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ABSTRACT - . . - 7

H bt L.

I3

Fourteen well-known volume-cubic equations of state of the van der
Waals type,

RT a

P == By v ubv-wbi]

were evaluated by célculating eight physical properties of normal

alkanes. A -new design. procedure based on deviation contours was

developed to determine the roles of u and w in this equation. Based

4

“upon these results the relationship u-w=3 was proposed for the new
' equation as it  provides a balanced represéritation of the wvolumetric

. properties of pure normal fluids while emphasizing state conditions of

prat::tical importance. Only the pure-component parameter a is treated

) , : Re —
as temperature dependent. The three parameters of the proposed

-

equation were generalized in terms of the critical pressure and tempera-

.

ture and the acentric factor., The new equatiosf.of state was extended

to mixtures using both random and local composition mixing rules for

the paraméters in tl';e equation. Calculation of the'e vapor-liguid eéuilib-
ria and volumetric prqper‘ties of normal fluid mixtures and the wvapor-
liquid “equilibria of complex mixtures indicated that the random mixing
rules containing up to“two adjustable empirical coéfficie’nts are the most

A

suitable for ‘the new equation,

L
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Companson of the new equation wnth the Soave-Redhch qung, the, N
Peng-Rob:nson and the Schmidt-Wenzel equatlons of state showed the
new equation to- have better overall performance for both pure and rmx-.-
ture volumetric calg_glatlonsf ' s R T

g ‘ ' oy
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Chapter |

| INTRODUCTION

" Reliable methods for- predicting -physical bropertiés of pure subs-
tances and their mixtures (such as single and two-phase prc_:perties and
- vapor-liquid equilibria) are frequently. required in- process design and
material handling. lﬁ view of the wide rang'e of conditions found in
practical applications, tie required data rr.i'é:';y.:not allways be available,
and ,!;ence considerable attention has been paid to the development of
theg;le methods. In particular, a number of equations of state (EOS)

have been proposed to meet this demand.

Among the many types of equatioﬁ!*% state the extended wvirial
equations and the volume-cubic equations are tf'.le most fr.equently used
for apor—_[iquid equilibrium . {(VLE) and veolumetric calculations of pure
flué: and their mixtures. These equations are usually expressed .in

pressure-explicit form,
P'= .f(V,T) ' . .1

where P, V and T are the pressure, volume and temperature, respec-

tively. Generally, these equations are developed based.on pure fluid
' A ) . . R

properties and application to mixture calculations requires prgper mixing

rules which‘relate the mixture parameters to the pure-component param-

eters .and mixture composition. - ’\_



_ The extended virial .equations, such as the modified Benedsct-Webb-
"Rubin (BWR) equation by Lec and Kesler [66], are in general qunte
comp!ex in structure, and contam at least eight parameters. These
parameters must be determined through the mult:property regression
method [67]. Such an approach is qmte tlme consuming, and does not
-always guarantee success. Usually, values of the parameters are only
ava?ilable for limited number .of substances and cannot be accurate!y
generalized. Moreover, when sclved with respect to volume, the solu-
tion can only be obtamed by use of a trial-and-error procedure. Dur-
ing the iteration roots are chosen ambiguously ‘which not. only requires
longer computation time, especially for multicomponent calcula’t_i_o;ls [16e],
but also can easily give -rise to convergence.problems [124] in.the criti-
cal region. Although these equations have proven to Se more accurate
for calculating volumetric ‘properties of pure ‘fluids and their mixtur_es,
they require a mixing rule for each parameter which makes their appli-
cation to mixture caiculations tedio.us. " For routine calculations, these

shortcomings are highly undesirable.'.

~

However, a volume-cubic equation can be solved with respect to
volume by a straight_forward analytical method [28] which is fast and
accurate. - The parameters are easily attainable, and application to mix—
tures is muéﬁ::;impler as it requires fewer mixing rules. Also, because
the root solving procedure is simpler, cornpu.tational ’problems in the
mixture critical point region can be easily avoided with the help of a
carefully designedcalgorithm (10,51,75]. However, ti\e- volume-cubic
equations have their shortcomings. They are fundamentally inadeguate
for calculating volumes in the ;.ricinity'of the cri;cical point [116]. For- .

1
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tunately, in order to maintain flow stability process designers generally

avoid such conditions {49,58]. In the compromise between simplicity,

generality and accuracy volume-cubic equations are preferred over com-s

plex multi-barameter equations for roﬁtine VLE and ‘volumetric calcula-

tions.

The oldest, simplest and best khown' volume-cubic equation is .the

-

‘one propose& by van der Waals (VDW) in 1873 [1}3]

p:a_%-%,. 7 (1.2)

in which R is the gas constant én?.:! v is the molar volume. The first
term on the right hand side of the equation accounts for the molecular
repu.IsAive interaction while the second term accounts for the molecular‘
attraction._ The parameters a and b are characteristic of the fluid.
Despite the simplicity of the VDW EOS, the equation can givé qualitative
representation of the PVT b_eizaavior of real fluids. As a.result, much
effort has been made to improve the accuracy of this equation. A gen-
eric expression of the currently popular volume-cubic equations of state

.may be represented in the form of an extended van der Waals equation,

_ RT a
T (v - b) viruby wb? (1.3)

L]

P

‘The quadratic expression in volume (vi+*ubv*wb?) replaces v? in the
denominator of the attractive term of the original VDW equation. Some

general features of Eq.(1.3) are discrﬁ;ed by Abbott [1-3]. -

When the parameters u and w are assigned particular values,

Eq.(1.3) reduces to the original VDW equation (u=0,w=0), the Redlich- -
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Kwong (RK) equation (u=1,w=0) [103] and its various modifications, the
Peng-RoBinson (PR) equation (u=2,w=-1j [88], the Schmidt-Wenzel (SW)
equation (u*w=1} {112], the Harmens-Knapp equation {HK) (u*w=1) [49]

and a number of other'equations.

The success of the currently‘"p‘éht;lar volume-cubic EOS is dué to
" their ability to represent VLE values (P-T-cqmposition). These equa-
tions include thé PR and the Soave [119] _modified Redlich-Kwong
(SRK) equation.'s which have attained wide popularity in the natural gas

and petroleum industries.

~

e

There is evidence in the literature [5,27,68] that volume-cubic EOS

[}

containing two to four parameters can give virtually identical VLE val-.
ues to those obtai‘ned from more complex multi-parameter EOS. On the
other hand, the capabilities of the .available volume-cubic EQOS for rep-

resenting volumetric f:'ropérties vary from equation to equation, espe-

cially in "the.calculation of liquid volumes.

L]

Therefore, it is desirable to modify the availabl_e equations or to
develop new equatiord'nr.: to improve volumetric calculations. Very often,
EQS are-developed to rep}-esent volumetric propertie§ in a specific PVT
region without paying attention to other regions. However, in view éf
the wide range of conditions found in practical applications, it would be_

advantageous if the EOS had a balanced Fepresentation of the volumetric

properties over an extensive PVT range.

Before developing a new EOS it is beneficial to evaluate, in 2 sys-

—

tematic manner, the performance of the available volume-cubic equa'tioné

PaN



in the representation of the PVT properties of pure fluids. For mix-
ture célz:ulations, several studies [50,90,142] have indicated that the
accuracy of the EOS is sometimes affected by the choice of mixing rules

for its parameters and therefore special_attention must be paid when

-

selecting mixing rules for the parameters.

. —
- —i——

The purpose of this study is to evaluate the available volume-cubic
equations of the VDW-type as 'represented by Eq.(1.3) to identify their

!

advantages and limitations and the met.hods.used‘to formulate them.
‘ v

Based on this evaluation a new volume-cubic equati‘on of the VDW-type .

is“_developed that can represent the volumetric properties of pure nor-

mal fluids aver an extensive PVT range. The new EOS is extended to

mixtures by’ selecting mixing rules for its parameters that are appropri-

ate for calculating volumetric properties and VLE of normal fluid mixX-

- .
tures as well as complex mixtures.

v




Chapter i

-

"THEORETICAL CONSIDERATION

-

-~
-

-—

The purpose of this chapter is first of all to review the theorgtical

background of Eq.(1.3) iﬁ terms of the partition functidr?,land the virial

I
expansion approaches. -~ The physical meaning and 'characteristics of

Eq.{1.3) and_its parameters can be interpreted by means of these two

approaches whigh are often used for deriving theoretical equations of

»

state. Secondly,~ use of a volume-cubic equation for VLE and VO!&IﬁB}t"T_“ =

. ¢
ric calculations of pure fluid is presented. = Finally, use of the corre-

s;.:ondinge states principle [89] for the 'geher'alizatioh of EOS parameters (

is discussed.

A ]

2.1  The Partition Function Approach

As shown in any statistical thermodynamic text (e.g., Hill [54]) the
Helmholtz energy, A, is directly related fo the canonical partition func-.

tion, Q(N‘,V,T).. by

ANV, TF = kT 2n QIN,V,T) : @

— .
where k is the Boltzmann constant and N is the number of molecules.
K From Eq.(2.1), an equation of state can be obtained using the following

thermodynamic relationship:

e P =kT(an Q/aVYy ¢ . (2.2)
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.

The partition function. approach leads to the classic . van der Waal:'.
interpretation _of the molecular behavior of a real fluid -- the van der
Waals fluid fheory. This theory resuited in a"'modi‘hcation of the ideal

gas’' equation -- the well-known van der Waats equation. Based on the

fundamental ideas of van der Waals, several Juthors [42,43,93,108,135]

have discussed the van éer Waals fiuid theory in a more general fas'hign
Lusing'.the statistical mechanics argument. Among them, Vera and Praus-
rﬁtz*].:TBS] have shown that several volume-c;:bic equations.l of state
could be-deriyed from a simple partition function. However, their
" approach can .also. be used to aerive other voiumé-cubic‘ equations of a

form similar to Eq.(1.3). ¢

-

- -'-__-—' - ‘ - * '- )
The main .assumption of the generalized van der Waals theory pro-
posed by Vera and Prausnitz was to assume that for a pure fluid, the

1 .-
partition function, Q, can be expressed as:

r

Qv V.Y = (/ND [V TY v viN fexe-/2km 1N [q JY a3y

.
1S

where the thermal DeBroglie wa{(e Iength', A, is:
A = (h?/2:mkT)?

and h is Planck's constant and m is the molecular mass.

Eq:(2.3a) refers £ N moleculés'occupying a total volume V. Since

real molecules have a finite volume,—the free volume -V¢ represents the

space available in a2 container of volume V for the molecules to move

-about in. The term (1/l\:|_!)(V/A’)N correspond to the translational con-

tribution of an ideal gas to the partition function. The second and third

ey i
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bracketed terms account for the repuisive and attractive forces between
molecules, respectively. The quantity, #/2, is the attractive potential
energy associated with one molecule and % Jjs the sum of the two-

body (pair) interactions between any molecule and those around it and

- -

is given by:
#=_(Na/v) 1T T(r) g(r) 4ur? dr? . (2.3b) .

where g(r) is the radial distribution function to account for the random

- -

distribution of fholecules, T(r) is the pair potential function and.-r is

the radial coordinate located on a particular molecular center. The last

: T C . o
term in Eq.(2.3a) represents the contribution of the . rotational and
vibrational degrees of freedom. The quantfty, q. is assumed to be a

function .of temperature only. Thus, as indicated by Eqs(2.1f2): Sr v
contributes nothi:mg to the configurational prope'rtieé which are reflected

in the equation of state.

.When Eqgs(2.3a,b) are Asubstitute_d ‘iﬁto Eq.(2.1), the molar Helmholtz

energy, A, is given by the sum of three terms: that of the ideal gas,

Aid , that _of the hard-sphere (hs) repulsive f’orces, Ahs and that of
the attractive forces, A?, as follows: ,
A = Al9e DS, a3 _ | O (2.42)
A" = _RT 2n {v/(Naa®)] - RT - RT TICHPN (2.4b) .
hs_ - ' |
A= -« R En(vf/v) . (2.4¢c)
Aa=_N..a;§_2 . ' (2.4d)
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In deriving Eq.(2.4b) Stirling’s approximation (N!=NNe-N) and the

{dentities v=V(Na/N} and R=Na k were used and Na is Avogadro's num-
ber. In turn, substitufing Eq.(2.4) into Eq.(2.2), the equation of
state is given by the sum of the three contributions frjoh the ideal gas, -

the hard-sphere repulsive forces and attractive forces: _

N id . o : - ' )
P = Pl - P s - Pa . (2.53)
Pi9= RT/v | (2.5b)
. hs_ - ' ' "
~ PT= RT av[ 2n( vffv)]-T,-N (2.5¢)
N 3% * -
3= L , : J ' .
o - 3 T - @80
In practice, although it's a misconception, the sum of Pid -and Phs fs

- considered a‘s the overall repulsive force contribution to the.total;}j’
sure F i.e., preP= P":i . Phs. Thus this results in a two-term e es-

sion for P:

p=pfeP .pd3 T C(2.6)

-

To complete the above eguation of state, the expressions for Vf and %

are reqguired.

To find an expression for,Vf,'van der Waals assumed that:

1.° each molecule has a hard core of radius ¢/2,
2., there is no overlap of the hard cores when two body collisions
ocecur.

]

Consequently, the smallest possible distance between the two molecular

centers is o. Based on these assumptions, the free volume was then



calculated by subtracting from the total volume the- part called the
exclusive or co-volume which is not accessible for a particular molecule

to move about. For a two body collision the free volume V¢ becomes,

N 2.0

where b = 4b,. and the actual volume of one mole of hard-sphere mol-
ecules is by = Nafu/G) ¢®. The co-volume b is assumed-to be inder;ten-
dent of temperature due to the fact that the molecular size does not

change significantly with temperéture'.

To find ¢, van der Waals assumed that the radial distribution func-
tion g(r) is independent of ‘temperature and volume for all r.” As a
result, the integra! in £q.(2.3b) is a constant which was expressed as

-(2 a/Na?®). Then

= -(23N/VNa?) _ . (2.8)

-

where the constant a shouid be positive since the attractive potential

energy is always negative. Substituting Eqs(2.7,8) to Eqs(2.5,c,d)

yields: )y
PPS= (RT BY/ [v (v-b)] o | (2.9)
pa= s - ‘ .
= -a/v ) (2.10)

From Eqs(i.5,6,9,10) the famous VDW equation is obtained,

P =RT/{v-b} - a/v? ) (2.11)

- 10 -



With reference to the above -derivation, it is clear that parameter a is
related tg the attractlve potentnal energy, i/2 sometlmes called the“
internal energy. Values of a should always be positive. Both parame-
-ters a and b a;re assumed temperature independent. The VDW equation

can only illustrate the volume behavior -of real fluids qualitatively.

Many _authors [18,44,52,115,122]-Heye no—ted that the non-overlap
assumption implies the additivity of the co-volumes which is only correct
at low densitiee. At densities close to those of liquid, the -molecules are
closely packed and the three;body, four-body, .etc. collisions become
important, as a re'sullt the overlap situation occurs. Therefore, the co-
volumes es‘éimated on the basis of two-body collisions alone are too
large. Also, the 'r,adial distr%ution function cannot b.e assumed con-
stant and should vary with temperature and volume. In accordance with.
the above discussion, : efforts. were made to improve the original VDW
equation as-well as his fluid theory by
1. developing an expression fo;' \/f which .takes into account the

overlapping effect at higﬁ densities,

2. allowing the .radial distribution function to vary with temperature

and volume.
Either one of these methods or béth are, in effect, used as the basis

for developing empirical equatuons of state The  ideas involved in them

are explained below.

2.1.1 Expressions for Free Volume

-~
~ -
-

— .
\ By failing to account for overlap, the free volume of van der Waals

becomes too small as the density rises. At very high densities, “the free

-

- 11 -



volume of van der Waals becomes negative and therefore meaningless.
»

Meanwhile negative pressures may be prélicted by the VDW EOS.

« !

Many efforts have been made to obtain theoretical expressions for
free volume, which began with the development of a theoretical_.equation
of state for hard sphere moigdu_!es withéut any attractive forces existing
among them ie., P?=0. Hence the equat{on of state depends solely on
the free volun_'le, p = preP, The-progress of this development is t!:mr-
oughly reviewed by Scott [115]. Sevefal important results for P™°P
and the corresponding vg are summarized in Table 2.1. All tl:ae hard
sphere models for PP in Table i.'l are assumed to be funot‘:ions only
of volurﬁe.. The—co-volume retains the.defir!itioq given earlier a*i‘.nd is
temperature indepehdent. Of all the models, that proposed by
Carnaham-Starling (CS) [18] is considered ﬁ'ﬂfe most accurate with the
VDW model the least. accurate for calculati'ng- the hard sphere compressi-

bility factor when compar:ed to the ‘exact’ molecular dynamic results of

Alder et al. [8]; However, it should be noted that all these models,

except the VDW and the ST models, vyield, after rearrangement, an

expression in volume of an order wgher than cubic. Therefore, in the
framework of developing volume-cubic equation of state, only the VDW
and the S1 models can be considered as the repulsive term for the
equation. This further implies that the counter-part of P'°F in the
. equation, the "a-ttractive term, Pa, should Ee chosen in such a way so
a; to com;aensate for the shortcomi:ngs in Pfep while maintaining the
volume-cubic expression. In other words, when taker'l's-eparately each
‘part of the equation (p"eP a'l_':d Pa)‘ma\} be incorrect but their combina-

- tion may cancel out errors and thus give good\ prediction of the total

- ] - 12°-
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pressure. The following generalized expression for p? is adopted to

couple with the VDW hard sphere ind_del

P2 = - [g/(v‘*ubv*\ﬁb?)] T ‘ (2.12)

A similar approach can be used with the S1 model.

Table 2.1: Analy‘tif.al expressions for hard sphere models (rep'ulsive
" pressures and free- volumes) | -

name Pr?p | Ve ref.
VOW %55 (v-b) | o 133 |
A Eigf;ﬁbwﬂ (v -5) expl5tgunt s
R - i - e = S I
o gmre (-8 epr BB

. st %ﬂ%— | L (2v-p)? | s
- TR T T
s 5T (64.v3+1?3:f;;,1b2v_1:,?.l .Iv exD;—%——Plb is:ésv | 18

~

- 13 -
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-lt should be noted that the reappearance of the co-volume, b, in
Eq.(2.12) can be consider_éd h_as compénsation for tﬂe inade'quacy inher-
ent in the hard sphere model,.. As will be explained ‘from the virial
expansion approa_ch (section 2.2)',‘ the parameters u and w .can be con--
sidered as correctfon ¥actors to the co-volume b to account for overlap-
ping at high densities and the nén-spherical nature of the mole'cr.\zéles.

e

2.1.2 Temperature and Volume Dependence of the Rad‘ial Distribution

Function
[}

Examination of the temperature and volume dependence of the radial

'distribution function in the expression for & can reveal which of the

parameters a, b, u and w should be temperature <_:£ependent and which
should not. Since P? s closely related to ¢ (Eq.(2.5d)). it can be

shown tfuat : : K -

for u?-4w > 0,

*ub*b (u?-4w)} “"]‘

8 _ 1 3
Ml WS (u2-4w)°‘5] E'n{lzvthb-b (u:-4w)°'5]}- - (2.133),
for u*-4w = 0, . \.
: B ) | |
S E
3% T Na [/(vrub/2)]. (2.13b)

Also Eq.(2.3,b) can be rewritten as

#= AN vy B a4
where_ | | |

(T, V) = 17 T(r) g;'r,v,:;) r2 ‘dr, r>og : - | (2.15a)

T V) =20, rso. . © o 2.sb)

- 14 -
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Generally, there are two a'pproache_s for treating the temperature and

volume debendence of I(T,V):

1. To assume the temperature and volume effects can be separated

completely as
HT.V) = H(T) FOV) o @ae)

where H(T) is a function of tEmperaturt_a and F(V)‘ is a function

-

of* volume. -
2. To assume I(T,\}) depends on :l' and V according to
I(T,V) = L(T) G(V,T) (2.17)

where. L(T) is a function -of temperature and G(V,T) is a func-

tion of volume and temperature.

These approaches give different interpretat.ions of the characteristics of -

- the pqramete;-s b, u and.w but identical interprefation of the parameter
~a. Through Eqs(2.5d, 2.14) H(T), F(V), L(T). and G(V,T) can be

related to P2. For Approach 1, the expression for p2 \Rbeco‘mes
- - i ) -’- -
a _ a 2 dF(\v.) - : f
-P = (2nwNa?/v?}) H.(T) [V-d—v-::— -F(V)] (\ (2.18)

RN

By =2quating Eq.(2.18) and Eq.(2.12)} the -analytical expressions for

H(Tj and F(V) can be obtain by integration

for u2;4w' 0, ‘ ' -

>
_ - 1 1 [2v*ub*b (ui-4w) 5] .
- Flv) = Na‘b (u2-4w)°-T:I iL'-'{[2\/"u!:>-_l:: (u’-4w]“]} (2'193?
- for u?-4w = 0,



F(V) = a v/(v*ub/2) ' ~ (2.19b)

with

H(T) = a(T)/(2wNa) L L (2.20)

From Eqs(2.19,20) Approach 1 indicate;. thatl anﬁéng the four parameters
in lEq.(1.3), only parameter a shéﬂ@jbe treated as temperature depen- -
dent. As for Approach 2, the same expressions f.or F(V) and H(T) can
be found for G(V,T) and L(T), respet‘.,:tivel;/, However, this leads to
tl'le interpretation that not only parameter a but also at least oné' of the
three parameters b, u an'd w should be temperature d_epéndent. It is
not possible to justify which assumption is more correct. According to
the results of some theoretical studies [104] the radial distribution
function dependsl strongly on density and to a small .extent on tempera-
ture. On the other hand,' the molecular size is a weak funétion of temp-

_ e

erature. This. indicates that: g

1. in both approaches, the parameter a should depeéd on tempera-
ture.
2. The presence of u, w and b is important for adjusting the den-

sity dependence of F(V) or G(V,T)}.

3. It is not necessary for the parameters b, u and w to depend on

N S

The necessity of introducing temperature dependence to a, b, u and

temperatu];e strongly.

w and the importance of the presence of b, u and w in P? can be fur-

ther understood by applying the virial expansion approach.to Eq.(1.3).

- 16 -
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2.2 The Virial Expansion Approach
The virial equation of state which was prbposed by ! Kamerlingh
Onnes [61] in 1901 is theoretically sound and can be derivéd from

kinetic theory [104]. When written as a serial expansion in volume the

equation is as follows:
' Y

ze1eBe Lo o T e

where B, C, D etc. correspond to the 2nd, 3rd and 4th virial coeffi-

cients respectively.

Virial ‘coefficients are functions of temperature and can be related to
molecular interactions. The second virial coefficient corresponds to
two-body (pair) inter_-actions,-gh—e thlird to three-body interactions and
so on. It has been. found [124] that the virial equation of state trun-
cated after the 2nd virial coefficient is valid for densities less than one
hallfl the critical density. For® vapor-liquid equilibria, this condition is
usually satisfied when calculating vapor densities of most of pure fluids
for 'Tr (=T/Tc) < 0.9. However to calculat_e. liquid densities requires
more virial coefficients, since higher-‘order interactions start to occur

as density increases.

Eq.(‘l.3)' can be considered as a finite approximation of the ‘ihfinite

virial expansicn._Rearranging Eq.(1.3) in the form of the virial expan-

sion yields:
Z =1+ [b-a/RT]/v * [b*au/RT] b/v?

+ [b-a (u?-w)/RT] b2/v? * ... (2.22)

3
- 17 -



/ ' Eg.(2.22) is derived by means of- the binomiaT—‘Eipaﬁsion technique

r[132]. The coefficient of each term corresponds to a virial coefficient
' ' I

B = b-a/RT _ : . (2.23)
C = (b*au/RT) b . _(2.24)
D= {b-a(u2-w)/RT] .bz_‘ . _ (2.25)

As can be seen ‘the 2nd virial coefficient contains only the parame-
ters a and b. However, the higher order virial coefficients’ require the
paraméters u and w in addition to 2 and b. Also t::}ig/her the order
in volrume' becbmes; the more the parameters are required. This indi-
cates that only parameters a and b are required to calculate vapor
phase._!;ehavior, v«;hereas-the‘additional parameters u and w are needed
to describe liquid phase behavior. ~Aé a result, u and w could be con-
sidered as correction factors to the co-volume b, especially at high
densities. On the other hand, the temp—er;ture dependeﬁceléf all the
virial coefficic;nts suggestsﬁ’:hat any one of the paramefef‘s a, b, u and
w can be temperature dependent. Thus the two approaches previously
,used to represent the radial distribution function do~ not conflict with

each other.

In developing an EOS of the form of Eq.(1.3) for representing real
fluid volumetric behavior, the remaining issues are (i) how to introduce
the temperature dependence to parameter a and (ii) is it beneficial .to

also consider molecular parameters b, u and-w as temperature depen-

dent? Some answers can be found by examining the performance of dif-

, .~ 18-



ferent —volume-cubic equations of state that| conform to the two

approache§ for treating I(T,V) and thus a, b, u and w. Cor‘tseq'uen‘tly,-

in Chapter i1, s/ eral well-known volume-cubic equations _ar‘e"_reviewe%
and their perforinance is evaluated on the basis of their ability to pre-
dict several volumetric and t\Pro_Q??dynalmﬂgperties over a wide PVT

range. . ,,\L// \_

2.3 Use of a Volume-Cubic Equation of State for the Calculation of
Pure Fluid Praperties
In this section, Eq.(1.3) is used as a generalized example in the
. I
- discussion of how to use volume-cubic EOS for calculating VLE and

volumetric properties in different fluid phase 'regions on the P-V sur-

face. The d:scussnon is divided 'into two parts accordtng to the phase

b
regions wh:ch exnst on the P-V surface -

1. The two-phase (saturated liquid and vapor) coexlstmg region.
2. The single phase region (hqund or gas).

2.3.1 Coexisting Region”

-

The thermodynamir& treatment of phase equilibrium introduced by

GlbbS\@G], is based on the concept of chem:cal potential, u. The vapor
phase (superscr:pt v) - and the liquid phase (superscript 2) of 2 pure
fluid are in thermodynamic equilibrium when the temperature (T)'. the
pqr'essure'(P), and ’.che chemical ‘potential (u) are the same in both phas-
es. The chemical potential is often replaced l;y an equiva!en.t quantiéy,
the fugacity (f), since the fugacity can be easily evaluated by an EOS
through a thermodynamic relatlonshtp Thus, the phase equullbrium eri-

teria can be expressed as follows

- 19 -
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PP=pt (=p) | I (2.263)
™=TtED | (2.26b)
- £, WL T = et v Th o . (2.260)
: or
v _ L ’ ) ' .
W =yt (2.26d)

The thermodynamic relationship betweén the fugacity .(f) and P, v and
T is: )

-

iy =s7 B -y av - Y FRY - . .20

.r,Substituting Eq.(1.3) to Eq.(2.27) one obtains the following expression
" for f,

enfy = EX - 1- (P ¢ enlv/v- )] ¢ RS,

for u?-4w > 0,

1 a__ o . [2vtub*b (u2-4w)®s] |
RS = - [prorgmys] el (el (2.282)

[2v*ub-b (u?-d4w)*

for u?-4w =0, .

RS = -—‘R—T' [a/(v+ub/2)]. (2.285)

—

Eq.(2.28) can apply to both vapor and liquid phases when v is
replaced b?’v“‘—ind vr‘:-- resp'ectivglx. The saturated liquid and vapor

molar volumes, (vl, v’) at any given T are obtained by solving

Eq.(1.3) while satisfying Eq.(2.26),

vi+{(u-1)b-RT/P)] v**[(w-u)b2-(ubRT/P)*a/P] v
- 20 - '



Eq.(2.29) can be solved analytically- by means of the Cardanc method
[28]. There are three roots in which the largest corresponds to the
saturated vapor: ‘molar volume and the smallest to the saturated liquid
' ' L, " . s - v

-molar volume. The computational procedure for obtaining v and v at

any given T is described by the following algorithm:

1. Assume P (i.e., pt = Py - : ~
2 Solve Eq.(2.29) to obtain v% and v"

3. . Calculate f! and f* tvxrsing‘ Eq.[2-28)

4 Check if £% = f“,. otherwise repeat sfe;s M-

. The physical meaning of the above computational procedure can be
interpreted through the _Ma*Well ‘theorem [94]. As shown .in Fig-
ure 2.1, the cubic isotherm, curve I!, is generated by a’volume-cubic
EOS. The sum of the two shaded areas on eifhe_r side of the line ACB
c;n be obtained by integrating v dP along the curve ADCEB.- According
.to the Maxwell theorem the liquid at point A is in true equilibrium with

the vapor at point B when the two shaded areas are equal. This is

4

because

-

£ v _ 3u _. | -
w - w = Japces Gp)T 9P * fapces v 9P @30

At equilibrium, ui -y =0 =17 v dP, the two conditions of equilibrium,
namely p*-= ¥ and u" = y¥ (thus ft = V) are therefore ‘satisfied.
Subsequently the above. computational procedure can be explaiqed as

follows

rl

- 21 - ¢
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Figure 2.1:
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1. Adjust‘ing the pressure cérrespbnds to t.he adjustment of the line
'ACB along the P :;xis. >

The three.roots A, B, C obtained from the EOS are equivalent
to the points A*, B* and C* which are th.e pnoj_ections of the
three points on the V-axis. When the shaded areas are equal,
‘A* correspon:is to v'—' and B* to v'. However, C*, the interme-

N diate. root of the EOS, has no physical meaﬁing.
37 The quantity, f"-fv, is @ measure of the sum of the two shaded .

areas.

The points A and B coincide with each other at the critical poi:;ut
(C.P.} where the EOS yi-e.lds three identical roots. The point C*, is
physically insignificant because the condition for stability of an equili!:;-
rium state i.e., (dP/de_O is not _mét at the point C ‘w?\ere (dP/dV%_O.
[94]. The saturation curve which’ definés the phase boundary on the
P-V surface consists of the locus of elull points A é_nd points B for temp-
eratures from the triple point to the critical. At the critical point,

three conditions [132] are imposed on the equation of state, namely

e

_—aP = . ) | 2

[Zo 0o . ‘ L (2.31a)

3P S ,

(avz)-r 0 | | (2.31b)

FewWevt atT=T p=p - ' (2.310)
c’ c’ c . )

* .
where Ve represents the predicted critical molar volume. The ‘last_con-
dition ensures that.the EOS yields three identical roots at the critical
point. Geperally at the critical point, the parameters a and b can be

—

expressed by . i



= o2 . . .
- 2 R Tt:z./':’r.:. E ) (2.32)
‘b, = cha,‘l?: Tc/Pc‘ , ———‘- o ' | (2.33)

I . . .
j}e quantities Qac and ch are dimensionless and the subscript, c,

denotes the quantity at the critical point.

It should be noted that points A and B along the saturation ‘curve

of the P-V surface correspond to the intersection between line ACB and

the cubic isotherm. In order to produce loci of A and B close to the
actual (experimental) saturation curve, the EOS not only has to gener-
ate the cbrrect shape of cubic isotherm under the two-phase coexisting

dome, but also calculate PY correctly. The former is closely related to

the structure of the EOS considered while the latter corresponds to the

predictivity of F_’“ from the—E'f_However the predicted value of PV
J ‘

results directly from satisfaction of the equal-fugacity condition as

described earlier. Therefore, we can say tha@ the accurate representa-

tion of P”_is the nécessary«condition for an EOS to adequately describe

pure fluid VLE. In principle, as will be discussed in Chapter IV, the

structure of Eq.(1.3) is largely determined by the choice of parameters
u and w which contribute to the density dependence of the equation.
On the other hand, the predictivity of PY can be related to the method

of introducing temperature dependence to the EOS.
L4 .

