methods used in eutomatiC»computa-

tion.



i. Introduction

‘Vérious tables of standard free energies and of activity coefficients .

are available as aids to Caicﬁlations in chemical thermodynamics. Less
satisfactory is the avéilable‘information:of fugacity coefficients. As.
avmatﬁer of fﬁct, fugacity éoéffiCients are practically never measured
directly; they are derived érom an equation of State.. Such an equation
vcoulq bé defined in evefy.sﬂngle case'ih a puréiyvempirical mannér. But
thé advantage and the promise b? a general relation, containing only few '
individual parameters, are so great that one would hesitate to do with-
out.itf Yet the problem'of‘é technically useful equatién’of‘state does
not appear to be finallj soﬂveﬁ, iﬁ spite of numerous attempts. A new
P : .

. modification of the"tWo-parémetér equatioh of Redlich and Kwong has been

considered to be promising. It% development is outlined in the second

{ .
| .
chapter; the corresponding computer program ES68Z is described in detail

in the Appendix.
The practical methods éf using available'thermbdynamic data have
o _ ,

been given-liffle attention. Examples are of course described in many
fextbqoks.— In a technique like thaﬁ of chemical thermodynamic'célculations
the emphasis Will always lie on concrete examplesj But there ié a number
of rules whi¢h can greatly gnhance. the efficiency, speed and ;éliabiiity E

. b .
of calculations. It is useful to describe them in general terms and to

show their agpplications in & few‘concrete examples. This is done in the

third chapter.
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2. An Improved Equation of State

1. The Problem of the Equation of State
A considerable part of the appiications of chemical thermo-

dynamics rests directly or indirectly on an equation of state. Fugac-
ities of pure gases and of components of gaseous mixtures are practically
always derived froh an equation of state. Our knowledge of the free
energy of liquids is to a large extent based on information of the
fugacities of gases and therefore indirectly derived from an equation
of state.

This situation explains_the large number of proposed relations.
.Molecular theory has been useful in the validity range of the second and
third virial coefficients. Beyond this range it has been of little help
’in obtaining quantitative information. | | |

For practical purposes, espe01ally in chemical technology, a relatlon
is needed that can be applied to mlxtures and that leads to fugac1ty coef-b
ficients of the components in a rigorouS'manner. Since the fugac1ty coef-
' ficients are the actual objective the strict realization of the thermo-
dynamic connection between the]equation of state and the fugacity
coefficients is important. .Practically we never measure fugacity coef-

ficients; the derivation therefore must be reliable.

22. Advantages and ShortcOmings of Older Equations
| The great value of the equation of state of van der Waals liee'
in the'derivation of:the properties of imperfect gases from molecular
theoryjand'in'the description of the critical point.‘ The equation is
qualitatively correct. in this'and other respects, for instance, in the

conclusion that the volume of a gas is finite at infinite pressure. The
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representation of the critical phenomena results from the fact that the

equation is of third ordér.L
Strangelj enough, later autrors have given up some of the great
édvantéges of van der Waals. The equations‘proposed'by Wohl (1914) and
by Beattie and Bridgeman (1927) are of higher order. The_felatious pro-
posed by'Beattie‘ahd Bridgenan as well as the famous equétion of Benedicﬁ,
Wébb,'and Rubin (1940) resuit in the volume zero for'high pressure. More-
over thése equatioﬁs oontaié tooymany empiricael parameters. An excéss_
number of parameters is not jonly undesirable because of the large number
of empirical data required; it is detrimehtal because the cbeffioients
cannot be unambiguously obtained even'from a large number of data.
The tables proposed by [Riedel (1954) and by Pitzer and his co-workers

(1955) have the_advantages,Jffan,uhambiguous and roasonably accurate repre=-.

. g o ,
sentation in a fairly large |range. The tables show that three individualA

parametérs are sufficient for all substances with the exception of assoc-

iating substances such substances as water or'alcohols, and hydrogen and

helium. The disadvantages of the tabular representations are the incon-

" vénience of double interpolutions (with respect to temperature and pres-

1

sure), and above all, the uusatisfaotory connection with fugacity coef-

. _ | :
ficients by numerical integration . and differentiation.
) |
23. Objectives |
_ | _
The preceding discussion indicates the objectives one would

- T . ) .
wish to attain: representation by an equation of essentially third order,
: i

containing three indiﬁidualTparameters. The limitihg volume at high

pressure should be 0.26 times the critical voiume, as amply demonstrated
: O -

by observed data. At the limit of low pressures or high temperatures

’
|
|
i
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the perfect gas equation shoﬁld be approached. The equation need not be
strictly of third order. But ﬁhe main terms should satiéfy this condition;
there may be minor correction terms in addition to the main terms. A fair
representation of the critical point and the critical conditions is
reqqired. | |
‘Some of these objectiveslbave been attained by the equation of
Redlich and Kwong (1949). No rélation however containiﬁg only two indi-
viduai_parametérsvcan be flexible.enough to give a satisfactory representa-
tion. This fact is sufficiently demonstrated by the failure of the two-
parametervtheorem of corresponding states. Moreover this equation.leads‘
to & critical compresSibility faétor Zc = 0.333, higher than the observed
value for any substance. For mosf substahces.zc has valués between 0.25
and 0.29. | |
 Several éuthors attemptéd to'improvebthe équatioh'of Redlich and
Kwong replacing the tyo p?rameters by temperéture dependent empificél
functions. Redlich ahd ﬁuhlopv(l963)‘and'Redlich,_Ackérman, Gunn,
Jacobson and Lau (1965) proposed compﬁter programs'containing deviation
~functions which depended on Pitzeris.acentric factors. The disadvéntage
of these deviation functions was their éomplicated form. vAlthough numer-
ous attempts have shown in the last twenty yeérs that no improvement can
be attained by‘simplé means, a more elegant sqlution Qf the pfoblem was
desirable. |
' Thebcali of the-prgblem lies.in fhe critical point. The equation

should;fufnish the cdfrect ﬁalue bf the critical compressibility factor,
whichris'introduced aé the third parameter. The followihg section there-
fore invesﬁigates the critical'i36therm.v Later wvarious cbrrectibns are

introduced for several regions of the P-T field.



24, The Critical Isotherm

In the equation of Redlich and Kwong the compressibility factor

Z is represented as
Z = P&/RT = 1/(1-h)_5 (A'Q/B')h/(l+h) (2.1)

by‘means of the auxiliary variable

h = B'P/z o (2.2)

and the ﬁwo pafameters.
A% - O.h278/(PcT¥?'5) | (2.3)
3' = 0.0867/(PcTr) . . - (2.4)

Since the reduced temperature is given by

T = T/T : : | - (2.5)
the parameters'can be computed frOm the critical values Tc ahd Pc.-
For the following discuSsibn it will be convenient to redefine the

parameters .

A=2Z, Pr/(0.26 Tr_ )v | (2.6)

B

o,eé-chf/Tr . - a | (2.7)

‘The figure 0.26 is an abbreviation for 0.25992106 which follows from the

solution of Eq.”(2.l) for the critical point. It represents the ratie,

of the'}imiting volume‘at high.pressure to the critical volume. If we

intr'oduce'ZC =»OJ3333 the relation between the new and old paramefers is

A=A (2.8)

 B=B'P.
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Introducing the new parameters into Egs. (2.1) and (2.2) one obtains

2 = 7/{z-3) - A/(Z+B) | | (2.10)

or, in the stanﬁard form,
3 2

z° - 77 + Z(A—B-BE) -AB=0.. ' (2.11)

The second and third critical conditions furnish the values _(Eq. 2.6)

[o})

an (Eq.YQ.T) for A and B; the value Zc = 00,3333 is then obtained from

Eq. (2.11)._ ‘
The proble@ is now to modify Eq. (2.11) in such a manner that the
second and third critical conditions are maintgined and the individual
value Zc for the critical_compressibility factor is obtained. At first
it looks as-if there were.infinite numbers of-modificatidns which may’
satisfy these réqgifementsf But the addifibnal conditions diScuSSed-in’
Section 23 reétriét the choice quite severe;y; The most general moaifica-
tion appears to be given by the functioné L(s) and G(s)'of\the intermediéte‘

variable s that is a function of the reduced density
D, = VC/V . _ _ (2.12)

The functions L and G must satisfy at the_critical:point,the following

conditions:
- - : 2, 0
L= 1-32 ; : (d_L/dV)T = 0; - a°1/av" = o . (2.13)
G=0; (ac/av),, = 03 o ae/av® = 0 . (2.1k4)

These funétions are used for a generalization of Eg. (2;10) in the form
7 = 2(1-L)/(2-B) - A(1-G)/(Z+B) - (2.15)

leading to the standard form

3

z° - Zg(l-L) +fZ[A(1-G) - B(l-L).;-BE] - AB(l-G) = 0. (2.16)



'The condition (Eg..2.13) can be satisfied if one chooses.

.2 3 .
= - 1 + X 2.
s=3D -30°+0D (2.17)
since at the critical point
' o 2 o
s =13 . -.ds/d(D}) = 0; 4 s/d(Dr) = 0. (2.18)

Five coefficients c. to ¢_ were introduced into L and G in order to

_ 1 >
satisfy the observed data. With

c, = exp[2.303(1-3zc)/cl] -1 | (2.19)

-a satisfactory representation was obtained by

L(s) =‘(c3+s-c3s)cl log(l+c25) o (2.20)
o L2, 32 :
G(s) = ¢ log[l+css (s-1)71. | (2.21)
The coefficient ¢y is chosen | ' -
3 1fors>1 . L (2.22)

. The other coefficients are.glven in’ .2,23) to (2.25).

The continuity of L and its first two derivatives is maintained because

of_Eq.‘(2.18).
The introductionbofvthe-seoond and third eritical condirions into
(2 16) leads back, in view of Eqs.r(2 13) and (2.14), to the’ relatlons.
(2.6) and {2.7) for A and B, In addltlon the solution of Eq. (2. 16) for
the oritical>point leads.toxany value Z 1ntroduced as the thlrd parameter.

Flgure 1 shows the satlsfactory agreement of an equation of the type

,(Eq. 2. 16) w1th the results for the acentric factors 0.0 and 0.5, obtalned

by Pltzer and hlS coworkers through smoothlng experimental data.

25 Temperature Dependence

The functlons L and G introduced 1n the preceding section endow

the modified equatlon w1th a con81derable flex1b111ty through the
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-coefficients ¢, to c5 of Egs. (2419) to (2.21). Any of-thése coefficient;
may be functions of the temperature, Pitzer's.tables were used as a
primary experimental basis for finding the best values of these functions.
The approach of the perfect gas equation ensures the validity at.high

- temperatures. Increasing deviations may be expected beléw'a feduced
temperature T_ = 0.8, which is the lower limit of Pitzer's tables.

The coefficients ¢ , C), and c. in Egs. (2.19) and (2.21) have been

>

represented by:

él = c6/[1+c7(Trfl)] ' - » o (2.23)
c) = c8[1.é1+c9(Tr-1)}/(1+o.1Tr)2 (2.2L)
ey = clo[l;21+cll(Tr—l)]/(l+0.lTr)2  ‘ . ' (2.25)

These three coefficients afe defined'in sﬁch a Way that they meet the
restrictions imposed in Sgction 23, As can be éeen, aﬁ the crifical'
¢ . and c_. become zero.

were fbund_to

temperature the terms with the coefficients c

The best numerical‘values for the coefficients c6 to ¢

11
" be , |
§1'= O.l/tl+2.06(Tr-l)]: | - | (2.26)
e =_o.95[1.21+2.71+(Tr-i)]_/(-1+o.1Tr)2 | - (2.27)
e, = 0.085ﬁi,élfh.34(Tr-l)]/(1+o.1Tr)2.- o - (2.28)

. The coefficient c3 could'be represéntéd by

e, = 143 Tt ? - 1032, o , (2.29)
Equ&%iOn (2f16)_proVed to be satisfactory only within the region
0.8 < Tr < 1.0. An inspection of Eqs. (2.25) and (2.28) shows that the

‘computation becomes meaningless for Tr < 0.721 since c_ may assume s

.
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negative value. Improvement for higher temperatures was achieved by
" gradual approach of the original equation of Redlich and Kwong. For
this purpose a mixing factor

eyp =1 - expl-0.05/(T -1)] (1>1)
” (2-30)

¢10

= ) K
+ 1 (T x1)
was introduced.

If we denote by ZK the result of Redlich and Kwong, and by ZM the -

root of the modified equation (2.16), the mixed compressibility factor
v is given by
Z = ¢y + (1-c12)zK. - (2.31)
Even so, appreciable deviations from observed values were still
found atksgpercriticalfﬁémperatures;"Thé addition of a deViation function

was found to be necessary. The expression

Zp =.Pr(Tr-l)[(3.281;lj_.lZc‘)(Tr3-2.6(T?-l)) + {(L;'.36-i5zc )Tr—6,70+21-.3ze)}‘
PrO'S]/[Tr6+O.'hPr_2] B
(Trzl) _(2-32)
7. =0 | | (T <1)

. D : : r
was found to. give the best representation. The final form of theveqﬁation
is now
» =‘ ' + ..‘. 7, 4+ .' ‘ ele
Z = %y (:L »cle)ZK' Zy | (2.33)
_ The results desqribgd in this section and the preceding one constitute
the basis of the Computer Program ES687. This program and all tests carried

out are described in detail in the Appendix.



~12-

26. - Comparison with Observed ﬁata

In Fig. 1 the good fit of the critical isotherm was shown on the
basis of the data given by Pitzer and his co-workers for substances with
the acentric factors 0.0 and 0.5, i.e., with critical compressibility
factors of 0.291 and 0.251. Figures 2 to 4 ehow the agreement for the
‘reduced temperatures 0.8, 1.2 and 4.0. The most serious discrepancy
occurs at low pressures and Tr = 1.2 and an acéntric factor of 0.5 (Which
ig actually beyond the range of Pitzer's tables). For lower values of
the acentfic factor one can reasonably expect smaller deviations. Aside
- from this region near the'cfitical point, the agreement is quite satisfac-
tory. | |

Results for ligquid n-nonane at the reduced temﬁeraturés 0. 74T and
0.859 are shown in Fié. 5. Tor the highervtemperatures the deviations
are moderate.éven at a reduced pressure as high as 30 far'beyond-thé
range of Pitzer's tables.. Also at the lower temperatures the deviations
are small up to Pr =_lO."But the equation cannot be relied'Upon below
Tr = 0.8.

