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Two methods have been presented for the
evaluation of the composition of ths different
phases of hydrocarbon fusl-cxidizer syotem., The

Tirst methoed, assuming the vapor nhzse to consist

approich that the 1lguid and vapor phases consist

of the oxidlzer and fuel both, a representation

of" the actual situation encountered in the combustion

of the fuzl droplet, has been adopted, The liguid
and vapor phase compositions have been predicted

compared with experimesnial results for a-

(oA

an

~

number ¢f systems, This technique is particularly

useful for the systems for which no data other than

los

1a

ble,

frte

the temperature and total pressure ig gva
method for the evaluation of the interaction co-
efficient bhetween the components of the system

has also been presented,




NCHMENCLATURE

Parameter of R-K equation,

tg
8

arameter of R-K equation,
fctivity of component '1t,
Parameter of R-K ecuation.

Parameter of R-K equation,

L E = Isothermal change in energy.

A&F = Molar chanze in free enercy.
] =

% A;% = Partlal molar change in Iree energy.
% £ = rugacity of pure component,
{f ;f Fugacity of component it liguid phase,
& AV
.f £y Fugacity of component 'it vapor phase,
f A H Chanze in enthalpy.
;% K1J The i-J] intersction constant.
? P Pressure,
? Pc Critical pressure,.
? PR Reduced pressure.
;? P Vapor pressure,
E v
: Pv* Corrected vapor pressure,
'? R Gas constant, |
é T Temperature,
_é TC Critical temperature,
? Tq Reduced temperature.
; v Molar volume,
é v Partial molar volume.
a
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NONMBEHCLATURE

VC = Critical volume,
=3 = Reduced volunme,

3 xi = Mole fraction of component 'i' in the liguid phase.
E vy = lole fraction of component 'i1' in the vapor phzse,
o z = Compressibility factor,
5
3 SUBSCRIPT
8 i =  Component ¥4t,
b 3 =  Component 'j?'.
i K = Component 'K!',
3 L =  Licguidg.
| M =  Mixture,
; v =  Vapor,
;
: GREEK LETTERS
E ¥ = Activity coefficient,
; 2 = Solubility paranmeter,
i =  Isometric mixing pressure,
1 o =  Accentric factor,
4
1 SN = Constant of R-K equation.

L = Constant of R-K equation.
5 dF = Fugaclty cecefficient of pure component,
AL
3 4)L = Fugacity coefflcient of component 'i' in the liquid phase.|
? ~nY
1 dk = Fugacity coefficient of component 'i1' in the vapor phase,
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I.  INTRODUCTION
Many of the physical properties of hydrécarbon fuels
such as the vapor pressure, heat of vaporization, specific
heat, surface tension, etc. may change at high pressures
in an oxldising atmosphere. There 1s very little knowledge

as to what extent these properties change; especially in

- a high pressure environment, Furthermore, to what extent

these property'changes may influence the atomization, eva-
poration and combustion of hydrocarbon‘ fuels in high pressure
combustor 1s not at all clear.

The rates of vaporization of fuels are determined
from the model theories of vaporization which make use of
these properties, The heating up_time of a fuel droplet in
a combustor is a function of the specific heat of the fuel
which further depends on the composition of the 1liquid phase.
The atomization of the fuel also in a way involves the
knowledge of liquid phase composition, sihce it depends on
the surface tension of the fuel droplet. The rate of di-
ffusion of the fuel vapor into the oxidiser is dependent
upon the composition of the vapor immediately surrounding
the droplet. In addition, the rate of evaporation is a
function of the latent heat of vaporization which also may
be a function of the liquid phase composition., In other words,
the vapor-1liquid equilibrium of the fuels ( usually hydro-
carbons) at high pressures in the ﬁresence of an oxidiser

must be known.

I
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It is worth noting that_equilibrium may only be
attained at the dfoplet surface and that thgre will be
composlition gradients throughout the droplet. However, in
the evaporation and combustion -study of fuels, the area of
interest is mainly the surface of the droplet and, therefore,
the knowledge of equilibrium compositions near the surface
is vital,

There are many ways to study the vapour-liquid equi-
librium, The most common and simple approach is to study
the vapour liquid equilibrium behaviour in the laboratory
with the help of some suitable equilibrium stills. The data
thus obtained is of great significance in a number of chem-

ical engineering operations, but, as is evident, resorting

‘'to laboratory experiments for the entire range of the com-

position is a difficult and time consuming process, More-
over, the mixtures of hydrocarbon fuels and oxidisers at
high pressures are explosive and thus daﬁgerous for the
laboratory work. Thus, the development of short cut methods
for the estimation of vapor-1iquid equilibrium becomes
essential, Methodé which néed Hggé or very little experi-
mental data to give the vapor-liqﬁid'equilibrium data are
termed as the prediction or correlation methods. & con-
slderable amount of work has been done in this field, but

st1ll the search of a foolproof method is on, so as to give

results close to the experimental data,
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In the present study, an extensive literature survey
of correlation aﬁd prediction techniques used for vapor-
1iquid equilibrium calculations has been made.'It.may be
pointed out that, whereas the domain of chemical engineer-
ing concerns itself malnly with the development of correla-
tion and prediction techniques, mechanical engineering uti-
llzes these techniques to study the changes in some of the
physicai properties. Thu;, this survey has béen made with
a view to find the best techniques available and to utilize
these, in particular, for the study of combustion. Normal
octane and oxygen systém i1s considered as the main example
system and the problem of prediciion of vapor-liquid equi-

libria has been approached in two ways. Firstly 1t is

‘assumed that af equilibrium the ﬁapor phase entirely con-

sists of the oxidiser and the 1iguid phase ceonsists of both
the fuel and the oxidiser. In other words, the calculations
are made only for the solubility of the Qas in the solvent.
The second approach gives the complete compositions of both
the 1liquid and vapor phases of the mixture at the given

temperature andg tofal_pressure of the mixture,
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on vapor~liguid equilibriun is

quite volumincus and is beyoné the scope of this review.
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However, an attempt has bsen made to provide a

review of the prediction and correlation technigues for

binary and multicomponent systems. The survey is divided

into four section<
1. Binary Systems a) Utilization of rure compenent proreridi

b) Utilization of mixture and pure com--

}_h

rcpert

ponent

ke

es,
2, Multicomponent Systems.
ulticomponent Systems.,

3. Bydrocarbon Systems Binary and M

4, Solubility of gases in different sclvents.
The main emphasis in this survey, in general, is

on the correlation and prediction of vapor-liquid datza for
general binary systems and in particular for binary hydro-
carbon systems (non-polar) at high pressures,

2,1

BINARY SYSTEMS

2.1.1, UTILIZATICON OF PURE CCMDONE-T PROPERTIE

Vapor-liguid equilibria have been predicted using

pure component properties based on molecular structure and

also from tho?e)based on regular solution theory. Plerotti,
1

Degl and Derr have considered molecular structure as

8 basis for making guantitative estimates of activities in




mixtures of non-electrolytes. The Pierotti correlation
deals directly with the limiting activity coefficients,
The coefficients in this correlation refer to pure liquid
solute as a standard reference i.,e, with net differences .
between interaction of solute groups wlth the standard state
environment made up of like molecules and the solvent en-
vironment made up of generally unlike molecules, &s a
result, the relation between activity coefficients in a
given family of solution is somewhat complicated by a
change from one solute to another in a standard state en-
vironment, even though the solvent environment in question
remains fixed. Deal, Derr and Papadopoulos (2) suggest that
this complication can be avoided by dealing with any suit-
able solvent environment as a reference state- that is, by
dealing with the ratios of solute activifty coefficients in
one fixed environment to that in a second fixed environment.
The schemes of Pierotti, Deél and Derr and of
Deal, Derr and Papadopoulos suggest that in any solvent
environment the partial molal excess free energy of solu-
tions of a solute molecule can be taken as the sum of the
individual contribution from each df its structural grou-
pings and that those contributions depend to some extent
upon the numbers and kinds of structural groupings which

make up the environment., Redlich, Derr and Pierotti

e

B
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(4)

and Papadopoulos and Derr have taken a similar approach
and developed a detailed 'group' interaction moéel for heat
of solution which correlates heats of solution for hydro-
carbon mixtures qulte satisfactorily and which may prove
useful in polar systems,

(5)

Wilson and Deal consider a solution to be

. @ mixture of structural groups. Activity coefficients for

the groups in a solution are calculated from molecular
activity coefficients and plotted against group concent-
rations, These group activity coefficlents can be used to
calculate the molecular activity coefficients for other
systems containing the same structural groups., The 'sol-
ution of groups' model has been found to represent actual
solutions with nearly quantitative results in several
cases, Scheller modified and extended the work of
Wilson and Deal and developed the theory in terms of
thermodynamics instead of empirical quanﬁities.

The 'solution of groups' approach to liquid

mixtures permits a wide range of estimates using very

little data and has a number of practical uses. The approach

is particularly useful in making estimates of phase equi-

" 1libria for screening possible separation processes and

for evaluating the general validity of individual ex-~

perimental measurements, The approach is also useful in

R Y M A £ T R e A ki
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estimating s¢ctivity coefficlents of compounds where ex-

perimental measurements are 4difficult; e.g. as in blo-

=

changes 1n internal energy that occur during vaporization,
The method uses the statiastical theory of least sguares
wlth welghted factors to account for
exparimental precision due to change in composition, It

is based on a two parameter eguation which obeys Gibbs-
Duhem equation and is therefore inherently thermodynamically
consisgtent. ¥For predicting the cowposition of vaper In
egquilibrium with a liguid mixture. of two components, the
information regquired includes field factors (given in the
original paper) and properties of the pure componerts such
as slope and intercept of the Othmer plot, paracher, and
critical temperature and pressure, |

Based on a regular solution theory, Finch and

(8)
Winkle presented a method for predicting the activity
coefficient at infinite dilution of the c¢components ? ?i

nary systems. The basis of the method is Van &rkels
concept of internal pressure. They introduced an asymmetry
constant K into the Scatchard-Hildebrand type of equations

A
for activity coefficisnts, thereby bringing theory in

e

AT E a
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ggreement with the experimental data, The asymmetry
constant can be obtained from an empirical plot of

K,

‘dI -y 1 F I and I are the internal
v P p¥ . Py P
1 5 1 2

pressures of components 1 and 2 reaspectively, The final
equations for activity coefficients are derived cn the
assumption that the excess entropy of mixing is zero

and the vapor-phase behzves i1deally. In spite of these

assumptions, fthe empirical modification of Van &rkel's

[¢]

- 'S
gxperimentel equi-

theory gave good reproductlion ¢f th

librium data for a large number of binary systems.

