CHAPTER III

An equation State 'is 1 algebraic relation between
pressure, . dnd-mo \&a pure substance by theo -
_

retical or semi tional form this rela-

tion is
f(p, v, T) (3.1)
Equations @ gases and liquids. For
multicomponent sys 4 ;‘ Jles N eeded for combining pure

species constant.

From a prac 1 point of £ ness of a reliable
equation excee V_" ¢ the P-V-T behavior,
for it leads dires : 1_? to depatures from idem-gas value of thermody—
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3.1 CI.ASSIFICA.TIEH

Pure component equations of state in current use which "have
adaptations for prediction of mixture properties and wvapor-liquid
‘equilibrium  behavior may be assigned to four  general



classifications. [10]

1. The Van der Waals Family

13

B (3.2)
or
e |_ps (3.3)
The basic i ' : gncerning the importance

by molecular size from

cohesive effects of m and the validity of a

continuous equa 5-__-—-‘-'-—“—"_:';' .vapor states have

remained inpgrtanﬁ onsie ent equation of

state ‘development. ¢ His equation grovidid the basis for the first

hory of coffbsbirrade i Y BV B e or o meth

of extend i pure CJCI'I'IPDT\Eﬁ Et.]Uﬂti l.‘-l mixtures. 'IhE Van der

vaals amﬁguwm;g Ydiidea) aegj elenentaty

mlecular considerations and the fact lhat such a simple equation
gave such a remarkably good qualitative description of the overall
P-V-T behavior of vapors and liquids prodiced an immediate effort to
make it also quantitatively correct. Thik effort continues to the

present day.
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2. 'The Benedict-Webb-Rubin Family

It is appropriate to call the second group the Benedict-
Webb-Rubin(BWR) family after the original equation of that name
which was developed in the 1940's, although it descended from

several precursors which begagin the éarl}r 1900's. -The earliest of

these was the equatien of " Ky 6E 17.He attempted to improve the
- ] ' his ideas were continued
by Beattie an 's - They devised an

improvement to *Keye / \\\\\‘\\\* i to correct the repulsion

\\“\“ on and to remodel the

ermolecular attraction in

Van der Waals

term for effef

attraction tern

simple molecules polarizability. The final

result differed ¢ Van der Waals form and

although it was erate densities, it was a

disaster at high densiftés Andiint guid.region. The isothermal

derivative of g ;* Sure with volu ond tions had the wrong
sign. The Hdﬂmaqua died this e&ricall}r by adding the
exponential term in to the Beattie-Bridgeman equation with the

e 03] A BENSUIIN L e
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qaantitatiwly was developed by Kammerlingh Onnes in 1901. The
original BWR equation was the first to predict vapor-liquid
equilibria in mixtures accurately. He owed this success to the
Kammerlingh Onnes idea of forcing the equation for pure components
to predict correct vapor pressures at low pressure and to equate

equilibrium phase fugacities at higher pressure and this idea has
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been essential in all subsequent development of equations of state
suitable for vapor liquid equilibrium predictions. Like the Van der
Waals family, the Benedict-Webb-Rubin family has many members with
further modifications and variations still being introduced today.

In velopment of mnew

experimental techniques firnish extrendly precise P-V-T data over
wide ranges of and the increasing
accessibility of Iarg e of equation at state
has arisen which equation. In these
equations, there is \\\ given to developing a
simple analytical Mofm suitable presenting any other
components oOr mixture 8o | may contain thirty or more

constants and are

. orm oOf cmputer card decks
or tapes. Ra -47 an a traditi Fi state, it should be
regarded as a cnﬁct epre n oL a I%S of single component

P-V-T data in a form suitable for accurate differentiation to obtain

mmmﬂpummmwm J Kichough eacn of

these tinns ap lies only to a single pure compogent, they are
EXCEPt ﬂﬁmgmmt%ﬁm phase
eq\.ﬂ.lihrium‘ properties because they provide the very precise
description of the pure reference fluid properties needed by modern

corresponding states theories of mixtures.