One sees immediately from the diagram of the critiéél isotherm of
sulfur dioxide (Fig. 6) that a curve of this kind is difficult to reﬁresent ,
algebraically. Actually the'deviafions of the calculaﬁed valﬁes from the
observed curve are small. At the reduced temperature'Tr‘; 1.215 and the
reduced pressure Pr‘¥ 1.928 the deviation in Z amounts to 0.0L5. This
is the”region_in which the laréest deviatiéns.from Pitzer's tables for
an acentric'factor O.S'have been'foundﬁ On the whole, the result is
quite satisfactory for a.substance asAstrongly polar as sulfur dioxidé.

Ammonia (Fig. 7), another stfong polar substance is well represented.
The deviations iq Z do not éxceed 0.024 at a reduced temperature 1.475, i.e.,

326°C. ThisAis‘in the technically interesting temperature region.
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Detailed data for a. comparison of observed and ealculated-talues of
Z are shown in the Appendix for'substances discussed in this section and
for benzene, l-butene, hydrbgen_sulfide,.carbbn‘dioxide, helium, xenon,
hydrogen, nitrogen and oxygen. The results are similar to those'discus:
sed. On the whole, they are considered to be satisfactory.

3. Examples of Thermodynamic Calculations

31. General Rules

Sixty years have passed 'since Cafatheodory made the last major
contributiOn'toufundamental thermodynamics, and G. N. Lewis‘to its
practlcal appllcatlons. Numerous attempts in both flelds have. produced
.llttle progress in fundamental thermodynamics, but thermodynamlc calcula—
tlons in chemlcal.englneerlng problems have been steadlly and vlgorously
developed. Even so, there is still é ﬁide field opened for improvementi
in the efficiency of_thermodynamic caiculations.‘ Efficient hetﬁodsiare
of partieular talﬁe.in the_design of'reutine ealcﬁlations ih the:cﬁemical
plant and leboratqry; they are useful also in the design ofbcomputer
programs. o

A series of combﬁtetions of the'same_kihd,'e.gf,:computation,of
'equilibfium cOnversioqs under varying conditions, is adtantageously
carried out in a table; No part of the computation is perfofmed;on a
sepefate‘eheet. One line ef the table is assigned to each single step
carried out-direetly o? bylslide rule or by desk calculator.

_ Eachvsingle QOmputétioh problem (e.g., set of conversion conditions)
isbassigned one column. This choice isvalmost alwaye preferable to

assigning onevline to each problem and one column to each operation.
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The reason for fhis choice is the easier performgnce of .an operation
based on data that are aligned in a column rather than in a horizontal
line. ' The opposite choice may be prefefable in a rare exceptional case
such as a numerical integration. |

Computation is best cafried out line by line. . Speed and reliability
are increased by immediately repéating fhé same operation. There is a
good'éhance of detecting an error by casually.inspecting similar inter-
mediatevréSults written in 6n¢ line. The saﬁe advantagé is obtained in
the'inSpection of the final results. It.will often‘be useful to'observe_
directly the response of the resﬁlts to a change iﬁ conditiohs.

In graphicaltrepresentation a distinction should be made betwéen
diagrams for.compuﬁing and_illustrafions.‘ The scales in diagrams of the
first kind should be chosen so that experimental errors are .noticeable.
Otherwise the graphical repreéentation leads to a loss of acéurécy. If
this condition cannot be.reasonably satisfied,'oné plots a deviation
functibn, i.e., the difference between the observed values and‘a'simple
crudeapproximation function (linear or parabolic function). The computa-
tion is then carried out partiy numerically and partly gfaphiqally.

_In.illqsﬁrations_this'rule willvusually be disregarded. Hére-the
objectiﬁe is to give_infofmation of the functioﬁal rélation ét'the first

'glance. A few rﬁles are dbviousg thé curVes'should fili essentially the
whole available space andgthe slope‘of the major part should be roughly
U5 or 135°. | |

The usefulness 6f all fhése rules is best shown by a few examples

-like”those fbllowing.



32, 'Ammonia Synthesié '

The objeétive of a thermodynamic examination of the synthesis
of ammonia is to-galculate the equilibrium yield of ammonia, as it is
influenced by ﬁressure, temperature, and the preéence of argon.

The'ammonia synthesis is based on the equilibrium reaction

1/2 N, + 3/2 H2"= NH,,. o (3.1)

2 3

The thermodynamic equi%ibrium constant for this reaction can be

calculated from.
' |

1nK = -AG°/RT. | (3.2)

‘The standard free energy change £G° for the reaction must first be
determined. These'free.ene%gy changes at different temperatures may
either be read directly from thermodynamic tables or calculated from
thermodynamic equations as é'functionvof temperature. In our case,. the

AG° is calculated in the fo%lowing manner.

In the compilation of Wicks and Block (1963) we find

£Cp = 6.0 + k.32 x 1075T - 0.55 x 10°T 0. _ (3.3)
Since
= (o, | B b
o kG ‘/BT)p o I (3 )
we have
N = -6T + 2.16 x 10737 + 0.55 x 1077 +'ci. - (3.5)

The integration constant c, is found by substituting a known value of AH

1
at a given temperature. In'this case, we use the value of -11400 cal/gmole

for MH° at 298.15°K. Solving7for-civwe have ¢, = -9628. The relation

e/ = 1P G
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furnishes . '

AG°/T = 64T - 2.16 x 10_3T'+ 0.27 x 109772 - 9628/T_+‘02. (3.7)
‘To find the integration constant Cos we substitute 2G° = -4000 cal/gmole
at T = 298.15°K into thevequatiOn, and c, is found to be -14.93. Rearrang-

ing, we obtain
AG°= 6T4nT - 2.16 x 10'3T2 + 0.27 x_105T'l - 9628 - 1L4.93T. (3.8)

We then proceed to solve for K at any desired temperature from Eg. (3.2),
as shown in Taﬁle 1, which presents the first, simple example of applying

the rules of the preceding'section.

Table 1. Ammonia Synthésis.

T°K 623.15 _T13.35
. log T 2,794 2.888
A = 6-2.303 log T o 38.62 ’ 39.91
B =216 x 10757 , 1.346 o 1.670 -
¢ = 0.27 x 10°/1° | o 0.043 0.0k45
‘D = 9%628/7 : ' , - 15.45 12.45
E=A-B+C-D-14.93 - 6.937 10.905
log K = -E/2.303°1.987 | -1.5160 -2.3831
K ’ 0.03048 ~ 0.0041k

In Table 2 the values‘qf log K at_vari0us temperatures fér the.ammoﬁia
synthesis are shown as calculated from éqﬁatibn5~of Wicks and Block, and
Harrison and Kobe {1953). | |

- Usually one introdﬁces the reactants in»the stoichiometric ratio of
1N‘é:3H2 sb thg£.the'feSidue'Can bé'recyéled withoﬁt a'special makelup.
If argon is pré#ent, it is enriéhed:ih the residue; the result is a lower
conversion sugh that somé-df the residue ﬁust»be rejected; Calculations
of the.converéioh‘to‘ammoﬁia at‘équiiibrium are made both for the absence
and the presence of 10 mole % argén.ihithe feed stream.
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Table 2. Equilibrium Constants.
Wicks & Block v : Harrison & Kobe

: | Eqg. (3.8) . | _
T(°K) | - log Ky , - log K
298.15 . 2.921
100 ) 0.8171
500 y .- Jh661 - ~0.52178
- 600 . g -1.351 -1.39940
700 | -2.003 S -2.0u342

800 ~2. 50k | -2.53646

Table‘3'givés a summéry'of the following terms expressed as a func-
tion of a , the mole fraction of argon in feed and c, the'fraction of feed

converted to ammonia at equilibrium:

n, = number of moles i in the feed_initially,

n, = number of molesbi in equilibrium

n = total number of moles of compoﬁents in the équiliﬁrium mixture
y; = mole fraction of any component in the équilibrium mikfure.

—

The partial molal free energy of any component in a mixture, Gi’ is
the sum of the partial_molal free energy of the gas when it behaves ideally, .

' Eld, and the excess partigl molal free energy, G .
G, =G, = +G, . | B (3.9)

It should be noted that EiE.is'a correction factor for the deviation from

ideality, and at the same time a function of fugacity coefficient #. Eﬁld

and Giv are expressed as

- id o - y ‘ .

- : . .10
,Gi‘ "Gi +_RTﬂnyi . (3 10)
=B - IR :

- RTn?, . - (3.11)
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Table 3. Composition.

0.5N, + 1.5H, = Ny + Ar
i (1) - (2) (3) (%)
ni° 0.5(1-a) : 1.5(1-a) - 0 2a
n, 0.5(1-a)(1-c) 1.5(1-a)(1-c) ¢(l-a) 2a' n=2-2a- ac.
v 0.5(1-a){1-c) 1.5(1-a)(1-c) | c(1-a)

i . 2-c +ac 2 - ¢ + ae 2= ¢ + ac

The free energy change.for any feaction is given as
NG = Zniag. _ (5-12)
'sﬁbsﬁipuﬁing Eqs. (3.9), (3.10) and (3.11) into Eq. (3.12), we have,
G = AG° + nRT uP + BTZniEnyi'+ RTEn, g, . - (3.13)

-Since at equilibrium,
' / . :

& =0
one obtains
6% = FTlanE® + 7o bn(y.p)] G
or |
o g ’ }
i ﬁg - Zn[Py Ofgy 1;5 ‘ . ‘§¢1-5] o - (3:25)
: Y1 2 1. 72 '

Equating Eq. (3.2) to Eq. (3.15), we obtain,

- - Y. - @ 3,16
Ink = gald » — 3 . 3 (3.16)
% P T0.5 1. 0.5, 1. |

LN AP

2 1

Denoting the.sebﬁhd and third gquantities on the right’hand side of the

equation as Y and ‘® respectively, and simplifying, we have



K =Yo/P . ’_ , (3.17)
Since
Y. . '
Y = _—6__1___. ' - (3.18)
5 1.5 |
1 Y2
and '
¥ = 3%, | | (3.19)

substituting Eq. (3.19) and fhé-yi's in Table 3 into Eq. (3.18) we have

1 . __cf(e-ctac)

Y === (3.20)
1. )
3l 7 0.5 (1-@)(1-(:)2
From Eqs. (3.17) and-(3;ed)_we obtain
1 c(2-ctac) o . oy
K = - - (3.21)
31.5(,25) .(1 a)(l-c) P _
Simplifying and'rearrénging, we have a quadratic equation:
- (1.3%K + 0)(1-a)e® - 2[1.3PK(1-a) + dle + 1.3PK(l-a) = 0 . (3.22) |
' Solving for ¢,
_ 1. 3PK(1-a) + 9] +4[1 3PK(l-a) + @] - [1 3PK(1- a) (1.3PK+0)]
(1-a)(1. 3PK+¢)
| : (3.23)
FromiTable 3,
_ i) | o (3.28)

3 2ictac
From Eqs. (3 23) and (3 2k ), one can compute the mole fractlon y3 of
ammonia at equlllbrlum at a glven temperature and pressure.
Slnce the fuga01ty:coeff1C1ent % is dependent on temperature, pressure
and‘compoéi#ion of the gases,.it is;necessary to find first the values of o

'at_each specified condition before going into the actual calculations for c.
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‘From the fugacity—coefficients obtained from an‘equation-of statev(Redlich
et al. 1965), we can calculate @Ifor different compositions, Values of @
at a-specified temperature and pressure.are then plotted against y3 in
Figs. 8 and 9. The result obtasined by”Hougen, Watson and Ragatz (195h4)
and tmat/py.DOdge (l?hh) are also shown in the figures. Since Y3 is not
_knovn befcrehaud, one has to repeat the.calculation after a first trial.

Table 4 shows an example of tabular computation of y3 at 773. 15°K and
' 300 atm from Egs. (3. 23) and (3. 2&), with @ = 0.0 and @ = 0.1. . We first
assume a value of y3, 1ndlcated by parenthesis in Table L, obtaln numerical
v.values of K and & from Table 1 and Fig. 9, substituting into Eq. (3.23), we
findrthe value for c. From Eq. (3.24), we in turn solve for V3 If the
assumed and the calculated values of y3 do not agree, a second trial is
made using the flrst calculated y3 as assumed. In the present'case, twov
trials are suff1c1ent to obtain good results.

The simplicity.of tabular computation will be evident by.ccmparison
with any cher.way of solving Eqs..(3,23) and (3.2&). vThe steps iﬁdiCated
in Table L are the same as those to be used in a”computer program;

The effects of.the prOCeSS variables on the ammonia conversion c(Eg.
.3.23) are shown in Tables 5 and 6. 'Table 6 gives the conversion of ammonia
in the equilibrium mixture at 3QO atm aud 773.15°K. Columns 3¢ It and.5‘
_give respectively theICOnversion as calculated by the Lewis rule, by the
v1r1al equation and by the equation of Redlich and Kwong. These figures
have been given by Sortland and Prausnitz (1965) Column 6 is obtained .
from the experimental data given by Curtis (1932). The fugacity rule of
Lewis and Randall'leads to a sericus discrepancy. The other results agree

. fairly well with each other and also with the observed values of Curtis.
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Table 4. FEquilibrium Calculation.

Y3

2.525

7(°K) © T73.15
K 0.00L1L
P(atn) 300 |
a | 0 . 0.10
A = (1-a) 1 0.90
B = 1.jPK 1.615 1.615
.D = A*B 1.615 - | | 1.h454
Tteration 1 2 1 2
Y3 (0.3)  0.249 (0.3) 0.204 .
9 0.9116 0.91 _ 0.9116 0.91
b =D+ & x2.527 , 2}525' . 2,366 2,364
b - 3 6.386 '6.376 ' 5.598 5.589
E:B-{é 2.527 . 'é¢£5 2527 .
Lac =_ﬁAE u.081_ : :v - L.ot8 3.307 3.305
bgfuac = f 2.305 - |  2.298 2.291 . 2.284
r 1.519 1516 1.513 1.51
b -1 1.008 : 1.009 . 0.853 - 0.854
25 = AE '2.527 2.505 227k 2.273
¢ = (-b-r)/2a 0:399 0.500 - 0.375 0;376
CA 0.399 . d.ﬁoo : 0;338 0.338
o 0 o | 0.03k 0.034%
"o.lie + Ca = s,' 1.6o;f 1.60: } : 1.659 , 1;659'
= CA/s | 0.249 ~0.250 0.20k 0.20k4
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Table 5. Ammonia Conversion.

c, Mole % NH

. ) 3
T(°K) P(atm) : 0% Ar . - 10% Ar
Observed . Calculated » Calculated
200 52.4 53.°7 43.0

623.15 _ ‘ -

: 200 19.5 18.8 15.2
T73.15 : '
: 500 . 37.2 _ 34.8 28.0 .