2.1.2 UTILIZATION MIXTURE AND PUORE CONMPONENT FPROPZRTIE

Several methods (10, 11, 12, 1%, 14, 15 ) have
been reported 1n the literature for evaluatlnb liguliag
activity coefficients, partial pressures and equilibrium
vapor composlitions from total pressu-2-liculd composltion
measurements, In general, these met 3 invelve evaluation
of elther constants of equation repr:senting the liqguid
activity coefficlents or equilibrium vapor compositicons

directly by means of a step wilse integration procedure,

~All the methods, however, involve the Gibbs-Duhem equa-

tion.
(14)

Levy reviewed the numerous prccedures pro-

posed in the past and developed one for use with the

*  This plot {(in the paper) has besn developed on
purely empirical basis and once the absolute difference in
the square root of interrnal pressure is known, BA at that
value can be obtained from the graph.

[%s)
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Margules equation of activity coefficients, Othmer and
Rieciardi o) derived a set of differential equations
starting from the Gibbs-Duhem equation, The solution of
the differential equations makes possible the prediction
of vapor-composition from vapor-pressure or boiling point

data. The differential equations, however, do not yield

.a direct méthematical solution. Methods of step wise

integration and algebraic relations have been given in
the original paper. Wehe and Coates (13) proposed a
method for correlating activity coefficients, A procedure
18 outlined for predicting the entire composition in both

the phases from the non-ideal ¥a33r-pressures.
1

Carlson and Colburn used the fact that from

an isothermal measurement of total pressure-liquid compo-
sition curve, the Van Laar or Margules equation of acti-
vity coefficients may be employed to estimate equilibrium
vapor-composition. Redlich and Kister (15) noticed that
a knowledge of total pressure of a binary solution as a
function of the liquid phase composition at constant
temperature is sufficlent for a complete description of
vapor-liquid equilibria.

A digital computer method has been developed by
Christian (16) for calculating the partial pressure of

components in binary mixtures of non-electrolytes using

total pressure-composition data. The constant temperature




and constant pressurs Gibbs~Duhoen equation

with the sssumpticn that the component in the vapor phase
(17)
follows the ideal mas law, Fo e¢t. al, 21sc proposad

another computational method for binary non-clectrolyte

mixtures. The 1liquid activity coeifficients &ie repre-

cedure.,

Based on temperature-composltion measurements,

(18

Othmer et, al, derived a set of éifferential egua-

tiors startinz from the Gibba-Duhem equation. Thz egqua-

tions which represent iscoplestic thermodynamic rela-

tionships between the mele fractlons and temperature for

2

binary systems, can be used for correlating end checking

s

available data. The methods scated for solution of these
equations are useful in predicting vapor-phase mole frac-

cmpositions

&

tions from the temperature and 1liquid phase

ase ¢
(19)
for the binary mixtures. Ellis and Jonah developed
thermodynamically consistent expressions for activity
coaefficients at infinite dilution. These involve the deter-
mination of the slopes of the boiling point-composition

curve. A graphical procedure is presented for accurate

measurement of these slopes.

o
-




Based on regular solution theory, Tassios and Van
(20)
Winkle developed an empirical method for the esti-~

r coefflicients at infinite dilution, This

[}

e,

mation of activi

method is appliicable tc binary systems consisting of solvent

Liw)

and individual members of & homologous series from existing

|

data on two binary systems In the series,

It has long been realised, In the case of binary
solutions at lsast, that the behavior of one component 1s
coupled to that of the other through the Gibbs-Duhem eguation
and that the gress behavior of the solutiocn (vapor pressure vs,
composition) is thus uniquely dependent on the behavior of
only one of its componsnts. Several metﬁods have been employed

Tfor the calculation of component behavicr irom gress-solution
21

- 2
behavior, Ljunglin and Van Ness have shown that the applica-

~—~
e (O -

tion of thermodynamic methods allows the calculation of vapor-
liguild equilibria of binary systems from measurement of
total pressure, They discussed techniques of handling non-
constant temperature or pressure conditions as well as non-
ideal vapor phase behavior, |

The indirect methods involve first the calculation
of the liquild phase activity coefficients and subsequent
calculations of vapor compositions therefrom, These methods

usually involve ascertaining which of selected solutilon
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equations to the Gibbs-~Duhem equation lead to the best fit
to the experimental vapor-pressure data. They also involve
detefmination of the parametric values producing the best
fit. Barker (23) developed a pfocedure based on-thg
assumption that the excess free energy can be represented
as a polynomial function of composition., This assumption
1s equivalent to assuming that the Margules equations re-
1ate the activity coefficients to composition, Barker's
method necessitates the assumption of the nature of mole-
cular interactions. This deficiency has been recognised
by Tao(eu) who presented another indirect method. Tao's
procedure involves calculation of activity coefficients
'eSSentially by  integration of an equation resembling the
coexistence equation.
' (25) .

Mixon et, al, have proposed another indirect
method for computing vapor-liqﬁid equilibrium datﬁ from
solution vapor-pressure'measurements. The method involves
the determination of excess Gibbs free energy by success-
jive approximations to the_solution vépor pressure, with
activity coefficients obtained by differentiation of the
free energy function. This method has the advantage over
the earlier method 1n'that 1t can also be applied to ter-
nary and mult%gg?ponent systems.

Tao proposed a numerical method which may

produce precise phase equilibrium data from experimental
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temperature-mole fractlion and the pressure-mole fraction
data. The method developed is based on rigorous material
balance and thermodynamic considerations and can be pro-

grammed on a high speed digital computer,

2.2 MULTI-COMPONENT SYSTEMS

There is no general method for correlating or
predicting vapor-1liquid equilidbria of a multicomponent
system from the biqary data. Data for numerous binary
systems have been reported in the literature but the
data for ternary and multicomponent systems are scarce.
Thus, the advantage of predicting vapbr-liquid equlll-~
bria in multicomponent systemé from pure component and
binary system data is obvious, Several methods based on

the activity coefflclent-composlition correlation have

been proposed for calculating vapor liquid equilibria of
multicomponent systems. Usually vapor-liquid equilibria
; are calculated using liquid phase activity coefficients
% which are expressed either by Margules or Van Laar types
: of equations, Hildebrand's equation, which belongs to the |
Van Laar type and is based on thé regular solution theory(27)

has been used by many investigators and has given very

successful results for many systems under certaln con-

ditions, It fails, however, to predict the vapor-liquid




equilibria for systems having molecules of large size
differences. The thermodynamic properties of solutions
of molecules of different size have been discussed in

(28, 29) (30,31)
terms of Miller-Guggenheim or Flory-Huggins
theory. The utility of combining the Hildebrand and Miller-
Guggenheim -Flory-Huggins theories for mixtures of mole-

cules of unequal size have been successfully demonstra-

(32, 33, 34)

(35) '
Black modified the Van Laar equation and

ted recently.

utilized it in the calculation of multicomponent vapor-
liquid equilibria using the data of the pure components
and of their binary mixtures. Chao and Hougen (6) pro-
posed another modification to ‘Van ILzar's equation for
ternary systems by neglecting the ternary constants and
retained the rest of the parts of the equation in which
‘only binary constants are involved, Unfortunately, the
ternary equations are not consistent with the relevant
binary systems..A fair prediction of ternmary vapor-
l1iquid equilibrium can, however, be‘méde using Nagata's
ternary equation 57) in which again the ternary constants
are omitted. |
Orye and Prausnitz used Wilson's equation
for the estimation of liquid phase activity coeffliclents,
Deshpande and Lu(HO) developed a general method for ex-

tending binary data, using a minimum number of experimental

(38) (39)'

14,
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points by the application of Gibbs-Duhem equatilon.

Carlson and Colburn'(12) extended the method
of binary Systems for predicting the ternafy equilibrium
data. Coiburn and Schoenborn (?1) claim that this method
18 unsatisfactory because it is not in agreemenf with the
Gibbs-Duhem equatlion in a hypothetical case, However, they
observed that this method does give satisfactory results
for sysfems having at least one 1ideal binary‘mixture.
Scheibel and Friedland (42) proposed a method based on
interpolation of éctivity coefficients for ternary systems.
This method requires data for three binary mixtures but
gives results of very hig?uggcurécy.

Gilmont et. al,  presented a method in which

-activity coefficients are directiy determlned from relative

volatility. In ‘this case vapor-ligquid equilibrium data
can be correlated by a single equation without the know-
ledge of the totél pressure data at cohstant temperature,
Edward et. al. (44) utilised the parameters
determined from relative volatility data of binary sys-
tems defined by Gilmont et. al, (4?) By plotting the re-
lative volatility, they obtained a_series of parameters |
which determine an analytical expression for activity co-
efficlents of ternary systems. Equations for determining
these parametefs are generallzed for use under constant

pressure and constant temperature and have also been
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extended t?upredict multicomponent equilibria, MeDermott
and Ellis >) extended Barker's method (23) of fitting
a binary correlating equation to the total pressure méa4
surements for the isothermal vapor-liquid equilibrium,
This method does not require a knowledge of binary data
since the equivalent binary constants are determined di-

rectly from the ternary total pressure-composition

measurements,

2.3 HYDROCARBON SYSTEMS

Hydrocarbon processing calculations deal with
mixtures for which pﬁase equilibria célculations must be
made, Before 1932, the vapor-liquid equilibria phase dis-
tribution calculations for hydrocarbon systems were fre-
guently made using vapor pressure data., During the past
four decades the thermodynamic tools fér such process en-
gineering calculations have been improving gradually and
new methods are available for estimating the temperature,
pressure and composition effects on the vapor-liquid equi-
1libria for hydrocarbon systems, Edmister and Ruby (46 have
reviewed and discussed all the proposed correlations prior
to 1955,

In the last two decades, the use of several
different approaches such as the convergence pressure con-
cept, gquatioh of state, the application of tﬁe principle

of the correspondihg states etc. have been tried for




hydrocarbon systems. The applicabllity of each method of
correlation, based on any of the above approaches, 1s
restricted to certain systems and limited temperature and
pressure conditions,

The use of convergence pressure for calculating
vapor-liquid equilibrium was originated by Organick and
Brown (.7). The convergence preséure has been defined for
the equilibrium constant "K" of a given system, as the
pressure on the critical locus on a plot of log K vs, log P
for a given.temperaturq. Organick and Brown developed a
correlation for the equllibrium constants of hydrocarbon

systems, Employing an empirical relationship based on the

critical pressures for methaﬁe'binary-systems, the corr-

elating pressure for any mixture of paraffin hydrocarbons,

binary or complex, was defined in terms of three other
variables; the equilibrium preésure, and functions'of the
equilibrium vapor composition and of the liquid phase
compositions., The correlation was tested for many binary
and complex experimental vapor—liquid‘equilibrium systems
and the results were satisfactory within the limlts of
experimental uncertainty. Hadden (ug)presented a practical
working procedure for obtaining vapor-liquid equilibria in

hydrocarbon systems from low pressures up to the conver-

gence pressure., Hadden's correlation is applicable over

17.




large temperature and pressure ranges and also correlations
were presented for the equilibrium constant of non-hydro-
carbén systems frequently occuring in hydrocarbon streams
either as contaminates or as process materials.