——

In a recent réview a:y]e entitled 'Critical Phenomenon with Classi--

cal Fluids', Sengefs'and'Levelt-Sengers [116] concluded that wvolume-

cubic EOS are fundamentally inadequate to give good account of volume

N

C in the vicinity of the critical point. They stated that "... it becomes

/T



+

o -

evident that equations of van der Waals' type did not predict correrctLy

{the critical point region) the asymptotic shape of the coexistence (sat-

— -

uration) curve and the critical isotherm of real f!uids." This statement

——

'stems from the results of their experimental studies and analysis of

other related studies on the critical exponents which are commenly used

to characterize critical behavior of fluids. It has been known for a long

~ time [58] that fluids exhibit exceptional thermodynamic and volumetric

~ . .
behavior®in the vicinity of the critical point, not only when the point is

~ approached from within the t\;vo-phase region, but also from the single

phése regions." Fluids in‘ these regions are usually referred to as near-
critical fluids. The physical a.nd transport properties of near-critical
fluids are extremely variable which result in unstal;le heat transfer and
fluid flow processes. In order to keep fluid systems stable, process
desigﬁérs try to avoid these conditions. Therefore, the inherent Yha-
dequacy of volume-‘cdbic'equations of state in the critical region does

not affect its applicability to process design.

It should be noted that the anomalous behavior of the near—criticall
fiuid ::!epends, to a large extent, on h‘ow rie_ar the fluid is to the criti-
cal point. However, this.cr"itical region cannot be defined precisely.
For. single phase re.zgions (liqufd or ga's), Hsu and Graham [58] sug-
gested that .the critical region for hydrogen be considered in* the
reduced tén';perature (Tr=T/—'~Tc) rar';ge of O.QSSTrST.SO, and the
reduced pressure (P_= P/P_). range of 9;80£Pr51.30. For the‘ two-
phase éoexistihg region Spencer and Alder [120_] (Suggested that for
mo;;t fluids the critical region be in the range of 0'855Tr$1 .0, -because
of the smooth, ah:nost linear bei‘navibr c;f the density at tefnperature

below Tr = 0.85._ -
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2.3.2 . Single Phase Region

. In principle, volumems'-yield only one real positive root (the

other two.are.imaginary) outside the two-phase coexisting region. This

-
o

root corresponds to either liquid-ike volume or éas-li'ke volume depend-

ing on the temperature and pkessure considered.

In order to give good account of liquid volumes over a wide range’
of pressures the three-root oscillation of the cubic;. isotherm in the two-
phase coexisting region should rise . sharply outside the saturation
ﬁ:urve- This is because the actua'l liquid isothe_rms have steep slopes;‘

due to the small effect of pressure on volume. ' ‘o

2.4 The Corresponding States Pyi-n*le

- ~

'One of the important results of the VDW fluid theory is thé corre-
sponding states principle (CSP)..To date, this prinpiple is largely used

to generalize fluid properties as well as equation of state parameters.

.

‘The idea was first explored by_van der Waals [133]. He defined

reduced variables by . \ .

P‘_ = P/Pc’ Tr = T/.T L V.= \f/V . ' - (2.34)

and noted that different fluids at the same ‘P'_ .and Tr have approxi-
mately the same v Thereflore, he concluded that all fluids should

obey, approximately, the same EOS when .written in terms of reduced

parameters.
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A two-parameter (usually Tc',. Pc) CSP can be ;'epresented in the

.functional form
_ Z = J(Tr, Pi_] ‘ ' " " (2.35)

where Z (=Pv/R'I:) is the compressibil_ity factor and the function, J,
refers to.a universal EOS for all fluids of interest. An important con-
sequence of the two-parameter CSP is that the p;rameters in any
-empirical two-parameterI EOS can always be characterized in terms of the
critical constants. For example, any two-parameter Vvolume-cubic EOS

£ .

(u and w are fixed) may be represented by:

Z = J{T.v,a,b) ' ~ . (2.36)

-Solving Eq.(2.36) simultaneously with Eqs{2.31,a,b,c) will, give; thg.
quantities‘nac_and ch in Eqs(2.32.33). In addition, a universal critical
compressibility factor,l Cer will be obtained. ' ‘
-About thirty C;ars ago Pitzer and co-wor"kers [89] _'obs.'-.rved that
t;e"departpre from the two-paramete:;.CSP by fliids of non-spherical,
molecules was neither large nor random, _and could be 'characterized by
a new, small empirical paramebter ‘fpr each fluid. The acentric factor,

w, as its name implies, was introduced to account for the non-spherical

nature of the molecules and is defined below

-~

.

v = -1 -20g0(P )T o 7 | g (2.37)

-, . . '
where (Pr)'PfEO 7 is the reduced vapor pressure evaluated at Tr=0.7.

Using~this additional parameter, Pitzer and co-workers have suc(gessful-

~

ly extended the two-parameter (Tc, P;] CSP to nonpolar and slightly

=
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polar' fluids. The above three-parameter (Tc’ Pc’ w} CSP can be

expressed by \/

z = J(Tﬁ,'_;Pr, w). . - T (2.38)

—

A

At fh,e"_eritica‘l- point, Eq.(2.38) gives a critical compressibility factor

for each fluid considered which can be correlated i;1 terms of w. .

Applying the three-parameter CSP to an EOS of more than two -
parameters, such as the four-parameter volume'-cubic‘Eog given by

- Eq.(2.39)

. M -

‘ . e e
Z=)(T,v,a,b,u,w) L (2.39)

implies that the pa.rémeters a, b , u and w can be ch;‘aracter.ized. i‘n'
terms of Tc' Pc' and the acentric factor, w. rl_n addition, the c::ificgt
compressibility factor predicted by the EOS fs a function of‘w. This®
further suégests that if the EOS parameters aré generalized in terms of
T, P_ and u, it can be easily applied to any fluid proviéed its 'Tc, P
and w are known. In other words, only tﬁfé {volumetric) data of a few
fiuids which conform well to the three-parameter CSP are needed to
" evaluate the EOS parameters. After generalizing the parameters using
the selected fluids, !the EOS s.hould be able to represent, with similar
accuracy, an'y other fiuids whose volumetri'c,properties also conform well
to the three-parameter CSP. In general, the volumetric and thermody-
namic properties of normal fiuids (non-polar and slighltly polar fluids)
can be represented b\; the th-reg-paramef;er (Tc" Pc,- w) CSP gquite

accurately.

. ) ‘ / . -



' Chapter 111
CRITICAL LITERATURE REVIEW

. »
1

Many variants. of the van der waals (VDW) eqt;létion of state have

- been proposed. It would be prohibitively long to review all the work
reported in the literature. Therefore the purpose of; ‘this chapter is, .

first, to revie\& the most recently ‘proposed .volume-cubic equations of

- state of the van der Waals tyﬁe. Emphasis is placed on those.equatior{s
thch repr;esent different approaches to the development of - volume-

‘cubic equations from the VDV;’ EOS to ti‘ae more complex equations.

Secondly, th-e 'perf-orrnance of these equations is e#aluated in terms of

their accuracy in calculating volumetric and ti’mermodynamic properti'es of

the first ten normal alkanes (C1-C10). Hence the mérits as well as the

- shortcomings of each approach to developing the equations are identi-

N
N
\ / \

3.1 Re\;riew of the Well-Known Volume-Cubic Eqba.ti,qn{ of State

-~ fied. .

There are two important factors involved in the development of an
EOS. The first is to choc;se a form (or mathematical model) as the
basis of development. The second is to decide which piﬁysical properties
will be uséd{ to determine the parameters in the model. As mentioned
previously, the 'voluméécubic equations of-_"”the VDW type commonly used .

can be expressed in the form like E£q.(1.3) which contains the four

.
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parameters a, b, u and w. At the critical point parameters a and b are
generally expressed by Eqs(2.32,33) in which Qac.and ch can be uni-

versal constants or substance dependent.

The VDW equation is the simplest volume-cubic eqﬁation in which
the two adjustable -pa;ra.meters_ a and b are charactef'ized by Tc énd Pc
as given by Eqs(2.32,33). The VDW equation can only represent the
_ volumetriq_ behavior of real fluids qualitatively since it predicts a criti-
cal compressibility factor (cc) of 0.375 for all substalglc_es. _However.most
real fluids have .criticall' compressibility factors in the. range of 0.20 to
-€.29. Thus various modificati.o.ns to the VDW EOS have been pro-
posed. The main reasons for developing these equa'l;ions were:

1. to chgngé the 'qensity depenéence of the attractive term (P?) in.
the VDW EOS seo that the predicted critical Eom;;res.sibility fac-
tors CE'F arge closer to the actual values, N

2. to force the e_quation to fit certain volumetric and/or thermody-

namic properties of pure fluids.

The treatrﬁent of ‘thé four parameters a, b, u and w are generally
classified into six types? . |
(1) 2 adjustable 1 temperature dependent parameter (ZPIT) ‘EOS',

(2} 3 adjustable 1 temperature dependent parameter (3P1:l')‘ EQS, .
(2 4 adjustable- 1 temperature depenc;en;: parameter (4P1T) EOS,
(4) 2 adjustable 2 temperature depe-ndent parameter (2P2T) EOS,

(5) 3 adjustable 2 temperature dependent .parameter‘ (3P2T) EOS,

-(6) 3 adjustable 3 temperature dependent paraheter (3P3T) EOS.
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The notation 2 adjustable 1 temperature dependent parameter EOS

denotes "an equation containing only two substance dependent parameters-

in which one of them is also temp;erature depen'dent.. Details -of these
equations are presented in Tables. 3.1 and 3.3. It should be noted that
the types ('U to (3) are relf}ed 1o tiwe first approach (Approach 1) to
the trx_eatn;ent of the temperature dependence of th:'a radial distribution
funlction as mentioned in Chapte_r- Il. On the other hand, types (4) to
(6) are related to thé'second approach (Approach 2). The six ‘types of

- —

equations are discussed separately as follows.

3.1.1 Two Adjustable One Temperature Dependent Parameter

Equations of State

When-the parameters u-and W are treated as universal constihts
Eq.(1.3) reduces to a' two-parameter (a,b) eql'.:ation.' The first widely
used variation of the VDW équation of the 2P1T type was that proposed
by Redlich _and Kwong (RK) in 1948 [105]. They introduced a simple

temperature function to the parameter a and changed the form of the

'Volume dependence in the denominator by assuming u=1,w=0. The

temperature function of the parameter a is a f‘ac/T*. The RK equation
predicts a cc’ equal to 1/3. As a result the accuracy of ‘Bﬁ'g volumetric
calculations was improved. However the RK equation can only predict
gas phase volumes with reasonable acc.uracy and vyields very large
errors in liquid compressibility factors as well "as in the saturation

properties i.e., vapor .pressure, saturated liquid and vapor molar vol-

‘umes.
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Table 3.1: Sumtﬁary of the 2P1T, 3P1T and 4P1T i:yp&c‘df equations

1. sSRK

{1972,1980)

2. PR

3. KK
(1980)

—

P -.'—-:—-b--'—(—-j-'
. pir 2

c(Tr) 8, R TE

Pe

D R Te

_PC- -

b=

:colﬁ

.
i c(Tr) 2,. R’TE

- Pc

e R Te
—.'_F—

4

(1976,1984) v - b vie2bv-b?

T 0.307

pafl_ . 2
o v=b  wyiechy-{c-I}DT

' 2
G(Tr) Qlc R Tc3

asw
Pc
LB RT
]

Re* 0.42747

2. 0.08564

alT,) = 11 + a(u) {1 - T2
R(w) = 0.48041.574-0.1762, <0.5 .

n(u) = 0.4797841.576240-0.19394s740.0277%° -

-0.0016577w"-0.00013153%, 0.5

ﬂ.c = 0.45724

ch = 0.07780

o(T) = 11 + alw) (1 -T2

m(w) = 0.37464+1.542260-0.269 27,  ux0.5

B(w) = 0.37964+].48502%0.16442:3+0.01667u? , 0.2<w<2.0

2,." 0.44131+0.09168-0. 03651 -0_03651w?-0. 005587

Oy = 0.082442-0.0273.-0.01404847+0. 0007070
c = 1,44515+3.0587u-0.4563,2-0.714°

~

Tr<1

By _g(1 '
alT,) « BeAQL - T.%)-8(1 - 177,012

w<0.2 )
- A = 0.50+40.27767u+2.17225
8 = -0.022+0.338.-0.845.°
v w0.2 '
A = '0,41311+1,14657w
B = 0.0118
Tr>1

a(T ) = 1-& ea(T ) +8 {2n(T))?

A= 0.6258+],.5227w
8 = 0.1533+0.41u

C. 0.3211-0.080w+0.0384u2
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4. SW

(1980,1982) P "v-p "

5. PT

(1982}

6. TSRK
(1982)

RT

a(Tr) Qic R‘T:

(]
v +{1-c)bvicd”

Q= 0-¢g (2-80°

-33 -

P
¢ Bye = B T
. RT )
babe " e 2, * 113 (198 u))
Pe B, = 0.25989-0.0217ur40. 0375
cC= -3y
alT) = 11 ¢ <(T W) - T2
A
. - wel. 4 ey
. WSO-SS L4, 41
Ky ™ xg *+ (STr-k.'l}’/70
3 = e + 0.7 (T - 0.779)
we<d. 3671 <y = 0.465+1.347,-0.52801
< w>0.3671 ke * 0.5361+0.9593
Tr:vl _
«(Tp) = <(10)
P = RT a
v-b  vived)+c{v-b)
“ofT ) @, RET 2 .32 iy
2. r pac c nac 3cc +3(1-2;c) R c+1 3_‘::
c 3 R 2 H orl &
nb R? ch +2 3cc) ntu: ‘kc nbt:' ‘c 0
P - |~ - - -
b P B » 1-3¢, ,
Q _RT z_ = 0.329032-0.076799w+0.0211947,2
c =_tC (= X c y .
= - 2
P a(T.) = (1mlw) (1-T_*
m{w) = 0.452413+1,30982u-0. 295937
P a RT .3
v =b v (v +b )
2 2
, 200 8y RT 2, = 0.42747
pC
= 0.08654 _
By R T e
b= > 8. = 0.40768 (0.29441-2;,) -
¢ Zp, = 0.00385+0.08775
vsy -¢ i
Kyy2
) a(T.) = {1+4m(w) (1-T *))
beb =-¢
n{c) = 0.480+1.574w-0.176u2
f_RT :
cw cC P
P -

cont'd.



7. RK ’ ‘

(1983} P'v-b"v(:-ﬁc)
olT,) g, R3T? B, = 0.250796-0.0682692:-0.0357338?
Pe C = {1(4/8)-31" - 3)/2
RT—— :
P Sl A= 8, (140)'/(1-8.)°
. c -
g, » [1/{1-8)] = [AL/(1+C)]
B : T « " B o/
. < . nlC = % cC
- e * B &
8. "Cct.

a(T ) = [Lem{w} (1-T.73
m{w) = 0.479817+1.5555%-0.287787°

8. M Pw RT - a
(1979) v -Db viec
F & o =
.. n('l'r).i RIT 9, = 27/64
c ﬁbc - 0.8572_-0.1674.
RT .
b et le ‘ 0 = -0.8572_+0.2924
Pc = c
o RT Z, = 0.291-0.08
P - c . ‘s
c a(T) = [hwele) (1-T.9)° :
m{w) = 0.499932+1.7818%~1.17231u?+1. 42863 -
. t, ® 0.857Z_ +0.0826
8.l p o BT 2
/ _(1983) v = b {v-dl ) (v -d2 )
2 2
, 5 ) 8 BT = 0.456533
P ac
‘ 7 fpe = & 08
b ads g 2, = 5, -0.276106
P . : c
e 8z * & -0.493894
dl -—gl_g_ .
P w¢0.090 -
a.RT ‘ g. =0.319
d2 S - A - ' c
P . * w>0.050
. ey -¢ . .. T ®0.2910+0.04421 exp(-6.46361w)
A RT o_ = 0.02802-0
catpt _— = 0. -0.02787 w -0.04421 exo(-6.46361u)
- - c :

cont'd.



10. ALS
(1982)

- —

RT

Pu - a
v-0b (v-dl} (v-d2)

o(T,) B, R?T_?
a = P

Q.- 0.44869+0),04024u40 . 0111 L™ -0 0057607

G 0.08974-0.03452:+0 . 0033001,

24 " 0.035686+0.00405w-0.01073? +0.00157w? .

9,5 = 0.1580040.141224-0.00272" 0. 00484
a(T,.) = (+mw) (137 12

m(w) = 0.4070+1.37874-0.2933?

-
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"Hﬁ?\aﬁmpts (see for example [57]) were made to improve the RK
equatlon WW&ONS of the RK equation for mixture VLE
calculatlons which has recelved extenswe testing is that proposed by .
Soave [1191. Thg Soave-Rec'ﬂnch-Kwong (SRK) equatlon has acquired
wide popularity in the hydroc;rbon industries and has proven to be one
of the most successfyl equati6n§ i:rc;posed to .date. He fitted the
parameter a direcily to the vapor .pressures of pure nonpol’ar substanc-

~

es, and cdrreléted it by a simpléi function of T'_ as shown below

L

[

- - ‘ - i 2 3 -
« a2 = [1*m{w)-(1 T, )] a_ | : 3.1
where m(w) is a function of the acentric factor w.

Since the basic mathematical model of the original RK EQL.latl"Ol'l is not
changed, the SRK equation h\as"' the same shortcomings as the RK equa-
_ tion. It is still unable to éenerate satisfactorily the saturated liguid
molar v—oiun;es for' large moleéule.s, even though the calculated saturat-
ed vapor volumes are generally _accép;table. in the prediétion of liquid
or saturated liquid volumes the SRK equation' is only suitable for small
‘molecules i{!ke-;’mitrogen or methane. )

In 1976, Peng and Robinso; (PR) [88] proposed another'equation to
improve the VDW EOS by assumin‘g u=2,w=-1. In a short time, the PR
eqlx_étion nas found wide application in natural gas and petrmt ;ech-
nology. Folklowing the same approach as Soave, the parameter a in the
PR equation was fitted %o pure-componen.t vapor pres.sures ard the same
exprgssion for the temperature function was‘retéined. However, it
gives.a more realistinféc (=0.307).. The PR equation shows a significant

) ey
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improvement over the SRK equation in the prediction of volumetric
properties, especially saturated liquid volumes for molecules larger than
nitrogen énd methane. Nevertheless, for accurate calculation .of (satu- ' ">
rated) liquid~volumes the PR equation is only suitable for molecules

whose size is’ close to that of n-hexane.

To date, among“ th;:_ available volume-cubic equations, the SRK and
‘the PR equations are the' most widely used for fluid phase equilibrium
calculations. These two equations though derived only for subcritical- ‘

. . | ,
conditions are extrapolated in practice above the critical temperature.

3.1.2 Three Adjustable One Temperature Dependent Parameter

Equations of State

It was oft.e'n thought [E’.] that the ability of an EOS to yield.
substance-depéndent critical .compressibility factor was a necessar\) con-
dition for better performance, especially in the representation of (satu-.
" rated) liquid molar _volurnes.: 'l:’o obtain subs_tance dependent Cor the
EOS must contain~mofe than two substance dependent parameters while

satisfying the two derivatives at the critical point (Eqs(2.312,316)). ™

..

In the development of the 3P1T EOS the forms -of the VDW, the RK
and the PR equa{ions were often .used as building blocks in order to
reduce Eq.(i.B) to a three-parameter equation. With a third adjustable
‘parameter in addition to 2 and b, Eq.(1.3) gives a value of ‘e which is
substance dependent. Again, o'nly the parameter a is temperature

dependent while the remaining two parameters depend .on substance

only.
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~ Using the RK and the PR equations as buiiding blocks, Schmidt and-
Wen;ei (SW) in 1980 [114], Harmens and Knapp (HK) in 1980 [49] and
Patel and Teja (PT) in 1982 [89] 'prop::sed "equatio;':;, whit';h after rea‘r—
rangement, are oi.’- identical mathematical form. The form was found by

-assummg u*w=1 so that Eq.(1. 3) "becomes
; )

o

v -jb vZ+(1-c)bv+cb?* o \ ‘ (3.2)

where the parameter c is equivalent _to the paramefer w. [t should 'be
not that the line" u‘W=1 contains the points (u,w) that correspbnd to -
thése of the SRK and the PR equations. This can be seen from a u-w

diagram as shown in Figure 3.1.

UAlthou'gh the equatic;ns are of the same mathem;tical-form,l these
authors establfshed different procedures to determinéheq thr'ae parame-
ters” for each substance considered. Schmidt and -W’anzel adj'usted the
parameters sol as to fit‘ 'satur-ated.~ Iic;uid '?holgr volumes. at Tr=0'7'
Instead of fitting saturated liquid molar volumes at a single point; Patel
‘and Teja used the temperature rang‘é from the normal boiling point to
the critical to determi?ue their three parametera. - As for the HK equa-
t'ion, the three parafneters were 'adj:u'sted‘ so that Eq.(3.2) gave ‘a‘ 'c‘}m-
promise’ fit along th-e critical is'otherjms up to_.P =5. At subcritical
temperatures, all these equatlonr: had temperature dependence intr';o-
duced to the parameter a by fitting the vapor pressures using the pro-
c;dure proposed by Soave [118]. The correlations were of a form sfmi-’
lar to that of Eq.(3.1). At supercritical te.mperatures,‘ values .of the

parameter a in the SW and the PT equations were usually estimated by

extrapolating the subcritical temperature function. Hovﬁzer, in the HK
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EQS the temperature function for the parameter a was based on the isé- .
~ chor data at Pr=1' for Tr?l Details of this function are presented in

Table 3.1. Of the tfiree eqﬁatiops, the SW equétion was the most exten-

-—

sively tested [40,112,113].

Another appro_ach to formulating the 3P1T equation rt.;quir'es only
cne two-paramet.ér equatiﬁn to séwe as the building block. This corre-
sponds to the volume-translation methéd proposed-by Peneloux, Rat._izy
and -séeze in 1982 {87]. The b‘as;c‘idea behind this method was to

introduce a- third substance dependent parameter, c, that wy-vlé cor-

- )

rect the volume predicted by the selected two-parameter equation with-
out changing the"equilibrium condition originally predicted. From a

physical pc:int of view, this is simply translating along the V-axis the-
-( - -

saturatioﬁ' dome or the isotherms on the P-V surface generated by the

two‘-parameter EOS with;wt' changing their_origir;_aal shape. In so doing
the equal-fugacity condition at each temperature.will. not be affected.
Thus, the predictions of the equilibrium cbndition‘s and of tl'.n-e vapor
pressures ;re ‘never affected by the translation. The relationship

between the volume beforé_t.ranslation and the wvolume after translation

(designated as v') is

-

v'=v‘-c ‘ o ) -7 (3.3a)

~—

b'=b-c R (3.3b)

and the corresponding relation for the fugacity‘ is:.

T

£, _ 3 R cP ’ ‘ . ‘
3 = ) - Gh. o (3.4)



""_'.—‘

where f' is the fugacity after translation. At the.equal-fugacity condi-

tion, the term cP/RT in Eq.(3.4) is cancelled out.

Peneloux, Rau.zy and Freze [87] applied this."method to the SRK
eguation in order to correct its predicted saturated liquid molar vol-
. umes. The SRK 'equaticn was chosen 'due to its ability - in. predicting

mixture VLE (P-T-composition) with .reas:j;e accuracy Substltutmg

Eq.(3.3) into the SRK EOS, the transla equation, (TSRK) has the

form \‘—‘\\¥k : - . ‘

Rearranging Eq.(.3. )} to a form of Eq.(1.3\ gives ' ~*
S n ‘ ,
__RT __ - a
P = T B~ Vi [1-(3c/B)1bve[(e/b)"(2¢3/bT)b?] (3.6)

where u and w are related by w=(2u?-u-1)/9 with u = (1+3c/b). .Tﬂg‘s
Eq'. (3.6).is a three-parameter equa"éioﬁ. It should be noted that what-
ever temperature function is adopted in the SRK EOS for the parameter
a Eq.(3.8) will yiéld exactly the same vapor pressures as those
obtained from the SRK equa‘ltron: This |m:pl|es that the quanth

Eq.(2.31) remains unchanged since the parameter a can be expressed as
a = u(Tr_) a_ . : .. . . (3.7)

where ;:ITP)" remains the—siame as in the original equation in which Q,
is a universall co‘nstant. The most obvious characteristic of a three-
paral;neter EOS obtained b.y a.v;blume-trarig.lation' is. that the equation has
a constant Qa.c' Other types of three-par;ameter EOS ha}}e substance -

dependel"lt Qac’ To illustrate, the locus of Tu,w) given by the TSRK .
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_ posed by Clausius in 1880 [21]

equation is depicted on a u-w diagram as sbown in Figure 3.1. The‘loci
of (u,w) for the SW, the HK and the PT equations are also shown in
Figure 3.1 as‘indicated by the line u*w=1. "Also indicated in Figure 3.1

are the locations of the SRK pnd the PR equations. As will be seen in

Chapter 1V, ‘lghé locus  of (u,w) for the TSRK equation is a typical )

example of the _constant-Qac curve on the u-w diagram. In fact, .

constant-Qa curve represents a family of EOS which result from the

c
volume translation of a two-parameter EOS with the same Qac'

Another example of this idea is the three-parameter equation pro-

P = RT/(v-b) - [a/(vee)?] = @

where ¢ is the third parameter. The CIausius'equation is the simplest

Ehree-parameter EQOS. When Eq.(3:8) is rearranged into the form of

- Eq.(1.3), parar_neté_rs u and w are related by "w = u?/4. Eq.(3.8)

"results from a volume translation of the VDW equation. "B_oth these

s depicted in Figure 3.1, Its locus of (u,w) passes through the point

S

for the VDW EOS. The original Clausius equation contains no tempera-

 ture function and therefore is of no practical use when representing

fluid propérties. ‘Martin in 1979 [Tﬁmo‘dified the Clausius equation by’

adjusting the parameter ¢ to fit vapor mélar -volumes and introduced a

critical, isochor 'and the vapor pressure curve at the critical point.

Martin claimed this form of the Clausius 'equation' to\be_‘tbe\.'beﬁt'
7 |

. volume-cubic equation for rebresenting volumetric properties. - The

- 1
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‘equations have identical values of Qac (=27/64). The Clausius _equatioﬁ .

.

‘ -
temperature function to. the parameter a based on the slopes of the



1)

temperature function was subsequently mod:f:ed by Adachi and Lu in
1983 [6] by adopt:ng the expres::on in Eq (3.1) for the parameter a
and thereby calculated it usnng vapor pressure data. Thls modlf:ed

version, designated as the MMC equatlon in Table 3.1, thus became

suitable for VLE calculations.’

!

As shown in the Appendlx A, any equation .in which u and w are
related by the followmg expresslon is merely a volume translatlon of

any two-pararneter EOS with the same Qac
w = w‘.[(4w-'u1)l/(2‘u)=]‘u' + [(1‘_U‘W)/(2‘U)z] u'?

- [(u*2w}/(2*u)] u"* [(1*u*w)/(2-u)?] u? - ' (3.9)

in which v’ and w' are the parameters u and w of the volume-

transfated EOS. Eq.(3.9) can be used to represent all’ the

constant-EZac curves on the u-w -diagram. Assigning particular values to
u and w in Eq.(3.9) for a given u' and substituting into Eq.(1.3)
reduces it to a ‘three-parameter vo!ume-tr‘ahslated equation. As exam-

ples,” Table 3.2 presents three cases of volume translation involving the

VDW, the SRK and the PR equations.

. o .
The volume-translated EOS corresponding to the PR equation close-

ly resembles the C1 et;uation developed by Freze, Chevali.er, Peneloux

~and Rauzy in, 1983 [33]. Ttlme C1 equation has a constant Q_.

ac
(=0.45653) close tc that of the PR equatlon in which @ —0 45724 It was
developed first from binary VLE data (P-T-composition) and then trans-

lated for the ‘calculation’ of liquid compressibility factors for normal

hydrocarbons. Details of the C1 equation are included in Table.3.1 and
N -



. - Table 3;2: The volume-translated VDW, SRK and PR equations: of
: - state. . ‘ :

EOS 'u w R  Translated EOS

u2/4 {51 ausius
= (2u%-u-1)/9 TSRK
(u2-4u-4)/8 'Tpa (= C1)

VOK O O 27/64 ~w

SRK 1 0 0.42747 w

PR 2 -1 0.45724 w

il

&

hY

its locus of (u,w) is piotted in Figure 3.1. It should be noted that the

C1 EOS was originally developed as a2 four-parameter equation of th{‘/ .
. | w

form

- RT _ 2 - . ’
v = b (v-dl)(v-d2) - ‘ (3.10)

P =

where a, b, d1 and d2 a-re the four parameters. Eq.(3.10) is equiva-
lent to Eq.(1.3) since its parameters d1 and d2 correspor;d to the two
roots of vi+ubvewb=0. Based on the above discussion, the C1 equa-
tion could also have been devel;aped from a two-parameter EOS togethér

“with the volume-translation relation in' Eq.(3.9).

It »is worth noting that th_e'thr:ee-p'arameter equ'a'tion proposed by
‘Usdin and McAuliffe in 1876 [131] is another example in which a single
two-parameter EOS was used as a building block. The equation, based "

K

on the RK equation, is

RT
v - b~ v":tbv —— (3.11)

P =



N
The parameter u was obtamed by fnttmg saturated l:qu:d molar volumes;
wh:le the parameter a was deterrmned using th; vapor pressure data.
Unfortunately, this equat:on is inconvenient to use since its parameters

are not generalized. Eq.(3.11) was also studied by Fuller in 1978 [34]
o

who treated all the three parameters as. function of temperature.

-~

if ¢ = ub, Eq.(3.11) assumes a form as

- _RT a
; .P “v - b v (v*c) : (3.12)

]

where ¢ is the third parameter. Harmens in 1980 [48] pointed out that
Eq.(3.4) rnay be of a better form tnan Eq.(3.12) for representing satu-
ration properties. “In 1983, Adachi and Lu [6] reworked Eq.(3.12).
They adopted the same approach for treating the parameters as Usdin
and McAuhffe but were able to provide a complete generalization of the
three' _pararneters, a, b and c. The resulting equatuon desngnated as

3RK, is presented in Table 3.1 and its locus is plotted in Flgure 3.1.

. 5
3.1.3 Four Adjustable One Téemperature Dependent Parameter

Equatione of State

In 1.9'82, Adachi, Lu and Sugie (ALS) [5] proposed a four-parameter
equation of the form of Eq.(3.10}. Similar to Harmens and Knapp [50]
they optimized th_e four parameters (a, b, di, d2) by fitting the critical
isotherms of normal fluids generated from the tabulated Pitzer's correla-
tion [90]. Temperature dependence was intrqduced to the parameter a
using Soave's correlation in EQ.(3.1). The locus of (u,w} for the ALS
equation is depict'ed in Figure 3.1. As can be seen, it goes in approx-

‘imately the same direction as those of the SW, the HK and the PT
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equations. |t appears that its locus could be approximated b{f a simple.
mathematical relationship such as a straight line and therefore the ALS

EOS could be reduced to a three-parameter equation.