Table 6. Calculated Conversions.

c, Mole % NH,
“ (k) Platm) | A 0% Ar . - 10% Ar
Lewis Virial Redlich Curtis Present Present
Kwong . ‘result result
773.15 300 22.7525.93  25.15 26.4k - 25.00 20.40

Since the combination of hydrogen snd nitrogen to form ammonis is

: aécompanied by avdecrease in volume, it is apparent from the genéral
prihciple underlying any equilib;ia that an increasevin pressﬁre will
favor the forwara direction, and thus a higher ammonia contsﬁt. From
Table 5, the percentage of ammonia-st equilibrium at 632.15°K decreases

~ from 7hf8'to 53.7%'when the ﬁressure drops  from 500 to 200 atm.

| The effeét of>témperature is also very marked. vSince the ammonia
synthesis is éxothermic, the reaction is favored at lower témpsratures.

As can be seen from Tabie»S,‘at_a‘pressﬁre sf 500 atm, thevammonia_content

rises from13h.8%'at 773.15°K to 4.8% at 623,15°K.
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The @reéence of an ineft'gas such as argon in the system‘affects the
equilibrium'yield of am@onia to a great eiﬁent. 'The effect can be seen
from the data shown in Tables 5 and 6.

The ammonia conversion in equilibrium with a 3:1 mixture of hydrogen
and nitrdgen gases 1s dependent on several variables Which one has to take
into careful considératibn in order to obtain the highést possible con-

version.

33. A Phase Diagram for Explosion Limits -

B Any reaction, not taking‘place near equilibrium is accompanied
by a decrease of free energy. ‘The sign of the calculated Virﬁual change
provides a means to find out whether or not a given reaction is spdntaneous:
under specified'conditions. Iﬁ'ordervfor ah explosion to occur,  there must
be a’ sizable decrease in free energy. In general, the greater the'décrease_
of thevfree energ& change;'the more violént may be the exﬁlosién. The
vioience of ah-explosionvmay'bé particularly‘great if.the’dééreéSe of
enthalpy is large. | |

- Explosion hazard has becbme a serious problem in the handling of
organic solutions of.hydrogen peroxide. It.is of interest to investigaté
,fhe possibility of‘detonation of the mixtures and the 9haracteristics of

the system withinvthe>explosion limits.
. : ’ | .

Tables of the free enefgy are used in the calculations of AG°'and‘AH°
vfor'a-given'cﬁange. The aata.used have been obtained from Table A-7 in
"Thermodynamics” by Léwis;-Réndallf Pitzer - Brever (191). The function

| ~(G°-H°)/T will be callea q.‘ The symb§1 q, is used if the enthalpy refers
| pé 0°K &5 a standard'state,_and 9pgg 1s used for a standard:state at‘

298°K. To convert a tovq298,'we add'(Aﬂggg-AHg)/T with AH denoting the
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value for the formation’from-the elements. All calculations are made for
a temperature qf 298°K. As.é somewhat involved example of explosion
danger the ternary system acetic acid-hydrogen peroxide-water will be
éxamined. Five changes, chemical or physical, are anticipaﬁed tO'occuf
within this system. They Will*be called simple reactions:

(A) CH3COQH(£) + hﬂgoe(ﬁj = 200,y + 6H20(g)-

(B) CH,COOH ;) + 2H202(z) = eco(g)}+ iﬁgo(g)
©) H%() = 10%%) T2 %
(E) CHLCOOH, ) | = CH3COOH(g) .

To determine the possibility of an explosion of this system from the
valués of NG and M, the first step is to compute . . AG° and AH® of each
of these reactions. Tt is obvious that the reactions proceed from liquid

‘reactants 10 gaseous products, . Hence various gdnveréibns‘are necéésary
in the computation. The syﬁbol (') refers to the gaseous étate. An -
asterisk ¥ wiil be-ﬁsed-to indicate that a summation is to be carried
out for the. values of the liquid reactants and gaseoué product. -

From the tables wg-bbtain,the_values qo' for the gaseous substances
and therefore the vﬁlues éf G - Hg'- They are converted (Table T7) for
the liquid reactants to the qﬁantities Gb ',H;' by means of‘the vapor

pressures p° (atm) according to
@° = G°' + RT Lap®. | (3.25)
Then we obtain (Table 8) AG°* for the reaction from the pure liquids to

the pure gases by

ACCK* = A(g°*-HgV) +o . - | (3.26)
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In other words, using GO—HZ’ for the liguids, one-finds the desired 260%
by using the enﬁhalpy change for the purely gaseous reaction.

The epthalpy change‘ZH§98 for the reaction from liquids to gases
must be computed séparately (Table 8).

Vapor pressures are taken from the.literature,:and heats of vaporiza-
tion_computed from the equation of Clausius and Clapeyron.

Pure substances under considé?ation arevcharacterized by the sub=-
scripts 1 to 6. The numbers T to 17 are used to indicate mixtures in the
ternary phase diagram. (.

Various_auxiliary quantities are assembledvin Table 7. The vapor
pressures for water and acetic acid have been taken from,Perry'é Handbook,
that of hydrogen peroxide from Maass and Hiebert (1924). in this and the

4
following tables the symbol % ﬂs used to indicate the quantity given in
the preceding line. Thé'symbol f} is used for the quantity in the line

before. . | : [ |
" The Standard enthalpy of formation (AHZ or AH;98 of Pitzer-and Brewer)
will be callediHi or H£98,in tde following sectidn.

Variations in the composition of a mixture will result in different
_combinations of the simple reactions iﬁ the system. Hence the values of
LG and‘AH of a system of thié'kind dépend greatly on its composition. Thev
exploéive regction is-répresentedvas a composite of the simple reactions

.‘(A)_to”(E).’ We denote by a, b...e the numBers of moles converted accord-
.. ing tokthe féaction equations_(A),,(B)...(E). ~Since we start-from a .
mixtﬁre (liquid,~mg;é fragtionssxl,-xz...)hand obtain a mixture (gaseous,
mo}e fraétions'yi;‘yeé..), we havé to include the composition dependent
3 par£s offthe frée energy; éince théy are small in any case, we assume

that the.relétiOns for perfect solutions and perfect gas mixtures furnish
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Table 7. Auxiliary Quantities.

cﬁ3COOH H.0

co HO
2

co

2D 2 : 2
(€,2) (%) (g) (g, £) (g) (e)
1 (1) (2) (3) () (5) (6)"
a’ 56.50  46.95 k3.56 . 37.17  ko.25 12.06
GO'_HE' -16845 - -13998 -12987  -11082 . 12001 -12540
P (mmmg) 338 2.1 23.756
760/p° 22.905 _ 361.90 31.992
~log} -1.360  -2.559 | ' -1.505
2.3RT1 ~-1855 -3k91 2053
Q¢ Oy, 2 . ; N L
G' _HO f! -18700 —17h89 - -13135 :
S .
fog8. -103800  -32530  -9h052  -5T798 - -26416 0
H! -100500  -31040 -93%9  -5T107 -27202 Q
a sufficient approximation. Thus we obtain
[=3 [} o ¥ 3 :
G = lGT+  bAGT + CAGETH Luneenn e
+leT Bn.yl +.yéRT In yé“+ sesesseseses
'fleT In Xl’--xeRT ﬂn-xg - ciesecavence : (3.27)
o8 = aAH;*+_b£ﬁ;*+ gAH;f+ déﬂg*f elH X . (3.28)
‘The computation will be based on one mole of acetic acid
nl =1 (3.29)
'Because of ' x, * X, +x =1 (3.30)
‘we have
n, = X/%; (3.31),
n, = Xh/xl ] (3.32)
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Table 8. Standard Values.

CH3COOH(2) f:. hHéOe(z) ='_2002(g) + 6H20(g) A
i 1) (2) ® ()
n, -1 -4 B +2 +6
GO'-H -12987  -11082
n, 1 -2597h -66492
G°-Hg" ~18700 17489 |
nt +18700 69956 -3810
Hﬁ* ~100500 -31040. -93969 -57107
ﬁif 4100500 +124160 -187938 - 34262 ';395920
e | -309805
Hgég -103800 —32530 | -ghos2 -57798 |
n4 +103800 +130120 -188104  -346788 -300972

Vap‘ +3625 +11678

n, 4 -3625 -Lk6T12 -50337
a%g . |

~250635




In the range

~08-

>
n, hnl

'x2/xl >4

> by .
X, hxl

The reactions participate according to

For

one obtains

In the rangef

)

c = n, —_hnl = XE/xl -4

& =n =
b =0

2
d = n)+ =
n2_=hn_1
,"2_=1*x1
a =1
b =0
c ='O
d_vxh/’fl

<

n2. hnl‘
?2/’?1<L‘

= X)-I-/Xl

(3.
(3.

(3.

(3.
(3.
(3.

(3.

NE

(3

33)
34)

35)

36)
37)
38)

39)'

.40) |

;&1)

42)
.43)
k)

.45)

146)
A7)y

- (3.48)
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We have

ba + 2b = n, = xe/xl

Solving these eQuations we . obtain

a = xe/(Qxl) -1

b =2 - xg/(2xl) .
- In addition we have

c=0

d‘= xh/xl

(3.1»9)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

These relations are needed to detéfmine the amounts of gaseous -

products. They are given (in numbers of moles) by

n = e

% 23,

nﬁ =6a + U4b+c+d

! =2

i)
]

il

né | 0.5¢c

n' =8 +6b + 1.5c +d + e

The amounts of the liquid reactants are

) ny —a+b+e

n2=)-l-a+2b+c
vnh‘=d
n=5 +3b+c+d+e

(3.55)

(3.56)
(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

© (3.6L)
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The various steps in the computations of AG and &H of some of the
mixtures are tabulated in Table 9.

Table 9. Free Energy and Enthalpy.

X, 0.2 0.1 0.083 0.333 0.167 0
%, . 0.8 0.4 0.333  0.667 0.333 0
x), . 0 0.5 0.58% 0 0.5 | 1
a ' | R 1 o 0 0
b 0 0 0 1 1 0
c | 0 o o0 0 o 0
a | o s 7 o 3 1
e 0 0 0 0 0 0
ng' 2 2 2. 0 0 0
n) ' 6 11 13 L T 1
ng' 0 o o - 2 2 0
ng' 0 0 0 0 0 0
n’ 8 13 15 6 9 1
Y 0.25 0.154 0.133 0 0 o
v, ' 0.75 0.846 - 0.867 0.667 0.778 0o |
Ys 0 0 o 0.333 ~ 0.222° 0
Vg 0 EE o . o 0 1
n3’logvy3_‘ 1,20k -1.624  -1.752 0 o o0
n) 'log y) -0.750  -0.803  -0.806 -0.70k  -0.763 O
n5f1dg Vs h o o 0  -0.95%  -1.308 0
ng'log vy 'o" o 0 0 0 0
®n 'log y, . -1.95% -2.h27  -2.558 © -1.660  -2.071L 0

M=2.3 R} -2666  -3311 - - -3490 -2265 2826 O




Table 9. (continued)
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7 S -250635 .

-176995 . -88183

n 1 1 1 | 1 1 0
n, L b L 2 2 0
ny, 0 5 T 0 3 1
‘n,log x; ~-0.699 | -1' -1.08i. . -0.478 -0. 777 0
nylog x, -0.388 -1.592 -1.912' -0.352 -0.956 0
nlog x, 0 -1.565 -1.638 o -0.903 0
=n log x, 21,087 -h.097  -L.631 -0.830  -2.636 0
N = 2.3RT*} | -1483 | Q5590 -6318 -1132 -3596 0 .
8GO  -309730. -309730  -309730 0 0 0
bﬁﬂbo* 0 0 0 _13k90k  ~13490k 0
cAGeO* | 0 0 0 ' o} 0 0
a® . 0 10865 sk3n 0 +6159 2053
6° 309730 -200465 295350 13490k -1287h5 2053
AG =T4M-N 310913  -297186  -202531  -136037 -127975 2053
5AHa°* 250635 ;256635 250635 o 0 5f 0
bow, O | 0 o 0 -8%183  -88183 0
cAHCO* § 0 0 0 0 | o 0
dﬁﬁao* 0 +52600, +736ho _ 0 +31560 - 1Q520
];198035. - -56623 10520
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The units of AH and AG are expressed in calories/g-mole. Converting

to 1 kg, and denoting the molal weights by Ml’ MQ..., we obtain

g AG/(n M 1M +nh h ) keal/kg. (3.65)

"

AH/(nlM +n,, M +nh h) kca;/kg - ' ' (3.66)

The calculation procedure is shown in Table 10.

Table 10. Free Energy and Enthalpy per kg.

Point No. 16 15 . 1k 17 18 b
x| - 0.2 0.1 0.083 0.333 0.167 0
X, | 0.8 0.4 0.333 0.667 - 0.333 0O
x, o 0.5  0.584 0 0.5 o
- M,n,=60.05n 60.05 60.05  60.05 60.05 66.05 0
n,=3k4.02n, 136.68 - 136.08 136.08 68.0h - 68.04 0
Munh%lB.OQnu 0 | 90.1 126.1& 0 54.06 18.02
oM, 196.13 . 286.23 _322;27_ 128,09  182.15  18.02
1/4 | .0051 0035 ..0031 .0078 0055 .0555
g= 1 4G - -1586 -1037 -907  -1063 703 +11h
h=$t-M8 = - ~ -1278 - -691 : -5h9 689 ;311 - +58L

‘These mixtures are represented by straight lines from points 16 to L

and from 17 to 4. These lines are the most critical ones since acetic acid

and_hydregen peroxide are present in the stoichiometrie ratios for the
reections (A) and (B). For interpolation, g and h are cress plotted in
Figs. lQ and 11f

From the cufves in Figs. lO:and 11 we can find the compositions of

mixtures for which g and h equal 0, -300, -600, -900, -1200 and -1500

-



£ -33-

_kcal/kg, respectively. Thése data are then plotted in triangular coordi-
nates at coﬁstant g and cgnstant h. >Figures 12 aﬁd 13 are the ultimate
gbals of the calculation. Cusps are to be expected in these contour lines
where they cross the linesvl6-h and 17-L because the nature of the chemi-
" cal reactions involved éhanées*ﬁhere. Smoéth interpolation is appropriate
.elsevhere.

0.

bThe most interesting\contour lines are those for g = O and h
. All mixtures containing less H202 than - indicated by the line g = O are
- perfectly safe. Actually one will not expect any detonation fpr H202
concentrations lbwer~than those of‘ﬁhekline h = 0. But for higher HQOQ'
concentrations the danger.is obvious. Aé a matter of fact, very serious

explosions of mixtures high in H202 and low in H.O have'taken place.