Although the theory of corresponding states as

originally stated by Van der Waals in 1881 apglies only
(50 (51)

_to_pure substances, Salsburg and Kirkwood and Scott

have provided a theoretical basis for extending it to multi-
component systems,Scott used the theor& of corresponding
states to deduce the properties of solutions from theo-
retically derived properties of the pure components. 4
characteristic of this theory is that i1t is useful only
when the molecules are of the same size. Scott pointed out
that in any corresponding states treatment, the entropy of
mixing 1s not ldeal elther at constant pressure or at cons-
tant volume, Leland and Muller'(sz) suggested a method
based on the theory of corresponding states to calculate
hypothetical or pseudo-critical conditions for both llquid
and vapor phaées. These are then used to calculate reduced
conditions at which thermodynamlc properties of mixtures
may be found. The generalized correlations for pure sub-
stances or an equation of state or tabulated properties

of a pure substance chosen as a reference, are used to
predict the thermodynamic propertles. The advantage of this
approach 1s that it does not require a knowledge of equa-

tion of state constants and their combination rules for




all components, Further, different equations of state for
1iquid and vapor phases or any number of different egqua-
tions of state each fitted to various regions of the ob-
served P-V-T properties of the reference substance can

be used,

(53)

leland et._al. presented a correlation for the

" prediction of vapor-liquid equilibria of non-polar subs-

tances using tﬁe corresponding states principle. Propertiles
of 1liquid and vapor mixtures were evaluated, even in the
critical region, from either experimentally measured prop-
ertles of closely related pure substances or from general-
ized tables of thermodynamic properties. They presented
a derivation of an improved pseudo-critical expression
applicable to ligulds which may be approximated by simple
spherical molecules and also suggested a way for a possi-
ble extension of the technigue to more. complex molecules.
This approach avoids the extrapolation of ligquid properties
into reglons where no 1idu1d can exlst, It 1is especlally
useful for systems in which an equafibn of state is not
avallable for all ¢of the components present and also
avoids the difficulties in defining the combination rules
for complicated equations of state.

The use of equations of state to predict the vapor-
1iquid equilibria of hydrocarbons is most common and, in

fact, all the work done recently towards the computation
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of equilibrium data at high pressures inevitably makes
use of such an eqﬁation. For a wide variety of mixtures,
there is no equation of state capable of describing accu-
rately both vapor and liquid phases. In fact, the entire
problem of phase equilibria at any pressure could be comp-
letely solved if such an équation of state were availlable,
The most common equations of state used for the prediction
of vapor-liqﬁid e?uilibria are the Benedict-Webb-Rubin
(B-W~R) equation ,54) and the Redlich-Kwong (R-K) equationfsS)
Yorizane and Masuoka (?6) made a comparison of B-W-R, R-K,

and H-B-M-S (Hirschfelder—BueberchGee-Sulton) equations

of state*at high pressures from the standpoint of vapor-
ligquid equilibria., They pointed out that in ﬁwo phase re-
'gions, the accuracy decreases in the order H-B-M-S equa-

tion, B-W-R eqﬁation and R-K equation, H-B-M-S equation

is usually not used for quantitative vapor-liquid equi-
librium calculations since this is a discontinuous equa-

tion, Since B-W-R equation involves the evaluation of |
eight constants, 1t is cumbersome to handle and not used
commonly. The R—K‘equation is most commonly used because

it has only two constants, Both of .these can be evaluated
from the critical data only.

In the period 1940 - 1952, extensive calculations

for hydrocarbon mixtures were reported by Benedict, Webdb

and Rubin using their eight-constant equation of state.

* See Appendix 1.
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The proposed eguetion and the numerical values of its eigzht

constants for pure components methane, ethane, propans and
=}
. (54) _
n~-butane arc presented in reference while tha esguation
57)
extended t0 mixtures is presented in rsference . The

numerical values of constant other hydrocarbons
)
are presented in references and and reference

gives a comparison of The observed liguid-vapor equllibri

for mixtures of these hydrocarbons with that predicted by
(61)
the B-¥-R equation, Schiller and Canjar applied this

equation to 2 binary mixture of nitrogen and carbon -

monoxide, which have very simllar molecular structures, and

showed that it could satisfactorily predict the vapor-liguid

equllibria for systems other than the hydrocarbonz, Cullen
(62)

and Kobe investigated the possibility of a general

application of this equation of state to binary systems. The

general system chosen by them was that of carbon-dioxide

and propane, which have molecules differing in size, However,

the predicted results fo. this system were found to be far
from satisfactory. |

The results of the calculations o0f Eecnedict, Webb
and Rubin are given in 276 large charts which have been pub-
lished in a huge book (632 which by virtue of its size alone

is likely toc become a monument to the history orf applied

thermodynamics! With the aid of some simplifylng assumptlons




(64) (65)
Depriester and also Edmister and Ruby condensed

these charts into a manageablé form; these results are use-
ful for estimating vapor-liquid equilibria for mixtures of
light paraffinic and olefinlc hydrocarbons, Calculations
based on these charts are of the iterative, triai and error
type, but they can be carried out very efficlently by an
electronic computer,

(66) '
suggested two modifications

Sfotler and Benedict
of the B-W-R equation of state, One modification was that
the numerical valué of one of the coefficients, Co be changed
at different temperaturﬁ levels so that the low temperature
vapor-pressure of the component doncerned be adequately rep-
reseﬂted. However, no explanation wés given as to why the
coefficient Co énd not others should be adjusted, A need

to fit an interaction constant was suggegted as the second
2

modification, However, Cullen and Kobe who used this

' modified equation, obtained unsatisfactory results 1n the

prediction of the compositions of propane-carbon-dioxide
system. Lin and Naphtalil (67) restudled the prediction

of vapor-liquid eqﬁilibria'with B-W-R equation of state.
Further, the importance of the modifications suggested by
Stotler and Benedict (66) was determined, They chose a ten-
tative form of the modificatlion of thils equation and ob-

tained satisfadtory results for four systems.

22.
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(68)

Van Horn and Kobayashl developed a correlational
procedure to predict the vapor-liquid equilibrium behavior
of light hydrocarbons in heavlier hydrocarbon solvents at
Llow femperatures and elevated pressures. This method, app-
licable to paraffini¢ as well as aromatic solvents, used
the B-W-R equation of state to predict vapor-phase fuga-
cities. Excellent agreement between the predicted and ex-
perimental data at low temperature has been reported.

The Redlich-Kwong equation of state (SS)has been
widely used in the last 20 years for the prediction of the
fugacities and the compositions of both liquid and vapor
phases of hydrocarbon mixtures. It is stated that the com-
ponent fugacitles of vapor obtained by using the R-K equa-
tion are almost, if not quite, as good as those obtained
from the complex B-W-R equation of state, though the accu-
racy decreases as the pressure approaches the mixture
éritical pressure, This equation, in its original form,
was used with good results by Edmister (69), Prausnitz et.

(70) | (71) T
al. and Edmister et. al, to determine the fugacity
coefficients for vapors. Prausnitz et. a;,(YO)while using
the regular solution theory to calculate the vapor-liquid
equilibria, discussed the effect of temperature on the solu-
bility parameter used in the regular solution theory, They
further suggested a method for the evaluation of the solu-
bility parameter of the gaseous components whose temperatures
are above their critical temperatures, Based dn a three-

(72)
parameter theory of corresponding states, Lyckman et. al.
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calculated The generzlized ligquid volumes and sclubi
parameters for regular solution application, These two
parameters have been tebulated for resduced temperatures
from 0.55% to 0.99 and may be used for non-polsr or slightly
polar liguids,
It has been customary teo define a standard state

%%ﬁgapor-liquid equilibria of hydro-

b

carbons, Prausnitz discussed in detail the various

for the predicticn

standsrd states used, with special emphasis on those use?
for the high pressure phase eguilibria, Stiehl et. gl,(74)
used the R-XK equation £o determine the heats of condensation
and enthalpies of saturated liquid hydrocarbon mixtures,

A method using the solubility paramefer concent
and certain zspects of the ¢ sponding states theory, was
proposed by Chao and Seader to determine the equilibrium
constants for hydrocarbon mixtures, The vapour phase compo-
nent fugacity in this corrslation was determined by using
the R-K equation., Daefinite restrictiongeof temperature
(8063F to reduced temperature of Q.5~) and pressure {(up to
about 3,000 psia) have beén placed on this technique, but
it 1s not stated to what extent these result from the use
of R-K eguation. The strength of the Chao-Seader correla-
tion lies in its generality; that 1s, in its ability <to

predict vapor-liquid phase behavior, even at high pressures,

in systems composed of paraffins, naphthenes and aromatics,

% Reference (100).

oIt




ST e

and including gases such as hydrogen, nitrogzen, carbon

tants. Trneir technigue replaced 2ll the than existing
methods for pariorming flash calculations and the pre-

dicted equilibrium paremeters were reported to he in good

Many sttampts have been made to make the R-K egqua-

tion more [lexible ©y the introduction ¢f a third para-

-

cf the oririnal eguation a8t high pressures and at high
(77)

temperatures was to be conserved, Wilson aprlied the

R-¥K eguation simultenecuzly to the coexlsting vapor and

iiguid phazes with one set of constants in the manner of the

B-W-R eguation, He mcdified the original mixing ?113. of

~

(<
mixtures for this equation and further proposed to make

the constant Lo temperature dependent andé to utilize

Sip = 0.0%7 2t sll temperatures. Mixtures of carbon gi-

oexide with light hydrocarbons exhibit unusual P-V-T bheha-
-

vior which can be attributed to the interaction effects
between the carbon jioxide and hydrocarhon molecules. Con-
ventional methods failed to give satisfactory results for

the fugacity coefficients of these mixtures, Joffe and

o

(8]
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(79) |
Zudkevitch introduced interaction coefficients into the

constants of the R-K equation and the fugacity coefficient

values for these mixtures derived from this modifled equa%éo?
0

gave qulte satisfactory results., Zudkevitch and Kaufmann
evaluated the fugacity coefficients for hydrocarbon mix-

tures at high pressures, using the modified R-K equation.