012461
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4. Augmented Rigid Body Equations
v
The fourth general type in this classification consists of
equations which begin with rigid body equations of state and are
followed by successive terms to account for contributions of

bodies interact only an infinite

molecular attraction. The rigid

repulsion at their poin -x‘ cons It has been known for many

years that the form and ftmer the repuléion term in the
o —

Van der Waals equa r it is only recently

that simple ana developed to give

accurate répre ‘ lculated data on the
behavior of hard spiergs. 1€ # latian of Ca¥nahan and Starling for
hard spheres, egl foll gved iby terms ta e the contribution at

molecular attractic family of equations of

state.

Although {;wmm“““'—':ﬂ development stage
than in widespread, 3 ed %high density mixtures

-and have the advqn ge of a theoretically based composition

dependence, ﬂ w Q W@W’]&ﬂﬁr@ﬂ Leland [13]

for hard s ﬂ mixtures. » these gguations offer
miﬂa%m@,@mmmmm XTI
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3.2 APPLICATION OF AN EQUATION OF STATE TO MIXTURES

Extending a pure component equation of state to mixtures
requires expressing its constants as functions of composition. For

vapor-liquid equilibrium computations this must be done in a manner

which predicts the actual composition dependence of the mixture

properties with respel - o5 ition or moles of the
individual compone ), a8 “thigyprocedure  is required
to determine fu dividual omponents in the wvapor

For a membes of € -d aals family of equations, there

are some theoretical A position dependence of its

ONE

ties can be expressed as

constants. Any pure f

a sum of contributions é! ons between pairs of type k

molecules with a’ *“"T‘:’f viiel in th -’--*r—; ‘

Iy )
(3.4)

ulr) = Ekk (

ﬂ‘lJEl’J‘VIE'I"VIﬁWEﬂﬂ‘i

has a dimensidhless equation pf state ip, the form :

q ‘WW AYNIUURIINGTIA Y

ek ‘Ekk, —P“kk

(3.5)

With this description one can develop an optimal extension of the
function in Equation (3.5) to mixtures of molecules which obey this
equation of state function in their pure states. The result for

mixtures is :
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Z . % E (ﬁ_ ,93’3) : (3.0
k

(3.7)

(3.8)

the Van der Waals 1-
fluid mixing rule i _~ ture properties from an
equation of state i s \ % fluid in ‘thea form :?f
Equation (3.2) and BecdfiEethe] oters £; and &; can be

related to Van der : Ub" parameters in any two
parameter equat] kmvf n by applying the

critical criteria :I

’ﬂuﬂqwﬂwﬁwaﬂnﬁ
ammnimumfmmaﬂ

EV’):‘,

(3.9)

to Equation (3.5). When this is done, one finds that both & and
the ratio of the "a" to the "b" parameter are equal respectively to
universal proportionality constants multiplied by Tc. Furthermore

both o,s and "b" parameter are equal to constants times V .
c
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The various proportionality s are the same for all fluids

obeying Equation (3.4) exactly. Eliminating the critical constants
from these relationships shows that "a" is proportional to &Ga and
these relationships shows that "a" is proportional to es” and that '"b"
is proportional to d° for all fluids described by the two parameter

a - -
and © in this manner to

the equation at state parametéers ion (3.7) and (3.8) give the

a = o (3-11]
mix
B .= (3.12)
mix
When the proportionality§f cons: ante daye ,\- same for all fluids, they
el i

cancel from each side of Bauatio : and (3.8) in this operation

and do not appea' (3.11) and (3.12).

w0
it 1is imyrtant o point out Lhm these theoretically
derived mix u\ﬁ ience to a two
parameter Eqﬁ Bij ﬂﬁmﬂj y specific way on
,-]t ive  them.
Furtheﬁlq’ %&Eﬁﬁmuﬁﬂﬂﬂw az]mles still

does not mean that the equations of state in the Van der Waals
family in the form of equation (3.3) can be extended to mixtures in

a completely satisfactory mammer.
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