2

Phage diagrams of the kind presented in Figs. 12 and 13 furnish

direct information on hazards in industrial operations.
i . )

3h. A Model for Automatic Computation of Equilibrium Conditions

In thermodynamic calgulations; attention has been focused-to a
great extent on'a single chémicéi regction with a giVen set of reactants.
In practicebone is frequently apt to bé concerned with twd df mére reac-
tions occurrihg éimultanéously. The.equilibrium is‘thén characterized by'
a mini@um of the total free’energy with réspect to all virtually_possible
changes. One can easily_carry out the computation when there is only a
»single reacﬁion tb be considered. Difficulties are encountered if. this
.-Jmethdd ie éxtéhded to se&érél simultaneous equilibria.'vNumerical mathe—'
haticalvprocedures have been de#eloped for such purposes. The use of-
electronicvcomputers is ofrgfeét importance.

Fdr'instructive pﬁrpdses, we éhall’examiné a simple example. Only

two simultaneous reactions will be considered, namely, those between

'
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methane and steam at a temperature of 1000°K and under atmospheric pressure.
The two reactions, designated by A and B are

(a) CH), + Hy0 = CO + 3H,

(B) CH), + 2H,0 = CO, + bH, .
'.Generally, in more complicated problems one has to resort to trial-
_and-error methods in order to find the minimum of the free. energy. Even
the highly Soﬁhisticated method of steepest descentkis based on trial and.
error. The working of such-prbcedures will be illustrated by a primitive
calculation. Tﬁe free energy will be computed for points in a two-
dimensional network, then for points in a'mdre closely meshed network in
the néighborhood of the lowest point, and so on.
( Instead of the free energy we shall use the more convenient Maséieu"s;
functioﬁ | |

Q = G/(2:3RT). : (3.67)
The data have beén‘taken from the-ThérmodyhamicS of Lewis, Randall, Pitzer
and Brewer. -

The total Gibbs free energy G for these gaseous mixtures, which are v

assumed to be perfect, is

@
i

= n (G+RT 4n y,) . | | (3f68)
Esd that
'Q = Q°'+'2nilogfyi
with _ | ‘
| Qﬁ»ﬁ'Znicg/(2.3RT). . o (3.69)
: :We take.asbthe_initial mixture of the reactants.l mole of methaﬁé
and Ebmoieé Of_steém. fhetsubstances present ih the'system at equiiib-

brium, CH, H,0, CO, H, and‘COQ, are numbered as 1, 2, 3, 4 and 5
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respectively. Hence, at equilibrium, we have for the conversions a and

b by the reactions A and B, respectively,

n =1-a-">

1

n, = 2 -ag-2b
ny = a

n, =‘3a + v
g = b fﬂf

Since ny cannot be negative; a + b cannot be greater than 1.

(3.70)
(3.71)
(3.72)
(3.73)
(3.74)

Tables 11 and 12 show the calculations of the standard changes AGC/T

with T = 1000°K for the reactions A and B

Table 11. Standard Free Energy Change (A).

cm_ + HO = 0 + 38, A

1 . CORNNC) (3) (%)

n, . A o o 3

-(c°-r%)/T U765 - br.0L - bBLTT 32,7k
ni¢=-A(é°;HO)/T' -47.65 Sh7.0L 0 MBLTT 98.22 - 52.33
m . -15990 - -57107 27202 0 |
N | ‘: 15990 sTIOT | -27202 0 |
weffe 15.99 ©57.207  -27.202 O 45.895
AGP /T ;é-hﬁ(GO-HO)/T | ‘A—6.h35

To determine the minimum Q, we assign values to a and b under the

condition g + b'f 1. For the-first-apprcximation, we calculate Q at.a = O

while b increases. from O to 1.0 at an interval of 0.2;‘then we proceed

with a = 0.2, and b = 0 to 0.8; then a = 0.4 ..... etc.
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Table 12. Standard Free Energy Change (B).

CH, + 2H0 = 00, + A

p | @ (2) (5) (x)

n, 1 -1 -2 1 L ’
-(go-mo)/7 47.65 b7.01 - 5h.11 - 32.7h

n % = -A(G0-Ho) /T -47.65 -94.02 k.1l : 130.96 43.40
i o -15990 STLOT  -93969 o
 ni? = Aﬁg 15990 11421k ~93969 0 -
ot fr - 15.99  11k.21k . -93.969 o 36.235
£69/T =1 +A(GO-HO) /T - ’ o =Ta165

A few samplé.calculatiqns of Q are 'shown in Table 13. The results
of the first step are presented in Figs. 14 to 16. They reveal that a
minimﬁh is somewhere in ‘the neighborhood of a_=_0.8'and.b = 0.2.

In the next éteb several points érevchosen in intervals of 0.02 in
a and b_(Fig. 17); The inteivgl for a is reduced 1o 0.61 in.the third
step. The diagram shows that the minimumvié close to.a = O.Tl.and b =.
0.24. The final'detérmination is made with the aid of crossplots.v Fig-
. ure 18.shows.Q as a functién of b for a = 0.7l, and Fig. 19 éi&es Q as a
function of é for b = C.Eh. A reasonable interpolation based on Figs. 17
to 19 furnishes the final result |

a=0.711; b= 0.2465 a=-3.6359 . (3.75)

It.is seen_that‘this crude method gives a quite definite and accurate
result. The pricé paid for it is high. . Although Table 13 shows that the
‘computation of each point in the .chosen arrangement can be performed

quickly and with a low risk of érror, it is the number of points required
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Table 13. Calculation of Q.

a . 0.k 0.6 0.8
_ b ' : 0.2 0.2 0.2
'ﬁl=1-a;b . | 0.4 0.2 0
- n,=2-a-2b ; 1.2 1.0 0.8
ny=a : 0.4 0.6 0.8
‘nu=3a+Mb . f2.0 2.6 3.2
nssb : 0.2° 0.2 0.2
Zni=n L.2 4.6 : - 5.0
A : - 0.095 0.0L4 ' 0
Yy | Qf286 - 0.217 S 0416
¥y 0.095. . 0.130 - 0.16
v, 0.476 0.565 ‘ . 0.6k
Vs . 0.048 0.0kl | 0.0k
log ¥y 51.022 _ -1.357 _ ®
log ¥, -0. 5hk ' -0.664 - -0.7%
log y3 B -1.022 - -0.886 C =0.7%
logyy, - -0.322 o - -0.248 . .7 =0.19k
log yg -1.319 -1.357 - -1.3%8
n,log y, -0.%09 - =0.271 0
n,10g ¥, - ' -0.653 ~0. 664 ~0.637
nsldg.y3 : . -0.409 ' -0.532 = - - -0.637
mlogy, . - -o.6uh . =0.645 L -0.621
n5log Vs , -0.26k . -0.271 ’ o -0.280
Znilog Vs , -2.379 o -2.383 , | -2.175
a(AGoé/T) -2.5Th ’ - -3.861 -5.,148
b (£469,/T) -1.433 o -1.433 : -1.433
s(ac0/T) ~4. 007 . I5.20h | 6.581
QO=1/2.3R - -0.876 -1.157 -1.438
Q =Tizﬁilog v | Z3.255 -3.540 - -3.613
thatlgmakes the -".computaﬁional burden heavy. But the method can be

advantageously used in a'simple computer program. Of course, the complica-
tion increases rapidly with the number of simultaneous reactions under con-

sideration. 'More‘elaborate procedures of finding the minimum of the total
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free energy will often be considerably more efficient. But the inherent
danger of the existence of several relative minima increases with the number
of reactions. Theré may be a point where plain mapping rather than a high ..

sophisticated procedure leads to the'MOst'reliable results.
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L. Appendix

The Program ES687

41. General Scope

The program‘EéSSZ - Equatioﬁ of State 1968 - can be used
fbr ﬁhe compﬁtation of the compreésibilityvfactor Z = PV/RT for pure sub-
staﬁces; Tt is based bnvthe“equation of state by Redlich and wang,
hOdified by the éddition of‘a thirdvindividual parameter.
- The program ES68Z is written in Fortran IV. Tt consists of the'main

pfogram ES682 and the subroutine VIETA. |

The mein program ESéBZ can be divided into.four majdr pérts:.(l) Inpuf
énd Preparation, (2) Main Cycle, (3) Approximation Cycle; and (h)‘Results;_i

The dats cards to be introduced are: (1) the Title Card which states
fhe title of the pfoblem. The iﬁtegef'KCL controls intermediate quanti£ieév
to be printed out. MCL is used té indicate the. kind of expefimenfal data
to be read in. The experimental data may be giﬁen as cémpressibility
faétors.Z; if PV,.volume or dénsity afe‘given,‘the program converts the
~ data. to.'.Z.. WOM (molar weight of the substance) is punched on the Title
Card when the observed data are:éxpressed in mass or volume units instead

of molar units. (2) Experimental Data are given as Z, or PV, volume or

density. A blank card follows the last data card. (3) the Substance
~ Card gives the name of the substance, the critical temperature (TC),

pressure (PC) and compressibility factor (zc). - The last quantity LAA

controls the number of approximation cycles desired. (L) the Temperature-

Pressure-Schedule‘Cards’allow a vafiety'of prescriptions for different sets

of temperatures and presSureS.A The T-schedule provides for sets consist-
ing of a starting temperature TL and an arbitrary number of higher tempera-

tures TL + DT, TL + EDT, TL + 3DT, ..... at equal intervals. The

v
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P-schedule may follow one of the thrge schemes: (a) starting pressure.PL
and any number of higher pressures PL.+_ DP, PL + 2DP, PL + 3DP, ..... a%
équal‘intervals, (b) starting pressure PL and any.number of pressures of
the amounts 2PL, SPL, 10 PL, etc., (c) starting pressure PL plus any
number of additional pressures read in on cards following the Schedule
Card. Several sets of T-P schedules may be put in provided the total
number of points (product of NOT and.NOP) does not exceed 500. Any posi-
tive value for KS in the schedule card means that another schedule card
follows. The lést schedule card carries KS = O. Calculation for a new
substance can be prescribed simply by adding a new complete set étarting
with the Titie Card and so on. A card containing KCL = -1 will terminate
the computation. |

The data are to.be'given in arbitrary but consistent absdlﬁte units
throﬁghout,.e.g.,wali teméératures in °K of °R, and pfessures in atm,
psia, etc.. The outfut is given in the same units.

The program cap also be'used.for computations starting from'the
reduced'variables Tr and Pr. In this case, both Tc and Pc are set ét 1
and Tr and Pr are‘introducedeherevér T and P are prescribed. R

The subroutine used in this pfbgram is VIETA-MODIFICATION L4 to solve

-the-genéral cubic equation. This is a modified version of a SHARE routinefv
The solution gives any of the three cases: two equal roots (MTYfEﬁo), two

complex roots (MTYPE=1) and three real roots (MTYPE=-1).'

L2. Outline of the Program
 The first part (addresses 101 to 199) takes care of the input
and aséigns a point number ME.to every experimental value. ZE and the cor-

responding values of Tr and'Pr as'preSéribed in the T-P schedule.
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In the Main Cycle (éddresses 201 to 299) the computation of ZE is
carried out if ZE is given by data for density, volume or PV._ The results
of the equatioh of Redlich and Kwong and several coefficients of the modi-
‘fied cubic equation are.computed. |

| In the Approximation Cycle (addresses 301 to 399) the coefficients
A(2),‘A(3), A(4) of the médified cubic equation are computed. The sub-
rouﬁine.VIETA furnishes the first results, which are fed-back: The final
" result is mixed with the result of Redlich and Kﬁong if Tr'> 1. Iﬁ this
case also the de#iation function DC is computed and added.

The last part (addresses 401 to 499) takes care of the main output
and of.the return to a new problem.v |

In the fbllowing the symbols used ih the text and in the program are

coordinated.
Symbols N Symbols : Equations
in Program in Text ' _ "7 in Text
AC - A 2.6, 2.8, 2.10, 2.11
AK A2 2.1; 2.3
Y B | 2.7, 2.9, 2.10, 2.11
BK B 2.1, 2.2, 2.4
D - or 2,17 2.18
e . zD‘ 2.32
GG - ¢ » 2.1k, 2.15, 2.16, 2.21
GL ' L - 2.13, 2.15, 2.16, 2.20
PA , P |
PER ' | V‘Pr
‘QZ Lo clé ‘ _' 2.30, 2.31, 2.33

B o



TRR

TT

VG
W
WA
o
WF
WG
ZF
ZFK
7G

- 2GG

- Title Card

Column

2-37.

3839

ho-k1

“lihe

. Title of the problem;

MCL: Experimental data’

- If MCL = 0: no data;

MCL >-0: data.

2.32

2.21,

2.25
2.25'
2.21,
2.2}

2.24

2.19,
2.19,

2.20,

2.23

2.23
2.33
2.31;
2.31

2.31,

'KCL>=fPrint intérmediate guantities:

2.25, 2.28
2.2k, 2.27

2.20, 2.23; 2.26

2.20

2.22, 2.29

2.33

2.33 -

0 no print
9 ‘print

-1 termination
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If MCL = 1, data are given,as‘Z, but
if MCL > 1, data are given as FV,
or volume or density..

ho-L3 NPC: Reserved for punch control (not included in
the program). ’

Lh-53(L dec.)  WOM: molar weight (if required for the computation
of experimental 7).

54-63(L4 dec.) ECL: not used in this program.
The following list shows the values of MCL and WOM to be used when the set
of e#perimentalvdata is giv§n asbPV, or volume or density; WOM = O when
the data are given 'as.Z. |

for P for T for volume
or density

atm - %K : émagat" . 2 0
atm Kk ewfg 23 W
atm : °K : . g/cm3 o 21 MW
atm oK  1it/mole 23 0
atm ok  moles/1lit 21 0
e o -‘,;' | lit/mole. 3 0
psia . | S cu ft/lb 33 MW
psia R  /eu £ 3 M
 psia o °R  ._’ | _ ¢u ft/1b-mole 33 . 0
psia . °R. o  1b-mole/cu ot 31 0

2.  Experimental Data (only if MCL > 1)

Insert any number of cards up to L99.
Column

- 2-120(k dec.) ZE:'Experimental value of Z or PV or volume or
o 3 density. No card with ZE = 0 is allowed.
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The last card is followed by‘a blank card.

3.

- Substance Card

Column

2-2l

25-36(6 dec.)
37-48(6 dec.)
49-60(6 dec.)
61-62

Name of the subetance.

TC: critical temperature in any absolute units.
PC: critical pressure in any absolute units.
ZC:Lcritical eompressibility factor.