They demonstrated that the prediction of mixtures! phase

behavior is simpler if only gne set of constants is used.
Chueh and Prausnitz (82) presented a method for
predicting the partial molar volumes 1in non-polar mix-
tures at high pressures. The molar volumes of saturated
1iquid mixtures were computed by extending to mixtures
the corresponding states corre;ation of Lyckman et, gl.(72)
These mixture volumes were then used to calculate partial
molar volumes with an exzpression based on a modification
of the R-K equation. They suggested that the evaluation
of constants Qa, and Qp for a compohent be made from
the saturated liquid and vapor-density data,

The thermodynamic analysis of vapor-liquld equi-
1ibria at high pressures, including the crigical region,
has been discussed by Chueh and Prausnitz ( 2). Equations
have been presented for reducing raw binary data to thermo-
dynamically significant binary parameters and upon general-

izing these equations to systems containlng any number of

components, the phase behavior of multicomponent mixtures

26'




can be‘predicted without 1ntrodu%é§% any tern;ry (or highe?gu
parameters., Roblnson and Jacoby and Esters and Tully
have -also suggested modéfications of the R-K equation but
Chueh and Prausnitz's (81) modified form is the one common-
ly used,
- (85) (86)

Redlich and Dunlop and Redlich et, al. attempt-
ed to improve the R-K equation by adding a function of tem-
perature and pressure to the compressibility factor com-
puted by the old equation. Stringent conditions for this
function could be formulated and the simplest suitable func-
tion resulted from a réther cumbersome comparison with ob- .
serng data. The disadvantage was the complicated nature of’

the additional functions, although they contained only a

‘single individual parameter in addition to the critical

temperature and'pressure. The purely technical difficultiles
in the extension of such an equation to mixtures and the
derivation of fugacity coegficients are conslderable., Very
recently Redlich and Ngo ( 7)have presented another modi-
fication of this equation, The critical compressibility
factor has been chbsen as éhe third parameter and to im-
prove the equation in the reglon éroﬁnd the critical point
certain conditions are satisfied by the introduction of two
functions of the reduced temperature and volume. The actgal

computation for the fugacity coefficients involve both algeb-

railc and numerical integrations.
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(88)
Recently Zudkevitch and Joffe treated the para-

meters q and Wy of R-K equation as a function of tem-
perature and applied the modified R-K equation to the cal-
culation of phase equilibria in multicomponent systems. These
parameters were obtained for each pure component from ex- ‘
perimental vapor pressurgs and 1iquid densities with the
help of Lyckman et. gl.gsg), generalized fugacity co-
efficient correlation for saturated vapors. Chang and Lu(go)
also treated these parameters as temperature dependent and
predicted the partial molal volumes of normal fluid mix-

tures, However, Chang and Lu did not use Lyckman's rela-

tion and instead set up an iterative procedure which in-

volved the knowledge of 1iquid phase compressibility factor. N

(91)
Hsi and Lu have extended this technique for the pre-

diction of equilibrium compositions of binary and ternary
systems in which the critical temperature of one of the
components is less than the temperaturé of the mixture.
Their method requires the knowledgé of at least one experi-
mental data point. Hsi and Iu assumed that these parameters
Qg and Ry were unique for a component; that is, if
these parameters were known for a component in one binary
system, those values could be used for that component in

any other binary system.



2.4 SOLUBILITY OF GASES IN SOLVENTS

The regular-solution equations do’not take into
account the volume changes on mixing and therefore regquire
modification for the solutions of gases in liquids., The
modified regular solution theory has been most commonly used
to-predict the solubility of gases in varlous hydrocarbon
solvents. Prausnitz (92)mod1fied the regular solution theory
equations for the gas-liquid solutions. He considered a three
step process : (a) Isothermal compression of the pure gas
from its partial pressure and the pure liquid from 1its
vapor pressure to the isometric mixing pressure.

(b) Isothermal, 1sometric and isopiestic mixing at the iso-
metric mixing pressure and (c¢) Isothermal expansion of
solution from the 1sometr1c mixing pressure to the equl-
1ibrium pressure., The resulting equations gave reasonable
egtimates of the solubilities of gases and also of the tem-
perature coefficient of solubility. Shair and Prausnitz (93)
presented & thermbdynamic correlation for gas solubilities

based on a two step process of condensing the gas isother-

mally to a hypothetical liquid at 1 atm and then dissolving

this hypothetical 1liquid in the solvent, He also gave a semi-

empirical method for correlating the solubilities of gases
in polar solvents,
* The isometric mixing pressure is the pressure at

which gaseous solute and 1liquid solvent mix isothermally
and isopiestically without change of volume,

29,
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(o4)
Yen and McKetta derived equations based on

fegular-solution theory for thermodynamic correlation of
non-polar gas solubilities 1n polar lilquids. They were
also able to semiempirically correlate solubilitles of
noh—polar gases in both polar and non-polar solvents.
Lachowicz and Weale (93) also derived equations based on
regular solution theory to predict gas solubility in non-
polar liquids and the application of thelr equations to
existing data resulted in useful correlations., Aral et.
QL.(QG)modified the regular solution theory by intro-
ducing the excess entropy of mixing term and by using the
temperature dependent solubility parameters, The excess
entropy of mixing was estimated by the Flory-Huggins
equation. The solubilities were also obtained as a by-

(91)
product from the method of Hsi and Iu for the pre-

'diction of vapor-liquid equilibria,




3. SOLUBILITY CALCULATIONS

In this section, it is proposed to study the solu-
bility of an oxidiser into a hydrocarbon fuel at high pre-
ssure. Such a situation is most commonly encountered in
high pressure combustion chambers such as those of liquid

propellant rocket motors and diesel engilnes. At the pre-

“gsures encountered in the above situations, some of the

fuel 1s vaporiéed and some quantity of the oxidiser 1is
absorbed in the 1liquid fuel at the equilibrium condi-
tions. In this analysis it is assumed that the hydrocarbon
fuel is present in the vapor phase in a negligible quan-
tity and, for all practical purposes, the vapor phase
consists of the pure oxidising component, |

The situation to be considered is that for which
the oxidising component in the combustion chamber is at
the total pressure P and the hydrocarbon fuel is injected
into the chamber, The partial pressure Pi of the oxidising
component shall bé the sahe as the total pressure P, since
the vapor phaée i1s assumed to consist of oxidiser only. The
temperatures considered are such that they are always above
the critical temperature of the oxidiser and below the cri-
tical temperature of the hydrocarbon fuel.

The problem of estimating the solubility of gases
becomes a matter of estimating the activity coefficients of

the solutes in the pressure of the solvents, Many theoretical




and empirical approaches have been proposed to find the
solubility of the gases (92, 93, 96). All approaches are
aimed at the prediction of the thermodynamic properties
of solution using the pure component data and the mini-
mum experimental data. No existing theory completely ful-
£11s this aim, but various proposed theoretical treat-
ments give good approximations in certaln restricted
areas, Most of the theoretical treatments are based on the
Scatchard-Hildebrand theory of regular scolutions which
makes use of solubility parameters. Prausnitz (92)ex—
tended these equations to solutions of non-polar gases

in non-polar liquids.

Prausnitz's method (82)-utilizes cerfain experi-
mental data and also a few graphs to evaluate some of the
parameters required in the analysis, The aim of the pre-
sent study is to avoild the use of any graphs and also
to evaluate these parameters from the knowledge of cri-
tical properties.df the components only. Prausnitz's
equations have the restriction of being useful at low
pressures whereas , the present study, after certain mo-
difications, will render them useful even at high pre-
ssures of the order of several hundred atmospheres., Fur-

ther,these equations would become useful for the quanti-

tative work.

z2.
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3.1 SOLUBILITY EQUATIONS

The regular solution equations assume that the
excesé entropy of mixing is zero 1l.e. the entropy‘of
mixing is equal to that of an ideal solution and also
that there are no chemical effects acting between the
molecules, Further, it 1s assumed that thére is no change
in volume because of isothermal énd isobaric mixing of
components. On the basis of these assumptions, it has
been shown (27) that for a binary solution : |

RY baYiz Ny &f (8- 8;) -3
where Y = Activféy coefficient
V = Molal 1liquid volume,
b= 13.\/-].. _
XY .
¥ i
% — Solubility parameter — (%*)
AT = Isothermal molar change in energy for a
_pure éomponent in going from liquid to
ideal gas state.
Equation (3.1) 1s not applicable to the gas-
liquid solutions since:
(1) There is a change in enthalpy and entropy when a gas
18 @issolved in a 1liquid. Further, there is a large dec-
rease in volume because the volume of the gaseous solute

in the condensed phase is much smaller than that in the

vapor phase. Thus equation (3.1) cannot be applied, as

33.




such, for the calculation of the solubility of a gas 1in a
liguid solvent.
(2) ~The solubility parameter as defined above has no |
meaning for a component above i1ts critical temperature.
A1l these difficulties can be overcome (92) by
considering the mixing process as an isothermal process
in a series of three steps. |
(a) In step one it is assumed that the pure gas is comp-
ressed isothermally from its partial pressure to the iso-
metric mixing pressure (the pressure at which gaseous
solute and liquid solvent mix isothermally and isoples-
tically without change of volume) and the pure liquid is
compressed from its vapor-pressure to the isometric mix-
ing ‘pressure.

The molar free energy change for the isothermal
compression of pure gas from its partial pressure to the
isometric mixing pressure T is given by :

ZBETSL):zjnVﬁ.éLQ

Since it is assumgé that the gaseous component has
a partial pressure P, equal to the total pressure P of
the system, therefore AF(&) va dp = BT Am —%% ——-(32)
(Note that the sub-seript 'i' always refers to the gaseous

solute).
(b) In the second step there 1s mixing of pure compo-

nents at constant isometric pressure, temperature and volume,




Applying the regular solution equation (3.1) to the

gas-liquid solutlon:
RT \nYy :—\ZQ? (‘é;,—%x)l ----(3.3)

Note that for the gas-liquid solution, the molal liquid
volume V; is replaced by the partial molar volume Vi.