’

In summary, the parameters of all the.2P1T, 3P1T and 4P1T egua-
tions describ;.d in Table 3.1 were ger;eraiifed quite weli by means of
the three-parameter (Tc, Pc" w) corresponding states principle.” Temp-
erature dependence was introduced to the parameter a by fi&ing it to
vapor pressures. In most cases, t'he temperature functions were extra-
polated for calculations at sup‘ercritica!'tempel:'atures-. Using one or two

parameters in addition to a and b enables the equations to predict

‘substance debendent critical compressibility factors.

3.1.4 . Two Adjustable Two Temperature dependent Parameter

Equations of State
—_—

In the 2P2T type equations the parameters a and b are considered
as fz.:nctions of temperature, while the parameters u and w are kept as
' -» .

universal constants. The RK eguation has been used extensively as the

" basis for the development of this type of equation.’

At each given temperature, the parameters a and b are either fit-
ted to PVT data outside the saturation dome, or are\ fitted simultane-
ously to the vapor pressure and saturated liquid molar volume. The

former case was adopted by Chaudron and Renon [20]. But the result-

ing EOS is not suitable for VLE calculations, since the equal-fugacity

condition is not satisfied'.
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Table 3.3: Summary of the 2P2T, 3P2T and 3P3T types of equations:

11. HoL ‘P RT aITH
(1977 PV -B "V (vb)
a7 23
2= aa{Tr) RTe
—
c
L GALLA
. — =
c
12. H N
{1983) v = b vie(bee)v-eb

ST 2T 2

. a(Tr} f,. R Tc
<]

[ =

BT R T
P

0.85¢ T. < 1.0
:" )

: . B X
G, = cg¥ey (1-T vey (1-T)) +ey (1-T))

Zo 2 3
'1 - Jfﬂtaij w )- C1 - sztd,j_'ﬂ ) ({ = 0.1.2.3)-
T, <0.85 ;
2 1 2 1
Qa = 1fo(b1 T‘r. ). Qb = 150("1 Tr }
2 j . 2 5
b1 - jEQ(bU w'), .di - jEz(d” w') (1 =0,1,2)

= 2 ) ".‘l
RS YU PR e “bé
Q. = 0.32429 Z_ - 0.022005

n‘ =1-3 Zc

2, = 0.2905 - 0085w

a(T ) = expl «(w) (I-Tr"(“))l

k{w) » 0,49154+0,.43882,-0.08821.° l J
n(w) = 1.637+1.38%

.l oh (-2e)
8(T,) = 1-m(w) tanh(~5= (T -1))
m(w) = 0.23333-0.067370+0.4911007
6(w) = 7.2562+14.153u+1.3313703

contd.
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13. o > RT
P-—--T"j?
(1982) N L

14, F
{1976)

1 2 ‘
v = b " v (vech)

pe

27 2
a(Tr) a, RIT_

—p

X (T ) RT,
" P
o4

c= U4 -3) -G

Q= 27/64

Gbc = 0.082 - 0.0723w"

L a{T} = ap(T ) o o, (T)) oy

2 r
%[Tr) = -0.1514 Tr+0.789540.33l1¢ﬂr*0.029ﬂr *U.ODIS/T‘_
) _ 2 )
a(T,) = -0.237 T,-0.7846/T,+1.0026/T_"+0.019/T,.
Qc(Tr) = 0.0_43' Yo (T.J*Q.O?I&n" ) (Tr)

To(T,) = 4.275051-0.878889/T,+8.508932/1 '-3.481498/T
057631217

vy(T,) = 12.856404-34.744125/T +37.433095/T '-18.053¢21/T
+3.524050/1_ " . "

w* = 0.000756+0,90984uw+0. 162260 +0.1454%?
e " 0.291-0.083w -

<~

8, = e 8)? 21718 (1-8)7 (24 8)]

2, = 8 [(1-8)(2%c 8) - (I+c 8)1/1(2+¢ 8)(1-6)%]

. B ; 2 )
B 8(‘.‘ {14‘(—5::'- 1):1,'_&“(9 (Tr_n‘)—] 11

“ By = Bc I?.'7880-35.331523‘-50.70612:’]

- (I-BC)(z*cc Bcz - (1+cF Bc)
¢ (2+c_ 8.)(2-87)

1 3, 3 .
CC.[(.BC—“ )-ZI/BC
© = 10.9356+0.0285 P (P -- parachor)

2, «'0.290- 0.085w——
a(T.) = M+a(8) (1-T %17
a(8) = (8/0.26)" m{w)

m{w) = 0.480+1.5740w-0.176w?



As fer the latter case, both parameters a and b show strong minima
wsth temperature as the the crlt:cal point is approached. Cor}sequently,_
generallzatuon of the temperature dependence of parameters a and b in
the vicinity of the critical point _becomes very difficult., Several
autnors‘ [45,46,144] have tried to tackle this problem. In 1977, Ham-
am, Chung and Lu (HCL) [45]5- used two equations to represent the
temperature dependence of each pararnet!r in the two temperature rang-
es of 0.'6051:‘_50.85 and O.BSST'_ST.O. Ho;ever the temperature 'I;unc-
tions used in the HCL equation are limited to snbcritical temperatures.
For supercritical temperatures, values of the paraméters a and b must
be those at the critical point. Also the two temperature functions

used for the parameters are not continuous at T.=0.85, and may give
. ‘ o » - L%
inconsistent predictions of the saturation dome in the vicinity of this

temperature.

3.1.5 Three Adjustable Two femperature Dependent Parameter

Equations of State

Compared to the 2P2T type of equation, the main advantage of  the
QPZT. equation is thatv the predicted g is'substance dependent. -There-
fore -it is expected that these equations will perform better in the
vicinilty'r of the critical point. Two equations of this type worth noting
are the Heyen (H) equation [53] and the Kubic (KMC) equat:on [65].

Both equat:ons are summarized in Table.3.3.

The H equation has the following form .

_RT __~ a . ¢ - —
P = v - b V‘z‘(b‘:EJV"e'b ' (3.13)

3
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where both para@ a and b are functions of temperature, and were

v -

determined using vaﬁbr pressures “and satu_r'ated qupid molar i(rc"ilumgs.
When .Eq.(3.13) i; 'r'ea'r-ran.ged in_to the.form of Eq.(1.3), i‘l; is then of
‘a'form identical to that of the SWw, .the_ HK _ana the "PT equations, ‘i.e.,
Eq.(3.l’:\)‘. In this case, the parar}:eter [ ih Eq.(3_‘.'2) is defim‘zd‘ as

c=-e/b. It shoeld be noted that at the critical point values of a, b and

»

‘e were adjusted so that the predicted Ze be ide?.;ical with the experi-
mental one. In ‘order to generalizé the parameters_'the experimental

_compressibility -Zc, is required in.addit.ion to Tc' Pé\and w.

Kubic developed his equation based on the Martin's [76] modified
ver;ic;n of the Clausius equatin‘on. He determined the temperature func-
tions for the parameters a and c__using sécondﬂ virial coefficients and
.vapo;.' pressures réspect-ively:. Alll the parameters in *'the K?VIC equation

‘can be generalized in terms 6f\1'c, P. and w. At the critical point,

- Kubic retained- the gener’a!‘;zed corretations proposed by Martin [70] for

the parameters a, b and c (designed a.. bc and Cer resuéecti_vely).

-

‘
L d - i

¢ e .
All temperature functions in both the H and the KMC equations can

b trapolated for calculations é'tu_supercr'_itical temperatures.

T
-

3.1.6 Thrre Adjustable '_!'hree'Ten}perature Dependent Parameter Y

Equations of State

It is possible when all the ;Sarametefs of a.\_.three-paramet'er equation
are temperature dependent to repre;.;ent- accurately all three saturation
. properties i.e.; the vapor pressure and the -saturated liquid and.vapor

molar volumes. A typical example is the equation 'propé:sed by Fulier

*



- [34]. As -meritio_n‘ed eariier', uller’'s equation, sﬁmmarizegl as.the F
equation in Table 3.3, was developed from the form of Eq.(3.11). The
thrée paramgter"s' {a, b and c) were fitted alo%fhe saturation curve..
It was fbund, as shown in the original péper, that correlations of-the
temperafure dependence of the three pa.i'am"efers are very complex. -A“Iso
generalization of the parameters at the critical point requires four char-

-

acteristic constants, T_, P_, Zc and the Parachor (P) [95]. WValues of

¢’ ¢

tl';e Parachor may not be available for all substances of interest. Thus
this reduces thé. ap{:vlication' of the equation. In addition, ﬂl'le tempera-
" ture functions used in the F ‘equation were fpund in_ this study to be
unsuitable for supgrcritical calculations. Extrapolation of these functions
led to large errors in predictiné ti‘ie volumétric properties'of gases.
The c.:alcul_ated results could be improved only if the temperature func-

tion for the parameter a was e_xtrapolat'éd while the values.of b ‘and ¢

remained those at the critical point.

Summarized in Table 3.4 are features 9{ the eqguations discussed
herein. 1n general the :2P2T and tiﬁe 3P2T types of eduations have
more complicated tern;:;erat.ure functions tj\an the Z_Pi}T, the 3P1T and
the 4P1T eqt‘.:ations whosé temperature qumore easily gener-
ali_;ed. Both Abbott [3] and Adachi and Lu [G] have warned that using
more‘temperature functions does not render the eé;uafion capa'ble of
represpenting volumetric pr;:perties in a PVT range in which the parame-
ters were'. not édjusted. However it is still not clear which_typé of
egquations is'. more —suitable for representing volumetric properties over a

wide PVT -rén’ge. Co'n'sequ-an‘gly the fourteen equations in Tables 3.1

e . . .
and 3.3. were evaluated in calculating several volumetric and thermo-
‘ N
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dynamic properties over a wide range of conditions. These results are

presented in the next section.
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TYPE

2P1T

3P1T

41T

2P2T

3P2T

3P3T

Table 3.4: Features of the volume-cubic equationi of .state

E0S
VDM
RK
SRK
PR

HK
SW
PT
3
MMC

TSRK

]
P=l -

u L]
o o
1 0
1 0
2 -1
1w o)
1-w f(w)
1w f (w)
flwh O
.f(;) ul/a

v=b .

a

v Z+ybv+wb 2

a(T)

a(T)
a(T)

a(T)

T

flw) © (2u%u-1)/9

Flo)  =(u2tu-8)/8
flu)  flo)

#

a(T)
a(T)
a(T)

a(T)

a(T)

f

™~

Fitted Properties

none

none’

. oV

pVv

- —

PY, Critical Isotherm

P“,vz(Trf0.7)
PYw (T = 0.6 6 120)
Pv,vx

pv i
Pv_vl

pv 22

kd's
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4

3.2 ° Evaluation of the Well-Known Volume-Cubic Equations

-

The properties of the first ten normal "alkanes (methane to
n-decane) obtained from generalized correlations and tabulations avail- -
ablg in the literature were uséd—as the basis for comparing the per-

formance of the fourteen equatians. The ten normal alkanes were select-

.ed because their properties conform well to Pitzer's three-parameter

(Tc’ Pc w) corresponding states principle. -Also .the asentric _factors-;'of
these fluids randge from 0.0 to 0.5. A total of eight properties. were
considered. Data on thesé fluids availab!é_ in the literature were not
used for the presenf purpose due to the. fgc't that they cover limited
ran'ges' of pressure and temperature. The vapor pressures,,Pv . were
c-:btained from the_correlations proposed by .Gomez-.Nieto and Thodos
[39.] for nonpolar substances. The saturated liquid molar volumes, v",

were obtained from a modified Rackett equation using the input parame-

ters suggested by Spencer and Alder [120]. The saturated vapc;r' molar

V. . . . -
volumes, v', were obtained from the correlation of Barile and Thodos

[12]. The second virial coefficients, B, were obtained from the correla-
tion of. Tsonopoglos-[128]. For these four properties, the correlation-
generated éata pqints were taken at 0.02 intervals in the T'r rarllge from
0.50 to 0.80 and at T _ equals 0.85, 0.90, 0.95 and 0.98 for to‘ta\l- of
twenty Tr values. This'rrange corresponds to a temperature between

the triple and the normal boiling points. a_nd up to the critical point.

“The tabulated correlation of Lee and Kesler [66] was used to obtain the

values of the lihuid. compressibility factor, Z", (0.3OSTI_SO.99,
0.015Pr$4.00 =315 points), vapor compressibility factor, y Al

(0.555Tr50.99, 0.01SPrSO.80'-56 points), gas compressibility factor
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. , ’
above the critical_temperature, 2P, (1.01ST $4.00, 0.01sP_S10.0 -240
points) and compressibility factor ‘élong thé critical isotherm, -Zc, |
('i_"_=1.0: 0‘.0159'_5.10.0 -15 poings). .For normal alkanes these correla;
tions were shown l;y the original authors to be ac'cur-ate with “absolute
average errors less. than 0.5% when compared with data available in the

literature.

-

A summary of the calculated results in terms of the overall.avérage

absolute percent c_!,eviatic;ns is presented in_ Table 3.5. The average

——

absolute percent deviation (AAPD)_ is dgfin‘ed‘ as follows:
. 1 ND . ) -
AAPD =N—D§ | [(calculated - actual)/actual]|x100 . (2.14)
wher-e ND is the number of data points. It should -be noted that the
.results present-ed may be ﬁlightly different from those obtained using
similar _calculations but different intervals for Tr and Pr' However as
I:'ong_ as the range of Tr and Pr are approximately the same, the same

conclusion about- the ability of the equatibns should be obtained.

Upon examining Table 3.5, one can see that almost all .equations
yvield acceptable results in _predicting PY. The only exceptiqnb is ‘the
Heyen equat;on. large errors given by 'ghis equation are mainly caused
by .inaccurate ge;'leralization of the parameters in fhe equ;tion. On the
other hand, the CI1 equation‘ gives the best results. Of the remairing
equations the PR;'tHe MMC, the ALS and the KMC equations have rela-
tively?)Iarger errors in P° than the others. - For predicting vt the MMC
and the SRK equations yield the largest deviations. Deviations in the

calculated v¥ values" resemble those for PV, whereas deviations in the Z"

.. L
values are similar to those for v .

'-55:-A - 2



VAU 891 Z'€2 W'ST 9'ST 191 . st 6'sT w'sp 9'st L'st §'SL 2°i1 o002

8
9'21 2€°§  06°8 I8 00°FY  ¥2°9  2¥'S  ¥2'§  2W'¥ 2% 80'r  SO'Y 89y 058 05 51
1'9 60°2 e 86’z 0Ll O€'1  SE'T 69°T  9e'l .2 _/ 1 20 SN { 20 S 130 SRNNYY A0 SN 111 74 dns?
60 610 #2'T K22 SKO  6Y'0  #9°0 ‘0 95°0  Oy0- BE'0 S50 85°0  S6°0 ' 09S Wl
'S G'El £8°6 19T el't ge's 19'¢ 9'21 et €0'C  96'2 v’y 95°F "1l 0siE '!
6't 10°y €70 Ol'v  65°2 921 02°1 182 80°T  10°2 22T syl ¥§'Z €'l oo R
0'2 I¥'S’ 92°Z  §9'0 -99°C  S9'E. L€ - w2, 00'Y 95T BL'2 £y IY'S veloo0z | A
8°1 9s'¢ GOl el s 96'0 ST g€z 62’1 S6'L 'l 2001 §§TZ 181 002 ad
4 W MM S L 1D NMSL M NE 1d AS M ¥4 S £103d02g
4 . g
seueyje |ewdou ‘uay jo sapsadosd |edrsAyd pajendjes ayy

uj suopjejAep juadsad s)njosqe abedaAe jjedsAo Jo Adeywng :G°¢ 9jjel



In predicting Z°, Z*YP and Z° the results obtained from the equa-
tions-_ which contain only one temperature-dependent parameter dc;__ not
differ from one another and have much smaller deviations than the HCL,.

the-H and the F eqﬁations. Since the KMC EOS was fitted to second

, virial coefficients it therefore has the lowest deviations in the calculated
B values. Meanwhile it also has the smallest deviations in the calculat- _

ed Z¥ values. This seems to imply, that incorporation of the second

virial coefficient in an equation would result in good representation of

Z¥. However, the poor predictions of B as given by the other e;quations

-—

tested seem not to have an effect on the representation of rA

Although some of the findings mentioned above could have been

deduced from the featurés of the- equations Iistgd in Table 3.4, several

additional points revealed by the results in Tahkle 3.5 are A

1. The currently popular equations (SRK and PR) do not give the
best results.. '

2. The inferior overall performance of the equations containing more
than one temperature dependent' parameter indicates that these
equ-ations are only suitable for representing the prope.rties used
in the fitting procedure. ]

3. The equations of the Clausius #ype that were tested do not

| appear to be 'the best’ as Martin had claimed.

4. The equations containing only one temperature dependent param-
eter. have better overall pérfoﬁmance in the represen‘;ation' of
volumetric properties (vi', vy, Zl, Z“,‘ ZSUP: Zc). Among them,
the 3P1T and the 4P1T ‘equation’s are usually. bett—er than the

2P1T equations. Although the ALS EOS has four adjustable
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parameters it did not exhibit distinct superiority over some of
the 3P1T equations. The performance of the six 3P1T equations
(SW. HK, PT, 3RK, TSRK, Cl1) seems to be adequate. S

Further examination of the deviations of the 2P1T and the 3P1T

equations for individual alkanes ({as shown in Table 3.6) reveals that

1. The ;bility to predict i’” has little to do with number of adjusta-
ble ‘parameters in the e‘quatioH\\ The-accuracy in predicting pY
largely attributes to the accuracy i—l‘l__t‘l'\i generalization of the

»‘temperature'dependencer’of parameter a which was obtained from
the PY values.. Errors in P” will generally increase with
‘increasingl mole;Iar size of the‘ fluid.

2. The PR EOS will Iyield larger deviations in P* for larger mol-
ecu.les, and deviations in vg' will increase with increasing molec.- .
ular ;izé of the alkane. . -

3. For"the SRK EOS, tiwe deviations in vr‘ wfll als:.o increase with

| increasing molecular_ size.of the alkane.

4. All the equations havé large deviations in B, and these increase
with the molecular size of the alkane.\

5. The TSRK EOS vyields deviations in P identical to those of the
SRK equation indicating that. the volume-transl'ation method does
not affect the calculation of PV.

6. As far as the dev‘iation's in v* and leare concerned, ‘the PT
ahd thq_SW equations appear to be cdmparable to or better than
the HK equation, while all three equations fall into the same
family represented by the u*w=1 relationship. | Among the equa-

tions which result from a volume-translation (MMC, -T-SRK, C_l),

(“\



N “i-
the performance ‘of the TSRK EOS ie coneidéﬁed the best
| because the deviations for all the alkanes are about the same.
The deviations of .the C1 EOS tend to increase wnth molecular
size. A comparison of the SW, the PT, the TSRK/—\'nd the C1
equations reveals that equations with substance dependent Q
- give better representatlon of vl and yABT general, if an-equa-
tion is able to represent one of these properties, it .can‘also
represent the other with the same degree of accuracy.
1. Although nearly all the equations have small deviations in the
calculated ZV and Z3%P yvalues, there is a tendeney to have
larger deviations for alkanes with larger moleculee. It is inter-
esting to note that alfhough the HK equation has a temperature
function for the parameter a specially developed for calculations
at supercfitical temperatures it does not show any superiority in
predlctmg Z3YP .
8. The family of equations represented by the u‘w-'l relationship
"has smaller deviations_ in the Z% values than the equations
obtained from the volume-translation method. In addition, the

individual deviations obtained from the former equations are

about the same for each of the ten alkanes.‘

For; the 2P2T, the 3P2T and the 3P3T types of equations, ‘fhe
results shown in Table 3.6 indicate that forcing the parameters of the
equafions to fit properties in'a limited PVT range, may result in unde-
sirable errors ‘in other PVT regions. Comparison -of-the performar)ce of

- the HCL and the F equetions with the SRK eqqation demonstrates this

-

problem. Fitting the parameters a and b in-the RK EOS to both PY and

- 59 -
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- vi causes the HCL equation to yield rather large errt.:_:rs in v° and 2%

“when compared to the SRK equation in which 6nly the/ parameter a is.

fitted to P. On the other hand, forcing the three,/parameters (a b
\
and c) in the F equatlon whlch is a modnf:ed form of the RK EOS to
T L

-« fit PY, M sup

and v results m}arger ‘errors in zt and Z than those

\ obtained from the HCL equatnon. To illustrate, the percent deviations
. S . x .

in PY, v", lv”, B and‘Z_" for C1, C6 and C10 calculated from the HCL

and-the F equations are presented in Figures 3.2, 3.3 and 3.4. -

As can be seen in Figure 3.2 both equations yield large errors in

v - . hd . . - - .
P" at low temperatures, especiall size of the molecule increases.

Also the HECL equation producés a saturation dome for C10 in the liquid

phase whith, is slightly defdrmed around T =0.85. This is shown by

the deviation curve of v©

-

for C10 gwen by the HCL equation, (an--

.ure 3.2). The deformat:on of the saturation curve in the liquid phase'_
7" results from the correla?&;r the parameters in the HCL EOS.wh:ch

are -'no_t continuous at’ T _£0.85

., iy T ¥

. Listed b&'f by ordér' o% their ab.ility in representing PY, v£, v,

-

Zz, Z‘.’: ZSI"’p and Z° are the fourtéen equations which were evaluated
in Table 3.5. y 4 o _
P°  :C1 HK 3RK SW SRK TSRK F HCL PT MMC PR ALS KMC H
vi :HCL F H PT ALS SW.C1 TSRK 3RK HK KMC PR MMC SRK
T v :3RK TSRK $W SRK C1'HK F, T MMC PR ALS KMC HCL H
z* {HCL SW PT-ALS 3RK TSRK "ER F H SRK MMC KMC
zv :KMC SW. PT MMC ALS €1 HK 3RK PR TSRK SRK F HCL H '
ZYP :PT- C1 ALS TSRK 3RK SW HK PR MMC KMC SRK HCL H F
z° :ALS HK SW PT PR 3RK MMC KMC TSRK c1 HCL/snx HF'
’ ’ P ' 4 ! < '
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HCL - ~ Fuller .

Figure 3.2: . Percent deviations- of Pv, v'q’, v’ and B for C1, C6 and
"7 €10 for the HCL and the F equations. L
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' : HCL equation.
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- Based on the above listing the SW, the PT and the ALS equations show

be&er overall perfo;-mance than the others. Of these equaiion, the SW
EOS appears to be slightly better than the ‘PT EOS which in turn
appgan to be better than the ALS EOS. As mentione:i earlier equations
with only one temﬁer'ature dependent-. parameter %ppe-ar to be Better fdr
dpredict'ing physical properties over a w'ide PVT range. This finding is-
t::onsi.stent with the partition func:ﬁon app.n?ach presented in Chapter_ll
whege it was noted that the tempera_tt.ii-e dependence of the attractive .

term reflected in I{T,V:r) should not be too strong. )

Figures 3.5, 3.6 and 3.7 depict the percent deviations of P”, v",

v', B ang Zi for C1, C6 and C10 foi‘ the SW and the ALS equétions.
As can be seen, large errors in " PY result at low temperatures ﬁ-rJ

w'hich increase with molecular size, particula'rly for the ALS EOS. At

i R r- - .
most temperatures the B values.were underestimated by both equations.

E

The deviations in V" appéar to be mirror ima‘ges of those of PV along

the zero deviation line. In the vicinity of the critical point large

-

s 2w 2
errors occur in v, v. and Z°. :
c >
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- Figure 3.5: Percent deviations of PY, v¥’ vV and B for C1, C6 and
C'IO/’far the SW and the ALS equations. :
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'*Chaptér v

DEVELOPMENT OF A NEW EQUATION OF STATE

. ]

In this study, a new'eqdation of state is developed on the t;asis of

a generalized form of the VDW:type volume-cubic EOS as shown by

Eq.(1.3).

RT a
v - b witubv*wb~

-

P =

(1.3)

As pointéd out‘by Schmjdt and Wenzel [112],_ to. aveid the condition.

where vi+*ubv+*wb?=0 for v>b, wvalues of the parameters u and w must -

" satisfy the following two constraints

for u2-2,

w > -ﬁ-], : ) " (4.1a)
) .
for us-2, : - . -~

A ) l ’
w > u?x4. : ) C :
./ * N

The first part of the development includes fche determination of the

parameters (a,b,u;w) in Eq.(1.3) as.well as examining their effect on

the volumetric behavier of the 'e‘quation in various PVT region; namely

-

the two-phase ccexist'ing__reg'idn, the liquid phase region and the super-

critical (T>Tc)_ fluid region. From the evaluation of the well-known

Py
»
4
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equations in Chapté‘r 11, this anaiysis is carried out under the assump-

tion that only the attractive parameter a is temperature depende.nt. -
Neverthele's":r,—'ti';e advantaées and drawbacks of also treating pa_rame-ter

b as a function of temperature are demonstrated by studying the volu-

metric behavior along the saturation .curve. Other regions are not
included in thé Study"since, as was shown in Chapter Il.l,-volume-cubic |
equations with one temperature dependent parameter can adequately = Y-

describe these regions with similar accuracy. The volumetric properties

"of the first ten normal alkanes (C1-C10) are again used as the basis for

the ana!ys‘;es., These—properties include the saturated liquid and vapor
molar volumes (vz and vvn), liquid cornpress.ibility factor;.(zg') and gas
compressibility factors %or' supercritical temperatures (Zsup)ff Values of J
these propél;'ties are‘éenerated from the_same c;orrelations in fhe saime =
temperature and pressure ranges as were used in Chapter [!l to evalu-
ate the well-known equations. The 'secon.d part of fhe development
involves a study‘ df-i;bw to design 2P1T, 3P1T and 4P1T equatiéns
based on the results obtained from the first part. Finally, a new
equation of s.tate will be proposed.- o
4.1 Determination of Parameters and )—‘ma[yses of the Volumetric
Bel':av'ior of'Eq.(‘l.B)

4.1._1 Critical point

e

At the critical. peoint, the parameters in .Eq.(1'..3) are related to one
another through "exact algebraic relations. These -relations are derived

from the following three critical point conditions,

GAr =0 L SRR c KB
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where Eq.(2.31c) is equivalent to ' Sy ' /_
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*
where Ve is the critical molar volume predictgd by the EOS. From

Chapter 11, the parameters a and b are defined at the critical point as -

= 2T 2 .
a, Qac R Tc /Pc | ) . / (2.32)
b‘c = ch R Tc/Pc & ‘ (2.33)
where Qac and ch _are dimensionless quantities. Applying

. -t
Eqs(2.31,32,33) to EqQ.(1.3), gives the relationship between Qa-c"ﬁbc’

St L ' *
u, w and the predicted critical compressibility factor Cc (=Pvc/RT),

€ = L0280 (umw) B 21/[01-B )2 0] (4.2)

Y .
2 = (170 we 7] 27T (s )2 20t )

) V\ | c4.3)-'.

bc = Bc CC . '_ . - 7 ) ‘ ,(4-4)

Q
where Bc is defined as

B, =-lby/vy) (4.5)

The value of Bc is given-by the smallest root of the following cubic

_ equation = - - . o 2 ' \_\
/—""\‘ . .
L—-—.\ . N
‘,/ ) .

P

Y _(w-uw-u?) Bc’-3 (w*u) .Bc’-SE'»c*‘FO. - {4.6)

-
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Thgre are ‘_IO v?mablqs{Tc, Pc, Bc' ':c' Qac' ch, a.. bé, u and w)

1
to -be de?érmin’ed by solving six equations (Eqs(2.32,33,4.2,3.4,6)).
Hence, among the 10_var*iables_, four must be specified. In order for

“the edu;tion of state to conform to thponding states principle,

Ic and_ Pc must be chosen ;s independent “variables. Using éxperi-

mentaI'Tc and’ Pc as_inpﬁt data, the most sensible “¢hoice fpr the
remaining two independent variables.woulsd be either the ar-'ameter_'s u
and w or thé parameters' Bci and cc.'T'be former pair is more co.nve'nie‘nt.

to use for soI\;ing the six e}tquations for the, remaining variables whe:ra‘it
_-iavolves only tﬁe straightfo‘nvard substitution of the parameters’ u and
./Jw into the eéuatiéns. Otherwise, numerical solutions would be required
and in some cases two valid solutions -f,or Qac- and . are obtained.

-This complicates the analysis of. Eq.[(1.3). Nevertﬁeles_s,‘ the .;aair

(Bc' Cc)r has clearer phy%n‘égl meaning since they reflect the local .\.IOIU'.-

metric behavior of £q.(1.3) on the P-V surface. ll;l gipnen_-al, sc is

related to the vollurnetric Properties of in;omp-ressible qu;.aid while'cc is

related td those of a fluid at 1-:he critical point. Comparison of Bc and

Ce o.btaine;d from an EQS with experimental values ca;1 pro\{ide. a meas-

ure of the behavior of the equation in the (saturated) liquid pha_se as

well'as in the vicinity of the 'critica-l point. Cohseqqently, thro{ughout

-'_this. study the 3air (u,w) is used as' the independent “varia;b}_ps :uhile
the\qua};'atitieg 'Bc'anc;{ r.': .associat.ed with the resulting equation are

-

used to examine the local behavior of the equation on the P-V sufface.

. . - - .
. : . ~ /"‘ -
N . - B
3 . . .
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For a two-parameter .equation in which u and.-w are universal con-
. .

stants, the parameters 2 , 2 ., B_ and {_ will alsoc be constant for all
substances. It is only when parameters u and w are substance depen-
dent tl'\at Q e’ ch, Bc and cc_ will be substance dspendent. I‘ri reality,

values of B and c should.vary with substahce, since experimentai
L
. cr:t:cal compressibility factors for most substances range from 0 2 to

0.3. As ;ndlcated by Eq.(4.5), the reduced quantity, B, is rel.ated_to' ~

'n -the van der Waals co-volume, b, which should vary with-molecular size.

"The value of b is in '.turn close to that of the incompressible liquid
molar volume which can be- es;imated from the saturated liquid molar

volume at the triple point, v:ri'

mated using the ratio between v:ri

. ) ‘ [ s i . x -
volume. These estimated values of B , designated as B . along with the

Ti':eref;org, the value of Bc can be esti-
: agtg the experimental critical molar
expefimental critical compress:b:hty factors for the’ flr ten normal
_alkanes are 'Iisted in Table 4.1, Also included are values of Tc’ P.r
e “the acentrtc f.actor w and ‘the c°rrespondmg u, w, ! a and Qb calculat-
B} / . ed from Eqs{4.2,3,4,5,6). Values of Te, Poand Z are from the 1977
compilation of Reid, Prausnitz and Sherwood [105]’. Values of the. s

acentric.factar are adopted from the compilation -of Passut and Danner

(85].

- +
- A

B o

-

Values of Z " for the normal, fluids can’ be .rllated o the acentric
factor by a linedr equatiom such as the one gwen by L e and sler -
‘-[66] zZ = 0.2905 - OM‘: expression- can aiso be used to
_approx:mate B with ayerage.percent dewatlon less than 7.0%: B

‘ 0.3331 - 0.075030.