LAA: humbef of approximetion cycles;

if LAA = 0, computer sets LAA = LO

if LAA > 0, computer séts number of approximation
cycles LA = LAA + 10.

T-P Schedule Cards

Column

3k

5-6

78

9-20(6 dec.)

21-32(6 dec.)

' 33-414(6 dec.)

45-56(6 dec.)

_ KS¥ eontrel

KS > 0 indicates that the schedule card is to be
followed by another one, while

KS = 0 means that the schedule card is the last in
the set.

NOT: number of temperatures to be intfoduced.
NOP: number of preSSures to be‘introducedQ

TL:. lowest temperature to be 1ntroduced, in the same -
unit as TC. : : :

DT: temperature'increment in the same unit as TC.

PL. lowest pressure to be introduced, in the same
unit as PC. ~ :

='-l pressure schedule is PL 2PL 5PL, lO PL
etc. for NOP pressures.
DP = O: schedule is given by PL and the follow1ng
NOP-1 additional pressure cards. :
DP > O: pressure increment for NOP pressures in the

'same unit as PL

Additional Pressure Cards

NOP -1 cards (only if DP = O).
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6. A complete set of data cards starting with the Title Card may be
put in for a new problem. A new count of points (up to 499) starts.
A card containing KCL = -1 in col. 38-39 terminates the calculation.

L4. Diagnostic Options

A diagnostic option KCL is provided at the end of the appfoxima—
tion cycle. If KCL = 9 several intermediate quantities will be printed

out. (Format 20).

The first three columns contéin the number ME of the point aﬁd the
reduced values T and'Pr; Then follows QZ, the mixiﬁg factor (012) for
sﬁpercritical temperatures. The vaiue ZFK obtained by the equation of
Redlich and Kwong is given, theﬁ the experiméntalvvalue ZE. The follow-
ing column contains the wvalue ZGG obtained by the solution of theithird
order equation modified by thebfunctions L and GQ The value ZG is'obtained'
by mixing ZfKﬁand ZGG as prescfibed by QZ. Theihext éolumn contains thé”
final value ZF forvthé first phase obtained from ZG By addition of the
deviation function DC (following column). The last column céntainsnthe
numerator UP of DC. o |
| 45, Output | |

| The first line Qf the output réproduces the Title Card. Tt is
fdllpwed by the SubSﬁénc;vbérdiand ﬁhéAT;P Schedule Cards. |

“If the solutionvof the modified cubic equation is not obtained withinv‘
beOOh.(in‘Z)‘aftér LAA épproximation cycles, thé computer prints. (Format
iT) the.number ME of the pbinf, the nunber JA of the appfoximation cycié,
the phase distfiﬁuﬁidthTYPE of VIETA (-1 three phases, O critical, 1 a
singie pﬁasé), ﬁhg‘féctors-of the cubic eqﬁatiOn (input for VIETA), and

its roots {(output of VIETA).



-48.

The main output is arranged in tables for each set of temperatures

and pressures. FEach table starts with the following heading:

ME
X
A
TR
PR

ZFK
7m
A

DF

Number of the point for eaéh problem.
Absolute!temperature in °X or °R.
Absolute pressure in atm, psia, etc.
Reduced temperature..

Reduced pressure.

Z obtained according to Redlich and Kwong.
Z observed.

Z calculated.

Difference between ZE and ZF.

The printout for ﬁhe first phase of any point may be followed by a

.line for a second phase.

ZS8K

VAL

78

DS

Z for the second phase computed by the equatlon of Redllch
and Kwong.

Z observed.

Z for the second phase computed by the present modlfled equa-
tion.

Difference between ZE'and ZS.

If the final results from the computatibns,do not converge within

the tolerance of 0.000Lk or due to some other reasons, the’computer prints

some number between 9.0 and 9.9.

.The fbllowing is a list of the numbers which may appear in the main

output’ rather than the actual results obtained from the calculation.

‘Number

9.0

Quantity . . Reason
7F, 78 LA cycles do not satisfy the

tolerance of 0.000L.
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Number Quantity _ Reason
9.1 _ . Ziﬂ, Zs ZFK < o;
9.2 ZF, 7S : 7C (as given in the input)
‘ > 0.333.
9.3 ' gF, 78 - T_ < 0.721.
9.5 © 28K | ~ only one phase is obtained from

the equation of Redlich and Kwong.

9.9_ zS . The final calculation leads to
o : a single phase..

At the critical point (and very close to it) the subroutine VIETA
is insufficient. In this ggse»inaccurate resplts are printed, not indi-
cated by a printout of 9.0 or higher.

46, Phases

| - Since the present modified equation of state is of'third ordef,
it may_furnishione or three real solutions for Z. .If the equétioﬁ fur-
nishes three real solﬁtions, the computer prints out the highest. root of
Z as the valuegfor the gaseous phase and the lowest root és fhatifor'the
liquid phase. |

. The present program does not give an indication of which of the

- phases 1s stable. This decision can be made only after the computation

of the fugacity coefficients (The calculated fugacity coefficient is
higher for the metastable phase).

47. Convergence

N ! :
" The computation of Z from the modified cubic equation is carried

~out by’a‘stepfbyfstep approximation with a damped feedback. The calcula-

tion stops either after sufficiently conVerging to the result or after

‘completing a prescribed number of cycles LA without cohverging. The

numbér'of approximation’cycles set without special instruction is 50.
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More cycles can he prescribed if desired. The computer prints out the
intermediate quantities for the last 10°'cycles. As mentioned iﬁ Section
L, the computer does not grint out the results in the main output if they ' i
do not converge except due to insufficient appfoximation of the VIETA
feature; the number 9.0 is printed out instead.
To start the cycle, the Z value obtained from the original eguation
of stéte by Redlich and Kwong ié used for the first apprdximation. |
Oscillations of the resulté are sﬁppressed by feeding back into the
computation the éum_of the las£ result multiplied bvaIN, and the last-but—_
oné result multiplied by (1-QIN). The damping factor (1-QIN) of the feed-
back (inflﬁehée of the last-but-one result) is incfeased if the lést two
changes'of the result go into.opﬁosite directiéns, it is decreased if the

.steps'go into the same direction.

h8, Program and Examples
In the following the complete program ES687 as of 13 septembef,
1968 1is reproduced; | | |
‘Calcuiation exampleé are given for

Pitzer's Tables for acentric factor 0.0

| 0.5
wBenzene (Sagé.and Lacey; 1955)
l-Bufene (Sage and lacey, léSS)
n-Noﬁane (Sage and Lacey, i955) -
Sulfur dioxide'(Kang, 1961)_ |
A Hyarogén sul fide (Sagevaﬁd Lacey, 1955) , : | )

- Ammonia (Beattie and_Lawfence,.l930)

Carbon dioxide (Sage and Lacey, 1955)
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Helium (Landolt and Boernstein)

Yenon (Beattie, 1951)

Hydrogen (Landolt and Boernstein; Bartlett, 1927) R
Nitrogen (Smith, 1923; Bartlett, 1927)

Oxygen (Michels, 1954)

The ciitical constants Tc’ Pc and Zc fdr each substance are either
obtained from the quoted source of the datafor from "International Critical
- Tbbies.(l926-l93b) or "Selected Values OflProperties of Hydroéarbons and
Related Compounds."

The arrangement of the output tables has been discussed in:Section¢h5._
References A, B,vor C have been added to some 6f the output lines at the
right hand side. Théy represght the following comments.

A. The result of thisvline refers to a metastabie phase; Usually;
'thoﬁghtnot always, the stableiphase is presented in the preéeding line
(gas) or in the following line (liquid). -

| B. Thevcalcu}atéd results forVZC in'Piﬁzer's Tables ére 0.288 and
0.313 although the values 0.291 and 0.251 havé been prescribéd iﬁ the
input. lThe subroutine VIETA pannot_strictly handle fhe critical}point.'
The error appears to be magﬁified by insufficiency of the approximation
procedure. It is adVisable:to'replace'any output by a proéer comMenf if
botﬁ Tr and Pr are.betweén Q;995 and 1.005. This has‘been aﬁoided in the
program soithat the effect is demonStrated.

| C. The,input data resultvin Tr'< 0.721, excluded_aécording to.

Séctionf25.



TTUPKOGRAI ESORZIINPUT,OUTRUTY
_CeSa8  EQUATION OF STATE 196a N .13 SFPT 1968

D1HERSTON TI(6)QSUB(L).A(“)o?(a)v77(300)’P(500)sTR(q0“)OPD(SOO)O

_ 1) Fouual (1X16A06931242F10,4)

500) 4 ZSK(500) 12F (500) 325(500) 912G (5000 1X(3)9Y(3) 1ZA(500) s _

T2 FoREAT (/7))
17 FuthT (lA’F9O§’

14 FokFMaT {1X9A5. 3hb’3F]206)12)
15 FORMAT (2Xe31244F)2,6)

T 16 FCRMAT ()9X.F)2.6)
17 FORMAT _(YX931397H _1ST. _+5F9.4)

1€ FORMAT T(1X913+2F10.433(F943,F7,3))
19 FORVAT (:0Xe2(FY943eF7.3))

TT20 FORMAT (1X91349F6,3,F12,4) - .
_ 2l FoRMAY (72H NO T P 1R PR A

2P ZCALC TOIFFZ/)

d?"lﬁﬁfpuapaaKiloN

llt(TI(ﬂ)vh-]vG)'&CLOVCL;IPC’NQM,FCL
101 FRINT 12
PRINY 114 (T1(i4) 904 lsﬁ)oKCLOHCLg ﬂﬁﬁlggL

1F (#CL~ 1) 102+1034103
_1e2 ¥7=0

GO TO lu@
a3 Me=)

145 READ 13y ZE (FE)
e JE _CZELMED ) 32191064130
13) MEsME+] S
_..69.70_115
1c¢6 1Z23ME=]
e W F_HCL=2) 10491079108
1¢7 Myb=y
60 10 158
106 kp=0,016037

e JF Ui 13241324133
132 WGM=IQO .
133 CONYINUE
Mylz=] :
JIF (CL=21) 164910941€9

7179 byb=22-teL 4
JTF G O0M=1,0) 1104110,11)

T RE=12.1871
GO T0 112
1)) Fe=e u121871
__m112”IEHJ”CLv‘llml_€0l1391{3
113 kw=S0,0931E0 ‘
M:D=32=MCL_

156 CONTENUE
CRFAD  Yay (SUM(12) en=]va), TC'PFQZC.LAA

PRINT lao (S'Iﬁ(h) QI‘A=}'u) .1C"’C|ZC LAA

»Fg]NT 12
Ar= 7C°LC/C-?599210
_Be=o, eSvGBl;b*7C

K=l

114 KEAD 15.KS,t or.“up.TL.nT~PL.DP
PEINT IN-KS-hUTtNopoTLqDToPL 414

P (1) =pPL

e JFE2L I
IF (OF) 1154116117




. 115

!lB

—124.

e eee JF L (IP=NGP) 1151115;119"m

- 121

_..-118

117

319 CUNTINUE _

126,

_lzs.

LGk

o HYIEFLOAT (VY] =)0

PRINT _164P(UP)_ _

JF(UP=NOP) 121,121,119

PRAME) =P (JR) /PC

PIP)=P(JP-1) 02, 0

REENES|
LIF (R =NOP) 118,1189119

F(JUP)=P(UP=1)*2.5
_Jusype)

IF (JP=NOP) 12091209119
PAJP) =P (JP=1)#2,0: ‘

JpEJpel

READ - 164P (JP)

Juz el

P(JP) =P (JP=})+DP
LJPEIPel

IF (UP=r0P) 11791174119

DG 122 JT1=1,4n0T

GO 123 JA=),4HOP
ME=MX+ (JT=1) #NOP+JQ

THME) S (TL+RTHOTI/TC

123 CONTINUE
_...lee

oo IF (RS). 126491244125
125 K=K )

124
127

128

136

ers

204

__.2are.

2:s

...ene

210

__"2:9

c

_CONTINUE

LaA=nQ,

_TRR=TR(ME) -

ASEX+NOTENOP

IcIal EUND D K-S

IF (LAR) 146»1260127

La=LAA+]y
IF. (MZ=4R) . 12891299129

ML‘”Z'I

2‘('#)-0
CQ&IIEHEM'

A(l)=1.0
E(l)=1a.0

E(2)==1an
Peiny_ 12

sIN _CYCLE

LD 221 ME=z] ¢MiX

TES=SRT(TKRR)
TU=TRE=1,0_
PRRzPK (4E)

IF (MCl=2). eoay?oa'zra

27 (vE) =2E (MEI#2T3415/ (TRR®TC)
6n_T0_202

IF (VD) 20512634206
ZE(ME) =Y 0/2E(ME), .

Zr("F)~RR“ﬂO1“ZE(ME)“PHR°PC/(TRk“TC)

CoNTINUE

QIN=1e0

IF_(TeR=1.22)_2399209+210_-

GZ=14CmEXP (=00 C\ITU)
CONTINUE

R LND K

_JA*zﬂ.u¢7utPRh/(TRR“TRR“TPS)

BN—ﬂ.uBb&l”rhK/TRR



CALL. VIETA(E YT

_E(3)=AK=#K® (1. 848K)

E(6)==AKH#EK

ZFR(ME) =y (1) .
_IF (1) 21152110212

211 ZsK(=E£)=Y(3)
GO 1IN 213

212 IS5K(hE)=3.5
___ 213 _ConyInve -

A= AQ“PRR/(TNR“TRR“TRS)
BCzBa®PRR/TIRR

LER= (1. 04 1¢Tk~)¥(1.o‘c.1«rpn)
W01/ (10424 068TU)

V=1,15%(1.042.20%TU) 70EN
_U=0,103%(1e03,59%1) /0EN

KLZEXP (2,35259%(140-3e052C) /) =140
25€1)=¥11)

C
C.

__3°3 U~PQV*ZC/(TRR“ZA(JA))

354 _ZFA¥EN=9.2

-#PPROXIM4eTION CYCLE

DO 391 JA—"LA :
1F. (ZA(JA)) 3920302+303

332 LF(ME)=9,1
_ ZStHE)=9,.]

G0 TO 20}

S= 0‘5(30 ‘U“(3-J"L’)’
(SLL ) 0"\“\*5 o

TIF (GLL) . 30453043305

C LS(1E)=9,2
_.6C 1D _20)

325 GL=w#ALOGLD (GLL)

_IF (5=1.0) _3C693074307
3“6 wisy, 43/(T'RQTFS) )32

=SGLE (e (), 0-r) 8S)

T3¢T 61.6= l-U’U”S“S“(S’]oP,“(Q'loﬂ)
CIF (GLG) 3L8s 019309 .