The molar free energy change is given as @

A= RT oy
where a; is the'agtivity of component 'i' defilned as :
Q= VY1 Xa
Therefore, the free energy change for the second

step 1s given by :

— (D
N

=Vid}] G- S +RT Xy (3-4)
V, is the partial molar .volume of the gaseous
solute at pressure(T;)and mole fraction X,
Prausnitz 9 assumed that the partial molar
volume of the solvent was the same as the molar volume
of the pure component. In the present work, as will be
seen later, the partial molar volumesof both the solute .
and the solvent are calculated byga method very recently
suggested by Chueh and Prauénitz( 1).
(c) Step three consists of the isothermal expansion of’
the solution from the isometric mixing pressure 77 to the
equilibrium pressure P, the molar free energy change for

this step is given by:
—(c Pr—
AT ) J\JiciP (:S-f;)

)
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(92)

Prausnitz assumed that the gas observes
Lewis'! fugacity rule at low pressure and since, in the
present analysis, it has been assumed that the vapor phase
consists of oxidiser only, therefore Prausnitz's assump-.
tion holds good for this analysis too, If the solubility
is chosen such that the solution is in equilibrium with
gas at pressure P, then the total free energy change for

the gaseous component is zero,

) = =@
Therefore ATy -\-AF' -\er

=0 (3.6)
Substitution of equations (3.2), (3.4) and (3.5) into (3.6)

gives :

X 5,09

It is evident from equation (3.7) that to compute
the solubility of a gas in a liquid, the partial molar
volume and the isometric mixing pressure must be known,

These quantities along with the thermodynamic pro-
perties of pure gas and those of the pure solvent are
sufficient to determine all other quantities in equation
(3.7).

N-octane-oxygen system will be studied here, though
this analysils can be applied to any hydrocarbon-oxidiser

system, The basic(digference in the present study and
g2

Prausnitz's work is in the method of evaluation of the’

partial molar volume, the isometric mixing pressure and

the solubility parameters. Thus, the method of evaluating

36.
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each of these shall be described In detail.

.The readef is remindea that chemical engineering
is concerped with the development of the vafious tech-
nigues for calculating the solubility of the gases in
different solvents. This 1s because the solubiliﬁy of
gases plays an important bart in extractive distillation
or separation processes, In the petroleum industry, it 1s
necessary to have the knowledge of the solubiiity of
various fractions with different solvents, SO as to be.
able to separate each fraction effectively., However, our
purpose here is to seleét suitable techniques which will
help us to study the various probiems associated with

the combustion of fuels,

3.2  PARTIAL MOLAR VOLUMES

Aceurate measurements of partial molar volumes
of gases in liquld solutions are Vvery difficult to obtain
and consequently experimental data for such binary systens
are rare. For multicomponent systems there is no data at
all, Prausnitz (92)correlafed all available reliable data
for partial molar volume in a generalised plot.

Knowing the reduced temperature and volume, one
could find the partial molar volume of the gaseous com-

ponent in a particular solvent. But this method 18 not

suitable for gquantitative work,
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and

Very recently, Chueh and Prausnitz Gdeve-

et

lop=d a correlation from the Redlich- Kwong equation of
state (55) for the partial molar volumes at the satura-

the partial mo-

73

tion conditions. This correlation gives

izr volume as a function of the composition, temperature
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he 1iguid mixbure. Fressure does

',J.

not gppear explicitly but 1s implicit in the volume which
depends on the pressure.
Tor saturated molar volume of liguid mix-

tures, a correlation developed on the corresrponding sta-

(72)
tes principle by Lyckmen et. al, will be %seg. Lycik~
97
man et. al. slightly re is ed Pitzer's tables for the

7]

saturatecd liguid volume ©
tion of Lyckman et. al., zives better results at low re- -
duced temperatures, when liguids have large molecular
weight components., Further, thié correiation has been
generalised by accounting for a2 larger class of liquid
and & larcer tembperature range, Pitzer's correlation 1is
linear in accentric factor whereas that of Lyckman et.al.
is a guadratic function of accentric factor; it has the

form :

— N W2 %)
V= e \/p ~ UJ\/Q + O Va (3.2)
where Vé 1s the critical volume and(n is the accentric

* \
factor, The generalised functions \AQJ \Jé), and

\JR> depend on reduced temperature and are tabulated for

¥ fAccentric factor depends upon both the cri al
temperature and 1is defined as Tollows : (O = -leyTp -
Nhere Pp represents the reduced vapor pressure at a re-

duced unmperdthvﬂ cf 0.7.
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reduced temperatures from 0,55 to 0.995 (72). To facilg—\

tate caleulzaticns with computers, Chugh and Pr;usnitz(dlj

£1ttzd the tabulated values to the following reWGtion :

ve= () A ‘"""‘fﬂ‘“f&\—a- Pin(-T) (3.9)
</ .

The constants =4) to r{¢)are given below for different

valuas of J.

(1) 8(53 b(i) C(J) d(;}) e(J) f(a’)
J
o 0,11917 0.00051% 0.21021 -0,05022 C.07420 -0, 084478
1 0.68455 -1,50378 1,824 ~0,61432 -0,34545 0.087057
2 -0,55314 -0,157%3 -1,01510 +0,34C95 O UAT05 ~0.23093%

Tquation (3.9) agrees with originally tabulated

values withnin - 1 in the fourth significant figure,
I+ the reduced temperature 1s less
then a slightiy dilfferent equz tion for the Baturated
11quid volume can be used (98).
Vg = -\\%: VAENOVAVAY (5.10)
whew VP Z0.34037140.009531 Te+r e\ 3 T
N . R 2 53

(ij .

N — - Idl " . O .). . —~
VR = -0162 624620403 To-0. 641557+ 0173871,
For application to mixtures, mixing rules for the
DseudocrLtiﬂal(volumv and temperature are ne ary. Chueh

£

and Prausnitz proposed the Pollow;n” mixing rules, which

are different from the previous pseudocritical rules(53,99),




in that the combination,of mole fraction and volume fraction
instead of mole fraction only is used in defining the criti-
cal temperature and accentric factor of the mixture. Thils
change 1s necessitated due to the fact that because of
small separation between the molecules, molecular size
is a more important factor in the 1liquid phase than in the
vapor phase.

VCV\: % Xy Vci

TC\,\': Zb, E:- cb.b CDKTC'"K

wM:‘{_ d?i‘w'\,

& = = Vex
WTTE X Mk

: : :
TC‘-.X: VTCi.‘LTC_w C \—Ki,'a-)

The binary constgnt Kij reprcsenfs the deviation
from the geometric mean rule for Tcij‘ It 48 a constant
characteristic of the i-3j interaction; to a good approxi-'
mation it is independent of the temperature, density and
composition.* In general, KiJ must be obtained from some
experimental information about the binary interaction, Best

estimates of K for 115 binary system are given in (98).
1

* See section (4.3).




Unfortunately thgre is no experimental infor-
mation available ébout the binary interaction of the oxygen-
n~octane ;ystem. Beacause of the explosive naturé of the
system, especially at high pressures, 1t has never been
studied experimentally.Thus, in the absence of any infor-
mation about the interaction of the components, Kij is
assumed as equal to zero. This migﬁt rasult in a lower
value of the saturated molar volume at a given mole fraction
than the value obtained by using the appropriate Kij as 1is
" evident from carbon-dioxide-n-butane system studied before(81).
A1l the pﬁre component constants, required |
for the analysis in section 3, have been taken from (100,
101). The saturated molar volume of fhe 1iguid mixture can
be calculated pfovided the mole fractions of the componen-
ts are known, As will be seen later, a value of the mole
fraction of oxygen in the 1liquid phase 1is assﬁmed and an
iterative cycle 1is started ti1ll the molé fraction of oxy-
gen at the equilibrium conditions is determined. |
The saturated liquid volume of the mixture,
as determined from'equatioﬁ 3.8, at-BOOOK is plotted against
the mole fraction of oxygen as shown in figure 3.1. Figuré
3.2 gives the variation of saturated liquid volume of the

mixture with the total pressure.( )
: 55
Redlich and Kwong gave the maximum de-

viations between the experimental and calculated compressibility

k1,
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factors for a number of gases, For the sake of reference, a
graph (Fig. 3.3) is reproduced on a large scale to show ex-
perimental and calculated compressibility factors for 002
and H.. It can be seen that the R-K equation gives a very

2 .
good reproduction of the experimental P-V-T data, Based on

- (81)
the R-K equation of state (55), Chueh and Prausnitz
derived‘the following equation for the partial molar volume
of a component K,

oo

BT (14 Bx 205X an)———(v:“ﬁ
o D) ) V(VED) T2 (2.41)
| w R _.Q, 2V+bo

Tv-bY TN VIvae)

The various constants in the above equation; as pro-

posed by Chueh and Prausnitz, are given by :
Q = ZZI X§ Oty

b = Z L D1
) 2.5
O\"\JL pu "‘(\'0-1. R TCL\_
e
D ==bs R Ve
PC'_'\..'L

0-25 (o -’r—f\—c.x)Q '\‘c_La C\/C.L-’r\/cl)
The dimensionless constants '.(LQ,_ and Ay, , are

Qij=

equal to 0.4272 and 0,0867 respectively, if the first and
second isothermal derivatives of pressure with respect to

volume are set

Ly,
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equal to zero at the eritical point. In other words, these
values result by fitting the experimental data t§ eritical
region only. However, the critical region does not provide
the best fit for a wide range of conditions. This is par-
ticularly true when the equation 1s applied to the liquid

phase. Using these values of fug. and Sy amounts to sub-

‘scribing to the two parameter theorem of corresponding

states. However, as pointed by Pitzer (57), a three para-
meter theorem must be used in order to be applicable to a
large class of substances.
(81)

Therefore, Chueh and Prausnitz proposed
to fit the R-K equation of state to the P-V-T data of the
pure saturated liquid and evaluate the best Sha and Ly
for each pure -component, These constants for saturated
liqulds and.saturated vapors, for nineteen common liquids
are tabulated in (98). It has been found, after careful
analysis, that at different values of s#turation tempera-
ture, different values of Sflq and f\are obtained and Chueh
and Prausniszfailed to give any criteria for the selection
of the best values, However, in this work, an arithmetic
mean of all the values obtained at different saturation
temperatures is used. These constants for normal octane

and oxygen, both in saturated liquid and saturated vapor

phases, are given in table 3.1.