- . —r

L)
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Table 4.1: Values of the phys:cal constants of the f'rst ten normal
alkanes and ’related equatlon of state parameters

. _Bc. Zc T/KP/atn; w u . w Qac -ch -
C1 0.3565 0.288 190.6 45.43 0. 0072 23325 -2.721 0. 354068 0.10267 . '
C2 0.3125 0.285 305.4 38.15 0.0808 2.628 -2.680 0.51984 0.08906 -
C3 0.3001 0.281 369.8 41, 93 0.1454.2.862 -2.792 0.51842 0.08433 PR
C4 0.3148 0.274 425.2.37.46 0.1928 3.064 -3.174 0.53590 0.08626
C5 0.3273 0.262 469.6 33.24 0.2510°3. 485 -3.751 0.55887 0.08575
C6. 0.3136.0.260 507.4 29.72 0.2957 3.698 -3.843 0.55447 0.08154
C7 0.3003 0.263 540.2 26.99 0.3506 2.671--3.673 0.54330 0.07858
C8 0.3048 0.239 568.8 24.53 0.3842 3.825 -3.888 0.55126 0. 07894 -
C9 0g2950 0.260 584.6 22.59 0.4437 3:868 -3.8210.54474 0.07670°
C10 0.3060 0 247 617.6 20.68 0.4902 4.426 "-4.545 0.5689]

0.07561 . .

o
-

The relatlonshlp betw"één both mac be ) and (B L ) and (u,w) are |
p;-esented in Figures 4.1 and 4.2, \respecuvely‘ The shade_d areas on
_th"el dlag:pan%correspond tp the qonstra‘in’_cs (Eqs(4.'l,25) imposed on u
: -and‘_w.‘- '.Sl-'novln in Figur;es 4.1 gnd 4.2_5re con‘stant Qac and ch curves
and..,'.ccsnsﬂtant\ﬁc and C;: curves, respp_ective:‘ly. As‘can be seen in -
Table 8, values of 5: and c; have 'a.ten.dency tO‘decr;ase with increas-
g molécplar size, _The locus of _(3:,::63 from C1 to C10 is plotted in

gure 4.2.

Comparing Figure 4.2 to Figure 3.1, which presents the loci of (u,w)

for several well-known eqguations of state, shows that only.those equa-
£H=

1

tions whose loci. of (u,w) follow closely to that of the family of equa-"-

tions' represented by u*w=1'can produce loci of (Sc,cc) in a Zirection

- * . * .

similar to that of (Bc,cc). As for the volume-translated equa:ioné the‘
. - O

loci of (Bc,cc)_ deviate 'Frorn that of (3 (%), - However, it should _‘.::e

noted that not all three -parameter equatlons which result from the

volume-translation method will produce such loci. As pointed out in

Chapter [, the locus of (Bc,c:c) for this type of equation is in fact

v -]



RESIN

2
1
o
-1
-2 - Qacifé
none;isting area Q,.=0.50.
-3 ™~ \\_E
ﬂac=0.52 '
" j Q. =0:5¢
ac
1 2 3 4. '

Figut;e 4.1:

- 78 -

U-

Corjstant Qac and n’bc curves on a u-w diagram.




= = = =0. =0.29
_ z;c=0.34 z;c—1/3 cc-0.32 T 0.31 ;C-O 30 Te
- . j -
"'.: :/ N
. - g " L
- 7 —
1 . s
r,c=0.28 -
&
O, I
N~
. & .
"" = — c\\\o x
- X
& —_
-2 ¢
iS
(”)
Cc70'27
nonexisting area . N ", _
b (0.2 :
_3 \\ -
Q S
\\
~ =
NS 0.26 -
_‘4 - ‘
1 2 3 4
P e U )
Figdre 4.2: Constant Bc,and Ll c curves on a u-w diagram.  ----- >

Locus of (&, zc).



—

répresented by the constant-Qac curve on the u-w dia.gram. Therefore
the Iocation_ of the locus of (sc,cc) on the u-w diagram is dependent-oﬁ
the value of 2. associated v;vith the equatio?;. By corr.lparing Figure 4.2
'-to Figure 4.1, one can note that the location of the constant-ﬁ curve
approaches that of [B C) as the value of Q mcreases For a
volume-translated equation with Q >G 5, the locus of (B ,c ) should be
in the‘same direction as that of (Bc,cc). On the other hand, the locus
of (Bc,cc) produced by an equat-ionr in which w=0 sﬁch as the 3RK EOS
is son'1ew'he:l-e in between those for the line” u*w=1 and the Clausius

————

"equation. ‘

The above observation results' in the question, how dée.s the volu-
metric behavior of an‘equation such as Eq.(1.3) relate to the resulting
locus of (Sc,cc) when compared to that of (B:,cc), and moreover, ito.
the corresponding locus of (u,w), since (u,w) and (Bc,cc) are in.térre-.,
lated? To address this question, thé foliowing analyses were undertak-
en to determme the effect -of the parameters u’ and w as well as B and .

¢ 'y
g, on the volumetric behavior of Eq.(1.3) in different fluid regions.

4.1.2 Saturated Liquid and Vapor Phases

in the study of the pure fluid “phase equillibriu:'h behavior of
Eq.(1.3) in both liquid and vapor phases, mathgmati;al analysis of the
equation is first carried out in order to estimate "the parameters

~

(a.b,u,w) along the saturation curve. e

—

in addit':ion to the parameters a, b, u and w, the variables include

T and P as well as v and the fuéacity f for both saturated “vapor and



- liquid phases. For pure fluid VLE calculations, Eq.(1.3) must satisfy

the t,hree equilibrium conditions of” Eqst2.2Sa,b,.c). Saturated liquid
and vapor molar volumes (v® and v¥) are calculated from Eq.(2:29) and
the fugacities in both phases are calculated from Eq.(2.28). This éive;s
a total of seven equations -since Eqs(2.28,29) a‘pply' te both phases.
However, the;-e are twelve variables of which any five may be specified
in order that the rei‘na_i__ning seven be obtained by solving the seven

equations.

ln general, the five independent variables are a, b, u, w and T.

_Thus, at each temperatuge the four parameters are ad]usted until the

calculated PV, vg' and v’ are close or identical to the exper:mental val-

ues along the saturation curve. However, the process of‘ adjusting
these paraméters deper’xdé on the numbgr of “ temperature depér\dent.
parameters prese-nt. Gengrally, the more‘ temperature dependent param-
eters there are in Eq.(1.3), the more saturation properties there are
which can be fitted exactly. The priority in choosing saturation prop-

erties for the determination of tl'_'ge‘témperature dependence of the

parameters should be by order of the vapor pressure, the satur‘a\lied
. . ]

liquid and vapor molar volu‘mes. This is because, as shown graphica’l,ly
in Chapter I, accurate prednctlon of P’ is necessary for the co/-rect
representatnon of the phase eguilibrium condition- (f —f }. On thel other
hand, the results in Chapter 111 of the evaluation of the fourteen ‘Eq_ua-

N

tions have shown ‘t.hat it is more difficult for volume-cubic equations to
e

represent vg' than v'. In accordance with the discussion presented in

Chapter I, the priority in'treating the four ‘parameters as functions of

temperature should _be given to the ‘attractive’ parameter, a, followed



*

by the 'molecular’ parameters b, u and w. Parameters u and w should

have the lowest priority, since they‘are considered as correction factors

for the co<volume, b, which varies only slightly with temperature.

When Eq.(1.3) contams three or four temperature dependent param-
eters, PV, v and v° can be fltted exactly by adjustlng parameters a,
b, u-and/or w. This results in the for_mula}ion of a 3P3T, a 4P3T or a
4P4T type of equation. Mathematically, a 3P3T equation which is the
s.implest of the three types, should be sufficient to fit Pv:-v" and vV
exactly at each given tempgrature. However, it was nofed by Adachi
and Lu {6] th-at the resulting temperature functions. for the parameters
of the 3P3T equations are rather compiex ar;d .diffic_ult' to correlate and
that after generalization{m)accuracy would.-be lost. "Also the rest’.rﬁ-

ing equation is often found unsuitable for predicting properti€s in other

PVT regions. ) o~

g

‘
"

When Eq.(1.3) contains two temperatu're dependent param.eters; i.e,
a and b, the equation can fit P¥ and vt exactly if the temperature

dependence of the parameters can be generalized accurately. Parame-

ters u and w can be either assumed as universal cbnetants or treated
as subdnce dependent. The former approach- results in a 2P2T .equa-
tion, such as ,the HCL EOS while the latter results in a 3P2T or 4P2T
_equat:on, such as the H EOS. For an equatlon of the 3P2f type,
. either the parameters u and w confornl’to an_exact- mathematical rela-
tionship or one_of them be a universal constant. As noted in Cr;apter'
i1l the HCL and the H equations have some difficulties in calculating v
and Z°YP implying that there are certain dra\ybacks when using two

temperature dependent parameters.

- 82 -
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In this part of the study, the cause of these problems is examyned.
A 2P2T equation. for one-substance is used as the basis of the ‘investf-
gatjon. The reason for this being that just as a 3P1T or a 4P1T equa-.

tion may be consndered as a combmat:on of 2P1T equations, each havlng
'&-:r

=, -
been obtained for a partlcular substance, so may a 3P2T, or a 4P2T

equation be considered as. a combination of 2P2T equations with each
having been found for a perticular substance. Therefore, the volumet-

ric behavior of a ZPZT equation for a selected substance should be rep-

—_

resentative in a qualitative sense of that of a 3P2T or a 4P2T equation

Naturally, the results of the study should also apply for all substances
of mt_erest in a generalized 2P2T equation. . However, this is probably
limited to those substances with similar PVT beha_yi.qr such as the nor-
mal fluids. Since, as was noted in Chapter IH -the form of the PR
equation is' suitable. for representing the wvolumetric properties of

2 v
and v~ for n-hexane

n-hexane, this form along with values of P°, v
are used as the basis of the investigation. Ti"le temperature depen-
dence of parameters a and b are determined by simu[taneouily f.itting a
and b to P and vi at ea"ch given temperature for 0.60<T <1.0. The
fitting procedure is pr'es_e_g';ed in Figure 11. The fi%:ep\endent.
variables selected are u, w, Pv, vt and T with u'Z'/nd w=-1. While
parameter b is %djusted based on the co- volum/ét the critical pomt

bc' parameter a is calculated from the followmg\ equation
\-\__‘_/ .
= [ RT/(v*b)-P ) [(v®) 2+ ubyFewb T (4.7)
L

Eq.(4.7) is obtained from Eq.(1.3)‘usi'ng P, v and T as input data.

The temperature dependence of parameters a and b thus obtained are



LN
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'Tc, Pc' u, W/ - T
i — |
* calculate '
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- v\, . f!. . f\) ) : ‘ . .

Figure 4.3: . Procedure for fitting parameters a and b to vapor pres-
' sure and saturated liquid molar volume.
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are fitted to PY and v

-

plotted in Figure 4.4, while the calculated PY, fv" and v° a‘?e compared
with those obtained from the HCL and the H equations in Figure 4.5. It
should be noted that the temperature dependence of parameters a and b

shown in Flgure 4.4 are typ:cal for Eq (1.3) when parameters a and b

LY

There are three drawbacks -in treating parameters a and b as temp-_.

. N
erature dependent. First, the deep valleys in the temperature func-

tions of‘ parameters a and b (Figure 4.4) at Tr;=0.98 Cause difficulties
when correlating these functions. Second, extrapoiation into the t_emp-
erature functions of parameters a.and b to the supercritical region may
result in an ’exponentia{ increase in the values of the two parameters.
This is physically cl.mrealistic since as temperature increases,” the

-

attractive forces between molecules (thus the attractive term in the

-
g

equation) should diminish. Also the molecule should not expand indefi-

nitely. As a result large errors are often observed in the calculation

_ of ZSUp', especially at temperatures close to Tc' As pointed out earlier

in this study, convergence EFocfems can arise during extrapolaficn.

-The third drawback can be seen from Figure 4.5. Deviations given by

the HCL, the H and the modified PR equations show that forcing the
_ : _

. . L . : . o, !
equations to fit v~ results in large errors in vY, especially as tempera-

tures approach the critical value. In view of threse three dra‘:vbacks, it

appears that it is not promising to be able to develop an eguation with |

N 9
two temperature dependent parameters evaluated from P¥ .and v‘a which

is s:mple yet capable of representmg the volumetric propertles vE, v’

v

z* and Z°"P with reasonable accuracy Therefore subsequem analyses

are restricted to cases where only parameter a is considered as a3 func-

tion of temperature. , "

-
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Figure 4.4: Temperature dependence of the parameters a and b in
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From theoretical discussion in Chapte-r H gh'el;e are two factors that

~

contribute to the r:orrect representation of the saturation dolme on the

P-V surface. The first js that accuratp prediction of P¥ is 3 _necessary
W

~ - :
in equilibrium on the P-V surface. In-othér words, accurate represen-

tation of v" and v° requires accurate representation of PY. The second
is that parameters u and w make important contributions to the volu-
metric behavior of 'Eq.(1.3) especially at high densities where mjxlti-

body interactions are frequent. The former condition suggests that at

subcritical temperatures, the temperature depehdence- of. parameter a

should be determined from vapor pressure values. The latter implies .

that parameters u and w should be chosen on the basis of the volumet-
ric behavior" the equation in the saturated liquid or liquid phase.
"The influence of’these two fictors on the representation of v" and vf’ is

. further demonstrated based on Eq.(1.3).

For the first factor, the form of the PR equation is once again used
to calculate vz and v' for n-hexane while different temperature func-

tions are assumed for parameter a. These functions are

1. a=a2 (4.8)

c
2 = i .
2. a=al/T (4.9)
¢ .
T3 Taza T $=0.697 " (4.10)
4. a=a_ (I'm (1-jr'_*))=, m=0.8085 - - 4.11)
F \ ) - .
5. a=alT) a ' (4.12)

J

condition for de‘sermini g the boquary of the vapor in,d quuid‘ Phases

f
aed

.
/_‘-
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The five equations listed Gbéve exhiBit different degrees of accur;cy in

" the . calculation of 'P° for n-hexane. In Eq.(4.8) the parameter a is
. :

g

-

’treated as temperature independent. The quantity,” s, in Eg.(4;10) is
obtained By minimiz‘gg the average absolute Pe_rcent ‘devia;i;n in PY.
"Eq.(4.11) is the .cx-)rrelation ‘originally .usec! in thé PR equation for the
parameter a2 in K which. the wvalue .of n:=08085 is obtained for P’ of .
‘n-hexane. The quantity, «, in Eq.(4.12) is d.ete‘rmined from a.m exact

= fit of Pv at each given temper‘atur-'e while satisfying the equal-fugacity

equilibrium condition. . ' . .

*

Shown in Figure 4.6 is t_he comparison of the  values of. PV, VR'} .
and v calculated from Eqs(4.3,9,10,11,12) with the -ac‘t;.:al \}alues‘ in Fhé X \
rec.l'j.uced temperature range from 0.6 to 1.0. As can be seen the deg;'ee

_- of accuracy in pr‘edictiné vt and v' is related to that‘in predictiné pY.
The more accurate the prediction of P" is, the better the ‘pred_ictioﬁ of

vt and v will be. Using values.of the parameter a éalculated’from pY

leads to better representation of phase boundary, especially in the sat-
urated vapor phase region. Without a temperature function for—the
parameter a, the prediction of the phase boundary is out‘o,f the ques-
ti.d"h’. 1t is interesting to not,e that. for the first f9ur‘equat.ions studied
the deviations in v° are alm;:st ‘mirrSF—'ihages‘;,éf the deviations in P"

along the zero deviation line except around tHe critical point where the

deviations in v° are very dependent on 'the er:Eor associated with the
-

- —_—

P - X - : :

predicted critical compressibility factor. This indicates that the ability
of an EOS to predict v‘i_depends primarily on its ability to predict pY.
This ability --.-js_", to a lesser extent, also necessary for predicting vi

particularly in the region clc;se to the critical point. This is mainly

-89 -
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c
S_ 3
a-ac/T
5 =

—

as u(Tr) a

' ac/'r‘ ., $=0.697 ’ .

_— h
-
three saturation . properties
PR  equation together with

a_ (I*m (\T-Tr‘*‘))n m=0.8085



because at low tem‘pei'atﬁi'e, saturated . liquid molar volumes do not
PR

change signiﬁéantly_ with va;Sor pressure. However, overestimation of

I PY would shift the saturation"dome upwards from its actual pqsi;tion c;n
the P-V surfacl;e. it should be. noted -that the above observations

othoug;h aerived Lsing the ‘form of the PR equation are typical of other

' VDW-t.ype volume-cubic equations. TQU//Tt would be safe to conclude
tﬂat-for ac_:.culraté pure fluid VLE~éalcuI_ations,‘_ it is essential that

Eq.(1.3) 'r"ei:re_sent PY with r.eagonable .accuracy. By the same token,

-

the temperature dependence of the parameter a determined from PV val-

. . -~ : .
ues must be correlated and generalized amme over

the entire temperature range considered.

The second fact;ar which concerns the para-meters u _and w is exam-
ined by assigning three sets of (u',w) values to Eq.(1.3). For each of
th.e resulting equ.ations, va‘lues of paramete'r ak obtaineY by exacf fitting
of PV are u;‘.ed; ‘Thus the effect of the, accuracy in ‘ reproducing f_’” on
the accuracy in predicting _v'_' and v" is eliminated. .The three equa-;-w
tions considered are the RK, the PR and that p_rji:posed by Harmens’
[47] design'ated herein as the Ha equartion. Value_g‘- of u, w, Bc' Lo

Qac.!?_énd ch for the three equations are gi

n in' Table 4.2.
hY -

Tible 4.2:  Values of thd parameters in the RK‘,V@: PR and"the Ha
equations at the critical point.’ .

- equation . u . w c {e 2.c e
RK 1 0 0.260 0.333 0.42747 0.08666 -
PR 2 -1-.0.253 0.307 0.45724 0.07780 .
) Ha 3 -2 0.247 .0.286 0.48288 0.07072 =

—_
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Calculation of v® and v’ demonstrates that the parameters u and w

haire—greater ‘effect on_the representation of 'v" than on v'. To illus-

‘trate, percent deviations in Vl and v¥ givern by the three equations for

C1, C6 and C10 are depicted in Figures 4.7, 4.8 and 4.9, resﬁectively.
A§ can be seen, by varying 4 and w,. and" thus Bc and Cer the ability
of _Eq\.\(“l .3) to predict, vt changes drastically when compared to v’. In

the c;se_ of C6, the form of the PR equation (u=2,w=-1) appears to be

f suitable for calculatmg v’ and particularly wel!l suited for pre-

dicting v . For Ci, v!' and v’ are best predicted by the RK equation
whereas the Ha équ\tlon gives ‘the best predrct:ons of v!' and v® for

C10. It is interesting to note that the deviation curves for C1, C6 and

-~

v Ccl10 genérated by} the three equations have similar shapes, but shift up

or down depending on the substance. However, this shifting occurs in

such a way that-does not alter significantly the relative spacing among

thé deviation curves indicat S that the VDW-type volume-cubic equations

always generate similarly haped saturation domes no matter how u and
w are adjusted. N-evertheless, shifting with substance would suggest

that the location of the predicted saturation dome on the P- V surface

would depend on the values assigned to u %d w in Eq.(1.3). Insig-.

nificant changes in the relative spacing betwee_n'the three deviation

curves for vz and v° indicate that there may exist a method for_adjust-

ing parameters u and w with substance so that Eq.(1.3) might give
good account of the volumetric behavior of fluids, “particularly in‘_the

saturated Jiqt‘.lid phase.
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The wide separation of the three deviation curves for vt for the

‘behavior of Eq.(1.3) in the saturated qu‘uid phase. While Bc is related

to the behavior of £Eq.(1.3) at low temperatures, _zc' affects the behaw-;‘“>

ior in the critical region. On.the other hand, the three deviation
curves for v° start to separate significantly only when temperatures

approach the critical.” This indicates that the influence of u and w on

the saturated vapor phase volumetric behavior in Eq.(1.3) is probably. -

(W

limited to the critical region. In addition, <. plays a more important

. r—

role than Bc in the .vp!umetric behavior of‘ Eq.(1.3) in the saturated

vapor phase.

The quantitative effects of u and w on Eq.(1.3) in .c_allculatin/g—v‘?
and v° are investigated by meaﬁs of devia.tion contoups.’ TI'hroughout
this study, the average'"a‘bsolu‘ge percent deviation is chosen .as the
basis for the investigations. Two temperature ranges are coﬁsidere‘d.
Cn'e covers the reduced'tempera‘ture range from /0.5 fo 0.98 and
includes the critical region and another covers thé/;-educed temperature

range from 0.5 to 0.85 but excludes the critical region.

\ .
The computational scheme used to.construct the deviation contours

and to search for the optimum point§ (u,w)mi;~l related to the minimum
average absolute percent deviations in \.r]L and v is described by means
of the flow diagram in Figure 4.10. The inner loop. 1 is u?..:eﬂc_ﬂ_ .'t_p f.égter-
mine a value of parameter a from the exact fit of P". for givén u";nd w
at each temperature, while satisfying the phase~ equilibrium condition

f£=f“. The inner loop 2 is used to calculate the average absolute per-

-
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cent deviations -in'-"bofh—-v,-" and v¥ for each normal alkane from C'Lfo
C10. The outer loop has two fﬁnctions _the first is to assigr; sequen-
tial sets of (u,w) in order to construct contours for designated ~average-
“absolute percent devuatlons‘. The second is to search for optimum val-l
ues of u and w that will minimize thelobjective function, FOB, which
correspénds to the average absolute percent dev‘iatidn_. in v" or v'. The
search pr;ocedur;e for optimizing u and w is that of the golden-section .

optimization method [32].

Presented in F:gures 4 11 and 4. 1" are contours for 1.0 and 2.5
average absolute percent deviations in vY and _v?', brespectwely, for C1,
C6 and C]O in the temperature range of 0.50<T <0.88. Similar contours
,for the remaininé normal alkanes fall between those for C1 and CI10 by
ééorder of their carbon numbers and overlap with their tmmednate neigh-
“ bors. The sohd “circles in anure 4.12 indicate the optlmum points,

(u,w)min', for v ,from Cl to C10. Values of the optimum points and
" the tl:orresponding Qac' ch, B and 2. for C1 to C10 are recorded in
Tabie 4.3 along with. their respective average absolute percent devia-
tions in v!’., It shpuld be noted that the 2.5% a.verage devia.tion in v"
corresponds to an increase in magnitude of the minimum deviat-ions giv-
en by (u,w)m“_l of between 0.5 and 1.0%. In view of the relatively
large areas covered by the 1.0% deviation cont.ou'rs of v¥ it would not
be necessary to search 'Fo;' optimurﬁ values of u and w in Eg.(1.3) for
v'. However, it is worth noting that the shifting ‘of the deviation con-
tours of v'° for C1 to C10 indicates that the locus of the optimum points
for v° would move in a;direction away from that of v" and towards‘that
of (B2:2,). |

c’"c

. 2

-
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Table 4.3: Results of the minimization of deviations in saturated lig-
- uid molar volumes for 0.50<Tr<0.98. o

¢
_ “min  Wmin Bt: e Qac ch' IA_V %
c1 1.903 -1.870 0.3108 0.3048 0.49289 0.09747 1.47 < -
c2 2.0471 -1.886 0.2997 0.3020 0.49030 0.09048 1.61
c3 2.090 -1.826 0.2913 0.3014°0.48629 0.08781 1.70
c4 2.160 -1.848 0.2875 0.3000 0.48610 0.08625 1.77
- C5 2.235 -1.800 0.2793 0.2990 0.48285 0.08349 1.83
Cé 2.360 -1.818 0.2723 0.2967 0.48205 0.08079 1.80
Cc7 2.392 -1.766 0.2676 0.2965 0.47977 0.07835 1.96
cs8 2.520 -1.825 0.2633 0.2941 0.48069 0.07744 2.06
c9 2.493 -1.673 0.2577 0.2954 0.47580 0.07613 2.08
C10 2.581 -1.636 0.2518 0.2943 0.47420 0.07490 2.13

"%
A

Note that all deviation contours of v" and v° for C1 tb C10 fall into
the same region on the u-w diagram, that is u > 0. With reference to
Figure 4.2, this regio'n corresponds approximately to 'Bc < 0.35 and Ze <

0.375. Several characteristics of the deviation_conta&rs of vt _‘:_gnd v’

can be observed from Figures 4.11 and 4.12.

. Comparing Figure 4.11 with Figure 4.2 shows that the boundaries of
each contour of v° are very close to those outlined-by two constant—cc

curves on thé u-w plot. Also due to their orientation and shape the

t.f:ontours__fgr Cl1 to Cthhave almost the same range _of Be: values but a
limited rang_;.e f_of Cc values. These evident'ly"afﬁrm the cobservation mader
earlier thét-.the predicted <, dominates t_he_ volumetric behavior of
Eq.f1.3) in the saturated vapor phase, while the predicted Bc has littie
influence. It is interesting to note that if 2.5% average absolute devi-
ation is used to define the deviation conto’&i‘ﬁdf“vv, the area of the
resulting contour covers most of the area on the u-w diagram shown fn
Figure 4.12. Thus for eacﬁ alkane, any. chosen. point {(u,w) from

O<u<4, -4<w<2, can_give_an average absolute deviation in v° within

2.5%.
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For the same designated dev:atlon, the_arsa occupled by the contour
of v¥ of each alkane is much srna[ler than that &f the corresponding
_contour of v' on the same u-w plot._ It appears that the orientation of v .
the contours of vl is different from that for v° on the u-w diagram.
Contrary to the deviation contours of v’, those for vt from C1 to C10
are arranged in sequence with the cons;tant-Bc curves of decreasing
magnitude. In this way the elliptical deviation contour of v* for each
alkane has reiatively limited ranges of Bc and < values. This indicates .
that the volumetric behavior of Eq.(1.3) in the saturated liquid phase

is ‘sensitive to the variation of u and w as well as B_ and .

In this study,-it is assumed that 2.5% average absolute deviation
would be about the maximum allowance for accepting an equétion fc_:r' the
representation of v" and v’ at reduced temperatures ranging frc‘:m 0.5
to, 0.98. To satisfy this requ:rement one should seleft u and w for-
each alkane.within the area encircled by the 2.5% deviation contour of ——

S

£ . . - v
v", since ¥ 2.5% deviation contour of v covers almost the whole area

occupied by the correspohding contour of v!'.

It should be~ noted that using the optlmurn pomts (u, w) 'for v
determined for 0.50<T <0 a8 would\g‘t result in the the best represen-
tation of vi oat temperatures away frorn the cntlcal. This is because
the effect’ of mlmrmzatlon is to dissipate the relatively large errors in
v_z_ near the critical point to lower’ temperatures. While reducmg the
accuracy in representing v" at low temperatures, the errors near the

critical point are Etill- not acceptable.
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Followmg the suggestlon of Spencer and Alder [120], the critical
point region consldered in this study is the temperature range from
L

Tr=0'85 to T'_='I.0. Consequently the optimum points (u'm)min

for v
for 0.50§'l' '_50.85 are obtained by minimizirlg the average absolut: per-
‘cent deviation in vt for each individual alkanes The results of mini-
mization are presented in Table 4.4.- The last two columns list the
average absolute percent deviations in ‘\_/!' and v’ calculated 'For
0.505T;0.98. It can be. seen thet'the optimum points thus obtained

can maintain “average deviations in v" close to those corresponding to
. ) K

the optimum points - determined for the . entire teuiperatur'e range of =

9.50§Tl_§0:98. It is further observed that these optimum points also
enable Eq.(1.3) to represent v" for O.SOET'_f_O.BS within *1.0% COmpaced
to *2)0% given by the optimum points determined for 0.30<T <0.98. In

‘additio , Table 4.4 also shows that for 0.50§_Tr§0.98, tl_'lese optimum
points can predict less than 1.0% average absolute deviations in v' for
all' the normal.alkanes considered except C10 for which the deviation is

slightly higher.

Figure 4.13 presents 1.0% deviatiou contours of- v’l for C'I; Cé and

C10 for Q.50§Tr§0.85. The optimum points presented in Table 4.4 are
also depicted. Similar contours for other normal alkanes fail between
C1 and C10 in seguence of their carbcn numbers and overlap.with their
immediate neighbors. As can be seen these contours have the same
characteristics as those obtained for 0.50§Tr§0.98 as showrl in Fig-
. ure 4.12. [t appears that excluding the critical poiut reg;ion results in

the' contours shif-ting-towards the area of 'higher values of e and lower

values .of Bc' This fact can be further demonstrated by plotting the
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Table 4.4: ° Results of the minimization of deviations in saturated’ lig-
uid molar volumes for 0.50<Tr<0.85. ° N
- | t £l 1
u Woin B, T %, Qac ch‘._ |Av -I% 1AvT 1% )IAV.‘_,-I% )

min

Cl 1.636 -1.327 0.2918 0.3139 0.47035 0.08162 0.42 1.63 0.75
C2 1.743 -1.265 0.2803 0.3117 0.46674 0.08738 0.46 1.79 .  0.61
C3 1.799 -1.201 0.2733 0.3107 0.464C0 0.08491 0.48 1.89 0.50
C4 1.826 -1.128 0.2679.0.3184 0.46138 0.08315 0.50 1.98 0.35
CS 1.880 -1.036 0.2601 0.3095 £.45835 0.08047 0.30 2.04 0.47
C6 2.002 -1.008 0.2533 0.3073 0.45745 0.07785 0.52  2.12 0.55
C7 2.019 -0.910 0.2486 0.3074 0.45485 0.07642 .0.53 — 2.19 - 0.30
C8 2.122 -0.898-8-2438 0.3055 0.45472 0.07447 0.56 2.32 0.61.
C9 2.089 -0.717 0.2388 0.3067 0.45036 0.07325 0.55 2.33 0.66
C10 2.168 -0.639 0.2333 0.3056 0.44898 0.07129 0.56 2.39° 1.21 .

1) for 0.565'1'(_50.98
deviation contours Of, vt for 0.50§Tr§0-.85'aFid‘O.SOfTrgOi.Q_B on a B.-¢. )
diagram. Shown -in. Figure 4.14 are theldevia‘tion contoyrs’ of vt for C1
and C10 obtained for the two temperature Fang.;.-s. When the critical
point region is excluded, the optimum.'point shifts to where the corre-
-—s;onding value of Bc decreases by about .15.0% and that of‘cc increases
by about 15.0%. - Fhis results in a large amount of error being shifted .
to -th; critical ';:;oint region while the “total error for 0.50<T <0.98 )
remains the same (since the new optimg'm point is still within ﬁthe 2.5%
deviation contour). "1t should be noted that the changes in the values

- <

of Bc and cc'caused by narrowing the temperature range, should occur

-

simultaneously in order that Eq.(1.3) héve.-optimé! performance.

4

It should be _note;i that for each alkan'e there exists ar; overlapping.
area between the contcurs of v2 obtained for the'twc; temperature rang- .
es considered. .In this area each (u,w) enables Eq.(1.3) to predict vzi‘
within 1.0% absolute:?verage deviation for 0.50<T <0.85 and within 2.5%

for 0.50§Tr__<_0.98. o emphasis is pla®ed on representing‘ of vg' in.the  _

—
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‘ range 0.50§Tr§0.85 while trying to maintain the average absolute devi-
ation within 2.5% for 0.50<T <0.98, values of the parameters u and w
should therefore be chosen from the overlapping area:! - ‘

-

4.1.3 Analytical Expression for the Temperature Dependence of

Parameter a at Subcritical Conciitions-

The above an'alyses were carried out using ‘exact' values of parame-
ter 3 determined from the v_a_pdt': pressures. Tﬁerefote, it is necessary
to find ;n expression tha't can accurately predict these values. Values
of Iparametedr-' -a can 'be_.rylated to that at fché’ critical point by the
exprc;.-s.;.ion a<e a. The aimensionless quant'ity, z, is a function of
tempc;rature whose- -values are calculated from t.he vapbr pressures. At
T'_=1, the~yvalue of e is unity in ordetj to satisfy the critical point con-

ditions.