378 ZFHE) =93
L 25(E)=9.3.

60 To 20y
© 319 6G=VSALIGLL (GLG)

A(2)=06L=])
A(3)=ACH (] e0=GG) =BC*(1,n~GL+RC)

i

A(a)=~-aCaRCa(l,  <6G)
CALL VIETA (A X 4TYPE)

TTIF (JA-LA&) 3124312+313
313 PRInT’ 17,rt.JA.vIYPt.(A(N),”-z'.)-(X(N).N-I.QL;

312 Zo(tEr=4())

1F (AuS(lb(ht)-lA(JA))-0-0004) 31493759325
TT32% IF (fa=17) 31543134321 )
J321_1T8=2 (X1 =La (JA)VE(ZALJA) =ZALIA=])))

IF (01S) 322.322,323
322 GIN=neyeqln

G To 315
323 th~QIN/ﬂ.9 N

1F (0In=1.") 3154315324
324 _QINZYe0

31y ZA(Jb*l)-UI!“/G(IE)*(l.n-@ln)“zA(JA)
_.3n) CONTINUE s

TIF(ME) =9, 0
. ZQ(\F) Q.Q
60 Yo 201




314 _266(ME)=ZGINE) _____ . e
IF (TRE=1.02) 31\o3]o.311 v .
31 _ZG(ME)SZFR(ME) SUZR(2GG (ME) =27 K(ME)) : e
310 CONTINUE
e JF _AMTYPE) 31693179317
317 ¢5(~E)=9,9 . . :
_G0_10_318._ i _ —
316 25(~c) X(3) : ‘ .
DCz0.0
318 IF (TrR=1.02) 3199320320
_ 320 _TY=TEReTRReTRR
U= (3028111, 1r°ZC)°(TT 2.6¢TU’((6.36-15.0“ZC)“IRR-6.70021 3°ZC)°
L ;SﬂnT(PRRL)n_ o
be= UP“TUGP”R/(TT“TT0(.4#PHR¢PRR)
___3)9_7F(rE)=ZG(HE) +DC ,
- IF (KCL=9) 201+326120)
326 FRINT 20 ,n:’THR-PRRqQZ,ZFK(nEL,?E(MF),ZGG(MF),ZG(“E),ZF(NE{JDC|UP
2rl CONTINUE

C s
c RESULTS
i PRINT 12
PRINT 21
D0 _4n) _HE=)M
DF=0:0
- Ds=0.0
Tk=TR(HE)2TC
_PrapPr (ME) #PC
IF (2F (HE) =9, C) 4029403.40
42 PE=2EAME) =ZF(ME) _
403 PHINT 1&.Vt9TK'PAyTR(ME)oPR(VF)o7FK(“E);ZE(“E)'ZF(ME)vDF
I AZSMED)) 640190019406 _ i — e
%C6 IF (ZS(ME)=G.0) 405,401,401 ’ oo .
405 DS=2E(ME)=2ZS(ME)_____ .
PRINT 19.ZSr(hh)9ZE(mE) Zb(ME)yLS
_ 4p) _CeNTINUE.
READ 11 (TT() o8i= ]|6)¢KCL,HCLgIPC'~0MyECL
P _(KCL). 99-1"10101
$9 STOP
EnD




-

SUBROUTINE VIETA (As Yy RIYPE )
o Cvs __ SCLUT10nN OF THE GENERAL CUBIC EQUATION. ...
c A(L)#YHBT4A(2)4YEH24A(3)8Y4A(4) =0
€ WITHOUT CUBEKTFy aSINF, ACOSF, FOR GENERAL USE.
DIMENSION  ata)s B(3)y Y(I)
Bl) = A(2)/7A0)) .

B1OV3 = ©(1)/3.0
B(2) = a(3)/a(1)
B(2) = atal)/all)
CALF_= . B(2) - B(1)¥BlOV3. __ _ e
BET = 2,r%510Vv3e#3 - B(2)#310V3 ¢ B(3)

LBE1OV2 = BET/2.0

ALFOV3 = ALF/3.0.
— LCuAnv3 = ALFOV3#e3 . e
SGbOVe = pE1gy2edg
o __DEL_=_S4R0V2 s CUAOV3 B .
IF (DEL) 49,20430
—_c ~,..,ﬁ._.,.;,___-.,_.__ : I
' MTYPE= Tw0 ROOTS £QUAL - . )
L20VMTYPE. = .6 . s ,_ﬁw;n_Mﬁdm_~mm_m;mum,,*;gm~_~_ﬁ;_”mmA
GaM = Sufo( ALFOV3) :
IR (BETY 2242202) _ R N
21 Y(1) = -2 LRGAM =R10V3
_wu-m"._"X(Zl_?_ﬁkﬂ_:_ﬁlﬂy3 - -
Y{3) = Y(2)
JRSUUUUON 1A & - (O AU
22 Y(1) = 2,0%GAn ~B10OV3 ‘
e Y () _ = _=GAM . =B10V3 - __
Y(3) = Y(2)
e BC_T0 50 - - e

c
G _BTIYPE=1__ TwO, cnnwLEx _Rp0TS_..
32 MIYPE =\
EFS = SQKTF(DEL)

e T e et
e RCU=TAUeRPS

SCU=TAUL=ERS

e SIR=Y 00 - N i e
SIS 1e0
. 1F (RCU) 3143232 e e —_

31 SIR==1.0

. 3241;H1>cu1_33,33,3§__ A
33 S1S=~=1.0

34 F=SIR®(SIR#NCU)##5,33333333 .

S=SISH (SIS LU #%),33333333
LYty =R e S - BIOVR e
Y(2) = = (#+S)/2.0 = B1OY3
X3 = 0.80R0Z2543% (R=S) R e
. ‘60 TO 50
C. e
[o MTYPE=-1 THREE REAL ROOTS
. _&e MTYPE = =) e e e e e e e e e
QUOT = SQUUVZ/CbAOV3 ’ ’
. ROOT = SGRIF(=QuOTY I

CUIFUGET) 42041041
41 _Prl = (1,5707563_+ ATAVF(‘OOT /.. SbRTr(l G- PHOTo“z))) /. 3.0..

60 T0 &3
42 Pnl = ATAWF(SOKTF (1.3 = ROOT#2) ra 200T)_ 7 3e0_ .
43 FACT = 2,¢#SOKRTF (=4LFOV3)
U XA1) = FACT=COSF (PAI) - R10v3
Y(2) =

FoCTeCUSF (PHI + 2.£94395]) = RIOV3



-57-

c k)
Lo _Yt1) HIGHEST ROOTy Y (3) LOWEST_ROUT
YAZASAKL (Y (1) 9 Y(2) 4¥Y(3))
__XCEanInd (Y (1) aY (2) 4Y(3))
YREY (1) ey (2)4+Y(3)=YA=YC
. Ytl)=YA
Y(é)=YB
Y31 =Ye : . i '
50 RETURN - ‘ A -
EnD

. _. Yt3) = FACTSCOSF (PHI ¢ 4.1867902) = njov3

- —_—

TPITZEKS TAGLES REUUCED" -0 1-0  =q, S =0e
_ACENTRIC 0.0 210000000 14000000, +291000-0._

2100000 .200000 424000 _ e

1.5 5 . .500600_

158 LB00000° L100000 2,000000 1.000000

155 1.,400000 400000 4260000 _-e400000 .
158 1.40C000 s40000C 2,000600 1.0¢0000
L5 e 000000 mee . 0206000 .460000
-0 1 8 44000000 ~0s 2.000000 14000000

NO T I S L. PR ZK____ 2EXP____ZCALC__ DIFF

] «BRO0 L2000 4600 4,200 .86 ,AS)  ,B50 001, _

¢ ' « 636,851 - #0633  ,818 A

P wBAOD__ 600D eBOD._ w600 ____ J1C). 3100096 _ 006 _
3 . 6200 1'0000 .6(‘!0 1.000 . «1£E6 .]Q.‘O 158 5006 !

T S «8200__1.4000_ W00 _ 14400 5228 . ,225 . . 4219 _ .CCH _
5 Ba00" T 1.8000 J500 7 1,800 $289 287 .279 ,008

" 6_ e 9r00___ __ a2000_: 0900 __ «200_ __ .90)  ,904 . +B98 .06

77

8

09100  «6000 «FC0 4600 4597 .102 612 =,510 A
" _ . . e XYY 102_ . » 108 - =,006.__

» “e9r00 - ).0000 ¢80 1000 0175 ,187 0160 €07

9 %900 _ 7 14000 o900 114400 4235 _ ,229 .. «220._ 4009__

: 10 - #9300 - 1.5000 . +900 " 1.80n 294 . 288 w218 010

- ot : LN Ye%a0C 2000 1.00C | ..200 .- 929 . ,932 931 001 -

' 12 lJe0R06 - oF000Q 1.000..° «600 756 757 +755 « 002




_ 13 d.on0n_ 1,0000 1,000 1,000,298 ,291 __.288 _ ,0036
T 1.,5300 1,4000 1,060 1,400 o277 +250 $237 013
.15 1,0000 1.8000 _ 1.000 1,800 __ o324 __ ,2304 ___ _ 4285 _ 019
16 1, 1n00 220007 1,100 200 «947 950 +951 =,001 "
CMT 141800 L6000 1,100 J600_ .830 .a33 _________ «83)1 __.002
18 Telr0C 1,5090 1,160 . 1.0Co «69] 691 682,009
_.19 1.1000 1,4000 __ 1,100¢ __1.400 <521 .512 $498_ _L014
20 1.1h00 1,8000 1,160 3,800 «431. ,408 411 =,003
,,»Zr_ﬂ_ml.26opm____ 2600 1.200 o200 o960 ,963______.%64 _~,001 _
22 1.,2r00 L6000 1.200 L6000 +875 879 .878 001
23 . 12500 1,.0000 142006 1,000 ____ .785 _ ,788 o183 __ 005
T 24 1.2006 1.4000 1.200 1,400 «693 .690 .683 007
25 1.2000___1,B000____ 1,200 14800___. _,H12__ :,598 .59 _ GO} _
26 800D 2,0000 «800 2,000 «320 .318 S.311. . 007
2T _WBpN0__ 3.0000_ ___ 80O, 3,000 _ . 466 _ 661 ___ . 458,003
28 +8000C 4,0600 «800 4,000 N8B 605 600 L0085
29 eBr00 _ S5,0000_____ «BOO. 5000, . _oTbb___ JT46 __ __ JT40___ « 006
30 «Bp00 66,0000 800 6,000 «881 .883 «876 007
.31 .8p00_ 7,0000  __.BCO._ 7,000 ___ Y.014 1,017 . 31,009 _-,008
32 8000 8,0000 <800 8.000 1.145 1,150 1,140 .010
_33_e8nnn_ 9.0000____.B00_ 9,000 . 1,274_ 1,280 __ .1,268 __ ,012
34 WP 06 2,0000 960 2,000 322 .316 “+309 007
L35 9000 3,0000 4990 3,000 __ o460 458 ___ ,451__ ,007
36 9000 4,0000 <906 6,000 «591 ,591 .588 L,003
3T W90 55,0000 .900_ 5,000,718 __ ,718 _ _ ,723 =,005_ _
38 9000 65,0000 900 6,000 B4) JR42 B854 =,012
39 ___._e9000 __ T,0600__ . 2900 T,000 .. 962,966 . ,983 -,017.
40 +3000 B,0000 «%0c0 8,000 1,080 1,089 1,110 T-,021
_4)Y L9000 9,0000 ,900 9,000 1,197 1,210 1,236 -,024
42 l1.0ncCC 2,0000 214000 2,000 e 349,329 313 016
_.43 _ l.000¢ _”NJ_QOOQ.HNNIAQOQM.J-OQOM__“\-ﬁ72___,458n~_ o442 ,016
44 1.6h00 64,6000 1.600 4,000 592 . 582 .570 .012
__ 45 l 0800 - 5,0000 __“1-000.,50009m_‘w.-7"?““M TC2 [ «696_ ,006
46 1,0n00 "6.0000 1,060 6,000 820 .B19 L8199 =,000
AT le0n0n  T7,0000 1,000 7,000,930 ,932 %41 =,009
48 1,0000 b, 0000 1.600 8,000 1,037 1,048 1,061 -,013
.49 Y.Cre0_9,0000 _ 1,600 9,000 __ l.144 31,166 1, 179 ~-,013
88 l.160¢C 2,0000 1.160 2,000 . 431 L4002 .409 -,007
51 lalaoc 300000 1,000 3,000 . o516 | ,4BG - J486_ =, 002
52 1,180¢0 64,0000 1.1606 4,000 610 .589 589 =,000
= 53 WAHL.IEOO~"W45,QUOO__HMJ.IOO_”S.OOOW,“_".713___.699WMWM>.696_E .003
54 1,1A00 6,0000 1.100 6,000 814 .R10 «802 .008
L.55 daleon o 7,0000 0 3.1GO0 7,000 . L9313 ,916 907 . ,009
56 lolnoe: 8,0000 1.d00 8,000 1.011 1,819 . 1,010  ,009
57 1.YA00_ - 9.C000__ 1.100 9,000 1,168 1,129 _ 14112_ 017
B8 1,2a00 . 2.,0000 1,200 2,000 «5R4 568 570 =,002
59 w~ﬂl,2&oo__nm§ 000C _ . 1.200 3,000 __  +576 _ ,556 561 «,G07
60 Ye2r0¢C 4,0000 1,200 a 000 . 647 618 W630 ~,012
_.61___l,2an0  5,0000 1,200 5,000 L1732 ,714 L1717 =-,003
62 T 1,2rq0 T T6,00600 1.260 6 000 . 821 .810 «807 .003
63 lezroe  T.0000 1,200 7,000____ L910. _,997___ 4899 __,008
64 1,2000 b,0000 1,260 8,000 «998 - 1,000 .990 .0lo
_65 - l.2a00  9.0000 1,200 9,000 _ 1.086 1,100 1,081,019
Te6 1.4A00 . .2000 1,400  ,200 976 977 2980 =,003
67 Y.4p00 L 60C0_ 1,400,600 .927 ,929 931 =,002
68 1.4000 1.9000 7 Y,400 1,000 HBN L8R3 . BB2 .001
69 Ysence  1,4000 1.e00 1,400 «B36  ,R38 _.835'"..001 N
70 1,6500  1,B000 T 1,400 1,800,797 , 795 2793 .002.
7Yy l.Rren zono__ B scomwm.zoonw.m_.99n L991  .994 ‘=,003
12 71,8006 $6000 1,800 7,600 9T2 974 W977 T -,003
13 0 1,800 1,0000 1,600 1,000 .9%5 958 CW960 =002
T4 1.8~00 “1,4000 1,500 e 941 044 «945 «,001
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1.400



7S5 1.8f006  1,8000 .