46,




Utilizing the 'V', the saturated liguid molar
volume of the mixture calculated previously (Fig.3.1) and
the constants as defined above, the partial molar volume
of each component in a mixture can be determined from
equation 3.11., The partial molar volumes of n-octane
and oxygen are plotted against the mole fraction of oxy-

gen as shown in figure 3.4,

3.3 ISOMETRIC MIXING PRESSURE

.The isometric mixing pressure is the pressure at
which the gaseous solute and the liquid solvent mix isother-
mally. and isopiestically without change of volume. The par-
tial molar volume 1s a function .of pressure. Tﬁe isometric
ﬁixing pressure is of the order of several hundred atmos-
pheres and since the partial molar volume at the isometric
mixing pressure is to be used in equation 3.7, the.effect of
pressure on the partial molar volume cannot be neglected. The
variation of the partial molar volume with the pressure (81)
can be approximated by the relation : -

V=" 0-8?" (3.\2)
where V; is the paytial molar volume obtained from equa-
tion 3.12 and B 1s the compressibility of the gaseous com-
ponent. | ‘

To compute the isometric mixing pressure, an

estimate of the partiél molar volume and the compressibilify
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8 1is required, There are very few experimental results
available for the compressibility of the dissolved gases

(81) :
(102, -103). Prausnitz suggested a good estimate of
-1

compressibility 8 aslif-atm and the same value will
also be used in this analysis. Prausnitz computed the
isometric mixing pressure by finding the inftersection of
equation (3.12) with the isothermal pressure-volume curve
for the pure gas., This approach will not be followed In the
present analysis for two reasons.
(1) The P-V-T data for the gas may not be available at
temperature and pressure of concern.
(2) It is not suitable for the quantitative work,

In the present analysis, the lsometric mixing pre-
ssure is determined by equation (3.12) and the R-K equa-

tion of state as follows, An initial value of volume V1

is chosen and substituted into the R-K equation of state,.

PzRT _ 5
-8) \V\(\Aﬁr?S)TJ}S
The constants & and B are calculated from the cri-

tical constants of the pure gas, The value of pressure as
determined above is substituted into equation (3.12)and

the new value of volume F 18 compared with Vl. If the two
are not equal, then a new value of Vl is chosen and the pro-
cess repeated till they become equal (0.0001 tolerance).

The pressure at this particular value of volume and at the

temperature considered 1s the isometric mixing pressure,

ho.

A e s i e gt
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3.4 FUGACITY

Equation (3.7) needs a knowledge of the fugacity of
the gaseous component at the total and lisometric mixing

pressures, The fugacity of the pure gas at the total pre-

ssure and temperature can be taken from the tables in
reference (100) or from the charts of reference (104). It
is not always possible to find the fugacity at the iso-
metric mixing pressure from these references since the
isometric mixing pressure 1is of the order of several hund-

red atmospheres and the charfs may not be available for

Aot s

such a high range of the reduced pressure. Even 1f the
charts are available, they cannot be used for the quanti-
tative work involved here, because of ﬁhe nature of the
iterative process,

In thils analysis, the‘fugacity at total pressure
and fhe isometric mixing pressure 1is determined from the

fugacity coefficignt relation for the pure components de-

rived from the R-K equation of state(ss)_
VY G =@Z-1) =\ (Z-BP) - & \‘\'\E\-\-g_.?_) (3-13)
D =z
whew @ = Fugaciy Codficiendt o, Rune Coupomenk = ¥[P.
\ N (A
L= (-n) B ( W G.\4)
o = fo WP
% 12
B = Dy Ve
Y

h—_BP
z
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Equation (3.14) must be solved first to obtain the
fugacity coefficient. It 1s a cubic in 2 and has three
roots, The root of interest in the present calculations
18 the largest value of 2, It is incorrect to use any
other value of Z than the one given by equation (3.14)
in solving equation (3.15) for the fugacity coefficient.
Afgter finding 2, the solution of.equation (3.13) for the
fugacity coefficient and hence fugacity is straightforward.

3.5 SOLUBILITY PARAMETERS

The solubllity parameter of the gaseous solute is

‘computed from the thermcdynamic properties of the pure gas

at the temperature of the solution and the isometric mixing

AE /2
pressure. As defined before : g-\,: = )
where V, is the partial molar volume of the gaseous solute

i
and

AT= AOH-RT + 7 Vq

omd AN =HCx P=0)—H(oX P= )

The isometric mixing pressure changes with every-
assumed value of mole fraction required in the 1terative
process. Thus, the values of enthalpy at all those un-

known pressures cannot be taken from the tables glving the

51.




enthalpy at various pressures, because of the nature of the
iterative process, Therefore, it is not possible to calcu-
late the solubility parameter at the isometric pressure
and temperature of the solution, This i1s a drawback in

this analysis. However, the solubility parameters aval-

lable in the literature (100) will be used in this analysis.

3.6 ESTIMATION OF SOLUBILITY OF GAS

Denoting the sub-script 1 for the gaseous solute
and 2 for the gaseous solvent, the equation (3.7) for the

solubility of the gaseous solute can be re-written as :

— 2 W
EXGER 2 : -
RT W(h& N V¢, (8- 82) — fv‘ e G
where V is the partial molar volume at pressure .

Substituting equation (3.12) into the above integral :

RT\m(*@ >._ Ly (80— 2) fvo‘(\-ﬁp)dp

where V is the partial molar volume computed from equa-

tion (3.11), or

RT Wn (5 )=, &,(6,- 32)1—%[(“ =)= (-5 )]

\X 5i(»)

and those of the partial molar volume areszlgmand if R is

taken as 82.06Ccm)3(om)](°x)(q-mc&),then the first expression

on the right hand side of above equation, 1.e.V\®,(8,-%,)

must be multiplied by a factor (82,06/1.987 = 41,2984)

in order to make both sides of the equation dimensionally

&) )‘/1

Since the units of solubility parameter are (Cof/Cwn

52.




equal. Thus the equation takes the form :

x\ "'\ (U)

RT \n(E( )=+\..9_9&+Vdp’;_(s.-sz)a—vm[(n-w;)_gp_ﬁ%a)] G5

Knowing the partial molgr volume, 1sometrié mixing
pressure, the fugacity and the solubility parameters of
the solute and the solvent, the mole fraction Xy of the
solute in the solvent can be calculated from equation (3. 15)
As it has been seen before, the calculation of partial =
molar volume requires kndwledge of the mole fraction x .
Hence, an iterative process 1nvolving'the assumption o%
mole fraction is adoptéd. Since the lower and upper limlts .

of x (0.0 and 1.0 resp.) are known, the iterative process

begihs by assuming the mole fraction xl equal to the

_arithmetic mean, of the two extreme values. The partial

molar volumes of the solute and solvent at this parti-
cular x are determined and th¢ partiél molar volume of
the éolient 1s used to evaluate the isometric mixing pre-
ssure 7, The calculatiohs for the isometric mixing pre-
ssure are performed in a separate sub-routine, Knowing
the isametric mixing pressure, the fugacities at the to-
tal pressure and the isometric mixing pressure can be
calculated. Now, the solubility pafameters 8, and o4, are
read as data and the left hand and the right hand sides
of equation (3.15) are evaluated. The two sides of equa-
tion (3.15) are compared and 1f the left side 1s smaller

than the right side, the upper limlt of xl is set equal to

53.




5k,

the previously assumed value of X,. On the other hand, if
the left side is greater than the right side of equation
| (3.15), then the previously assumed value of Xy becomes
j its lower limit, With one of the limits changed, a new
value of xl equal to the arithmetic mean of the new li-
mits 1s assumed and the process is repeated till the
difference in both sides of equation (3.15) is within
the permissible limits (0.0001)., This particular value
of x,, at which both sides of equation (3.15) are al-
most equal, is the mole fraction of the gaseous solute
in the solvent at the equilibrium conditions at the
given pressure P and the temperature T,

The variation of the mole fraction of oxy-
gen with the pressure at constant temperature is shown

in figure 3.5, The figure gives the plot for T=300°K

and T = 350 K,
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3,7 RESULTS AND DISCUSSION

Fig. 3.1 gives the variation of saturated liquid
volumé with the mole fraction of oxygen in the liquld phase
and Fig. 3.4 gives that of the partial molar volumes of

normal octane and oxygen with the mole fraction of oxygen

in the 1iquid phase. The sudden Jump in the curves of

both the figures can be explained by the fact that differ-
ent relations for calculating the saturated molar volume
have been used, Equation (3.8) has been used for the re-
duced temperatures between 0;56 and 0,995, whereas equa-
tion (3.10) is used for reduced temperatures below 0.56.
The use of these two different relations results 1n the
discontinuity in the curves, In Fig, 3.1, the experimen-
tal value of saturated molar volume of pure liquid has
also been plotted. It can be seen that the extrapolated
value of mixture at the zero mole fraction of oxygen in
the liguid phase 15 very close. to the experimental value.
Fig. 3.5 gives a plot of pressure vs. the mole fraction
of oxygen in the liguid phase at différent temperatures,
It is evident that the mole fraction varies almost 1li-
nearly with pressure and that the temperature has a very
slight effect on 1it.

The mole fraction of the gas in the fuel, cal-

culated above, may not be very accurate because of many

56
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reasons, Firstly, the interaction constant Kij has been
assumed as zero, whereas this has qulte a significant
value -for the oxygen-n-octane system, as will be seen

in section 4, This assumption for the value of the Kij
for the system gives low values of séturated molar volu-
mes and consequently, the partial molar volumes. The
partial molar vglume ; In turn, effects the solubility
calculations. However'» the assumption éf Kij equal to
zero, may not be bad for systems of like molecules for
which the interaction constant is usually very small,.

The value of compressibility (3 used has a

great significance on the estimated value of 1isometric
mixing pressure, Therefore, an experimental vaiue of
compressibility of the gas should be used for better re-
sults., Since the solubility parameters used have not
been calculated at the isometrié mixing pressure and

the temperature of the mixture, therefore the calculated
solubility is of questionable accuracy. Moreover, it has
been assumed ih this analysis that thé‘Vapor phase con-
s8ists of the oxidiser only, whereas, in reality, it

does have some fuel vapors also. However, this assump-
tion is quite reasonable for the systems at low pressures

or for the systems in which the fuel does not have the

high vapor pressure at the temperature of the mixture.