~

Figure 4.15 shows a typical plot of a vs. T_ for the ten alkanes.
-
g this study, three analytical expressions are considered to represent

the temperature dependence of o shown in Figure 4.15. They are

Gor=ca-1hH 3 - (4.13)
20g,.a = k (1 - f—r':')_ : o - (4.14)
20g,.a = ¢ (1 - Tr) : . : (4.15)

Eq.(4.13). was originally proposed by §oavé [118] and later on adopted

-

in many equations of state. Eq.(4.14) was suggesfed by El-Twaty and

Praushitz [29] for calculations at supercritical conditions. Eq.(4.15)

-

retains a form similar to the one proposed by Heyen for his own eaua-
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tion of state [S53]. The quantity, x, in Eqs(4.13,14,15) was originally
. treated as substance dgpendent in order to linearize each ch"_ curve in
Figure 4.15. 'At.the critical point, all these equations can .predict a

value‘of e equal to unity.

_The dt;antity, k, should be treated as femperature‘ dependent for -
accurate correlation of a at low femperatures T'_ < 0.60, paréicularly for
substances with large'moleﬁules. It' should be noted that the tempera-
ture ‘dependence of = for the thre'eA equations is similar. A typical plot
of the temperature dependence of x'is illustrated in Figure 4.16. As
- can be seen it wc‘sul'd_ be a poor approximafion to assume x independent

of temperature. Using the :-Tl_’curve for C7 as reference, the follow-

ing expression is adequate for Eqs(4.13,14,15) to represent the temper-

ature depen'denc.e of = for the ten alkanes . -
l :M - Q 2
(T, 0) =12 (AgPA T AT D) (4.18)

“The quam_:ity ¥ is substance depe?dent and is evaluated by averag-
ing k values at rgduced.temperatures ranging from 0.45 to 1.0, and is
generalized by a simple ﬁolyanial in the acentric factor, w. The ‘quan-_-
tity, ¥, corresponds to that of the reference fluid, n-heptane. Th‘e
con;ténts AO' A_.I‘ aﬁd Az ‘are‘calculated from the \;alugs ofm
n-hepfane. The result obtained for x in Eq.(4.13). by rr;aeans of
‘Eq.(4.16) is presente-d in Fzéure 4.16. As can be seen, the tempera-
'-ture dependence of k can b_é cI&sely simulated. In general, when
incorporating the three eqt.;atians Eqs-(4.13,14,15) with Eq.(4.16)
| Eq.(1.3) _can predict the vapor pressures of normal fluids with. sir;xilar

accuracy. However, these equations exhibit different behavior at
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supercritical temperatures and so their ability to calculate gas compras-
sibility factors at these conditions must be taken into consideration

when choosing one as the temperature function for the parame:ter a. -

4.5.4 Supercritical Gas Phase ] ~

b 3%

In the application of Eg. (71 .3) at supercritical temperatures, the
temperatur;e ad_ependence' of parameter a can be estimated either by
extrapolating the temperature function for parameter a fouﬁd at syb-
critical temperatures, or by using an additional temp:rature _fundtion
developed by fitting ZS_UP values. The former method requires ex;ra-
polation of the‘three equations found in the previous section, i.e.,

| Eqs(4.13,14,15). The latter is related to.tﬁe‘ use of = to minimize the
_'de.viatio_ns in the calculated Z°"P values for each superecritical isotherm.
I%ér the sake of simplicity, it .is préferab!e to use a single temperature
function for paramefer x for the volumetric calculations at subcritical
'an‘d supercritical temperatures. Hence, one of the three temperature
functions for parameter a is selected on the basis of its accuracy in
representing the temperature dependence of the optimum c obtained by
 minimizing the deviations in Z°YP, Typical temperature dependence Sf
the optimum « for the first ten normal alllanes is depicted in Fig-
ure 4..17. As can’be seen, the optimum e value decreases with increas-’
ing reduced temperature and for large molecules, it becomes negative at
Tr > 2. Negative values of o are not acceptable, since in theory
parameter a should be positive. None of the three temperature func-

tions considered vyields negative values of «. However for a closer

approximation to the optimum <, wvalues of k in Eqs'.(4.13,14,15) should

~ .
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be those at the critical temperature i.e‘., :(Trm)=u:('l,u). it should be
noted that 'Eq.(4.13) having the same form as that proposed b)} Soz'we
[119] can approximate the temperature dependence of the op_‘ti'mum' g
better than Eqs(4.14,15). To illustrate, Figure 4.18 sbows the compar-
ison of o values calculated by the three equations with those of the
optimum « :For €1 and C'IO’.- It is clear that Eq.(4.13j can better repre-.
sent th.e_ temperature depend_ence of the optimum ¢ thaq Eqs(4.14,13).
Coﬁsequently, £q.(4.13). is chosen to represent the temperature depen-,
dence of a, -gnd therefore. paramete;r a, ‘throughout the rest of the‘

study.

Im principle, the intermolecular attractive forces should diminish as

temperature app‘roaches iﬁfinity. Thus the attractive term in Eg.(1.3)

must vanish as T = =. This further implies that as\ the temperature

approaches infinify, either the predicted ¢ should vanish:or the magni-

‘tude of the denominator in the attractive term of Eg.(1.3) should.

“increase faster than parameter a. The first condition can be satisfied

by Eqs(4.14,13), but not by Eg.(4.13). This is because Eqg.(4.13)

tends t/o/ﬁredi.ct a value for ¢ which increases/with tamperature at very

highﬂ'/Tr_. When Tr is very large the second condition will be autemati-
/ ‘

cal.fy be satisfled since the volume in the denominator of the attractive

term will also be. very large.

1t is intergsting to note that the temperature depencence of '«

g, -
determined from _P"’ and that of the cptimum c determined using z34YP

can be repr:esented with deviations of -about - i% by a single tempera-

ture function of the following form

_ . . | . o
e = 10, (1-T Fyec, -7 Hzec,01-1 ¥y 4.7 .

- 13.-
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J where the constants CO‘ C_1 and Cz-can be accurately generalized using
. . - polynomials in the acentric factor. 'At Tr='l, £q.l4.17) vyields a wvalue

" of ¢ of unity and negativé values of « at Tr > 2. Even though neg-

.&-’,.'

ative values of a are theoretically unacceptable, Eq.{4.17) can still ES

e ————

,SUp

. \ v
used for such calculations as P° and

-
-

Using Eq.(4.13) to represent th.e temperature depéndence of param-
‘eter a, the-éffects of u and w.as well as Bc and Cc on the volumefric
representation of Eq. (1.3} at supercritical temperatures are investigated
by means of deviation contours on a u-w diagram. The computational’
“scheme to construct the contours and Ito sé;;ch for optimum points
(_u,\y)min for minimizing “deviations in Z‘sgp is described in I:igureI 4.19.
For each given (u,w), the temperature depen : e of parameter a must

r be determined using P’ vaiues for C1 to C10 and correlated by means

of Eqs(4.13,16). The outer loop inFigure 4.19is only used to obtaiw,

the optimum value of (u,w) for each alkane.

Summarized in Table 4.5 are the results of the minimization of devia-
tions in ZSUP_ for the ten normg! alkanes. The optimum points (u'w.)min
for the first ten alkanes are depicted on the u-w.diagram in Figure 4.20.
- Also~shown are the_average absolute deviation contours of 1.5% for
Cl1, 2.0% for C6 and 2.5% for C10. Each of the these deviations which
are considered acceptable in this study is about a 0.5% increase in mag-
nitudé from flhose calculated using thle optimum poin;s. Similiar contours
for other normal alkanes fall between those for C1 and C10 by order of

o
their carbon numbers and overiap extensively with their neighbors.
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Table 4.5

Results of the minimization -of deviations in supercrltlcal
gas compressibility factor. :

_ sup
Ymin  Ymin Bc cc .gac : s"'bc: |aZ 1%

C1  -1.497 -0.804 0.2757 0.3188 0.45497 0.08789 0.85
c2 1.683 -1.098 0.2748 0.3137 0.46098 0.08621 0.91
C3  1.7657=1.187 0.2742 0.3115 0.46347 0.08543 0.94
Cc4 1.821 -1.185 0.2710 0.3103 0.46332 0.08411 0.99
CS 1.874 -1.143 0.2659 0.3084 0.46170_0.08227 1.07
cé6 1.925"-1.118 0.2619 0.3084 0.46075 0.08078 1.14
C7T— 1.999 -1.7110 0.2578 0.3070 0.46036 0.07914 1.26
Cc8 2.058 -1.126 0.2555 0.3058 0.46073 0.07812
‘CS 2.136 -1.165 0.2534 0.3041 0.46176 0.07708
C10 . 2.215 -1.211 0.2515..0.3025 0.46294 0.07609

-t pmd o
ot W
0 — ~J

As can be seen in Figure 4.20, all the contours on the u-w plot are

located where u.>_ 0. The locus 'of‘ the optimum point (u"w)min for C1 to

I ‘ . * ; .
. C10Q is in a3 direction similar to that of (Bc,cc). The extensive overlap-

ping‘amohg the contours indicates that the volumetric behaviox of

£q.(1.3) for each substance at supercritical temperatures is not very

sensitive to variatiqﬁs_ in either u and w or B, and .- In other words,

it is poss’._if:le o choose.a single point (u,w)} that would enable Eq.(1.3) ‘

to 1"epr'ese-n‘t:_-2S _.-\“or the tenn normal .a-lkanes wfth an accuracy compara-
ble to that w_he'n the individual optimum points are .v;sed. Consequently,
it may only :r-equii-’é—'a 2P1T_ty§e of equation _tdt represent Z°"P. This is
shown by th'e.fact that the PR equation whose (u,w) = (2,-1) falls in

the overlapping_ area of the contours from C2 to C10.
L+

in general, the supercr:tlcal region (1.01<T <4 00 0.01<P: <10 0) on

the P-V surface can be class:ﬁed into three areas

-

1. the gas area (Pr<0‘8) where the fluid density is v‘ery low, .

- 117 -
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=

2. the critical point area (1.01<T <1.50, 0.8<P <3.0) where _the
" isotherms form pl‘ateaus;uabove the critical point, )
- 3. the high-pressure aretax(Trﬂ .50, P _>3.0} where the fluid densi-

ty i§ approximafély that ‘of liquid.
i

it is in~the last two areas where most of the error. in z°YP

occurs,

particularly "in the critical point area -where volume-cubic equations are

fundamgntally ipadequate. On the other hand, jus{ as in the saturated

Qapo phase, E .(‘1.3)' can represent the yolumetric ‘behavior of fluids

L)

accurately. . .
: =

-
»

in the

Although the roles of Bc and §. 2are not very clear in ‘the present
1 : T .
case, it is reasoriable to assume that Cc has a stronger influence on the

behavior of Eq.(1.3) in the vicinity of éhe critical point and the quan-
tity, Bc' is more influential at high';-:res'sures where the fluid is as

-

dense as liquid. - ' .

~ '
-
R .

Irrespective of the values of u and w, Eq.(1.3) exhibits the same
- 1+

péﬁern of error distribution for Z>YP over the three areas. However,

the magnitude of the errors in the vicinity of the critical point and in’
S : X

the high-pr‘essurefar"ea vary: w:th the quantities Bc and .’,’c. To illus-

-

.trate, shown in Figure 4.21 is ‘the typical pattern of error distributions
in Z°"P for C1, C6 and C10 at four selected isotherms T_ = 1.05, 1.50,

2.00 and. 4.00 over the entire P‘r -range considered. As can be seen,

' - -c-'\ . .
the patterns of error distributions in Z%YP for the three substances are

increase with’ increasing mol we;r&ght. However, at low pressures
o , yans
\n

- 119 -
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_ZSUP can be accur'ate‘l'y predic}'ed.- The‘ error distribution pa{'tern illus-
-frated in Figu_reﬁiﬁ.21. is not restricted to the ;:res’ent ‘treatment of
parameter a inr which the temperature dependence is represented. by
Eq.(4.A13). Similar patterns are e;hibited by equations with ciifferent
temperature functions for their parameters. For _examp;l—e; the results
obtained from the. HK én'd the KMC. equations are plotted in Figures
4.22 and 4.23. As can be' seen, the patterns of the” error distributions
are the same as those shown in Figure 4.21. This would imply that all

the VDW-type volume-cubic equations exhibit same limitations in the

representation of Z P, the only difference being in the magnitude of

errors.

1955~
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4.1.5  Liquid Phase

,

Following the same proceduré 'used earlier, the quan‘tifative effect of
u and w on the volumetric behavior ?f Eq.(1.3) in the liquid. phase is _
examined by means of the deviation cbhtous-s for Z¥ on u-w diagrams
Ther computational scheme used. to construct ti.'ae contours and to search
~ for the optimum values of u and w is identical to the ome in Fig-
ure 4.19. Table 4.6 summarizes the results of the minémization and
Figure 4.24 presents ‘the 4.0% average absolute deviation .contours of 2*

for .C1, C6 and C10. The optimum points (u,w) for the first ten

min
ncrmal alkanes are also included. " In this study, an average absolute
deviation in Zg less than 4% is considered acceptable. Sirﬁi[ar contours
for the rernaini‘ng alkanes are between those for C1 and ‘C'IO by order of
their carbon numbers and overiap slightly with their immediate neigh-

bors. The 4.0% deviation is between a 1.0 and 1.5% increase in magni-_

- tude from those obtained at the optimum points.

Table 1_4.6 .
Results of the minimization of deviations in liquid com-
pressibility factor. -
’ ’ ) - | /
Ymin Ynin --Bc cc Qac ch 1aZ71%
C1 1.234 -0.342 0.2629 0.3266 0.43767 0.08587 3.06
C2 1.314 -0.309°0.2574 0 3246 0 43720 0.08356 2.96
c3 1.353 -0.234 0.2527 0.3237 0.43559 0.08176 2.80
C4 1.415 -0.214.0.2490 0.3222 0.43553 0.08025 2.84 .
C5 1.478 -0.145 0.2484 0.3209 0.43445 0.07824 2.77
C6 1.561 -0.181 0.2417 0.318% 0.43580 0.07708 2.71
c7 1.630 -0.100 0.2364 0.3176 0.43466 0.07508 2:64
. (8 1.687 -0.028 0.2321 0.3165 0.43375 0.07347 2.58
Cc8 1.771 0.020 0.2279 0.3149 0.43357 0.07177 2.51
C10 1.860 0.020 0.2250.0.3131 0.43433.0.07045 2.50
- ¢ . )
Vol A
N
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As can be seen in Figure 4.24, the contours are situated on the
u-_w/rhbt where u > 0. The shapes and orientations of the contours are
strikingly ,similar to those for v! and the locus of the optimum points

for C1 from CI10 is in a direction similar to those for. v"; Alsc, when

the critical point region {0.85§Tr§1.0) is excluded, shifting of the con-

tours and the optimum points similar to those in Figure 4.14 should .

occur. Furthermore, wHen the contours of Z" and v" in Figures 4.12,
4.13 a;'ud 4.24 are sdperimposed the Eontéurs for each .alkane overlap
with one another. These characteristics ﬁuggest that the wvolumetric
behavior of Eq.(1.3) in the liquid phase is closely related to that in the

saturated liquid phase. Therefore, the results from section 4.2 con-
1

cernin‘g the effects of u and w and ‘-Bc:' and L. on the volumetric behav-

ior of Eq.(1.3) in,tﬁe saturated liquid phase also apply to the liquid

pﬁase. Namely, there is a limited ranges of u and w values for each -

fluid for which E£q.(1.3) can give reasonable prediction of Z", and the
pre‘éic‘ted Bc and cc affected tl'.re behavior of Eg.(1.3) at low_ tempera-
tures and in the vicinity of the critical poiﬁt, -respectivelyl.

- -

Upon examination of the local behavior of Eq.(1.3), it is found the
error distributions for 2° have a general pattern regardless of the val-
ves of u and w. However; the magnituae of these errors depends on u
and w. To illustrate, a plot of the general pattern of the error distri-
bution in Z* at several temperatures is presented in Figure 4.25. As
can_be seen for Tr < 0.7, the errors associated with the caiculated z*
are almost evenly distributed throughout the entire reduced pressure
range. This means that when the tapperaturé dependence of parameter
a 'is determined using the vapor pressure values Eq.(1.3) is able to

» .
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generate steep‘isotherms in thé liquid ;egion at low temperétures.
Consequently, for Tr < 0.7 the magnitu&e of the error associated with
the calculated Zf' at any pressu're will be the same as that calculated for
Zz at conditions close to the saturation ;-aoinrt.' 7 Under these cond‘itions
tl';e behavior of Eq.(1.3) is mainly affected by BC. For Tr > 0.7, it
becomes increasingly difficult for Eq.(1.3) to generate.the correct
shape of the liquid-pf_‘a}se isotherms with larger errors occuring in the
Yicinity of the critical point. In fact, as temperatures approach the
cr.itical the ' volumetric behavior of £q.(1.3) is gradually influenced by
T In general, if u and w are taken from within the contours shown in .
Figure 4.24££f1_e_igsulting equations can represent Zg' witllxin + 2.0% for
0.5<T <0.7. In order to have better prediction of z* at T.<030, v
and w must be taken from the area which is above the locus of the
optin;um points. Howe-ve_r, this would be ‘at the expense of the accura-
cy in the region near the critical point, since higher critical compressi-
bility factors would be predicted‘. If thé représentation of Z!" is to be
improved at Tr > 0..7, u and w must be taken from the area below the
optimum point _locus which in turn would sacrifice the accuracy at low

temperatures.

The perform.ance of Eq.(1.3) in the rep}'esentation of ZE dan be

‘improved by determining the temperature depe&dence of parameter a

directly from Zz instead of PY. As a rgsult, the optimum wvalues of «
must be obtained by minimizing the” average absolute deviations in Z_z at
each Tr. The typical temperature dependence of the optimum o deter-
mined by minimizing deviations in ZE .‘c.ar Cl. C6 and CI10 is shown in
Figure 4.26. The temperéture dependence of ¢ obta.ained in this manner
can be éccurately expres'sed\ by the following equation
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e 1o (1T 15D (1T Ve (1.7 VP MY
a =1 pO('! Tr) D1('I Tr) _02(1 Tr). d ' (4.18)
where constants DO' D‘I and 02 can be correlated by simple polynomials _I

in the acentric factor. By using Eq.(4.18), ‘deviations in Z* can gen-
- 5

b

" erally be halved. . BN

_— \

Unfortunately, the temperature function&etermined using 2t values
is not suitable for equilibrium calculations s‘in'c; it causes large errors
‘in P¥. This can be seen in Figure 4.26 where the ‘temperature dépen-
dence of ¢ determined from Zz and PY are comparfed for C'I, C6 and’
C10. As can be seen the two temperature depéndences are completely
different from one ar;other. As found in this study, the accﬁracy in
the representation of P is more sensitive tq. the value o‘f_ e than that of
z*. Therefore, itii; necessary t_I'iat the tempéréture fuﬁction for a be
determined us;ing P“;' Nevertheless, Eq.(4.18) can bke employe‘d as the

. § . £ .
temperature function for @ when more accurate representation of Z s

~

required.

~
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N ' 4.1.6

Concluding Remarks

- The results of the analyses of the volumetric behavior of Eq.(1.3) indi~
cate that T
1.

For accurate equilibrium calculations, E£q.(1.3) must be able to
reproduce P¥ accurately. |

The temperature c_!ependence of parameter a expressgd by
Eqs(4.13,16) is suitable for Eq.{1.3) when calculating P°, \(",
\}u' Z5%P and Z%.

Accurate prediction of PY ensures similar accuracy in the repre-
sentation of v'. Errot;s in v° are mirror images of those in P’
a'lc':mg the zero percent line. . . |

Parameters u and w have a stronger influence on the overall

. t
representation of vll and Z‘o' than on v’ and Z%“P.

-Over the temperature and pressure range studied, the general

patterns of the error distributions.in v?', Z2

and Zs:.:p are the
same but the magnitude of errors are dependent on the values of
u and w and Bc and Cc' |

There exist a number of (u,w) values for Eq.(1.3) tf@'}w

similar average deviations in vz and Zz, but result in different

local volumetr\t behavior on the P-V surface.

~Examination of the deviation contours on a u-w diagram provides

information on the quantitative effect of these pat;arneters on the

overall performance of :Eq.(1.3). Comparison of the predicted Bc
.

and cc with Bc and ‘Zc provides insight into the local volumetric

behavior of Eq.(1.3) in the (saturated)-fiduid phase.
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8. In general, for representing v? and Z", B. is. importan} at lower
reduced temperatures while e becomes necessary in the critical
region. . However, both B and g  must be adjusted simultane-

ously so that EqQ.(1.3) achieves the desired local volumEtric

behavior.

" 9. .In order to accurately represent v" ;nd Z! the locus-of (Q',w)
and therefore (B_,¢ ) of an EOS should be in the same direction.
as those for v!' and Z" rather that in the direction of {B:, Zc) . ‘

10. -..The average absolute percent deviations obtaiﬁed atl the optimum:

points r:epr_esent the 'best’ overall performance of Eq.(1.3) pos-

sible.

4.2 - Design of Equation of state

With ;-eference to the results of the previous analyses, the main

. o r— . .
task in designing an equation is to.'s#]act the appropriate u and w in
- - \\-A-‘/N} -
Eq.(1.3). There are two points that should be taken into consideration
when selecting the parameters. First of all, in order to have a bal® -
A

. Zf', v and.ZsuP values of u and w must be

anced representation of v
in the overlapping areas of the deviation contours in Figures 4.12,

4.13, 4.26 and 4.24. Secondly, for practical purposes emph_a.sis must
be placed 0;'t the local representation ::;f these properties. In general,
i'.c is preferable to accurately represent the more volatile components at
higher Tr and the less wvolatile compo.nents' at Io;ver Tr' This is espe-
cially- important- in the repres.entationlm of v where it is necessary -for
the equation to predict higher values of Bc and lower values of Se for
fluids with smaller molecules -a’nd convgrsel-y for fluids with larger .mol-

. ‘ . : -
ecules. , : =
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-+ -area of the 10 and 2.5% devnatlon contours o? vz

- -

' ' . \ i . s - .
Figure 4.27 presents the areas of overlap betwegn the deviation

contours of v", Z* and ‘Z%YP for C] C6 and CIO The overlappﬁng

for CZOVI?B;'
is also included for;

0.50<_T <0 85 and for 0.50<T <0 98, respectlvely

r'eferem:e. The overlapping areas of the normal alkanes other ‘than CI,

€6 and C10 fali between those for C1 and C10 by order of their carbon

number. -Thecurves in Figure 427 represent the Joci of ‘the optimum

points for C1 %o C10, while the vE curves extend to C20. Any line or"

. curve which passes through the overlapping areas will yield the follow- -

...beginning of this section.

.points for v!'

.mg average absolute devuattons for each of the four properties

1 ‘_" 5 1.08  «0.50<T <0.85) .
2 v? < 2.5% ~0.50<T <0.98)

3. vV <2.5% (0.50<T <0.98)

4 z* <4.0%  (0.30sT <0.99, O. 01<P <10. 0)

5 Z°YP < 2.5% N (1.01<T <4.00,.0.01<P _<10.0)

ZSUP

1t should be noted that although the loci for and v* for

0.’505T§Qf9’8 can pass through some of the overlap;aing ‘areas, the actu-
al opt‘nmum points are. not iocated in these areas. Herver all optimum
at 0.50<T <0.85 for C1 to C20 are cpntained in the over-
lapping areas thereby satxsfymg the two condMtions mentloned at the
This locus will be used as a basis for the

- -

design of equations of state.
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- 4.2.1 Two Adjustable One Temperature Dependent Parameter Equation

<) .
wWhen deslgnmg a 2P1T equatlon the parameters u and w in Eq . 3)

- rﬁust remain as constants. Hence each point (u,w) represents a two-

=

parameter equation which has’ constant E’; and I; Smce r:}t all the

overlapping areas 'For the ten alkanes share a common region the u-w

¢

plane, it is impossible to fmd a single pomt (u,w) so that the resulting

' _ y o

equation can represent v!',' v, z and Z5YP of all the ten alkanes
3

mthug the devnattons spec:fted by the overlappmg areas. Nevertheless,

with proper choice of u and w a 2P1T equation can represent v’ and

Z5YP of the ten alkanes within the accurac‘y specified by the overlap--

ping-a,r,eas. This is because the deviation contours for v® and z>"P of
the ten alkenes share a common “area on -the u-w plane. On the other
hand, a 2P1T equation can only represent vp' and Z for fluids with
similar molecular weights. This is because the dev:atlon contours for
9-' and ZE' only overlap with their 1mmed:ate@|ghb~ors As_a resuit, a

3P1T or 4P1T equation is requ:red for- more accurate’ representation of-

] . : .
vandZ ) : : - .

Notwithstahding the limitations of the 2P1T equations, an attempt is
. B 4 .

~

.made to find a 'most suitable’ 2P1T e_quatié_n by adjusting u and w to’

minimize the_ overall average absolute percent. deviation 'i_n.vg' of the ten

alkanes for 0.30<T <0.85. It is interesting to note that the, optimum

values of u and w thus obtained are 2.026 and -1.062, respectively,
which are practically the' same as those in the PR equatioﬁ The point

(2,-1)- is located in the area shared by the deviation contours for Zsup

- and v¥ for C2 to C10. As a result, one may conclude that the PR

*
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equation is one of the 'most. suitable’ 2P1T equations for representing

vz, v, Z!'.and Z5YP \of normal fluids v\‘rith'a;centric factors ranging .from

.0 to 0.5.
4.2.2 Three Adjustable One Tempe.rature.- Dependent Parameter

+ Equation

As discussed in Chapter 111, there are two ways to reduce Eq.(1.3)

-to a three-parameter equation
1. To assume an algebraic relationship between u and w.

2. To maintain either u or w as a constant.

The first method was used in developing the SW, the HK, the PT'
_equations 'which‘are represented by the u*w=1 relaticnship. The 3P1T

equations ‘such as the Clausius, the TQ_RK and the C1 équations which

" were developed using the volume-transiation technique could also’ have

resulted from the first' method. The family of equations represented by
F . N

w=0, such as the 3RK equation are examples of the second method.
when either of these methods are used to develop a new lequation care

must be taken in order to avoid any shortcomings in the representation

of v°, Zg, Z®YP and, in particular, vg'.

Figure 4.28 shows the loci .of several well-known 3P1T equations
"together with t"he"overI;pping,area‘s frc.>m Figure 4.27. As can be seen,
the family of equati.ons'represente'd by the u*w=1 relation does not give
good prediction of vi and Z% especially;r for alkanes with large mol-
ecules. Its locus moves, in the opposite direction from those of the

optimum points for vl. Moreover the direction of the locus places an
an
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Figure 4,28: -Relative positions of several known equations.-of state

and the overlapping areas of the deviations contours.
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' imlplljactical emphasis :n the representation of v! in .te-ré"'.of the range
- of T'_ ‘and the molecular weight of the fluids..” For alkanes wit-h small
molecules - such as methane, which usually‘ app;aar -as .Qolatile components
the pos_ition of the locus forces ‘the equation.-..to predict large value's of
Ze and small values of Bc when compaTed to the corresponding value-s of
. 'Zc and B:- With respect to th;a effect of B_ an§ éc on thé ocal e;-rpr
‘distribution in vg’, the error is shifted tgwards higher‘Tr. On -the other
hand, for ?Ikaﬁes with large molecules such as decane, the equation.
prc;dicts too sméll a 'value of e and ftoo large value of Bc,_thus'shiftiﬁg'
the érror towards lower Tr. -o’nseclquently, the desired emphasis is
reversed -whic-h further indicates the limitations of using the forms of

the RK and the PR equations as building blocks in the design of a 3P1T

equation.
N

. . pe ) .
Each of the constant-Q _ curves.on the u-w plane represents a fam-
-’ 1 . .
ily of 3P1T equations which result from the volume translation of 2 2P1T
equ'a‘zion with the same Qac‘ Comparing the "loci of - the Clausius

(9,,70.42281), the TSRK' (R, = 0.42747n-and the C1 (8, =0.45653)

equations in Figure 4.28 ‘Ehe_ C1 /fequation appears to E;e the nl'los'.t.suit-
able for representing \lf"',. v and Z5YP of the first ten alkanes.
This is because it passes through the overlapping ar-e_aszo‘f_\y;e first ten
aormal alkanes. Howev'er', hen representing v" of alkanes with large
molecules suéh. as C20, it wyuld be inferior to the TSRK equation.
From the 'cons‘-cant-ﬂa.c 'curve:;. plotted in Figure 4.1“', it appears- that the
most suitable choice of ;I'Te- valde of the constant-Qa-c jin a 3P1T ~equa-
tion would be approximately”0.450 since this curve would pass through

all the overlapping #reas including that of C20. However, in doing so,
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‘.three-parameter variation of the PR equation, can represent v", v', Z

-

the resulting equation would shift the error in the representation of v!'
for small molecules towards Iargér Tr similar to that of the u*w=1 family

of équations.

When choosing either u or w to be held constant in a 3PIT equa-
tion, it is better to maintain the parameter w as 3 constant in order
that the locus of the equation .passes through most of -the overlapping

areas. From the orientation-of the contours in Figure 4.27, a suitable

value fof w would be -1. Thus the resulting equation which is a
. "

—p

and Z*YP of fluids up‘to C10 within the accuracy specified by the
overlapping areas. However, this sacrifices the accuracy in predicting

v" for fluids with molecule§ larger than those of C10, especially at low

L4

" T_. On the other hand, the family of 3P1T equations with w=0 .(varia-

tions of the RK equation) can overcome this problem but would lose

Fl

accuracy for fluids with small molecules. -

To overcome the ﬁho&comings discussed above, the relationship

between u and w should be formulated so thq:t'the locus of (u,w) is

. close to that of the optimum points for v’a for 0.50§Tr_f0.'85. ~ By assum-

ing a linear rglationship between u and w the equation can be kept as

simple as possibl-e. Comparing Figure 4.27 “and Figure 4.28 indicates

that the line relating u and w in Eq.(1.3) should have a positive slope.

" One suitable choice is u-@n = 3 since it passes through all the over-

Iapping areas as well as being a good approximation to the locus of v2

o
L4

for 0.50<T <0.85. | - ' .



4.2.3 - Four Adjustable One Tém'perature Dependent Paraméter Equation

The locus . of the“4P1T eqﬁatiori pr‘opoﬁed by Adachi, Lu and Sugie
(ALS)[3] is depicted in Figure 4.28. As can be seen, this |OC!:I$ is
similar :to that of the utw=1 family of equations.. :I'herefore, depending .
on the molecular weight of .the fluid, -the ALS equation will also have
poor represer;tation of v‘ in the important ‘rénge of Tr" Since its locus

can be closely approximated by a_line, the ALS equation can be practi-
cally simplified to a .?;PTT equ,ation.

in principle, 4P1T equations should be more flexible than the 3P1T

equations and therefore better able to represent the volumetric proper-

~ ties.. However the complexity of the equation is increased and the 4P1T

equation appears to have no great advantége over the 3P1T eguation

4

" when approximéting the locus of the optimum points of v for

0.50<T <0.85.