76 2.2000
N A N

78 2.2100

19 2eenal

&0 242000

_2e2p00 .

__ Bl 246000 _

82 2.6600

.83 ____2+.6000 ___leco00_ .

84 2.6000 1.4000
85 __ 2,6n00_ __ 1.8000_
86 "3.0A00 +2000
87 3.0800 __  +A000__
BR 3.0pn00 1.0000
B9 3.0¢00 __ 1e4000.
90 . 3.0n800 1.,3000
91 le4n0n 240000
92 le4Ar00 3.0000
.93 __l.4p00_ _4.0000
94 1.4606 500000
9% l.sb4r00 . 6.0000_
96  le4r0n 7.0000
.87 _ _le4g0G ___ _8.0000_
9R le4n00 9.0000

_.99___ . 1.Bn00__ __ 2.0000_

« 2000
.. +6000 _
1,0000
21,4000
1.3000
02000
«HU00

100 1.8400 3.n000
LY0Y o )eBADO . _4.0000__
102 184000 50000
L1063 leBa00 06,0000
106 YeBr06 740000
2105 o leBann.. 86,0000 .
1G6 : 1.8500 900000
Y07 242300 2,0000.
10R 22000 340000
2109 242600 440000
11¢ 2.2:00 5,0000 -
C_I1Y 242500 6.0000
112 2.,2400 Te00G0

J1I3__ 2e2n00 ___ Be0000__

114 242600
YIS 246500
1146 2.6300
_1)7__ . 2.6000
118 2.6000

9.0000
240000 _
3.0000

. 400000

119 2.6800

12¢ 2,6500

-2l 2.6000.

122 2,600

2123 3.0R00___ 2,0000__

124 3.0000

126 . 33,0400

127__._3.0700

128 33,0406
129 3.0A00.
130 3.0A00

133 4,000

134 4,086
L1385 4,pare
134 4,0000

640000

5,0000
6,0000

7.0000

8,0000
19,0000

3,0000

40000

5.0¢00

17,0000

L.B.0000

e 02000

T 11,0000

9,0000

«F000

71,4000

1,R8000 -
2,0000

=59~ .

16400 4,000 _ __ o753 __ .734

24206 7.000 1
24200 8.000._...14073 1,080

2.600_ 4,000 _ 1,015 1,023 .

3,000 2,000 _. 1,006 1,014

3,000 6,000 . 1,03)_ 1,041 _

24200 94000,
246450 2,000  _
24600 34000
2.600 5,000
2.6006 7,000
2,600 8,000
2.600 9,000
3.660 3,000
3,000 5.000
3.000 6,000
3,000 T7.000
3.000_ BR,000_.
3.006 9,000
LA 000 W200 .
4,000  ,L,600
4,000 1,000
6,000 1,400
4,000 1,800
4,600 2,000

1.043 1,048
1.108 3,118
1.004 1,010
1,029 1,040
1,068 1,083
1,092 1,109
Jells 1,139
1,019 1,028

1.045 1,058

1,062 1,077

l1.0R80 1,100

1e80G 14800 ..e928  _,93) .
24200 200 . «996 2997
20200 460D .. _e989. . ,990._.. ...
24200 1.000 «983 .984
20200 1,400 979 _.,980. _ .
24200 1,800 4976 _.977
_2e600 200 .___ 0999 _ 1,000 _
24600 o600 #9997 1.000

260014000 . 4996 1,000

2¢600 14800 4997 __1),002__ .
3,000 «200 1.000 1,001
34000 _ 600 . 1.001 __1.003
3.000 14000 1.003 1.005
3060 1,400 . __1.005 1,008
3.000 Y.80¢0 1.008 1,012
16400 2.000_ o781 __ 777
1440¢ 34000 » 737 720

o844 _ .

l1e460 S,000 . +800 . 781

10400 6,000 ____ o861 __

1400 7.000 928,921
16400 BaGOO. - o997 _ ,994 _ .
S 1e4C0 94000 l.068 1,071
1eBCO. 24000 . .923 . .926 . .

1.5C0 .3.000 T +908

1eK00 . 44000 ... #9111 .. ,908 . ..

le8G0O S.000 0929 + 825

16400 6.000.._.._+958 . -,955

1800 74000 +995  ,993

1e800 84000, 16037 1,039

1.R50 9,000 1.083 1,091

2¢2C0 24000 . _. #975. ,975 .

242006 3,000 « 974 974

26200 464000 . o982 98]

24205 S.000 © 997 997
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Y37 440800 __3,0000___ 4.000_ 3,000 __1.03) 3,038 1.037_
138 440700 4.0000 4eCGCO 44000 - 1.043 1,053 1,051
_Y39 4o 0n0C. _ __5.0000 . _ 44000 5,000 _ __ 1.057 1,068 ____ 1,066
140 4e0nN0 6.0000 4.000 64000 1.071 1,086 1.082
2141 40000 T.0000__ _ 44000 74000 . _ 14087 _ 1.104_. 1,099 .
142 4e0a00 8,0000 44000 8,000 1.103 1,124 1.117

143 440000

_..9.0000

-60-

C 4000 9,000 _  1e119 1,143 _ 1135

«001
«002
_e002
« 004

« 005
oG07
~eCO8

_PITZERS_TApLES REOUCED

ACENTRIC n_5

=0_1=0

1.000000 - 1.000000

.251060-0

15596 - o 500000 «100060 «200000 «400000
_.1.58 _ #BO0O0O.__ 100000 _ 2.00000C ____le000000 " .
155 1,400000 «400000 4200000 400000
1. .58 1.400000 ___ 400000 2.000000____3Y.000000_ __ - ..
115 4,000000 =n, i «200000 400000 . _
o=l B 44000060 =0 26000000 1000000 . ...
NO T P iR PR CZK . CZEXP  ZCALC  DIFF
1 «8n00 «2000 JBOO 200 +8856  ,803  LB09 ~.006
e w034 (803 4034 L1692
2 «Bn00 F000 «B0O +600 Cedel .NTA T .082 ~=,004
——3 eBA00. 10000 eR00 14000 o166 | 129 _ +135 =006
& *8000 1.4C00 800 . 1.400 0228 175 . ¢188 - =, (13
5 eBR00 __1.B000 o800 1.B00.___ s2R9 _ _,227 . «239 =.012
6 29000 #2000 0C0 200 901 .RB3 871 012
LT oe9000 w6000 6960 600 _____aSGT . 0TS . 606 ~,5314
8 «9p00 l.0600 «900 1,000 . W 178 124 e137 ~,013
—.9 «200N 1,4000._ . 900 _14400 ... . +235_  ,174.. .. <188  =,014 .
1o «9a00 1.#000 900 14800 1296 .223 239 =,0l6
1Y de0Abn L2000 1.600 4208 4929 ,926 _ _ _.921 __.005_
12 l.0000 «A000 1.000  +600 156 LT4T 745 L002
A3 le0np0  1,0000 1.000 1,000 . .298-  ,251 4313  -,0625
14 . l.6p00  1.4000 14G00  )e400 277,206, «203 - .003
15 lepann _ l.me0n_ 1e0GO__1eBOC 2326 - 246 . +244 4002
le lelrco «2000 1,100  ..200 0947 2951 $957 =.(06
AT Yelgno 6000 10100 #6000 4830 R41 T 4R3B. LG03
18 1.10G0 1.0000 1.100 1000 +69] . 719 HB3 « 036
o8 YeXsnn | 1.4000 1100 16400 521 567 «480 (87
20 “1e1f00 1.%C00 1100 1800 «43) L4626 393 .(33
L8Y  Ye2r00 . e2000 .. _ 1e200 . . 200 _.. ¢965 . J968 976 =006
22 l.2¢00 «/000 © 1.200 600 875 +P93 +892.  .001
83 Ye2a0n 1.0000_ 14200 1.000___ . 4TRSS ,R23 4795 __ JCZR
24 l.ZF"ﬂ 104000 1-20,0 10400 «693 .755 687 .C(‘B .
25 __1e2n0C_ _YJRGUO . 1e2C0._ Y4800 __ . .A)2 __ LAB3 4594 _ JLE9
26 «8aCe 2.0000 k00 2000 «32¢ 2853 0279 ~.(26
L8 P0G 33,0000 eBC0. 34000 . __ e46h _ G3T7) 1 0605 =.G36
2R «Bn0C 44,0090 «BCO 4,000 A8 490 527 =, (37
29_ _JB("‘(‘O N _5-0000_ “______Hca(_l(‘ »5-000 P -7‘06 R .6’.6 0647‘___ ’_0(331 .
3¢ HAND 6.0000 BOG  6.000 8P} .738 763 =, :25
C3Y L eBR00 T.0000_ . eBOG 7,000 . . _1.014  ,AS7 - &BTT - =620
32 8000 JEG0 R,000 1.14% ,975 2990 ~,015

K,0000



=62

=33 WBRO0.__ 9.0000___ - WHEO . 9,000 . ...1,274..1,105 .. 1,100 ,cos

34 9000 2.,0000 «900 2,000 »322 246, «278 <,(3p
___35_,.,_._09900_..._...300000,_...__",9900 30000 _e460. . 368 ... 400 =~ (32
3¢ $9000 4,0000 0900 4,000 591 486 o518 -, (37
37 « 9000 5.0000...._._ 900 . 5.000__ «TI8 _ ,598 _.__. 634 ~,03g
33 0‘9-’\00 6.00'\)0 ) -900 6,000 «B41 .7(‘7 e 747 = i40
—39 ____.9400.___ 7,0000 . 900 74000 . . 9862 ,Bl6 . «RSR <, (42
40 9100 &,0000 w966 RL,000° 1.080 929 967 «,(38

— 41 «90C0 9.0000. . _ . +9C0..9.,000 ... 1,197 _),035.....1,074 ~,(39
42 1.0006" 2:0000 leC0OOQ 2,000 0349 P67 281  ~,0l4
430 1,0AC0 . 3,0000_._ 1.G0G 3.000...... .472... ,383.___ . 4392 .-,009
44 1,00600° - 4,5000 1.006 4,000 +592 497 503 =,006
2650 ..1,0000._ 5,0000___ 1.000_ 5,000 . WT0T.. A02. . .e61). =, (09
46 1,0809 6.,0000 1.000 6,000  <R20 .704 718 =, 014
e AT 140800 T 0000 3000 7,000 ... s930. . LR802_.... 4R23  =,021
: 48 1,0000 R,0000 1.0C0 R,000 1,027 .R98 - 0926 ~,028
49 10800 5,0000. ___14000_.9.000.___. 1,144 1,001 ___1.027  -,G26
50 l.1n00 2,0000 l.100° 2,000 431,402 390  L012

s 8Y 0101300, 3,0000 14100, 3,000 ... ¢510. _ 449 ___ 4456 . ~.007
C 82 l1.1200 4,0000 - 1JYC0 4,000 610,539 «551 =,012
e B3 100 5,0000. 14060 5,000 ... o713 . 634 .. 43 =,015
'S4, l.1000 6.0000 1.160  #,000 814 730 «T48  =~,018
.55 __ddnpo___ 7,0000 _ __1.100__7,000__ 4913 .Rl1_ ____,P46 =,(35
56 l1.1h00 &,0000 1.,1¢0 8,000 1.011 LR94 ¢942 ~,C4R
.___‘,5,?____4_,_,_1.150('.,._,_“9,00040_.".__.1.-l,CC 00000 —— l.lc" . .9’59 -..-v...lto38 ,"-C“.Q
58 1,2e~00 2,0000 1.20¢ 2,000 584  ,653 565  LC8B8
59 . 1420C0....3,0000._...1,220 . 3,000 ... " .576... 589 .. . .549 . ,040
66  1.,2n00 46,0000 1.200 4,000 0647 .618 + 609 2 0C9
-6y ____1, ZG(’_C..‘_._,So Ouoc,h_._._l‘o_ 2C0.__5,000  _ __ «T32_ _.694 . _ 4687 _ _.C07
62 1,27¢0 6,0000 1,200 6,000 821 170 W172  =,002
63 1,2000 _T,0000_ 14200 7,000 «910... B4T._._ 858  =,01]
64 - 1.,2n00 2.,0000 1.2¢0 8,000 «988  ,920 945 =025

e 68 Y 2R00_._. 9.0000_.._..1,200.. 9,000 ... . 1,086 .1,005.. .. 1,031 -,026
66 . 1,4400 £ 2080 1.400 - L2090 «976 .. ,9HB5 . 0992 =,007

e BT 1,4000 L A000_____ 1o%00. . L600____ . 2927 _.:,954_. . ,952_...002
. 68 1.4700 ‘1.0000 l1.400 1,000  LBRn 924 ¢ 909 015
69 1.4000__  ).4000 _ 1.400 1,400 .. +B36.. ,903_____ .R65  _ .38
70 . l.spon 1,6000 ° 1.400 1,800 «797 . 885 o823 ,0€2

e 1Y )eB0C w2000 _1.BC0 _ 4200 .. ,99C 1,000 .. 1,006 =,0C6
T2 YoB200 - +h0O0D 1800 600  .972 1,001 1,002 -,08]
T3 d.BaCe . c).n000 __ 1.80C 1,000 .9%5% 1,003,998 _,005
74 "1,8R00 1,4000 1,800 1,400 $941 1,999 1,995 004
A5 lesoen o 1,R000 1,600 1,800 . .928 1,606 .. ,994 017
Te 2.2700 2000 2,200 L2009 $996 1,004 . 1,011 ~,007

e VT 242000, 46000 24200 _ .600___ . +959 1,613.__ 1,018  =,005
L] 2,2600 1,0000 2.200 1,000 «9K3 ) ,r22 1,027  ~,005
_T9 .2.2000  l.,64000 2,200 1,400 .. 4979 1,033 1,036 -,003
80 2.2n06 1,000 - 2.2720 1,800 976 1,063 1,046 «,003
_BY _2,6800 . 42000 24600 200 4999 1,005 1,012 =-,007
82 2,400 ,K000 2,660,600 «997 1,019 1,023 =, 604
B3 _2.6r00___1,0000____2.600__ 1,000 __ 4996 1,034 _ 1,035 -,001
T 2,600 1,4000 24600 1,400 906 ),048 1,048 «,000
_._B5- __2.6800 | 1,860 " 2.6G0__ 1,830 . 997 1,060 1,062 _=,C02
86 3.0~00 L2000 3.0c0 ,20n 1.9¢0 Y¥,006 1.012 =~.C06
...... BY ___3,0600. . . ,6000._ 3,000 __,60p 1,061 3,018 1,024 =,006
88 3.,0n0C0 1,00600° 3,000 1,000 1.063° 1,035 - 1,037 =,002
_____ 89 3,0400___ 1,4000. 3,600 1,400 __ 1,005 1,048 1,050 ~,00?
90 3.08¢0 1,2000 3,0C¢° 1,800 1.06R "), 062 l.066 =,002
_.9)Y____l.4A00  2,0000 . 1,400 2,000 . - L781 JBT2 «B0S 067
92 ©  l.4r00 3,0000 1l.400 3.00C0 © o737 ,B20 « 759 L 06)
C93 5 1,6000 44,0000 1,460 4,000 ¢ 753 LA0G o 768 o (6]