TR X

In section 4, the interaction coefficient KiJ will be
caleulated for the system and the quantity of fuel
present in the vapor phase will also be taken into
account. Thus the results obtained in section 4 will

be more satisfactory.
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4, VAPOR LIQUID EQUILIBRIUM

In section three it is assumed that the vapor
phase consists of the oxidising component only and the
composition of liquid phase is predicted. In this section

it is, however, assumed that some of the fuel vaporizes,

which represents the actual situation in a combustion

chamber. This section deals with the estimation of the
equilibrium composition of both liquid and vapor phases,

In the previous section, it has been pointed
out thatJva and fov , the so called constants of Redlich
and Kwong equation, are not constants but are functions of
temperature., Wilson (77)considered JLo. as a constant,
equal to the original constant proposed by Redlich and
Kwong, and Sny as temperature dependentggor both liquid
and vapor phases, Joffe and Zudkevitch ( )treated these
parameters as functions of temperature for both phases but
also showed that the use of one set of constants for both
phases gives very good approximations, The constants for the
ligquid phase ﬁere recommended for both phases. The use of
one set of constants, apart from simplifying the prediction
of phase behavior of a mixture, has the advantage that the
analysis can be extended to the critical region where the
two separate sets of constants may not result in the come

L \'
liance of the stability requirements ( 1.e f; = ?l ).

59.
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Joffe and Zudkevitch determined the equili-
brium constants for single component systems. They extend-
ed their scheme of finding equilibrium constants to the
binary and multicomponent systems by the introduction of
an interaction constant Ci4 is different from that of

(81)
Chueh's constant Xi' . While K, . reflects the de-

J 1J
viation of Tcij from the geometric mean of critical tem-
peratures, C1J gives the deviation of‘aiJ, the R-K cons-
tant for the mixtures, from the classical geometric mean

assumption.*
(90)
Working along the same lines, Chang and Lu
evaluated one set of R-K equation constants for components
below the critical temperatures. Chang 2nd In did not
make use of the generalizéd fugacity coefficlient rela-
tion of Lyckman et. al. and instead set up an ite- g
rative procedure similar to that of Chueh and Prausnitz.( 2)
Their method requires at least one_expefimental x~y data
point and the value of the 1liquid phase compressibility
factor. The method of Chang and Lu has the advantage of
being applicable at all temperatures, except near gge cri-
tical region, while that of Joffe ahd Zudkevitch (88) is
1imited for reduced temperatures between 0.56 and 0.93.

They used these temperature dependent constants for the pre-

diction of partial molal volumes of normal fluids. It was

X

=

2
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(104)
that Chang's technique has been extended for

noted

calculating the parameters oo and fLyv for the case in

which the temperature is above the critical temperature

of one of the components, .
(91)

Hsi and Lu assumed that JLo. andS\y values
are unique for a component, In other words, if the values
are known for a component in one binary system, then these
values can be used for the same component in any other bil-
nary system, Thus, to evaluate these parameters, for a
component above its critical temperature, at least one ex-
perimental x-y point must be known for the component in
any binary system. It is preferred and recommended that
the known data point be for a binary system similar to the
system under study. The iterative schéme is déscribed in
detall in reference (91). Hsi and Lu used these para-
meters for predicting the gas solubilitles and phase
eguilibria of normal fluid mixﬁures with one supercriti-
cal component. They studied methane with other hydro-
carbons and used methane-propane system for calculating

o, and .y . The predicted results are in good agree-

ment with the experimental results.

h-1 EQUILIBRIUM EQUATIONS

Hsi and Lu made use of the basic relationship
for defining phase equilibria that at equilibrium the fu-

gacity of a component 'i' in the liquid phase 1is equal to
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the fugecity in the vapor-phsse.
. AN
1. €. T o= T (L{- V)
The fugacity in liguid and vapor phase, respectively, is

given by ¢

‘{_\L ;‘L\\_

o =@ Xy P (4. 2)
aY AY ‘

To =G,y P 1. 32)

Chang and Lu have expressed, for simplicity in cal-
(50)
culations, the fugacity coefficilent as follows :

¥or the llouid phase :

|
\“&chzf)mm—W(LXv-Q- 1_1UM

_— Dt ) '\WC\-’r\‘\\_) - (\_\‘L\)

£nd for the vapor phase:

Ql

@L =(Zv- ) E)0-hy) — L (Efjj_[\i__ﬁ

N

...._%):—"”- | \Y\C\—'r\\v) | | ( )

The derivation of equation (4.4) and (4.5) is
given in the appendix 2. In using equations (4.4) and
(4.5) it is assumed that the R-K equation can be applied
to both 1iquid and vapor phases and also that for i = J
(1.e. single component system) both the equations yield

the same fugaclty, (or fugacity coefficient) at the vapor
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pressure of the pure component,
The mixing rules used for equations (4.4) and

(4.5) are given below:

Wiy = 0-5(Wi~+wy) (4.6)
Zcy = 0:29)- 0.08 Wiy D
ey = —}g (Vc‘{s-«-\/c,\{ 3)3 (M. 8)
Pm}‘—_- ZCLXRTC'»;;/VO;X 14.9)
Naiy= 0.5 -aii+ Najy)’ G.10)
Ty :(Tcﬂc”)o'5(\-—w3) | )
b = NoiRTeii /Pis (L.12)
0 = o T /Peyy C3)
Ri?' _ Qﬁ[Rl <25 CHE)
B = P/RT b-15)
o,:-_;;};,fz-bzx Oy | G.\v6)
b :‘%Z~ i CHRD!
P = leg-T?--S (4.18)
g — b[rRT \.19)

zZq represents the mole fraction of component 'i' either i1n

the vapor or in the liquid phase., The values of ?L’ Zyr and




h.s by to be used in equations (4.4) and (4.5) are obtained

by solving the simultaneous equations :

_
z= (\—n) B ( f=+ h ) (4.20)
h= %" (42)

Equations (4.20) and (4.21) result in a cubic equa-

tion in z which is solved by using equations (4.6) to (4.19).
The largest root of this cubic gives the value of zv and
the smallest root that of 2. Thus, knqwing the critical
properties, accentric factors and the mole fractions in
both the phases, the fugacify coefficients for both liquid
and vapor phases may be evaluated. Since the whole problem
is, in fact, to find the compositions, an 1terative pro-
cedure is set up which results-in the evaluation of the
mole fractions,

Combining equations (4.2) and (4.3), the mole fraction

in the vapor phase 18 given by )
ML= ( ) Xi <FLZLQ‘)
Also the pressure 1is calculated by :
P—-z( &Y “.23)
Using equations (4.22) and (4.23) and the condition
;i%mml, the mole fr?ct%ons in both phases can be predicted.
91
Hsi and Iu are, in fact, not the first to use

this approach in phase equilibria calculations, Manrique

6,




(105,106)
and Borman in their study of the rates of vapor-

ization of sjierical droplets in a stagnant inert atmos-
phere, utilized the same approach graphically, for the

carbon-dioxide-nitrogen binary system.They claim to have

calculated the fugacities of both the components at differ-

ent mole fractions by the use of R~-K equation. A plot of
fugacity versus mole fraction is drawn for both compo-
nents on the same graph and the two points are located

on the curves which simultaneously give equal fugacitles

in the 1liquid and the vapor phases for both the components.

The corresponding abcissas give the mole fractions in the

liquid and the vapor phases at the equilibrium conditions.

It 1s observed that the selection of fhe two pbints is
somewhat arbitrary and the mole fractions predicted may
not be very accurate. Moreover, this approach is not suil-
table for quantitative work. »

Manrique, while using the. R-K equatilon, adopted
Chueh's mixing rules. However, he did not take into con-
sideration the interaction term K, ; when defining the
pseudo-critical temperature, Tqyj for the mixture, Fur-
thermore, the parameters {fia andJdLyof the R-K equation
were treated as constants for all the components and the
values as originally proposed by Redlich and Kwong(SB)

were used,

65




ot i

it TS

(91)
Hsi and Iu > While following the same basic

approach, gave a computational method which is very use-
ful for quantitative work, The interaction coefficient
Kij is taken into account by making use of the experi-
mental solubility or phase equilibria data for the bi-

nary systems, As pointed ouft earlier, Hsl and Lu consi-

- dered the parameters Sflo. and Ly as a function of tempera-

ture in their analysis and also gave an iterative tech-
nique for the evaluation of these parameters,

The iterative scheme of Hsl and Lu requires the
1iquid phase mole fractions and temperature as input and
glves the vapor phase mole fractions and the total pre-
ssure as the output. In essence, their iterative scheme
is the one for the bubble point calculations and is desc-

(91)
ribed in detail in reference .

4.2 ITERATIVE TECHNIQUE

As pointed out in the previous section, the aim
of the present study is to calculate the vapor-~liquid
equlilibria of hydrocarbon fuels and oxidisers, As an
example, n-octane and oxygen system is chosen., It has been

mentioned before that no data regarding the solubility or

phase equilibrium is avallable in the literature for this

system. The temperature dependent parameters flo. and Sy
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for n-octane can be calculated from any binary system such
as n-octane and nitrogen system, But these parameters for
oxygen cannot be evaluated since no data is available in
the literature for any hydrocafbon and oxygen system, Data
is available for systems like oxygen and cafbon dioxide,
But, since this system is quite different from oxygen
and n-octanelsystem, this data is not used, For unifor-
mity, these parameters should be either treated as tem-
perature dependent or independent of temperature for -
both the components. In the present study, these parame-~
ters are considered as independent of temperature., In
fact, these parameters are treated as temperature inde-
pendent for all the systems sfudied here, HOWeQer, for
.the sake of comparison, these parameters are also treat-
ed as temperature dependent for n-octane and the values
as orliginally proposed by Redlich and Kwong for these
parameters are used for oxygen, The values of these para-.
meters are calculated for both liquid and vapor8phases
by the method suggested by .Chueh and Prausnitz( 1),

In the present study, the pr;mary interest is to

predict the phase equilibria of systems for which no experi-

mental data other than the total pressure and temperature
is available, An iterative technique using equations (4.1)
through (4.23), which is different from that of Hsi and ILu,
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is, therefore,adopted. The technique used is as outlined

below @

1. Assume a value of X, and calculate ?i, and 3%, usiﬁg
equations (4.%) and (4.2).

2, Set @V and a\);both equal to one,

3. Calculate Yi and ¥y from equation (4 22) and using
normalized\s S calculate, $ and ¢J from equation (4.5).

4, Compare éﬁzwith 1ts previous value and 1f they are not
equal within a reasonable tolerance (0.0002 used in
this study) repeat step 3 with this new value.