4.2.4 New Equation of State

Based on the-above discussions, a new 3P1T equatior{ is proposed.
The exact mathematical relationship between u and w for the new equa-

tion, is given by u - w = 3. Substituting this expression into Eq.(1.3)

gives )
- , / |
- _ _RT _ a :
PEY -5 Vv “ b GBveo) | (4'5’)
where ¢ = wb, and . . o
a=al(T)Q (o) RET /P - o (4.20)
b =g () RT./P_ . (4.21)

+
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c=9__(v) RTJP, | —T (4.22)

- with

2 (w) = Wl (o), | (4.23)

Values ofmarameter w are obtained by minimizing the average abso-

lute percent /deyiations in‘vg' of the first ten normal alkanes for

- ; LY _ R .
0—.505—17}50.85.\'_[136 g'e\nerzﬂized expressions for Qac’ ch, g and w in

terms of Tr and —the-aceptric factor w are as follows: .

N,
Qaw_,g.osmse w.* 0.036007 w? (4.24)
2, (w) = o.ogﬁz.sgq - 0.052525 u + 0.021804 w* (4.25)
w = -1.36417 + 1.06662 w * 0.256505 w? . (4.26)
(T )= [1+&(T, & G -THy (4.37)
_where
(T, v =§-.@;1 (Ao-*‘ AT, ‘.:.lAzTr 2) o (4.28)

Depending on the wvalue of w, the following expressions are used to

evaluate the parameters in Eq.(4.28),
For v s - 0.4906,
#(w) = 0.33262 ~ 1.8894v - 1.04038 w® * 1.6634 w> (4.29)

T, = 0.89417, Ay = 1.0851, A, = -0.59744, A, = 0.44543

1
where n-heptane is the reference fluid.

For 0.4906 sus 1,
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"f(w) = 0.81262 - 0.18376 w + 1.9727 «* - 0.67758 u° (4.30)
. - $ .

= -2:1085, A, = 1.6708

1

7T E, = 15312, Ag = 2.1801, A 5

-

where n-héptadecane is the 'refereﬁ:e fiuid.

7

~

At temperatures above the critical the quantity x is evaluated at the
! -”»

eritical point,

(T, @) = (1, w), T_>1 | (4.31)

The corresponding-expressions for Bc and g, are generalized as follows

8_(u) = 0.297437 - 0.117453 & K  (4.32)

¢ () = 0.313639 - 0.01195 w (4.33)

“e
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Chapter V
APPLICATION OF THE NEW EQUATION'QF STATE TO
-PURE FLUID CALCULATIONS .

" The new equation is tested by calculating t'_he vapor pre#sures, PY, p
for 30 substances, the saturated liquid molar volumes, v!', for 26 subs-
tances, the saturalted vapor molar volumes, v’, for 18 subsfances, the
liquid compressibility factors, Zz, for 18 substances andlthe supercriti-
cal[' gas compressibility factors, Z5%P, for 15 substances and comparing
" with experirﬁéntal Ava!ue.s. The results are reported in Table 5.1
together with those obtained from ;che SRK, tﬁe PR and the SW equa-
tions. A lsurm.'nary of .the comparisons between the calcu.‘slated‘ and
- exp.erimer}tal-_val_ues f;:n'* these five pure-component properties is pre-

sented in Table'5.2.

—

/ .

As can be seen in Table 5.2 the new equation vields the lowest

overall average absolute percent deviations in the calculated PY, v'q', ng

-~ .
and 2°"P values, while the overall deviation "in the calculated v is

slightly higher than that obtained from the SW equation.

In genefal, thé new equation has better overall représentation of
the five‘ﬁroperties_than the SW equation which is better.thah the PR
equation which in turn is bet':ter than the SRK equation. In the calcu-
lation of PV the new equation has lower dé\;iati;ns than the other three
equations, especially for  substances with large molecules. With the
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Table 5.1: Average absolute percent deviations between calculated
’ and, experimentalvalues of five physical properties for
normal fluids '

. fa P¥3] . «

Substance ND | see | m | s {mew | Trrange ref.
methane - 29 1.50 | 1.60 | 0.62 {0.78 | 0.59 - 0.960 17
ethane 27 1.27 | 1.07 | 0.67 |0.38 | 0.61 - 0.991 17
propane 3 ] 155 1.02 | 0.66 0.25 | 0.65-0.951 | 17
n - butane 28 1.62 | 0.95| 0.73 {0.42 | 0.64 - 0.993 | 17
n - pentane 0 1.00°| 0.33 | 0.20 [0.43 | 0.66 - 0.993 17
n - hexane 4 1.44 | 1.40 { 1.12 |0.83 | 0.54 - 0.995 17
n - heptane 21 1.58 0.75 | 0.7 |0.48 0.64 - 0.994 143
n - octane 18 1.78 | 0.93 | 1.02 |0.31 | 0.69% - 0.990 }- 143
n - nonane 21 1.69 | 2.31 ] 1.76 |1.23 | 0.52 - 0.859 110
n - decane 27 5.02 | 10.5 | 2.29 [1.05 | 0.40 - 0.827 9

|n - undecane 27 1.24 | 0.86 | 1.00 [1.16 | 0.45 - 0.785 9.

n - dodecane 27 3.28 § 4.13 | 3.36 2.1 0.56 - 0.8300 9

n - tridecane | 27 1.9 | 0.4¢ | 0.57 [0.91 | 0.57 - 0.810 9

[ - teradecane | 27 | 3.02 | 2.3¢ | 3.15 [2.78 | 0.58 - 0.820 | g

n - pentadecane| 27 2.2¢ | 0.85 | 0.62 |0.44 | 0.55 - 0.830 9
. |n - nexadecane | 27 2.09 | 1.17 | 0.37 {0.65 | 0.59 - 0.840 9

n - heptadecane| 27 2.25 | 0.85 | 1.13 |0.35 | 0.50 - 0.850 §

o - octadecane | 27 1.9 | 1.44 | 0.77 |o.90 | 0.61 - 0.850 9

n - nonadecane | 27 1.41 | 1.84 | 4.52 [2.68 | 0.62.- 0.860 | g

] " [A - efcosane 27 0.83 | 0.78 | 4.62 ]1.16 | 0.63 - 0.870 9
§ - butane 29 1.96 | 1.45 ! .20 |0.48 |} 0.63 - 0.993 17
ethylene 21 158 | 1.4 1 0.81 |0.99 | 0.60 - 0.881. |4
propylene 26 1.07 | 0.60 { 0.71 |1.49 |} 0.62 - 0.989 17
butene 12 1.39 | 0.67 | 0.52 |0.43 | 0.65 - 0.979 17
acetylene ' 22 2.11 | 1.54 | 131 0.3 | 0.63 - 0.989 17
benzene a7 | 1.0 0.89 | 0.61 |o.41\_}-#.55 - 0.997 17
carbon monoxide| 24 0.77 | 1.43 | 1.40 |1.34 | 0.51 - 0.981 17
carbon dioxide | 32 0,46 | 0.67 | 0.87 |1.37 ] 0.71 - 0,995 17
nitrogen 18 1.43 ] 1.39 | 0.7¢ |0.56 [ 0.61 - 0,991 _ ) 17
Joxygen T |1 | 1.03| o0.62 | 0.43 [0.50 | 0.58- 0.986 - | 17




¢

“Table(5.1) cont'd.

E laviz] ave
Ssbstasce ‘ND | sx .S | EN Tr range ref.
methne |29 | 6.88 | 7.28 | 6:20 | 2.8¢ e 17
ethane 27 | 137 6.68 | 9.44 | 5.23 ot 17
propane- n | 138 5.75 | 7.3% | 4.93 v 17
n - butane 28 | 13.4 | 465 |5.23)3.78}_ - 17
n - pentane .30 | 15.2 4,71 | 4.92 | 4,20 A 17
n - hexane 43 | 16.4 | 410 4.33 )] 3.8¢ o 17
n - hegtane 21 | 19.9 | 6.11 | 5.45 | 5.37 . 143
n - octane 18 | 2.0 7.91 | 5.67 | 5.70 . 143
n - nORARE 21 16.9 3.41 | 1.01 | 1,55 | - 110
n - decane 29 |.19.4 6.5¢ | 1.15 | 0.80 [ 0.41 - 0.85 9
n - undecane 20.6 | 6.92 | 1.22 ] 1.07 | 0.43 - 0.85 9
n-dodecane | 30 | 22.8 | 8.40 | 1.45 | 0.82 | 0.43 - 0.8 9
dn - tridecane | 28 | 21.8 7.92 | 2.49 { 2.21 |} 0.45 - 0.85 9
n - teradecane | 27 | 25.7 | 13.6 | 1.69 | 0.95 | 0.43 - 0.80 9
n - heptadecane| 2 | 31.4 | 16.5 | 2.2t | 1.91 | 0.45 - 0.84 9
n - octadecane | 26 | 37.2. | 22.2 | 6511628 | 0.83 - 0.77 9
i - butane 29 | 11.8 5.10 | 4.568 | 3.42 . 17
ethylene 2 7.57 5.59‘ 4.12 | 2.50 . 17
propylene 26 '] 10.4 5,26 |{ 4,23 | 2.9¢ . 17
1 - butene % | 12.3 4,41 | 4,32 | 2.87 . 17
acetylene 2 12.6 5.00 | 5,07 | 3.48 .- 17
benzene 47 1133 4,40 | 4.59 | 3.28 . 17
carbon monoxide| 248 3.88 | '8.49 | 3.13 | 2.18 . 17
carton dicxide | 32 14.6 4,62 | 5.25 | 4.13 d 17
nitrogen 18 5.49 8.12 | 5.08 | 3.37 - 17
oxygen 14 4,52 7.96 | 3.64 ] 2.14 - 17
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Table(5.1) cont'd. .~ -

. : L‘B—ﬁ;lave ' .
Substance o | s PR S NEW Tr range ref. |
methane 29 | 2.21) 3.3} 1.8} 1.98 . 17 T
ethane 27 0.48 1 2.24 | 0.82 1 1.40 . 17 o . )
propane 3 0.97 2.45 ] .04 | 1.24 . 17
n - butane z8 1.10 | 1.49 | 1.29 | 1.35 . | 17
n = pentane 30 1.36 1.11 | 0.77 | 1.06 .. 17 - -
~ - |n - nexane 43 | 110| M3 1.6 | 1.45 . 17
n - heptane 21 1.61 1.04 |~0.78 | 0.95 * . 17 -
n - octane | 18 1.74 | 1.04 | 0.77 § 1.85 . 7 17 '
1 - butane 29 | 133} 2.32 ] 1.21] 1.4 i ‘
ethylene 21 | 2.23| 1.60 | 2.83 | 2.95 o 17 e
propylene 26 1.95 1.41 ] 2.15 | 2.45 | v 17
1 -butene - | 26 | 1.62| 2.02]1.05|1.55|  * v |
acetylene 22 0.83 0.97 | 1.03 1.3734 S 3 17
benzene 47 1.76 | 2.79 | 2.31 | 2.60 . ' 17
carbon monoxide| 24 3.70 2.97 | 3.52 3..30 - 17 -
carbon dioxide | 32 1.60 | 1.30 | 1.46 {"1.61 . Tl o1z
nitrogen 18 | .-2.93 4.33 | 2.07 | 3.04 b 17 -
o oxygeft 14 3.36 | 3.95 | 3.55 | 3.97 b 17
* Same range as indicated in the Table for :L\.P“:i“e )
. - V4
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| Substance " Sﬂ-t rm 'S HE! . Tr range Pr range | ref.
methane 21 | e.52| a.62|s5.68{1.75] 0.80 - 0.95 fo:30 - 6.0 |13
_ |ethane 125 | 4.9 | 6.42 | 1.86 | 1.29 | 0.55 - 0.95 |0.30 - 10.0 | &4
v W ne 81 | -8.40 | 4.36 2.53 1.19 | 0.62 - 0.95 [0.12 - 4.77 | 23
"o - pentane 78 | 8.75 | 3.60 | 1.65 | 1.30 | 0.66 - 0.95 |1.02 - 6.13 | 23
e n - hexane ' 32 {129 | 172|190 1.62 ] 0.74 - 0.93 [0.19 - 8.85 | 62
n - heptane 32 |15.2 1.10 0.93 | 1,04 | 0.56 - 0.88 {0.26 - 8.59 | 18
n - octane 166 | 157 | 2.62|1.22 {1.48 | 0.66 - 0.92 |0.20 - 8.13 | A
K n - nonane 9L |14.9 | 2.2¢ | 1.59 | 2.36 | 0.52 .'- 0.86 }0.60 - 8.95 | 110
':_—-’ n - decane 70 | 18.4 | 5.33 | L2t | 1.27 50 - 0.83 Jo.65 - 7.36 | 110
L n - undecane 28 {18.9 | 6.05 | 2.07 1.95"("0.47 -0.90 0 - 9.0 138
* n - tridecane | 21 | 22.2 8.73 | 2.25 | 1.92 | 0.45 - 0.85 - 5.30 | 134
n"- heptadecane T1e | 31.8 | 169 | 3.21 [ 1.77 | 0.48 - 0.78 | 0 - 7.11 |-134
n - elcosane 15 | 36.1 | 21.5 3.03 | 2.40 0.49 - 0.75 | 0 - 851 | 134
1 - butane 71 |- 6.85 | 5.42 | 143 | 1.63 | 0.72 - 0.93 {0.47 - 5.67 | 23
) 2 - methy! pentane| 26 | 9.66 | 3.02 | 1.93 | 2.13 | 0.75 - 0.90 [0.19 - 8.73 | g2
_ cyclohexane 15| 6.56 1 5.76 | 2.32 | 2.55 | 0.56 - 0.92 [0.34 - 8.46 | g7
- - lcarbon dioxide 3@ | 111 [ 2.44]2.18 ) 1.43 ] 0.80 - 0.93 [0.21 - 5.50 | 23
nitrogen . 33 | 1.57 9.99 ] 1.44 |1.86 | 0.71 - 0.88 [0.15-- 5.38 | 23
N [a2°Px1 4 o (ref. 17)
' 1 G ) .
o - Subsunc;/( ND SR PR S | NEMW Tr range Pr range
AN ) e | . - p
methane 440 { 0.72 | 2.65 | 0.95 | 0.82 | 1.05 - 7.75] 0O - 2.0
ethane 260 1.52 | 1.39 | 1.37 0.75 1.02 - 4,47} 0 -310.0
- . prdp%ne 187 1.78 0.95‘ 1.24 | 0.84 11.07 - 3.70[- 0 -. 6.5
. |n - butans 150 | 2,99 1.37 [ 1.94 | 1.61 | 1.06 - 3.20] o6 - 5.4
\“L\___-\‘ n - pentane 1150 [ 3.02 | 1.09 | 1.42{1.25 | 1.02 - 2.51] 0 - 6.1
.o n - hexane 85 | 2.87 _ﬂ 1.07 | 1.17 | 1.10 { 1.03 - "1.16] 0 - 1.4
t - butane 150 | 1.74 | 1.15 { 0.97 | 0285 | 1.03 - 3.35/70 = 5.7
. ethylene 323 | 1.28 | 1.66 | 1.22 | 0.8% | 1.0 - 3.73] 0 - 9.5
propylene 220 1.98 1.37 1 1.37 [ 0.99.{ 1.0 - 4.831 0 - 10
1 - butene 59 | 1.82 | 1.47 | 1.39 { 1.53{ 1.06 - 1:28] 0 - 1.72
Benzene 32¢ | 2.32) 143 {151 1.36 [ 1.0 - 2.23) 0. 42
carbon wonoxide|110 | 0:48 | 0.6 | 0.52 | 0.36 | 1.05 - 18.6 | 0 - 2.0
; carbon dioxide (272 | 1.69 | 1.02 [1.26 [1.1511.28- 7.0 0~ 2.8
T nitrogen 357 | 077} 0.84 0.93 |0.58 | 1.76 ~23.2 | 0 - 2.8 '
‘- oxygen 391 | 0.25] 0.61 0.43]0.37 [1.36-19.0] o'- EXHE
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exception of n-dodecane, n-teradecane and n-nonadecane the new equa-

tion’ has a'pppoximately 1.0% average absolute deviations in PY.

representation of v

L —

d Z both the SRK and the PR equatlons are

N

limited to a small range of substances. f most cases, the new equation

shows mgmf:cant lmprovernent over the SW equation.

As expected the

four equations have similar 2ccuracy in the prediction of v¥ and Z3YP,

It should be noted that the overall average ab‘solute percen%\-deviation :

1
~

in_y!' given by the new EOS is higher than those in vy, Z" aﬁd Z5YP,

This is mainly caused by the large errors in the vicinity of the critical

points.

tion of the parameter a,

Although it has a simpler express.ion for the temperature func-

the new equation can still predict P’ more

accurately than the SW equation.

Table 5.2

Summary of overall average absolute percent dev:a‘mons in

five physical properties.

Property NS ND

P 30
vz 26
v’ 18
N A 18
Z5"P 15

ND - no. of' data

new equation (u - w
>

806

707
496

957

SRK PR
1.69 351
16.1  7.31
1.9 2.07
1.1 5.1

3438'1.43 .1.30

points .

SwW

1.28
4.28
1.59
1.92
1.13

NEW

0.94

3.18-

1.92

1.74

0.88

NS - no. of substances

3) é;nd the SW equation (u * w = 1)

To illustrate the differences in the error distribution's between the

——

the calcu-

lated v* and PY values: for ethylene and n-heptadecane and the calcu-

<

¥

b,

\.) 4
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Jated Zl values for carbon dioxide and n-heptadecane. are compared in

In the

-

~

i



Figures 5.1, 5.2, 5.3 and 5.4. For 'tht_a light substances,- ethylene and -

carbon dioxide, the emphasis of the representation by the new equation

is at higher Tr values and lower deviations are obtained as indicated in

Figures 5.1 and 5.3. For the heavy substance n-heptadexane, t
. . |
emphasis of the representation by the new equation is at lower T { val-

ues and lower deviations are offgined as shown in Figures 5.2 and 5.4.
..

As demonstrated in this chapter, one of the majo'r advantages of the
new equation c;f state is that it gives a balanced overall representatio:
of volumetric properiies (vf',‘vv,l 7% and 5P compared to the other
EOS tested. [n addition, the new equatior‘u can givé accurate pre-
dictions of vr' ‘and -Z!', while emphasizing condition.s of practi.cal impor-
tance. Because of its favorable performance the new equationi LIS

- extended to mixture calculations, as discussed in the following chap-

ters.

~
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‘ Chapter VI
THE RANDOM ANIS LOCAL COMPOSITION MIXING. >
MODELS .- '
The most direct exte'nsion of an EOS for pure flﬁias to mixtures is
carriec‘.' out by replacing its puré .fluid parameters with the appropriate
mixture parameters. These mixture parémeters are dei‘ermined‘ tlhro:.igh

the use of mixing rules and are the functions of composition and the

_pure fluid parameters.

-

Basit;.ally there are two types of mixing rules.. The firsf is the one-
fluid random mixing rules whidh are used primarily for mixtures con-
sisting of nonpolar or slightly polar fluids. For complex nﬁxtl.lre.'; con-
sisting strongly " polar and/or hydrogen-: bonding componé;ts, Bca[,

composition (LC) mixing rules are generally used to obtain the mixture

parameters.

64 Random Mixing Rules \—) A
) O

Observing that just like pure fluic{_s,___g__mixture has a critical point,
van der Waals [133] assumed tha)\a mixture can be freated as a single
pure fluid and an EOS for a mixture is the same ;;'?%{hat of pure fluids .

From a microscopic viewpoint this implies that the moleé“t.‘ﬁe:': in the mix-
. - " ‘\\\
ture are randomly mixed. Therefore, rewriting the. new EOS

(Eq.(4.19)) gives I - | \\\
- 154 -



p= é'r/(vrrl =) = ap/lve (v ¢ e) * BBy c el (6.1)

with cmem bm .

where the subscript, m, denotes a mixture property.

Often referred to as the VDW random mixing rules, the following |
quadratic expressions in composition for the mixture parameters a and

F.\m were first adopted by van der Waals [133] for his equation of state

M M |

a_ =% Iz 2 a., ~ - (6.2)

L A B =
M M o = i

°n 7 1 f 57 by - (6.3)

in which zI and zJ._are the mole fractions of coméénen’ts i and j in either
the liquid or vapor phases. For th’é cross coefficients aij and bij the

following combining rules are often. used

1l

3 | |
aij- (aiaj)__“'kij) | . (6.42)
-

1(b;b))/2] (1-;.) - | - (6.4b)

bij
wherg #za,, and bi'sbii.",The quantities kij and "ij are the binary. inter-
action coefficients which are empirical parameters determined from b-ina-
ry mixture data. By conventi;)n, if_i=j, kijziijzo' and if i#j, k‘ij( = k”)
and 2..( = 2.) a.re ‘usually small po;sitive or Inegative values.

s
Eqs(6.2,3,4) are the commonly adopted mixing model for such two-

-

parameter equations as the SRK and the PR equations. The empirical

coefficient, kij' was first introduced by Zudkevitch and Joffe in 1970

Y
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[144]. Evelein and Moore [30] ‘found-t_hat using the second empirical
coefficient, !'ij’ further improved the' correlation of VLE .(P-T-
composition) data for the binary mixtures. stever, it is. generally

observed that only kij is required for the correlation of the VLE data

for normal fluid mixtures.
- - . . \\\\
It should be noted that the quadratic mixing rules for 3 and bm

satisfy the theoretical low-density limit where it requires that the mix-

—
-

ture second virial coefficient, B, be a quadratic function of mole frac-

tion [104]:

y, v:B:= a_ - b /RT ' (6.5)

-—mZ

of components i and j in the vapor phase.

The choice of mixing rules for evaluating the third parameter is not’
obvious. One method used by both Harmens [50] and Schmidt and
Wenzel [113] was to replace the pure-fluid acentric factor, w, in tﬁe
generalized expressions for thé third parameter, ¢, with the acentric

factor of mixture, O Harmens [50] used a linear mixing rule for

M

(=L z.0.) to evaluate c_. He found {50] that it was useful only for-
i . - -

representing VLE values (P-T-composition) of close boiling normal flgid

W
m

mixtures. Rather large errors occurred in the predicted bubble point
pressures and vapor phase compositions for wide boiling mixtures. To
. evaluate the mixture parameter cm,in the SW equation Schmidt and Wen-
zel [113] devised the following mixing rule for w
'L W = [::Z w Z; 3 ]/[jz Z; 3 ] . (6.6)
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Using this mixing rule the SW EOS can calculate the VLE values for a
variety of mixtures [40,112;113,138]’. Howe\..rer'r it was found in ‘this
study that it is not applicable- to hydrogenfcontaining systems since it
.gi\ies rise‘ to convergen'c.e' problems in_ fugacity calculations due to the
aunreast:mablé values of cm' calculgfedjr_om ¢.==3 u_. ‘ |
T

It shc;uld be noted‘that the third parameter, c, in the HK and .t'he
Sw EOS is' a dimensionless 'quahtity whici’t is equivalent to the quantity
uorw in.'Eq.(1.3). However the parameter Cm in the new EOS has. the _
.dimension of volume since cr'n=wn;1bm' Therefore it makes more-sense to
define mixing. rules for quantities which have dimensioﬁS"rqther than
choosing arbitrary mixing ruies_ for dimensionless quantities. Since

both Cn and bm have units of volume, the same mixing rule for bm can

be used for ¢
m

MM '

c, = 1}: J}: Z; 2, ¢ . (6.7a)
with - |

% [{e;2e)/2100-2,). | - ~ (6.7B)

When aij=0, Eqs(6.3,7a) reduce to a Iinear.mixing rule

M . ‘ _ )
bm = JZ zj bj ‘ (6.§a}
M . '
Cr = j.‘: Z; ¢ | X (6.8b)
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Summarized in Table 6.1 is the mixing model for the new equation.

[t is designated as the VDW-A and B, where A refers to the use of two

. empirical binary interaction coefficients (i.e., zij!iO) and B refers to the

use of one coe_fficient (i.e., zij=0).

While . theory requires a qu-adt"a.tic' mixing ruie at low densities,
éxperir;nent shows that at high den#iti;s this rﬁle is not reliable, espe-
cially for asymmetric .and complex mixtures in which the molecules are
not random-ly mixed. The ‘use of kij and zij in the VDW rﬁixing model

can be considered as corrections to the over-simplified assumption that

4

the molecules in mixtures are randomly mixed. By the same token

' they can also be considered as constants characteristic of the nonideal

interaction bﬁetween a- pair of unlike molecules (i#j). At low densities,

- molecules :ﬁ%_ relatively free and do not interfere with one another.

These molecules, regardless of their physical.énd chemical nature’ can .

be considered randomly distributed (or mixed) in space. On the other
hand, due to the effect of intermolecular forces at high densities, the
motion, position and'o_rientation of a specific molecule is strongly affect-

ed by its immediate neighbors. Therefore, at such densities, the dis-

tribution (or mixing) of molecules is nonrandom so that' the quadratic ,

(random)_ mixing rules may not be adequate. However the random mix-
ing assumption is valid at high densities if the molecular size: (orl co-
volulfne)_ of the components and ti‘le molecular potential {(or the internal
energy, u = - #/2) are approximately the same i.e:,ll':a‘i=bj=i:.~ij and

K i=ujj=';.1ij [42,93,114].

- 158 -



JREp———— Y

Table 6.1:

tion of state.

Model Name

VDW-A

YDW-8

(]
Ll ae B BN o B SEEER o Jbe |
LM M X
N
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Summary of the random mixing models for the new equa-



6.2 Local Composition ¢LC) Mixing Rutes -

——

For a mixing model to be applicable to a wide variety of mixtures, it

should be able to describe in a continuous manner the change in behav-

ior of the complex mixtures from randomness at low densities to nenran-

domness at high densities. It should also be able to describe the

behavior of the random and quasi-random mixfure_s in which this tran-

sition is not signifi(.:ant. Therefore, _the"mixing mod ust be able to
S , : ehpus !

1. reduce to an expression for random mixing at low densities,

2 reduce to an expression for__r,iér_irandom mixing at,_,'h_igh densities

3. reduce to the same. expr.'essidn'_-’fh's_ in Condition 1 for -the case of
sl

L]

(quasi) random mixing at all densities. i

The first two conditions indicate that -

of two modeis for the Jow and high dens limits. In the low density

. I .
limit, the model should reduce to a quadratic expression which satisfies

the second virial.coefficient r‘equiremen't_._(Eq.(S.S_)), while in_the .hig;h
density limit it should l‘-educe to th‘e‘nc.:n‘r"ai':dom mixing n_'lodel. -Betwéen
the two density limits the ‘model must, Be. able to describe the degree of
nonrandomness in the m'ix't_qre. Condition (3) - requires that the model
_ be reduced to a quadr;atic e_xpression when applying it té a mixture
w.i":ich is randomly mixed. -

-,

B

Several hixing rﬁodels have been proposed [78,79,136,139,141].

which .are based on the local composition (LC) concept. The local com-

position concept is’ useful for introducing nonrandomness into a model

for complex:liquid mixtures. This concept was introduced by Wilson in

7
*

mixing model be a combination



Y

‘.
-

. 1964 [140] to describe the degree of segregatioh among molecules, in lig-

uid mixtures. In a mixfire of molecules i and+j if the attractive forces
between i-i and j-j are lar‘:ger than those between i-j, molecules of i

tend to surround themselves with other molegules i and molecules j tend
. . . i R/ .
to surround themselves ‘'with other molecuies j. On the other hand'—}f-"‘e

the attractwe forces 1-1 are Iarger than those for i-i and j'j the mol-
, ‘

ecules mix in suth a manner as to form as many i-j nearest neighbors
L :

Y

as possible. In general the local composition (mole fraction), Ziie is
defined by & o R
- Molecules of j about a ‘central molecule i
i
. Total mo out a central molecule i~
with ‘
z..*z.. =
S S
2 me—
where z.. = z., z.. = z. and z.. = z ’
) ji \_\

The metl’aoddergmg local comp051t:on mixing models for,an EOS
is to )\Lcorporate the local .gomposition excess Gibbs energy. [GE) ‘model
into the mlxmg rule for ‘the attractive parameter am' in the equatlon
The reason ‘for us:ng the Iocal composmon GE modeL& is that .;hey can
ca'fculate the IquId liquid equilibria of comp[ex muxtures Both Vidal
and Huron [136] and Mollerup [79] d‘:rwed LC mixing rules for ‘t'hé
paramet_ér a_ based on the nonrandom two_-liquid. (NRTL) model [166],
while -Mollerup [78]. Whitinga '.‘ rausnitz [139] arl'ld Won [‘141] used
the UNIQUACwmodel‘ f4.] as the b?sis.' In"‘rec'ent studies both Mollefup

RO | - 161 -.
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[79] and Mathas and Copeman [71} pomted out that the UNIQUAC type
mixing rule for the ‘parameter an, could not correlate VLE data for sim-
ple hydrocarbon mixtures as 'accurately as a quac.f_ratlc mixing rule_
appli'ed to’ t_l}e same EOS. .Thereforje, only the\-wg-t'yf:e r'ni.xing rule;
proposed by Vidal and Huron (designated as NRTL-‘VH) and by Moller-

up {NRTL-M) aési;onsidered in this par‘;: of the study. It should be .
- noted that the NRTL-M mixing .ru.le is a density dependent local compo-

sition (DDLC) mixing rule.

-

6.2.1 The Density Dependent Local Compesition (DDLC) Mix‘ing Rule

The principal assumh&:&used in deriving the NRTL-M mixing rule .

are -

1. ©  The local composition depends on the overall composition and

density of the mixture.

—

2. ‘_ Tbe local gomposition is mainly ;:Qu_'sed by the attractive ‘forces
be‘éween molecules gnd the contribution of the repulsive forces to-
the nonrandomness is negligible.

3. ;l'he expréssion for the partition function for mixtures can be

. ‘represen'ted _by\ageperélized VDW partition fﬁnction for random

m:xtu res.

4, The analyt:cal express:on for. the attractlve term in the EOS p2
‘ derlved from this partmon t’unctlon remains the same as that for .

-9- 'pure flulds while a new expressnon for the. attractive Helmholtz .

energy, , isdderived from the NRTL model.

-
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——

. Because the local composition is assumed to result from the attractive
. N - . ‘

—

- - . o ’ i
force alone, new mixing rules based on the LC concept will only be for

the mlxture parameter am, since it is dlrectly related to the attrbctlve

-

potenat"al energy The mixing rules for the parameters b Qnd c:

remain the same as those in the VDW mixing “model . .

.1-‘-‘-.--.-...3 o

The generalized VDW partmon function used by Mollerup [79! ‘has

the form

M

_ _1__ 3 Ni -
_Qm-?{Ni!(Vm/Ai) }(vfm/vm) Nlexp(-# /2kT)] It(q Wi (§-9)

t

where Vm is the total volume of the mi;tture, Ni_is the number of mol-

—

| _ ~ M
ecules of compeonent i in a mixture of M components and NI Ni". "The
‘ ' i

‘analytical expressions for Vf and § are the same as those for pure

fluids. Wlth reference to the new EOS for ‘mixture (Eq.(6.1)) thez

[N N . . ‘_'a

Ve = Ve T bm, ) ‘ ‘ _’L/’-;L (6.10)
4m = - (a_/ED) ({2, * FD - ED)/(2v,, * FD - ED)]  (6.11a)
0= _{:m= ©2c b gzsmt?)ir - | "'  (6.11b)
FD=c 3, ' .' | | -  (6.110)

The contributions of the ideal gas and hard-sphere and attractive
rnolecular interactions to the pressure and molar Helmholtz energy of
‘h

mixtures can be obtamed through E£qs(2.2,3)

id - P2 | ‘ (6.12a) .
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id

s

pid = RT/v_ (6.12b)
| a
_ P'S = RTb_/[V_ (v _-b )] ~w. | T (8.120)
PP=-a /v v e ) *b (Bv_ +ec)t (6.124)
and -
A=Al . ARs a2 : S (6.13a)
where
Aid = - '.::d [RTz, en{v /NaAsz) + RTz. * RTz.2n( J.] (6.13b
: i MWV E i R s :
hs ~ ) ' ' .
AN = - RTEn[(.vm - bm)/vm] : Lo (6/13c)
a _ . '
. A% = Na ém/Z. . : (6.13d)

. The first step in deriving the DDLC mi;cing rules is to link an LC

excess Gibbs energy model to the attractive term in the new EOS by

21 A7 R -
P =T v )T.n | ~ . (619

where the attractive Helmholtz energy A? is obtained ‘from an LC excess

Gibbs energy model whose parameters are related to those ih, the EOS.