94 d.eaen 50000 1,400 %.00n .RON R3A LRA7 (29
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95 desn0n__ 6,0000 _ 1.400 64,000 o861 879 ____ <859 020
96 1.4700 7.0000 1,400 7.000 928 941 919 022
97 _lesqg00_____ 88,0000 __ le4C0__ BoONQ. . _+997 . 999 _.._ 983 916
9R letr(n Y,0000 letCQ 9,000 1.066 1,066 14049 017
99 ___l.8a00  2,0000___ 1eBCO 24000 .__ 923 31,006____ «993__ 013
100 le8000 3,0000 1,660 3,000 $909 1,013 1.001 s 01?2
JA0Y  XeBrOp | 4.0000  Y.BCO. 44000 0 4911 1,038 1.023 .61
102 1.8200 5.0000 1.820 5,000 0929 1.070 14056  ,014
103 1.Br0N__  €.0000___ )eB00 6,000 o95E. _1,110___ 1094 __ (Cle
1064 1.8r00 7.0000 1.800 7,000 £995% 1.153 14135 18
108 18800 B.0000__ _ 1.HCO B,000 14037 1,199__ _1.179 _,020
106 148600 9.0000 1 600 9,000 1,083 1,241 1.223 018
Y07 2e2000 _2.0000_ 2.200._2.000.___ <975 1,046 )e05) _=,005
108 2.2r00 3.0000 "2.266 3,000 W97% 1,077 1,083 =~,606
09 262000 __. %0000 24200 4,000_____ «982 ..1.109.... 1121 . _=.012
1l0. 2.2200 540000 2200 5,000 «997 1,147 7 14166 «,019
___,111_________202":\0‘_('!__:__.__‘-‘n00_0_0_____: 2-2"'('6-000_____1-0]7___‘ 19‘54__ ___1‘1?-14___,",,'('19 i
112 22000 7.0000 24200 7.000 14043 _),248 16264 =,016
_A13  2.2700 _ Ra0000__ 24260 Be000 _ 1.073 _1.299 __ _ 1.315_ ~,Cl6
114 2. 2"00 90000 2+.200 9.000 1,105 ).353 14365 ".012
YIS 246000 _Z,0000, __2e600 _24000. .. 499F _ 1,066, 1¢C89 _=,003
116 246000 3.6000 24600 3.000 1004 1,107 1.106 001
_MNT 25000 4eD000_ . 2660 _ 4,000 __ 1,015 1,146 1148 _=.002
1ls 246700 "5.0000 24600 K.000 1.029 1 188 16194 =,005.
L1M9 245000 06,0000 24600 A, 000 . 1e047. 1,233 . 1244 _=,011 _
“2e 2.6n00 7.0000 2,660 . 7,006  1.068 ].?81 1.295 =,Cl4
”,1214 o 2eBA00. _EL0G00_. . 2e6GC. Be000 ... 14092 1.334 . 14348  -,C14
122 2. 6"(‘( 9-0000 2e0CG 90000 1.118 !.-3‘-"9 10401 "0012
2123 3,000 2,0000 34000 2,000 ___1.009_ 1,069 - 1i072  -,003_
124 3.6r0¢ 3,0000 3.060 34000 1.019 1,113 1.109 « G0
_.125. 340700 . 6.0000_  3.000 6,000 __ 1.03) 1,156 _ 1.150___ _.U06
126 3,0r00 5.0600 3.060 5.000 1.045 1,198 1,193,005
27 300700 . _€.0000. 3000, _Ac000___ Ye0r2 _ 1,247 _ 14239 008
128° 3.¢r00 7.0000 3.0C0 7.000 l.080 1,290 14287 ,003
_.129°  3.0p00_ . Re0000__ 34000 8,000 Y.1¢) 1,349 1.336. L0113
1307 3.0400 ©.6000 3.0060 9.0C0 1.123 1,400 - 1,386  ,016
Y31 40500 L L w2000 4.000 4200 }.n02 1,008 1.010_ -,002_
132 46,0000 6000 4,000 600 Jo00% 1,615 1.021 =,006
X33 se0n00.__ 1,0000 . 4,000 1,000 .. 1.00° 1,033 ).033 000
134 0.(_-4"00 1.‘#000 44000 10400 )a('l3 1.047 10“45 0002
135 _Gennon 1.2000 4.0C0. 14800 Y.0}7 1,057 1.05%7 _ ,00n0 .
136 4.&;00 2.0000 42000 24000 Jo01% 1,n64 )e063 «001
137 4.pr0n 340000 4.0C0. 3,000 1.631  1,r9B_ 14095 ,003
138 440400 4.00600 4000 4,000 1043 1,133 10127 006
_~139___“3,pénpm««“b.nooq«uu_e,coo_“5.ooo_m¢~).057 _1.168. 1e16) . 007
140 4elinlD 40000 420C0 64000 071 1,201 14196 4005
1@ _“_3,c?no»,mm7,oooo____a-ccn__7.000“_ﬁ.).ng7 14239 1232 .GOT. _
142 - 6.0r00 K 0000 44000 RLO00 1163 1,279  1.269 2010
143 4.0rN0_ . Se0000__ 44000 __Se000_ 14119 1,318 14307 4021
3 y . ,
. SAGE aANU Lo CEY_ ZEXP__ . =G Ym0 =0e_ . =Qe L
T BENZENY  Ru.nKINE PS] 1512700000 714006000 ,274000~0
17¢7e ? TRACO000C - 200600000 400+00n000
.11 1 939, 68(ncn o =De_ - . 600.000000 =0e e
=0 3 4 529,650000 142, 000C00C 1000.0006600 “1.0GAN00
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oNO___ ¥ P YR PR 2K ZEXP_ . _ZCALC  DIFF
.Y _559,6u00  260.0000 _ _  .5%3 _ ,2Bn  __ ,0%54 __,048 .. 9.300 ¢, C
2 599.6800 60G,0000 <553 ,84n 161 145 94300 0, C
~3_739.6000...200,0000.____ o730 .. o280 ... eHBES. 042 . 6T9  =,637
. . D4R Y 004 <000
& __T39,6000 600.0000 _ _ 730 .Bé4p__ _L14)___,125_ . .117 008
5 919,640¢ 600,0000 . w908 - .Ba4g $15) .125 128 ~-,002
6. 559.6£00 1GG0,0000___ 593, 1,401 . J2hk___ ,240__ 9,300 0, ¢
T 59,6000 2000,0G00 ,553 2,801 T 527,477 ‘9,300 o0, C
B _559,6200 5000,0000 Le553 7,003 .. 1.,287. 1.179._.. 9,300 ¢, _¢
Q 559.6"40010000.,(‘»000 »553 14,004 2.505 2,286 9,300 0, <
30 739,6200_1000,0000 4730 1,401 ___ ,232_ _ ,206___ .193 . ,G13
11 739,6206 2G00,0000 730 2,801 . S 606 378,028
12 739,6000.5666,0000_ 736G 7,003 "Y,066__ ,980 . . 902 .078
13 739.696010000,0000 «730¢ 14,000 2.024 1,880 1,709 171
14 919,6200 1G00,0000. ... 908 1,401 ... «237. .,203 . +206  =,003
15 919,620 2000,0000 WYL 2.801 $433 386 ¢395 =,001
16 919,6000 5000,0000 _____ o9GB 7,003_.____ 959 _ ,R90. - 919 _~.(29
17 919,600010000,6000 $9GH 14,006 1,752 1,660 1.713 =,083
SAGE AND LaCEY ZEXP <0 1=0 =, -0,

__Y}=RUTENE__GANKINE PSIA  ¥56.630000. . 556500000 $27490CCe0 _ ...

680600_120,000005. 2000006000 .. 2004008800 oo

;3.5 589, )
37y 559,680000 120.C0CO0H 20004006600 1600.0G0N00

_No T P YR ____PR . 2K ____7EXP____ZCALC__ DIFF
740, o34n____ 564 ,A52_ . 4599 =,546
2. 5596806 400.0000._____ eTay. .. o6Bp. ... o114 1,046 _ 4099 . ,G45

1__559,6600_ 200,0000

3. 559.6r0C 6040000 740 Ye020 - 1706 .156 o148 LO0R

o &_ 5596000 _BCO.C000 .. 740 1,361 __ 225 L2067 .. ...)96  ,G}1
5 - 559.6e00 1000,0000 - oTH0 1,701 6279  ,257 . 243 W04
6. _BT9.6u00 _200,0000. ____ .B898_._ W34r____ WR12B ., Bl2. .  WR11.  e(C}
T 679.400C  4006.0000 JBY8  ,68a° 0123 106 L ebbT = 367

¢ s s e e - i 4.;.._._..._._\,_.\_.-..A,..A._.ﬂ.,..'gosoc, o 106 .. e))D __ =004
B 679.620C 600,0000 895 1,020 “e177  .156 0156 o001
.4_.._,.,9,,,_,.679.6.06‘:',,8(,'0.‘3000..,__, L eb93 1,361 - -.229 206 " <205 . 0001
1o ©79.€c0p 1000.0000 898 1,701 T «279 +254 . #2537 LC01
,,,,,, 117596000 29040060__ 1+057 _ o34p _ _ «H95  ,901 _ _«R99 : 007
12 799.6200 400.0000 14057 460 o772 L7788 o770  oG0E
1379906000 60040000 14057 14020 ... ¢612 .. 4618 4593 .25
1o TY9.6805  BCOGD000 14057 1.36) #3986 3937 4356 ;. 4637
15 _TY9.6u0n 1CG0.0000 14057 14701 . . «3A3 . ,327. .. .328 - <.00]
16 559.6u00 2620.0000 740 3,40)- «539 504 41T WLET

. Y7 559,6u06 3060060000 . eT7u0 54102 e THQ . 745 - 0700 e (4D

18 55%9,4200 4000.0000 o740 64803 1.n31 . 980 ¢915 L0665



19 559.6pr00_50600,0000 4740 8,503 1.267_ 1,210 .. 1,125 (ks
20 559.6r00 6000,06000 «T40 10,204 10699 1,434 1.329 108
.. 21..559,6000_7000,0000______ +74C 11,905 ___ 14726 .1.657..... 1,529 . _ .len_
22 9559.6006 8000,0000 740 13,605 1.983 1,R7S 1.725 . 150
23 599.6800 9000,0000_ o740 15,308 2,177 2,992 .. 1.918 _ 174
26 559.640C10000,0000 w740 17,007 2.398 2,307 2.107 .200
..,_25._.'._()7.?06.‘3'-’ 62000, QUOD __ _ _«RYdE_ 3,401 «5)3 482 . s 4RS =003
26 6719,6800 3G00,60C0 .A98 5,102 « 731 697 705 ~,C08
27._619,6300 4000,0000_____ 8BYH 6,803 _ #8939 ,905__ . _«S18_  ~,013
2R _676,6£00 S000,.0000 B89 R,503 1.140 1,108 1,123 -,01%
.29 619,6000 6C00,0000_ <893 16,204 _ 14337 1.307___.1,324_  -,017
30 079,6e00 7600,0000 898 11,905 1.529 1,502 1,519 -,017
31 _679.6200 BO0O0,0000_ _ - JHYB 13,605 1,719 1,691 _ 1,710  -.019
327 679.6500 9000,0000 o098 15,306 1.,9¢7 1,878 1,896 =-,018
_..33__619,630010000,06000______ WBIR.1T,007_ . 2.,092..2,062 .. 2,077 .~,015
34 TS9.6000 2000,0000 1,057 2,40] . +536 .511 « 495 016
35 799,6200 3000,0000_ 1.057 5,102 G719 . ,700 ___ . _.hBS___ ,015
36 799,6R06 4066,0000 1,057 6,802 898 B84 +871 ,C13
37 .799.6700_5000,0000 __ 1.057 8,503 . _1.072_ 1,06} __ 1,053 __ ,008
38 799,63008 6GC0O,0000 . 1.657 10,206 1,241 1,236 1.230  ,G06
.39 799,680 _T06U0,0600 1,057 11,905 _.__ 1,407 1,408 1,404 _ ,004
49 TS9,.6200 #650,0000 1,057 13,6056 1,570 1,577 1,574 .03
_4Y__799,6000 9000,0000___1.057 15,306_. 1,731 1,742 .. 1,742,000
42 799,6r0601C000,0000 1,057 17,007 1,889 1,903 1,906 =,003
SAGE AND LAaCEvY CU FT PER L3 MOLE  =033-0 -, ‘ -0s '
__N-=NOWANE_'PANKIME _PSIA- 17704210000 _332.000000_ _  ,254000=0 __
Y 4.5 BRO.EHNNCH_ 1204900000 200 oooooo 200,000000 e
-0 4 Y S=9.68cr0 T12¢. 200000 2000 000000 10694000000
_"~ﬁ9_____1“_‘N- P TR PR 2K 7EXP___ _ZCrLC _ DIFF
1 559,45 {pﬂ.OOGO #8523 L602  ll20 097 9,300 0. ¢
255467 400,0000 - 4523 l.20% 23K .193 9,300 0. C
3 _55%9.6500 600.0000___ +523 1.807__ o386 P90 9.300_ 0. _ ¢
4  559.6500 B00.0U00 523 24410 +473 «386 9300 0. ¢
.5 55%9.646(¢ 100040060 o823 34012 4589 L,4B1 94300 _ 0.
6 6719.6a00 2nC.0000 635 602 o 1n7 .NB6 9300 0o c
1. 679.6%0G __ 4600000 +635_ 1.205 __ «212 0172 _. 94300 __ 0w C
8 6T9.6n0G 660.0000 e635 1.807 «315 »257 9300 0. C
e 9 679.6000 _ _ECGL0000 635 2e4)n 0017 43429300 0Ne_.C
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Fig. 15. Q as a function of b at constant a.
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Fig. 18: Q as a function of b for a = 0.T71.
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Fig. 19. Q as a function of a for b
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LEGAL NOTICE

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

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

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

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