Based on Assumption 4, the apalytical expression for P? ‘obtained from
L~ 1

- Eq.(6.14) must be the same as that givqn' by Eq.(6.12d). Rearranging

~

’

Eq.(6.13a) gives the residual Heljnh’ol‘cz energy, ARES

ARES o o Ald = ahs . 42 o (6.15)



where the residual property is defined as the difference between the
actual value and the valye in the ideal gas state. Therefore A? is also
a Eesidua! property due to the attractive forces of molecules. An ana-

‘lytical expression is obtained for A by refatipg it to the residual

- (attractive) molar internal energy, uR.Es,. which can be 'derived from

the NRTL model‘;f_-g__‘_Since there is no molecular potential in the ideal gas,
i.e., u.'d =0, the residual internal energy is equal to the molar internal

. ) RES _
energy i.e., u = .

The NRTL equation giv'es arf excess Gibbs energy model (GE) of the

form

GE-f:

\-—-Mg

z;; Zﬁxii o | - (6.163}

'-'Mg

3

The quantity Ap. is the difference between the molar internal energies
I} . . :

of the unlike-pair, Bi (=uij), and the like-pair, Y
T ’_.
Bup =W o w , . (6165

. o i . . L. ; -
where the quantity, zji’ is the local ' composition of molecule j around
molecule i which is defined. a3

) M SR
z; = ( fj Eji)/[i z, E ] ' - | (6.:[6c)

the quantity Eji is the Boltzmann factor define;! as

Eji = exp[\ - (aiibuii)/RT ] ' o . {6.186d)

]
o

where “ji is .the “nonrandom parameter which accounts for the nonran-
. ! . )
domness of the binary mixture uji should be zero for random mixtures.
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In order to find an equivalent .e:gpr'ession for A? Mollerup [78] N

+assumed that A ' ' °
cE = uF = AF | . (6.17)

where the superscript, E, denotes an’ excess property which is the dif-

ference between an actual property value and the value calculated for

an ideal solution. Wheq GE=uE, uRES (allr;d 1) can eaSil’y b'e‘ related to
' GE through the definition of the excess property
: | M | M
WEegRES L WSS ey r (6.18)
. . 1 |
Thus,
3 § . - T : .
S TM M k' | _—
FrElz Pz _ . . (6.189)
J o . ’

If uE=AE then the residual (attractive) internal energy is edwal to the

residual attractive Helmholtz energy [78], i.e..

e JRES = = A2 ) © (6.203)

y : . '
RES _ _ .a ”* .
Wy S “_ii = Aii ) | {(6.20b)

Therefore, the expression for A® should have the same form. as that

P for u | ' : . L
— a M M '
7 g ',
. ARz - ©.3)
— 1 J . ® !

o

where the local composition, zji' is defined by Eqs(6.16c,_d). For the
~complete description of A? anal}\ical expréssions for “ji an‘d.uii in terms
of the parémeters in the equation of state is required. Based, on the

' - 166°-
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" method used by Mollerup the following expressions are obtained for ot

and u; in terms of the_ new _E_OS’ ‘parameters

Wi = (gji./Eﬁ] zﬁﬁzvm_»po~ED)/(zvm«FD-ED)] B | (6.22a)
b = - (a/ED) tn[(2v,_*FD*ED)/(2v_+FD-ED)] . (6.22b)

7 where 3; (ai\aj.)i- '{1'.kij). Thus both K and ui‘i are density depen-
dent. S‘uBs"tituting Eq.{6.22) into Eé.(G.Z'I) yields

1] v &

A% = - (a_.o/ED) Zn[(2vm‘FD‘ED)/(2vm‘FD-ED)]. : (6.233) - —
where . o | T . ' : ?
MM - . |
ao” ;‘: zi,j}: zji aji ) - : (6.23b)

Substituting Eqs(6.22,23) into Eq.(6.14) yields a new mixing rule for

the parameter a
m -

ag = am0 . am'l - : . - (6.24a)
wl'.\ere-' o .
a . = ==C0 __ ;0[(2v_*FD*ED)/(2v_+FD-ED)] © (6.24b) —
;;n'l RT (ED) m m* ) .
‘with | ;" i |
M M R M :
.GQ = [ |I 2, ;‘l z; (aji -'i z,; aki) aji] ﬁj.24c)

A summary of this mixing model (designated as NRTL-M) is presented

“in Ta'ble 6.2. It contains three empirical coef‘ficients dji t?aij), kij and

nij. It satisfies the three conditions set out at the beginning. -

a '
Y . ®

- : . -7 -




Table .6.2: Summary of the local: compos:tlon mixing models for the
new equation of state. -

¥odel Name _ Mixing and Combining Rules _ Notes
NRTL-M 2, % A t Ay ED = (cnz +2.b ¢ dez )H -
MM . FDec s
G, " f " § 24 aJ‘ vy - (a1 }j) (1- kji) n m

4
% n n 23 8y ) =
3 = 1 B 'j‘: Zyg agq {agq - L2 ¥ Yagl ey

XM NN ST Y Ezi
. Q.. Au
Hg (c1+c) Ei-exp[-—-ﬁ—-ﬂ—! :
T, =Ltz 2y c3:‘1> €5 = 1- zj,) RT :
i3 . 2. .
' Bugy = by = w4
a 2¥_ + FD + €D
. uji - - L m[ ] .
% ED 2V - ED -
3 ‘eY_.+ FD « ED
HH - "'_1- n m—.'—_]
ED 2¥Y_+ FD - ED
m
M a3, ° 2b, +FD, + ED ' 2b_+ FD + ED
NRTL- VH a3, { Tz i en—1 L LY 1/ WD KD = [ta(————1/ €D
g £D b, + FD, - ED 2b_+ FD - ED
. b i i i m
M M
E - 2 vk
[} - b gb
Sam by T2 g BBy el 2oy 8hy T
= M M FDy = ¢4 + 3b,
bm'gz‘ibi. -';:z{ci
z! b! Eli
. : 244 ®
- : M
) rz, b, E
LN n g Lt [}
I.-— ,'l r



. 6.2.2 The Density Independent Local Composition Mixing Rule

Because it \A;as derived based on the excess Gibbs energy at the
infinitg ;-:n?essu:'-e limit, the NRTL-type mixing rule of the parameter .‘;"m
proposed -bs} Vidal- ana Huron [136], NRTL-VH, .does not depend on
density. At in"l;inife pressure, they assumed th;t the volumes of mix-
tures and pure components are approximately those of the co-volumes

predicted by the' EOS

v_=b ' ) : (6.252)
v.=b p - (6.25b)

Based on their derivation the first step. is to relate the molar excess
Gibbs energy GE to the fugaci-ty coefficients of the mixture, ¢, and

pure components, ¢., using the following thermodynamigc relationship

GE M . .
TR'T-': En ¢ - IE Zi in ¢i (6.26)
where
o
tn ¢ =-L—T-ff (v, - B0 ap | ' (6.272)
S en g =1 sP (v - RI B ’
7 tn ¢ =T I (vi - P ) dP ‘ . . - (6.27b)

Apply\n\ng Eqs(6.27a,b) to the' new equation gives
T/ -

P lvys b)) Py

in ¢ = -2n [ ] - —~m
. RT RT _
) a . - -
-— T sn [(2v_+FD+ED)/(2v _+FD-ED)] -1 (6.78a)

L

‘RT ED
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P (vl- bi) Pv -
£t ¢. = -&n i *
' RT RT
a. ~ . S
-—1—tn [(2v,FD,*ED,)/ (2v;*FD;-ED,)] -1 (6.28b)
. RT EDi . : :
where
ED, = (¢ * 2, + 95,77 B | . (6.280)
FD, = ¢, *3b, , | (6.28d)

\

At infinite pressure Vidal and Huron assumed that the molar volume

of the mixture could be calculated from the molar volumes of pure' com-=

ponents using a linear mixing rule

M _ : . o

Vo © f z, v ‘ o i (-6.29) .
From Eqs(6.:252,b) RPN ~
. .‘ M- : ) ' .. i

b =1zb - N ) - (6.30)

-

Therefore, at infinite_pressure' Eq.(6.26) becomes

6E=- ((a_sED) tn [(25,,"FD*ED)/ (26, *FD-ED)]
M ' e M ) . .
. z’.[(ai/EDi) tn[(20;°FD;"ED)/ (26, FD,-E0)]) (63D
i 4 : , .

. where the symbol, =, ‘denotesﬁa property at infinite pressure. Rear-
-ranging Eq.(6.31) gives a new mixing rule for 3

M . ’ - . )
= - - - - . E
3 = { lz z; (a,/ED;) 2n[2b;+FD;*ED;)/(2b; FDi. ED,)] - G_}/HD £6.32a) ,

where

L Co-170- 0 T s




" HD =%5 n]_(Zb *FD*ED)/(2b_<FD- ED)] - (6.32
M
:
I

) E

G- = Z z.. Au ' : - ) (6.32¢)

- L 1 . :

. ) J» : . -

b with =

M T : : |

z.. = (z.b.E. )/(Z z,b E, .} SN . (6.32d)

o j 1 ;1 r. L7201 @ .

£, expl - (e TD/RT) 7 X f632e) <

fI o
~ Based on- their metgod, the following expressions for ‘Nd u;'i ace

defined in terms of the new EOS parameters

Au;i = u;i - u;i* . ) | (6.32f)
1Y b) (u;',_urj)*u -k.)1/(b, *b) o (6.32g)
. { . *

W7 = - (a/EDY) en[(2b,*FD.ED)/(25°FD-ED)] = (6.32h)

It should be noted that there is no volume term in any of the above
equations. A summary of the NRTL-VH model is sented in
Table 6.2. b |

Two.‘optiéns were suggested by the original authors™ for selecting
. the empirical coefficie_nts to be used.in the NRTL-VH mixing rule. ]:’tié

first option uses two coeffici'ents kij (= i ~and % (=aji) to fit binary

Fd . . . . .
mixture data. ‘However the mixing rule does not satisfy Condition 3),

since as shown by Eq.(6.33) |t does not reduce to a quadratnc expres-

sion at u, =0 : . ‘ -
MM . 2b *FD. ‘ED ij‘FD ‘ED

!
SEEE LY i (435 75, 6p.) ‘“‘zbﬂ-“n -ED, ) _ -
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th‘FD*ED ) '
/- tnm)} - (6.33)
m | >

. with
. - *

The second op_tion' uses three empirical coefficients, «

ji: ) Mlli and

A"“Fj‘ The reason for ,selectingAuj\&nd Au:-'j rather than kij. is to take

_ irto account the differences in molecuvlaf/?

ractions when ejther mol-.

-

ecules i or j is the central_molec‘ule. However, \n this tase the value

of @ Can never be zero so-that Condition (3) can never be satisfied. ~

Also because the- NRTL-VH mixigé rule is not density-dependent, "it .

cannot reduce to a quadratic expressidn as the density approaches

zero, thereby not satisfying -Condition {3). In principle, this model is

unable to describe the degree of nonrandomness in mixtures which are
- -

between ' the two density limits. However, from a computational view-

point the NRTL-VH r':?:leing rule is advantageous over the DDLC mixing

rule since unlike the NRTL-M mixing rule it dges not contain volume

terms which must be detefmined iteratively.

-

+ In this study, VLE and volumetric data-of normal fluid binary mix-

tures are used to-test the new EOS with the VDW-B ( Eij='0] mixing

model. Due to the lack .of volumetric Jata for complex mixtures, only

P

'VLE (P-T-composition) data is used to test the new EOS using various -

.mixing trodels (VDW-A and B,

.é - \ ' . ' - 1-

.- . * v . * "C..A-' 172 r /—\

NRTL-M and NRTL-VHY. It should be
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»

noted that multicomponent‘ mixture calculations. 'are. carried O-I_.lt by
'grouping all componen.ts into baﬁs.‘ _Therefore, accur'até representation
of the properties of each pair is the necessary conditi.on in order to
represent the properties of the mixture“ accurately. In these calcula-
tions the maximum number of empirical coefficienf:‘: is_ limited to two
- ,§ir'1ce_u'sing- more than twc':a- émpirical but adjustable (:oe);‘fi'cients is not
p?acﬁcal for routine calculation and qoﬁrelatién. The two empirical .

coefﬁcie:its used in the NR_TL-M and the NRTL-VH models are uji‘and

k... | . : ‘ . - - ] . _‘ ~
f) . .

“ie
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. Chapter VI
CALCULATION OF MIXTURBfRPOR-LIQUID EQUILIBRIA ‘
< L7 - ! . -

AND VOLUMEYRIC PROPERTIES BY THE NEW EQUATION
. ‘ NS - h

. ' " OF STATE

'
. ' - .. ' s
7.1 General. Considerations :

At given temperature and.pressure the phase equilibrium condition

,of 2 mixture in ‘the vapor and liquid phases is that the fugacity of each

component in both phases are equal, i.e., ' .

e, T, x) =R YLy (7.1

-

Fal ) [
" whire fi is the fugacity of component i in the mixture and X; and y; are
'fhe mole fractions in the iiquid and ,vapor phases, respectively. When ‘.

calculating the P-T.->gi-yi -eq_uilibrium relationship by means of a.n EOS,-,

e

it is more convenient to use the fugacity coefficient, 35" which is

defined as [132] : . ) ﬁ |
$H(p, T, x) = F/x.p . (1.2a)
AV - . | ) v * \
BU(P, T.oy) = F/y,p . -y (7.2b)
Thus Eq.(7.1) becomes - ‘- b
-'}‘7.»1_'\» ‘ oo ,;"-
J-Xi‘)i = Yigl X _ . - . (7‘.3) .
which ~after.~ rearrangement, gives equilibrium l%tio_, 'Ki - -
- ! - - _ *. ' " _‘ Y
‘ 174 g L
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Ki= yi/.xi'— °i/°i (7.:4)

Eq.(7.4) serves as the ‘key'equation for mixture VLE calculations and

~

represents complex expressions of T, P, X, and Y;- From the phase rule

there are M degrees of freedom in an M-component VLE mixture which

—

must be specified. However, there are 2M variables, T, P, Xq. X

2'
. . M - M
Xq .-+ Yq. yz, Y3 .- where ;‘: xi=‘I and % yi=1._ Thereforj_e: the

—remaining M variables may be obtained by solving Eq.(7.4) simuitane-

P ously for each of the M components. Depending on the variables speci-

—

fied, the VLE calculations can be categorized as

/’
(2) Bubble-point calculation - calculate Y; and either P Cﬁ,T £57 a3 given

Y

X and either T or P,

(b) Dew-point calculation - calculate x. ‘'and either P or T for a given

Y; and either T or P,

(¢c) Flash calculations - calculate X, and vy, for given T and P and over-

all éomposition.

¥ There are many books available (Prausnitz and Chueh [91], Holland
[56], Van Ness and Abbott [132]) which provide algorithms to perform

the above calculations.

ln this study, the new EQS is tested by performing flash calcula-
tions for binary mixtures of normai fluids .and by calculating the .

Bubble-point préssures of complex mixtures.

U
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7.2 Expressions for til_é Fugacity Coefficients

The analytical e;gpression for ;} can be obtained from either one of
the following thermodynamic relationships [99]
Ay o1 RES | '
tn(y.) ==7(nA /a"iJT, v '"j - _zn(zm) - _ -{7.5)
T oen(9) = [Tr( )" (v ] @V - n(Z ) (7.6)..

where Z =P vm/RT, n. is the number of moles of component i’ and

n=§“ni is the total number of. moles in the mixture. Eq.(7.5) can be

rewritten as : B

2n(s.) =:_‘1R'? ('[_a'iiAhs/ani]-*[anAa/aﬁi]} - tn (2 ) (7.7)

-

Eq.(7.7) is used to -évaluate'ai when either the" E&S‘cr'its mixing rule
causes Eq.(7.6) to be cumbersome or impossible to integrate analytical-
ly. When the density dependent NRTL-M mixing model is used \;vith an
EOS there is no analytlcal solutlon for the integration of the attractlve
part of the EOS in Eq. (7 6). The expressiofs fm the new EOS ;
for the  three mixing models (VDW, NRTL-VH, NRTL-M) a.rg given

below.

(I)Vthe VDW random mixing model

. M ' C
tn(3) = - ea(l b /v) 21 Zbi- b1/ Cv - b))
| - ! ‘
Sam e - Eer Y+ ) a -z (7.89)
mC Cai TS i ;jaji T’ °m ™ e
LA -
where ‘ Ve .
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T

Y . Y -
F=2t5 !.n[(2_vm*F‘D‘ED)/(2vm'I.:D-ED)]

-

Fni = F [1 - (EDni/ED)] ) {[(FDni- EDni)/(va FD+*ED)]

- [(FD,; -ED_.)/(2v, *FD-ED)]}  (7.8¢c)

M - M EE
"1_ - * ' L] . o
ED; = ED[Z;‘: zjelentby) 2jz, zb,le, gbm)\ -
- 2 2 - -
(795 %) - 25 c] o (7.8d)
M M- ' : - .
O = 22 7 * 3F gy < (g 30y s

(2)the NRTL-VH mixing model

En(qsi] = - zn(jl -bm/vm) * bi_/(vm- bm) - (am/T) Fr;i
F, = F : o
- ("..[T) ani -r(?) am- - En(Zm) 3 x (t.9a)_’
where ,
- i 1 'M - E - Lo
a . = HD’{ HD [(iz" zl.(ai HDil -G_) * [ai HDi- GDni]
Mo E
- - [?2 zi(ai HDi) - G:]-HDni} - (7.9b)
: s . - :
- - - - M - - - - l .
. GDni = (Di/Ni) > i(zk/Nk)[uik- (Dk/Nk)] ,(biEik) (7.9¢)
M . ‘ ) .
o= b.E. .y, ' . (7.9d
. [,)k J}'. Z,.b;E]_ku;k ) ( )
- M _ o : B -—
Nk = i zzngzk B . (7.9e)
o : M
HDni = HD (T-EDni/ED) *E{[Mj}: zjbii-me‘FDni‘gDni)/

M | .
(me'FD*EDJ]-[Mj}: zb;2b *FD_.~ED .}/

‘-_177' -
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L / |
‘W(2b_+FD-ED)]} ' (7.99)
(3)the NRTL-M mixing model |
con(2) = o e Ve b
en(s;) = - en(1-b_/v_} + (2t zjbji'bm)/(vm b.)
N - (apg/T) Fpi - (3 /T) F - enlZ) o (7.10a)
where . s

. M .
a . = (D/N) * i(zk/Nk)[aik-(Dk/Nk)] Eix

LR/ ag - o : | (T.108) .-
M M e ‘ '
ag * i(zk/Nk)j}:szjkujk(ajk-a'k)[ajk-(Dk/Nk)] - @0e)
M - . - !r—‘.‘ - .
D, = ;‘:‘zjajkEjk » | (7.10d) -
.M e
Ny = : zE | , (7.10e)

" and the quantities F and Fni are given by Eqgs(7.8b,c). These expres- .

sions "2re applicable t§ both liquid and vapor phases. e e

7.3 Computational Schemes for VLE and Volumetric Calculations
: %

-

-

A. VLE Calculations

ol

The algorithms which are used for the flash and bubble-point calcu-
"+~ lations are presented in‘Figures 7.1 and 7.2. As shown in Figure 7.1,

except when the DDLC mixing rule-is used, ‘the flash calculation has
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calculate. i . N
3. by &

adjust
RIERT

oy ge kg

outer

1m‘é

- caiculate . ’
l’l' S —
n 1{quid and vapor L
phasey aiculate
Ige h-‘ ‘a
caaleulate Sn Mautd and
| Yapor
a, from VOM model I i pe
L, et _O phases
134 JL
" calculate
caleulate . £ v et ey
. 3 v - '.. “"- '01. '31
s, Y
e
t t v v 1,-_-9!
Ya "YarYa " Ya q o:
L 4
T - 1rrer
locp 2 .

| calculate
A Eji from DOLC model

l c“-q. k =0

'

calculate

L -V
- Ya' 'n

- 179 - : .



LS

. | catculate

.o o s By €| - -
_'-._ .[ ot r
. . | osme b,
~ BT TR _>
or .

_ ' B %ig0 M |

-
adfust
: "Ryt
- or
LTIRT
P
- caleulate )
ad .
. .b-' ‘a ) . outer
4n T{quid and vavoy ~ . loop ) .| loop
: p""fl” : T anlclate
a. b,
calculate . Ve
a from m sodel ln 1iquid and upm]' .
K _’1 0 .| ~ phases .-
134 I} ; :
. . o
calculate ¥y '-x,—r
calculate . L v oAty {i L
- ' Ymr %4 ¥
L M | : x 3
l.'. L v'_ v ;I. . adjust
\ Y Ve Yy " Va 4 . -
®
calculate @
8. gy from OOLC model
I g_,”-o. "15'0
- —
calculate inner
loop 2
S
Figure 7.2: Flow diagram for the bubble-point calculation.
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LA
two iteration loops. Inner loop 1 calculates the equil'il:irium' ratio,, K.

for each (xi,yi) until the value of Ki is constant. The initial- *gueks for

K; is calculated from the experimental x. and vy.. The outer Io_op

-

adjusts the binary interacfion coefficients (k and/or 1') \to minimize

the dev:at:ons between the calculated and experlmental X, 's and Y; 's.

+

The objective funct:on, obj1, 'is 4 ' ' T ~‘.‘~

~ ND | <

el =. {f [(xi;calc' X3, expt)z* (yl cale Vi, expt) ]}/ND [-7'1-”

where the subscripts, calc and ex-pt, represent the calculated and the
experimental values, respectively, and ND is .the number of data points.
The golden-section optimization r.néthod [32] is used to adjust the t;inary :
interaction coefficients in the mixing model. . —

Wnen ltne DDLC mixing rule is used to evaluate th‘e' parameter a, an
additional iteration loop. (inner Igop\Z) is required to ;:alculate the
Boltzniann factoF;T Ei_j and ‘Eii’ which contain the mixture molar volumes
that must be calculated by trial-and-error.- Initial estimates of the mix-

ture molar volumes (v:"_l and v:’n) are obtained by solving the new EOS

coupled with ‘the random mixing model. From these values of v:'n and

[

v:‘, the' first estimates of E.. and E.. in the !iéiu"id and vapor phases are.

—

calculated. The new .EQS then used with the DDLC model refines the

values of Vm and “rn and Eji and Eij‘ Generally, it requires four or five

iterations until the values of v; and v:_' are constant.

As can be seen in Figure 7.2 there are three iteration loops for the

,bubble-_y_:oint calculation which are basically the same as those in the

-

flash cdfculation. However, the objective function, obj2, used is '

IS g
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ND

£ eb2z= [1ep )llPexpt]I}/ND (7.12).

cale ~ ex pt

__For inner loop 1 the experimental P and y; are used as initial estimates

“/and: P is adjusted by means of the S\ecan'g method [63] until

-

Y; .=

|,calc-.:'_ . 7 | < -

_Amg

B. Volumetric Calculations -

(1) Saturated !i'quid and vapor molar v‘c:!urnes of binary mixtures

Two methods are used to calculate the saturated liquid and vapor .
molar volumes of bin-ary mixtures. In these calculations the VDwW-B
mixing. model_‘!vfas used to evaluate the mixture ‘parameters a_ bm and
cm.' | -

Method: 1: input pr-es;u.(e, temperature, compositions

In this method the experimental values of P, T, X; and y; are used’

as ‘inp'ut data to calculate the saturatedjliquid ar{d vapor .moIar' volumes

(v:;‘ and v:_:_l). Because the liquid and v3por compositions are specified

———

equilibrium calculations .are not requir The binary interaction %oef-
ficient, kij.' is determined by minimizing the objective function, obj3,
" ND .
obj3 = (z [i(v - v, )1/vE

m, calc m expt m, expt]

_

* [!(v - vy vy, expt]}/ND : (7.13)

m,calc m,expt

Method Il: Input pressure and temperature only

B b4
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This method is a flash caiculation. The satu'i:ha_'ted liquid and vapor

molar volumes -are obtaiged.by solving the cubic equation while satisfy-r-.'

ing the phase equ'ilibrfum condition. The Einary interdction. coefficient, -
3 Y

kij' is determined by minimizing the objective fun&fion. obj2,” in

Eq.(7.12). It should be noted thai_: in_this method the accuracy of the

‘ calcélated Vrzn and v‘r:‘ values is - affected by the accﬁracy of the calcu-

late x, and Y;-

&

.-

) Y

. (2)\C‘§%mpressibiljty factors in the fluid phase T

. .-

In a fluid mixture the compressibility factor, Zm’ corresponds to the

positive root of a volume-cubic EOS. The remaining two roots are

either negative or imaginary.' The experimental P, T, x; ‘and yi.}e

used as input values for the EOS and the binary intéraction coefficient,

kij' iS_ obtained by minimizing the objective function, obj4,

* ND

obi4 = {f l:I(:',’rn,t':alc: B zm'eth).l/zm,'expt]}/ND _ (7.14)
7.4 Results and Discussion Ve .

7.4.1 Norma! Fluid Mixtures

For normal fluid ‘rnixtur'e calculations. the new EOS with the VDW-B
n;ixing model -is tested using a totalf of 3340 VLE (_T-P-xi-yi) dafca points
of 37 binarngstems at 166';;;herms ar;d 1648 experimental values of
saturated liquid and vapor, molar volumes of 14 Binary systems. at 76
isoth"-rr-zs and 3727 experimental values of the fluid phase compressibil-
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» PR

ity factofs:of 16 binary systems at 71 isothgrms. The binary systems

" selected can be cl;ssified into three sets bBased on the mixture.proper- -

PP

\\‘
\

ties cori?fae’;ed‘ Each set is further divided. ihto .sevérél. ’grousSS' in
at.:cordance' with the chemical nature of the systems. These systems are
frequently ent;ountered in thé natural gas and petroleum industries.
1. Set1: Vapor-{iquid equiiibrium \;/a!]'ue; (PT-compusition)
i 1-1: Carbon dioxide (CO2)-Hydrocarbon (HC).
* 1-2: Hydrogen sulfide (H2S)-Hydi¥®arbon (HC)

1-3: N.i-trogen' (N2)-Hydrocarbon (HC)

1-4: H‘ydrctarbon (HC)-Hydrocarbon (HC) T~

¢ .
Q_V Set-2: Saturated liquid and vapor molar:volumes -

2-1: Hydrocarbon (HC)-Hydrocarben. (HC) —_—
2-2: Carbon dioxide (CQ2}-Hydroearbon (HC)
3. - Set 3: Compressibility factors in the frluid phase

:’3-1‘:" Hydrocarbon (Hb)-Hy’drocarbon (HC)

3-?: Carbon dioxide (CO2)-Hydrocarbon (Ht)

3-3: Nitrogen {N2)-Hydrocarbon {HC)
Comparison between the. calculated and experimental values for each of
the ;hc;ge sets are presented separately.l These results are compared
with those obtained from' the SRK, t'he PR _and the SW equations. The

e : . . .
mixing modéls that are used in the SRK and the PR .equations are those

- defined by Eqs(G._2,8.a). For‘the SW equation, the p.a'rarﬁeters a and

p—————

bm are also evaluated us‘ing Egs(6.2,8.a), while Eq.(S‘.S) is - used .to

calculate Wen from™ which cm(=-3 vm) is obtained. Exvx;ressions for ;:

cqrrespondip'g to the SRK, the PR aqd the®sw equations are given by

the original authors [119,88,113]. 5
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7.4.1.1 Calculated Vapor-Liquid Equilibrium Cot_'n_ppsitions
.-.‘:'.‘\ ... - - ) . i y - . ) .
‘Presented in’ Tabw average absolute deviations in the |
- - oot T ' — -
vapor and liquid equilibrium.gompositions of the binary systems selected '

in Set ‘i, where the average absolute deviation (AAD) is defined -ﬁ_—"/

. ND S o | : :
AAD = {7 [l(calculated value - experimental value)|]}/ND (7.152
1 '

Also reported in Table 7.1 are the values of kij used in theymixing
~ . T '

models of the SRK. the PR; the SW and the new equations.”

Summarized in Table 7.2 are the overall average deviatigns in X, and

or

y'ri'for each group in Set 1. As can_be 'seen there is no significant dif-
ference between the four equations in the represent'atiori of liquid equi-
librium compositions for each of the four groups in Set 1. For the 1699

. data points the overall average absolute deviations in X, given by the

3 3 )

four equations are betu}een "8.0 x 107 énd 8.0 x 107>, In general, the

four EOS have larger errors in X; for the systems éorﬂ:aining H2S and

N2 than for the CO2-HC and HC-HC systems. . _ T

-
I3

_In the. calculation of Y; the performance of the four équatidns is also
éimilar. For the 1841 data points the overall average absolute devia-

tions in Y; given L::y tHe four equa.tion:s are of the same order of magni-

" tude as those in xi._;_B_e_IabveI\l/ large errors in y. are predicted by_: the
- ' r\ Il . .o .
four equations for'systems\containing nitrogen.

Examination of Table 7.1 reveals that none of the four equations is

consistent!ly better or worse than the others. In general, .‘with the use
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Tabie 7.2:

Overall average absclute deviations in equilibrium tompo-
> sitions calculated by the SRK, the PR, the SW and the
new EPS. - Cn
' e
Average Absolute Deviations of ax-103
. No. of = Data’ ¥ . o
Isothemms Points - SRK PR . . SW__ - __ NEW
C0p-HE 31 316  10.7 10.9  9.17  9.73:
K HpS-HC 9 102 11.8  12.4 12.0  13.0
) Np-HC 13 115 . 15.4 15.1 15.3  15.3
¥ peonC 113 1166 8.04 . 7.43  6.77  7.30
) Overall 9.26  8.90° .8.11  8.64
Average ' .
Average Absolute Deviations of ay-103 -
C02-HC - 28 288 9.62 -, 10.4 9.03 9.09
HyS-HC 9 - 102 9.46 998 ; 8.74  9.89
. o n
No-HC 13 115 - 14.9 11.5 12.2 11.4
HC-HC 110 1136 9.31 8.82 8.24 8.15
Overall 9.78 9.36  8.65  8.66 .
- Average
<
. ~
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& of kij in their mixing models all four equations can satisfactorily repre-
sent VLE of the binary mixtures of normal "fluids below the critical .
point. In the critical point region, all equations. tend to ‘predict too
large a2 two-phase coexisting region. This becomes particularly obvious

for systems in which the molecular size of the components is quite dif-

-

+ - —

._'ferent. As examples, plotted in Figures 7.3, 7.4 and 7.5 are the
.vapor liquid equnllbrla calculated by the new EOS for the N2 C'l
CO2-C10 and C1-C10 mixtures at several selected isotherms. As can be
seen for the N2-Ci systam in wh-ich molecular size of the two compo-
nents are similar, the new EOS with .the VDW-B mixing model can cal-
‘culate VLE values which are in good agreement with the experimental
below and including the critical point region." I;lowever, it can only
give .good account of the VLE for the C0O2-C10 and C1- C'IO systems
below the critical point. Similar behavior is also exhibited by the SRK,

the PR and the SW equations.

With reference to Table 7.7, several.additional pai¥ts concerning the
prediction of VLE valaes by the four equations are: | |
'i For most systems, the-equatibn:; tend to have Iarger er‘rérs in
the liquid composmon at lower temperatures and in "the vapor
composition at hlgher temperatures. e - -
2. The values of ki for the HC-HC Léns are of the order of
’ magnltude of 10 2. For most of the systems contammg C02 N2
‘ and H2S the' .values of k.. are larger, espgc:a[ly for the
coz2- -containing systems, whn:h are of the order of magnitude of

10°).
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_ Comparison of experimental and calculated VLE values.,
" for.the N2-C1 system at 113.71 and 172.04 K.

Figure 7.3:
N
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205 B
L COx-Cyo \ . ,
(Reamer & Sage, 1963) 44426K
1as* F:tltical Point :.' * .
e Oe Data . ; \
| ——" Predicted '.
Te - kij .‘c ]
185}~ 31093K 01089 ‘
444268K 03088
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) &
. 1
145 “
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]
’ 125 L '
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. Figure 7.4: Comparison of experimental and calculated VLE values
for the CO2-C10 system at 310.93, 444.26 and 510.93 K.
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Figure 7.5: Comparison of experimental and calculated VLE values

for the C1-C10 system at 310.93, 444.26 and 510.93 K.
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e
3. The SW EOS can represent the VLE for the C1-C10 system
slightly better than the other three equations while the new EOS
is better for the C2-C10, C3-C10 and C4-C10 systems.
4. It is more difficult for an EOS to represent the VLE of binary
systems containing CO2, H2S apd N2 than for fhe HC-—HC sys-

A
tems.

- Based.on the above observations although the four equations did not

give comparable results for ;':ure component calculations they do 'g‘ivé
sirﬁilar results when calculating VLE of nt-armal fluid mixtures. This may
be partly due to the use of kij_fn the mixing model which céﬁnsates
for the inadequacies in the EOS as well as in the mixing models.. On
the other hand, several ‘a'uthbrs {33,35,118] have pointed out that the
most important factor which  influences the prediction of VLE is the
accuracy of preﬁdic‘cing the pure component vapor pressures. Since g™

four equations have similar accuracy in predicting vapor pré;sures they

should therefore have similar accuracy when predicting VLE.

7.4.1.2 Calculated Saturated Ligquid apd Vap;:r Mixture Molar Volumes .
T /
" Presented in Tables 7.3 and 7.4 are the average absolute percent"
deviations in'-v;‘ and 'v; at each isotherm predicted by the four equa-
tions using Methods | and |l, respectively. Also included are the vai-

ues of kij that were used in the mixing models for the equations. It

should be noted that the average absolute percent deviations in v; and

v”m calculated from Method !l are, in general,\ higher than those calcu-~
lated based on Method I. This is because in Method | deviations in V:n
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and V;’n are minimized whereas in Method 1l deviations in xi. and Yy; are
minimized and V:': and v;l are then calculated based on these results.
As cah.-.t_siﬁe'n the new equation has the smallest average absoluter'per-

cent deviations in v:'n for ‘most binary systems especially those whose

molecules are of different sizes i.e., Cl1 and C10 and CO2 and C10.

Summarized in Table 7.5 are the overall average absolut_e percent
deviations in v:n -and v“ .calculated based on Methods | and 1l. It
should be noted that the new equatlon has the best overall performance
of the four equat1ons when calculating vr' based on- either method. For
Method -I, the new equation has an overall a\)erage absolute percent
deviation of 2.31"% compared t& 2.92% for the SW equation, 3.37% for the
PR equation and 9.91% for the SRK equation. Fo;- Method 11, 3.77% is
predlcted by the new equation compared to 4.69% for the PR quation,

5.23% for the SW equation and 14.7% for the SRK equatlon In both

_methods, the SRK equation is the least accurate of the four equatlons'

/

and its results are not acceptable for engineering applications. -

P

As shown in Tables 7.3 and 7.4, the four equations have"comparab'}g

.devi'atio_ns in V:_l for most systems tested. All four equations have a

tendency to predict larger errors at higher temperatures. Howevery
N ]

the results shown in Table 7.5 indicate that the néw EOS gives slightly

'be;cter overall performance than the PR and the SW equations which are

bettér ‘than the SRK equation. For Method |, the new equation has an

average absolute deviation of 1.94% compared to 2.02% for the SW equa- -

tion, 2.09% for the PR equation and 2.54% for the SRK equation. For

L
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Method 11, 2.45% is predlcted by the new equatlon compared to 2.46%
‘for the SW equat:on 2.69% for the PR equatlon and -4.01% for the SRK

equation.

'Wh—en caleulating both liquid and vapor molar Vo!umes Iar'ger errors’

are predicted when approaching: the critical point, especially in the‘liq-
' ;:id phase These errors are severe for the SRK and the PR equations.
_ Experlmental and calculated saturated liquid and vapor molar volumes
for the CO2-Ci0 system at 444.26 and 510.93 K using the newiquatuon
and the VDW-B model are compared in Figure 7.6. As can be seen it
Eecomes _increasingly difficult to represent the saturated molar volumes
at higher temperatures. and in the critical point region, especia_l[y.in the
liquid phase. How&er, a; both temperatures the_results obtained frbmi

Method | are better thar’:. those from Method 1.

It should be noted that the valees of kij obtained based on Meth-
ods | anc.i I (Tables 7.3 and 7.4, respectively) ar:_e different not ‘only
ini'humerical value but also in sign.' fhose from Method. | are neg-ati\?e
for most iso‘-therms, .whereas those from Method |l are positive under the
same conditions. For ‘both methods the values of kij are not constant

. -
but are temperature dependent.

,.

The magnitude ef kij can be considered as a measure of the corree-‘
tion that is required in order for the. EOS and its mixing model to
accpr‘?ately represent rnix:ture pr;eperties. The values of kij in the new
EOS with the VDW-B model are usually smailer than those in the SRK,

the PR and the SW equations _witl:r their respective mixing models. The
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molar volumes of the CO2-C10 system at 444.26 and
510.93 K. : -
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SRK equation with its mixing model requures the largest values of k

Therefore one may asstme. that of the four equatlons the new EQOS \mth

the VD_W-B mixing model requires the least correction while the SRK

Q'e’ﬁuation and its n::ixing medel requires the most ‘in order to represent
v:n and V:n for most systems. One of the reasons why. the new EOS
requlres the smallest k - values for the four equations for calculating

L

Vo and vm is that it was best able to represent v!' and v’ for pure

component. It should be* noted that the new EOS which Aﬁas the _small-

e ]

est k.. values also has the best overall performance when oalculatiﬁg
and v;. On the other hand, the. SRK which has the largest values of ]

kij has the poorest overall performance of the four equations. By the
same token, having obtained similar values of, kij for the four equations.

(see Table 7.1) the overall performance of the equations in calculating

- ——

VLE values does not differ very much. ] ‘ B

e

7.4.1.3 Calculated Compressibility Factors of Fluid Mixtures

-—

-

Shown in Table 7.'.6 are the average absolute percent deviations in
the mixture compressibility factors, Zm, calculated by the PR, the SW.
> .

and the new equations. Due to its poor berfor'rnance in calculating sat-
f 4

urated liquid mixture molar volumes, the SRK .equation is not.included

- —

in the comparison.,.-AIso included are the values of kij used in their
r:especti\fp mixing models.‘l As can be seen the SW and the new equa-
_ tions give comparable results for most';mixtures. Both equations have
average absolute deviations ‘of about 1.5% for mos.t systems. All three

- equations predicted larger errors in'Zm at high pressures. Experimen-

'R,
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Table 7.6: Average absolute percent deviations in the compressibility
' : factors of fluid mtxtures

——

Kij _ Az -I

m ave
. SYSTEM _ .- ND T/K | PR SW NEW PR SW NEW | Ref.
G -nC, 43 |294.26 .| 0.0350 |-0.0544| 0.0009 | 2.89 | 2.67 | 2.77
45 1327.59 | 0.0382 |-0.1019(-0.0451 | 1.44 4 1.34 | 1.67{ ;o
45 1360.93 | 0.0086 [-0.1575/-0.0860 | 0.95 | 0.82 | 1.25
45 1394.26 | 0.0230 |-0.1780{-0.0838 | 0.65 | 0.51 | 0.88
¢, -n-C3 “{s2 1277.59 | 0.1283 {-0.0625| 0.0146 | 5.81 | 1.94 | 2.02
] 66. |344.26 | 0.0973 |-0.0533| 0.0120 | 3.49 | 1.56 |.1.63
70 }410.92 | 0.1070 {-0.0802{-0.0090 | 2.39 } 1.13 | 1.17}| 109
70 |444.26 | 0.1132 {-0.0970)-0.0097 | 2.51 | 1.55 | 1.50].
70 |510.93° | 0.1594 {-0.1142!-0.0152 | 1.47 |.0.82 | 0.72
G -n-C, 57 [310.92. | 0.1492 {-0.0861{-0.0063 | 3.54 | 1.16 | 0.90
. 59 -[344.26 | 0.1038 ]-0.0918]-0.0334 | 3.44 | 1.48 | 1.15
68 |377.59 | 0.0322 {-0.1105{-0.0496 | 3.24 | 1.83 | 1.44
45 1410.93- | 0.1439 }-0.0960{-0.0404 | 3.29 ] 1.29 | 1.19] 109
45 {444.26 | 0.0952 |-0.0993{-0.0352 | 2.94 | 1.31 | 1.19
44 |510.93 | 0.1218 {-0.1187]-0.0407 | 2.37 | 1.32 | 1.14
G -n-Cs ~ |35 [310.93 | 0.1850 ]-0.0712} 0.0148 | 2.42 | 0.65 | 0.70
40 {377.59 | 0.1407 {-0.0600| 0.0128 | 1.73 | 0.84 | 0.91
57 |444.26 | 0.0925 {-0.0645} 0.0010 | 1.78 | 1.33 | 1.42{ 109
160 510.93 | 0.1084 [-0.0755} 0.0117 | 1.38 | 1.23 | 1.25
¢ -n-Cy g 39. §310.93 |[-0.6616 |-0.57981-0.3750 | 6.65 | 2.89 | 1.51
39 {377.59 {-0.2758 [-0.2758{-0.1108 | 5.11 | 1.48 | 0.65] 108
38 (444,26 1-0:1390 [-0.1390{-0.0123 | 4.05 | 1.61 | 2.15} -
45 1510793 -{-0.1988 [-0.1989[-0.0431 | 2.70 | 1.12 | 1.49

=-208 -
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Table(7.6) cont'd. | . . -

-ﬂ.
K13 L _lAzmz]ave
SYSTEM ool T/g | PR SW NEW |PR SW NEW {Ref.
n-Cz -propene |64 [277.59." | 0.1730 {-0.0372} 0.0297 | 4.74! 1.66 | 1.33
60 |[344.26 | 0.0032 |-0.0615]-0.0336 | 4.63| 2.48 | 2.35{1g
65 [410.93 | 0.0347 |-0.0774{-0.0349 | 3.18| 1.97 1 2.20
65 |[477.59 | 0.0778 |-0.0952{-0.0569 | 2.25{ 1.31 | 1.51
n-z-n-Cs (63 |[277.59, | 0.2200 [-0.0474] 0.0103 | 2.84] 0.95 | 0.65
60 [310.93 | 0.1240 |-0.0630}-0.0047 .| 3.40} 1.19 | 1.04
50 |377.59 | 0.0014 [-0.0990]-0.0644 { 3.98| 1.83 | 1.80|gs
46 1444.26 |-0.0126 |-0.0928/-0.0697 | 3.52] 2.29 | 2.1l
41 {510.93 ]-0.0091 |-0.1371}-0.1023 | 3.44] 2.22 | 2.10
- n-G-n-Cig |63 }277.59 [-0.3388 |-0.2877{-0.2322 | 5.53| 2.25 | 1.27
59 |310.93 [-0.2230 |-0.22961-0.1595 | 4.77{ 1.52 | 0.60
137 {377.59 ]-0.1738 |-0.1847]-0.1098 | 2.92} 0.42 | 0.57{99-
45 1444.26 |-0.1414 |-0.1987{-0.1352 | 4.04] 1.82 | 2.34
45 1510.93 |-0.1308 |-0.1736{-0.1037 | 2.39] 1.52 | 1.95
n=G -n-Cs |13 |344.26 |[-0.0236 |-0.0757/-0.0199 | 0.18}.0.19 | 0.18
27 [377.59 | 0.0656 | 0.0288| 0.0647 | 0.90f 0.85 | 0.90{ 44q
12 {410.93 |-0.1084 |-0.1532|-0.1038 { 0.52| 0.54 | 0.51
18 [444.26 |-0.0420 |-0.0792]-0.0425 | 0.50 0.43 | 0.34|
"propene-n-‘cg 34 1260.93 | 0.3523 | 0.0735| 0.1386 | 3.21|.1.20 | 0.88
-~ |37 {310.93 | 0.1632 | 0.0010{ 0.0622 | 3.36| 1.53 | 1.37
30 |[360.93 !-0.0271 |-0.0681]-0.0377 | 2.67| 1.58 | 1.63] 13q
38 |410.93 | 0.0052 |-0.0366}-0.0185 | 2.89| 1.72 | 1.87
38 1477.59 | 0.0349 |-0.0752{-0.0536 | 1.96( 1.20 | 1.40
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'Table(7.6) cont'd.

kij
. X
SYSTEM Ti|. PR SW | NEW NEW [Ref.
propene-1-butene {277.59| 0.3178 | 0.0051] 0.0556 0.47] 130t
' 344.26| 0.0718 |-0.0697|-0.0121] 1.71
410.93)-0.0310 |-0.0532|-0.0381 2771
propene-benzene 310,93} 0.3532 | 0.0792f 0.1246 ‘1.71
. |377.59} 0.1341 | 0.0071| 0.0641 1.58 110
{444.26] 0.0679 |-0.0453|-0.0089 1.91 -
510.93| 0.0068 |-0.0600{-0.0417 3.15
€Oy -n=C, 310.93| 0.1333 | 0.0489] 0.0774 2.80
377.59} 0.1383 | 0.0472| 0.0701 1.83] 110
444.26] 0.1724 | 0.0095].0.0464 1.06
, 510.93( 0.1925 [-0.0429| 0.0164 0.74
CO; -n-C3 277.59| 0.2084 | 0.0858] 0.1289 1.82
310.93} 0.1288 | ©.0523| 0.0779 12.38
{377.59{ 0.1228 | 0.0451| 0.0575 2.46} 110
444.26| 0.1735 | 0.0320/ 0.0650 1.66
|510.93} 0.1618 |-0.0025| 0.0318 1.06
€0, -n-C, 310.93] 0.1698 | 0.0618{ 0.0977 1.92]
a 377.59| 0.1129 | 0.0463{ 0.0690] . 2.23| 110
444.26] 0.1114 | 0.0330] 0.0527 1.94
510.93| 0.1157 |-0.0320| 0.0154 1.47
N -n-C; 277.59] 0.1584 |-0.0041] 0.0158 1.18] .
344.26| 0.2474 |-0.0655| 0.0266 1.25
410.93}. 0.3405 {-0.0563| 0.0347 0.72] 110
477.59) 0.5001 {-0.0872] 0.0094 0.44
e 510.93] 0.5804 [-0.0889] 0.0248 0.51
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tal Z values are compared' in Figure 7. 7 with/those calculated by the
new equation. for an equimolar mixture of Co2 and propane at 313.93,

444.26 and 510 93 K As can be seen, r‘elatlvely !arger deviations in

Zm are predicted at presures above 400 atmospheres.

-

Valueswf“k.. used for the PR, the SW and the new equétions can be

e.lther positive or negative, depending on the system and- temperature
In general, the pew e;quat:on requires smaller values of kij than the PR
and the SW equatior_:s. The magnitude of kij for the new equa‘tion is
usually between 10-,3 and 10-2, except for the C1-C10 and ‘CZ-CTO Sys-

tems.

In summary, the results of the three mixture calculations indicate '
that the VDW- B mixing model is su:table for extending the new EOS for
pure fluuds to norma! fluid mzxtures This  mixing model enables the
new- EOS tc; give comparable or better results than those obtained from
the SRK, the PR and the SW equations with their respectwe mixing
models. The new EOS is superior particularly in the rep;esentatnon of
vfn. For systems in which the molecular size of the components is quite
different, the new EOS, jﬁst as any other voluﬁe-cubic -equation, has
difficulties in describing the critical region. This is probably due to

the inability of volume-cubic equations to accurately ‘describe the

behavior of pure fluids in the vicinity of the critical point.

Summarized in Table 7.7 are the overall average absolute percent’

deviations in the calculated' Z for each individual groups in Set 3. As

can be seen for the three groups studied, the new equation is shghtiy

&

-2‘[:[-



14+ meO Data - - kij
L . = Predicted J0S3IK 00779
12 444 28K 0.0850

| 50%01CO, in Propane (Sage Lacey)

Rt

£1093K0.0318

Figure 7.':_':

100 - 200 300 400 5060 ~ 600 700
P,atm .

Comparison of experimental ard calculated compressibili-
ty factors of an equimolar mixture of CO2 and propane.
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” =
batter than the SW equation which is better than the PR equation in the
overall representation ‘of Zm. The oveﬁl] average absolute deviétioﬁs
éiven by the new, the SW and th“é“P_ﬁ-equations are 1.48%, 1.53% and
2.99%.. respectively.

- Table 7.7: Overall average absolute percent deviations in the com-

pressibility factors of fluid mixtures
Data : : -
. Points . PR SW _ NEW
C0p-HC 819 2.78 1.75 1.79
HC-HC - 2593 -3.21 1.54 1.46.
Overal 2.99 1.53 1.8
Average ‘
. <
7.4.2 Complex Mixtures * ‘

The results of several bubBIe-point calcuiations ,for mixtures con-
taining either'alc-ohols or water are corh;;aared in order to choose one rof
tHe following mixing models_ (VDW-A, VDW-B, NRTL-VH, NRTL-M) to be
used with the new EOS for tafculating the VLE of complex mixtures.
The 311 data points from 25 binary VLE sy:tems together with their lit-
erature source are 'Ii'sted in Table 7.8. The systems chosen are fre-

quently encounted in industry.

Presented in Table 7.8 are the calg_u@téd results of the bubble-point
pressure and vapor phase equilibrium composition obtained using four
mixing models. Deviations in the bubble-point pressure are average

absolute percent deviations while those in the vapor phase equilibrium
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composition are average absolute deviations. Also included are the val-

ues of the empirical coefficients assctiated with the four mixing -modeis.
It sho_uld be noted that with the 'vbw-a mode-l the new fOS :annot sat-
| isfactorily represent the bubble-point presSdres and vapor phase equi-.
" librium compositions of most s;rstems. . The deviations in:the predicted
- bubble-point pressures and vapor phase equilibrium composi;:ions are

—

about two to three times higher than those obtained with the VDW-A,

R N

'the NRTL-VH and the NRTL-M models. Besides™ it -has a strong ten-
dency for the EOS‘ to predict a false phase-splittir';g behavior. This
clearly indicatgs that one empirical binary coe%ﬁcient in the VDW mixing
model is not gufficient to represent the vapor-liquid equilibria of corr;-'
plex mixtures. . As an example, in Figure 7.8 the;' Predicted VLE for
acetone-water system at 473.15 K by the new EOS with T1:he VDW-B mod-
el is compared with th’e_experime‘ﬁt.al result. As can be seen with the

VDW-B model the new equation tends to predict a false pi;ase split at

low acetone concentration.

»
-

On the other hand, when both the kij and B are used in the VDW
model (VDW-A) the éal_culated results are comparable with those given
by the NRTL-VH and -ﬂ;e NRTL-M models. As can be..seen in Fig-
ure 7.8 ;che' ‘model did not Ieaa the new. equation to the prediction of a
false phase-splitting. In fact, with this . model the new EQOS can repre-
sent the VLE of this mixture reasonably wgil. It should .be' noted that
Both NRTL models contain two adjustable-binary .coJeff.icients. .For most

systems, the more theorBtical NRTL-M modé\ fails to show ‘any superior-

ity over the other two models. It is rather surprising that the built-in
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_ density c_ie_;ﬁn,dené of__this model does not result in any significant |

+ '/- - :
improvement over the other tweo density independent mixing models.

Also there is an additional iteration loob required,'\by this model (see

Figure_?.Z‘r which .can result in computation tirﬁes which are two to

three tjmes that of the VDW-A model. For routine VLE calculations,

long computation times are not practical as demonstrated. by Boston and

‘Mathias [16] and Mathias and Copeman [71]'. Due to the exponential

terms in the local composi_tion expre::.sions, both the NRTL-type LC
models are sensitive to changes in the coefficients, kij and 2. This

L

often results in convergence probtems if the initial values of ki' and %,
. % .

are not properly chosen. However, the VDW-A mixing model does not

have this problem as its coefficients, kij and Eij can be determined after

<

"only a few iterations. ~

—

The main reison why the VDW-A model giv‘es results which are com- .

L

parablé to those given by the tocal composition models is because in the

development of these models repulsive forces, thus the free volumes,
were assumed to have no significant contribution tqQ the.occurrence of
local composition in a complex- mixture. In’effect, this assumption leads
to the use of a linear mi;cing rule for bm ‘and therefor-e‘ o in the new
equétion. However, the main r-eason that the QDW-B model did not give
good result; and the VDW-A model ;did is because the VDW-B model
uses a linear mixing rule for"bmqwhile the VDW-A modelluses 3 quad-

ratic mixing rule. Therefore the local composition models could be

improved if quadratic rather than linear mixing rules were used for bm

and c_. However this would also introduce a third adjustable coefficient

-

"

r/
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which would eliminate the large practical advantage of a'_f.wo-coefficient '

—

mixing model'such as the VDW-A model as well as making the computa-

-

tion even more difficult. .

¢

‘ T e :
-—— " Based-on the above discussion the simple, yet accurate VDW-A mod-

el a;;;ears to be the most ‘suitable model to bée used with the new EOS.

¥
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| Chapter VI
a CONCLUSIONS e

Fourteen well-known volume-cubic equations of state were evaluated

. . . ) v

\?y calculating eight physical properties of normal alkane. It was found
that three-parameter equations with one temperature dependent parame-

ter give the best overall performance.

Using a new design procedure based on deviation contours it was
found that the parameters u and w have a greater influence on the

overall representation of v and z% than of v¥and Z¥P. 1t was also

. shown the importance of the quantities Bc,and Ce predicté/d by an equa-

tion of state; Bc_inﬂuencing the representation of v!' and Z’L at low

temperatures while Cc is important in the critical point region.

Based on these resuits a new't'hree-param'eter' equation of state con-“

ta'ining only one temperature dépendent parameter was proposed which
utilizes the.relati‘onship u-w=3 as it was found to provide a balanced
representaiioﬁ of the volumetric properties of pure normal fluids while
emphasizing state conditions of practical importance. THe new equation

was tested by calculating the wvapor pressures and volumetric properties

" of pure normal fluids and comparing the results with those obtained

from the Soave-R'édlich-Kwong, :the Peng-Robinson and the Schmidt-\'

‘Wenza! equations. The new equation was found to give better overall

= ' - 218 -
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performands, ially in the calculation of saturated liquid molar vol-

. —
~

umes and liquid compressibility factors.o ‘ X -

]
«*

The new equation of state was extended to normal fluid mixtures

using a random mixing model for the parameters. When compared with

‘the Soave-RedlichtKwong, the Peng—RBbinson and the Schmidt-Wenzel'
equations the new equation gave comparable results for vapor-liquid
equilibrium calculations. However, it had better overali representation

of the volumetric properties of hRormal fluid mixtures, especially in the

-
rd

liquid phase.

.In the calculation of the vapor-liquid equilibria of complex mixtures,
both random and local composition mixing rules were used for the
parameters in the new eduation. It was found that random mixing rules

containing. two adjustable empirical' coeffi;:ients'are the most suitable

when the new equation is applied to complex mixﬁures.



) Appendix A
VOLUME TRANSLATION OF TWO-PARAMETER EQUATION
OF STATE OF THE VAN DER WAALS TYPE

Any two-parameter volume-cubic EOS of the VDW-type can be rep-
resented by- a single point on a u-w diagram. Application of "the_
volumea-translation tec:hnique to any two-parameter equation vyields a
curve on such a diagram, representiné a family of‘equations having an
identica_l__ﬂac value. ,ln- other words, the valﬁe -‘of 2, at the critical
point of the two-parameter equation 'pri;)r to the volumé-translatiop
would not at all be affected. Furthermore, fhe u and w values are
related to those of the original equ‘_ation prior to the vol.urne translation

by an exact mathematical relation. This relation is derived as follows.

] s . . . /
Let the original equation be represented by .

RT a

P = (v - b) .virubv-wb? (A.1)
Translating the guantities b and v of Eq.(A.1) by volume ¢ '
v = V.- ¢ - . (A.2)
b'gb - ¢ ) _ . (A.3)
and substituting these expressions into Eq.(A..l) yiel’di_
" ) - 221 - )
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RT

Pet- b) ~ v"’u.'b'?f'*w'b" | | o (A-9)
- iith | )
W= u e 2e/b rue/b S (A.5)
and .
T ow Tz wer(ut2wle/b t (1 \-n_l)t:;/b.2 | : ' (14.5)

T

It can be readily shown that

v ow e [4w-u? 1*u*w 2 u*2w
woow [(2‘ uJ=] [(Z‘U) 7] [(Z‘U)]

———

o~ _ el v A

\‘ Schmidt and Wenzel [112] demonstrated that u and w (or u' and w')

must satisfy the two tonstrains,

for uz-2,
LY
w > -u-l, - . -(A.&:a)
for us:2,
" 1

w > u?/4. ' (A.8b)

P g
to. avoid the situation that vZ+ubv*wb¥=0 for v 2 b. Therefore the
’//g'ation"b/c of Eqs(A.5, A.6) cannot be equal to -1. In addition, the
. :’ condition u#-2M should be imposed to Eq\.(A.?).

'
-
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Appendix B
SELECTED TEMPERATURES AND PRESSURES FOR
CALCULATING SUPERCRITICAL GAS COMPRESSIBILITY

FACTORS
Ve
Substance ND  Temperatures. °F _ Pressures psia
Methane 440‘ -100.0 -80.0 -60.0 0.0 - 1 A14.696‘ 50.0 100.0
- 40.0 100.0 140.0 200.0 200.0 300.0 400.0_ °
300.0 400.0 500.0 &00.0 500.0 600.0 800.0
700.0 800.0 800.0 1000.0 1000.0 1500.0 2000.0

1200.0 1400.0 1600.0 1800.0  3000.0 4000.0 6000.0

2000.0 2200.0 - 8000.0 10000.0 12000.0
14000.0 i
Ethane 260  100.0 140.0 200.0 300.0 1 14.695 50.0 100.0
400.0 500.0 600.0 800.0 200.0 300.0 400.0
1000.0 1200.0 1400.0 500.0 600.0 800.0
1600.0 2000.0 . 1000.0 1200.0 1400.0

1600.0 2000.0 3000.0
4000.0 5000.0 €000.0
7000.0

Propane 187  250.0 300.0 400.0 500.0  1°14.696 50.0 100.0
600.0 800.0 1000.0 1200.0  200.0 300.0 400.0 500.0
- 223 - '
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éiButane.

n-Pentane

N-Hé)’(ane

i-Butane

Ethylene

&

150

150

323

~

1400.0 1600.0 2000.0

350.0 400.0 500.0 600.0
800.0 1000.0 1200.0 1400.0
1600.0 2000.0

400.0 500.0 600.0 800.0
1000.0 1200.0 1400.0

- 1600.0 1800.0 2000.0

480.0 500.0 520.0 560.0
§00.0

300.0 400.0 500.0 600.0
800.0 1000.0 1200.0
1400.0 1600.0 2000.0 .

o

50.0 100.0 140.0 200.0
240.0 300.0 340.0 400.0
440.0 500.0 600.0 700.0

" 800.0 900.0 1000.0 1400.0

- 224 -
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600.0 800.0 1000.0
1200.0 1400.0 1600.0
2000.0 3000.0 4000.0

1 14.696 100.0 200.0
300.0 400.0 500.0 600.0
800.0 1000.0 1200.0 1400.0
1600.0 2000.0 3000.0 |

1 14696'100.0 200.0
300.0 400.0 500.0 600.0
éoo.qr1ooo.o 1200.0
1400.0 1600.0 2000.0
3000.0

1 14696 50.0 100.0
200.0 300.0 400.0 500.0
600.0

1 14.696 100.0 200.0
N
300.0 400.0 500.0

" 600.0 800.0 1000.0

1200.0 1400.0 1600.0
2000.0 3000.0

1 14696 50.0 100.0
200.0 300.0 400.0 500.0
600.0 700.0 800.0 900.0
1000.0 2000.0 3000.0



PP

2000.0 ___4000.0 5000.0 6000.0
— B 7000.0

Propylene 220 200.0 300.0 400.0 500.0 1 14.696 50.0 100.0 -
‘ —  600.0 800.0 1000.0 1200.0  200.0 300.0 400.0 500.0
1400.0 1600.0 1800.0 .  600.0 800.0 1000.0 1200.0
1400.0 1600.0 2000.0
3000.0 4000.0 5000.0

.
6000.0 7000.0
1-Butene. 60" 340.0 360.0 380.0 400.0 1 14.696 100.6 200.0
440.0 480.0 - 300.0 400.0 500.0 600.0
£00.0 1000.0
Benzene * 324 560.0 600.0 640.0 1 14.636 40.0 100.0
| | 700.0 740.0 800.0 150.0 200.0 250.0 300.0
840.0 800.0 940.0 400.0 500.0 600.0 700.0
-1000.0 1100.0 1200.0 - 800.0 1000.0 1500.0 2000.0
1300.0 1400.0 1500.0 . 2500.0 3000.0
< 1600.0 1700.0 1800.0
__Carbon oxide 110  -200.0 -100.0 0.0 "1 14.696 100.0 200.0
' 1100.0 200.0 400.0 600.0 300.0 400.0 500.0 600.0
800.0 1000.0 2000.0 800.0 1000.0
~ 40000 |
carbon dioxide 272  220.0 260.0 300.0 400.0 . 1 14.636 50.0 100.0
| 500.0 600.0 800.0 1000.0 *  200.0 300.0 400.0 500.0
1200.0 1400.0 1600.0 600.0 800.0 1000.0

- 295 - - oy



Nitrogen 357 I

Oxygen 391

1800.0 2000.0 2400.0
3000.0 3400.0

-60.0 -20.0 0.0 40.0
300.0 400.0 600.0 800.0
1000.0 1400.0 2000.0
2400.0 3000.0 3400.0

4000.0 4400.0 4800.0

-80.0 -40.0 0.0 40.0 100.0

140.0 200.0 240.0 300.0
340.0 400.0° 500.0 600.0
800.0 1000.0 1400.0 2000.0
2400.0 300.0 3400.0

4000.0 4400.0 4800.0

Taken from Canjar and Manning [17].
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