5., Compare aigcalculated in step 3 with its previous value
ahd if the two values differ by more than a reasonable
tolerance (0.0002 used in this investigation) repeat
steps 3 through 5. When both &Z/and a\D\;are constanty

5:_\3L_ \ is invariably satisfied.

6. Calculate total pressure from equation (4.23) and com-
pare it with the given value of total pressure, If
different, aséume a new value of Xi and repeat steps
1 to 6. When the given pressure and the calculated
total pressure are equal, the assumed value of Xi in

step 1 and the calculated value of y;in step 3 give
the liguid and vapor phase mole fractions at the

given pressure and temperature.

* \/ = Y\ /(\/\ -\—Y»)_)
\I)_ \/Z /(\/l "'\/z)
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The value of z used in equations (4.4%) and (4.5)
is found by solving the cubic equation in 2z (formed by com-
bining- equations (4.20) and (4.21) by Newton's method which
1s quadratically convergent, For rapld convergence of the
iteration, a method similar to that used in section 3

(see page 53 ) is used for assuming the x, values.

4~.3 RESULTS AND DISCUSSION

In order to test the vallidity of the proposed
method, the mole fractions in vapor and liquid phases of
nitrogen with n-heptane, n-octane and butane are predict-
ed and compared with the experimental values. The compo-
sition of nitrogen and n-heptane system is predicted at
305.38 K, 352.60 K, %99.83°K and 455,38°K and compared with
the experimental data of Akers and Kehn (107). Since the
interaction coefficient KiJ is not avallable in the lit-
erature for this system, it 1s evaluated by using the data
of Akers and Kehn(107)and bubble-point calculation tech-
nique of Hsi and Lu. The critical consfants used, through 5
out this section, are from the compilation of Kobe and Lynn(10 ).
KiJ value?gggr nitrogen and hydrocarbon systems, as reported
by Chueh are plotted against the number of carbon atoms.

The extrapolated value of KiJ for nitrogen and n-heptane '
systems obtained from this plot is used as the first guess

in the iteration. The method of the evaluation of the constant
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KiJ can be clearly followed from Fig. 4.1 which gives a

plot of Kij against the average of square of the devia-
tion in the calculated and observed total pressure (AP )2',
It is evident from Fig. 4.1 that K1J = 0,23 gives the
minimum deviation in observed and calculated pressure

and, thus, this value of Kij is used in this analysis.

. It may be mentioned that since Kij values for higher

hydrocarbons and nitrogen or oxygen are quite high, cal-
culations are made only to two decimai figures accuracy,
AS mentioned earlier, the parametersfiaand Sy
are treated as independent of temperature and their values
(81) (&2)
are taken from references . The results are re-
ported in table 4.1, It can be -seen that the results are
quite satisfactory for lower temperatures, but at higher
temperatures (260°F and above), there is a considerable
difference in the vapor phase ﬁole fractions. This is
because of the fact that~this technique does not give good
results near the éritical region, Figures 4.2 to 4.4 give
the variation of mole fraction of nitfogen, in liquid and
vapor phase, at different temperatures.
Results for nitrogen and normal octane system for
323 ,16%K, 348.16%K and 373.16°K are given in table 4'2Z109)

The experimental data used is that of Graham and Weale .

The interaction coefficient is calculated, as described
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above, using previously calculated (table 3.1).0 5 and Sy
values for n-octane, The KiJ versus QSFDzkms been plotted
in figure 4.5, The maximum deviations in the vapor phase
mole fractions of nitrogen are 0.49 % and 1,05 % at 348.Iék,
and 373.16°K, respectively. Figures 4.6 to. 4.8 give plots
of pressure versus mole fractions in liquid and vapor phase,
“at different temperatures.

| Table 4.3 shows the comparison for nitrogen-
butane system between the predicted and the experimental
results of Roberts and McKetta (110), at 310.94°K, 344 27°K,
377.60°K, and 410.94°K. The values of K

(81, 82) 1d
those of Chueh and Prausnitz . It can be seen that

,J\-o.and S\ly are

there is closer agreement between the prcdictéd and the
experimental results at higher Eemperatures (377.600K
and 410.94°K). This tends to discount what has been said
previously that at higher temperatures (near critical)
this method does not gilve accurate results, But it will
be seen a little later that the difference in results at
the lower temperatures is due to the somewhat arbitrary
choice of the interaction constant. Figures 4, 9to 4.12
give the graphical representation of these results,
Finally, the solubility data for the oxygen and
iso-octane (2,2,4 Trimethylpentane) system 1s tested. The .
solubility of oxygen is given at four different tempera-

tures (over a narrow range) and one atmosphere pressure.

it carm onar-

[V




SYSTEM.




oc

b

g

NE3SYETEM

TA

+

PRESSURE IN |

a1




Pty .

'S

EM

ST

109).

(.

SY

“ocTans

perimental

EX

. PRESSURE IN ATH,

TESTYRORS




cres

Cherteans

IR

Teeeteres




et A D TR N P TR

d

) J-U/

:

aly

mentad

¥
¢

1

Bz

’I’ET'T =

>4

syst

=

=t

1=

i

1 m
%

L0

53]

o~

o)

N ~BUTANE




50

|

TA

Exper:

ol

iment

{1

s 56

SSURE-T

FIG

el
N




82.

Yoot

jQeetss

e A

S




13377

83.]

Lt ok M an it



The interactlon coefficlent KiJ for this system is found
by the usual technigque and is equal to 0.,22. This value
of Kij fits the data quite well as shown in table 4.4, |
For lack of values of fLg and Sy for iso-octane in the
literature, the original values as proposed by the Red-
lich and Kwong have been used for these parameters,

At this point an assumptlion is made that thé
molecular interaction between oxygen and normal octane
is similar to that between oxygen and 1so-octane. In
other words, the interaction constant K1J has the same
value for both the systems. Thils assumptlion 1s very
reasonable in the light of the fact that predicted re-
sults for nitrogen-iso-octane (2,2,4 Trimethylpentane)
system are quite comparable with the experimental re-
sults of Graham and Weale(log). Results given in table
h.s for nitrogen-iso-octane syétem are obtained by using
the same K1J value as for the nitrogen-normal octane
system. It can be seen that the accuracy of results for
this system is in the same range as fbr any other system
reported in this work.

Using the parameters fla and f\w as calculated
and tabulated in table 3,1 of the previous section (section
3) and the interaction constant for nitrogen-iso-octane

system (Ki1j = 0,22) mole fractions are predicted for oxy-

gen and n-octane system at varlous pressures and temperatures.
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The results are tabulated in table 4.6 and plotted in
figures 4.13 and 4,14 . The results are given fof pre-
ssures as high as 300 atm and for temperatures 300°K and
350°K. At'pressures of 300 atmospheres, the mole fraction
of oxygen in the liquid phase is quite high (about 60 %-

table 4.6) and above this pressure, the iterations do not

.converge and 1t is not possible to predict the mole frac-

tions. This may be attributed to the fact that the ‘'near
critical region' is entered, and as stated before, this
technique may not gilve results in that region.

4 value of the solubility of oxygén in n-octane
at 25°C and 1 atm was found in the literature(lll), after
the compositions for this system had been predicted. For
the sake of comparison, the solﬁbility of oxygen in nor-
mal octane was then predicted at 25°C and one atmosphere
pressure. The predicted solubility is 18.94 xlO-4 where-
as the experimental value is 20,90 x 10‘4. Thus 1t is
confirmed that the assumption made in the choice of Kij
for this system is very good., Further, 1t can be said
that the predicted results for systems, for which no ex-

perimental equilibrium compositlons are  available, can be

regarded as quite reliable,
(112)

Chang generalized the temperature dependent

parameters .o and Sewfor normal liquids. He tabulated these

parameters for reduced temperatures ranging from 0.56 to
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0.99 at different values of accentric factors., Table 4,7
gives the results for oxygen-n-octane system at 350°K,
using Chang's generalized parameters (<S\o. = 0, 45488
Sp=0,075943 at 356k)for normal octane and the original
coefficients ( =f-o. = 0.4278 and~b = 0,0867 ) for

oxygen, It may be mentioned that the same values of these

‘parameters are used for both 1liquld and vapor phases, A

comparison between the results of tables 4.6 and 4.7
shows the effect of temperature on the.parameters.ﬂ<land
. The dotted line in figure 4,14 is the curve ob-

tained by using the results of table L4.T.

As a general rule, the solubility of a gas risés
with increasing temperature whencveraﬁ_is small and it
falls with increasing temperatufe wheneverﬁxl is large.
However, this is only a general rule and there are diff-
erences in behavior between different gases and different
solvents. It 1s a fact that the solubility of gases like
oxygen and nitrogén ete. ét temperatures above the room
temperature, increases with temperature. This is confirm-
ed by the results obtained (table 4.6) for the oxygen and

normal octane system.

To demonstrate the influence of the Interaction

coefficlent Kij on the equilibrium composition calculations,

curves are plotted (Fig. Y4.15) for different values of

K,, at BOdOK for oxygen and n-octane system. It can be
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seen that the mole fraction of oxygen in liquid phase at a
pressure of 100 atmospheres varies from 0,16 at Kij = 0.3
to 0.5 at Kij = 0.0. Thus the importance of the use of
proper KiJ can be clearly understood.

' As stated earlier, the interaction constant can
be evaluated 1if at least one experimental solubility or
x-y data point 1s known, The experimental data used must
be of high accuracy since the mole fractions are quite
sensitive to the interaction coefficient, The importance
of the accurate experimental data can be realised from
the fact that many of t?§8§nteraction constants evaluated

by Chueh and Prausnitz » When fltted to the data of

other workers do not give comparable results at all, For

example, Kie = 0.12, as suggested by Chueh and Prausnitz
has been used for the calculations of nitrogen-butane

system, the results of which are shown in table 4.3, It

is seen that the use of thils value does not give very

good results for this system.*It 1s recommended, there-

fore, that Chueh's constants should not be used with

blind faith and, where ever required, new coefficients

be evaluated by using the data of a reputed worker.

Using the technique previously described, KiJ

has been evaluated for nitrogen-butane system and was
found to be equal to 0,16 . Using this value the

calculated equilibrium compositions for this system are

* Errors as high as 37 % can be seen in the
table 4.3.
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indicated in table 4.8, The use of this new Ki5 1s seen
to result in substantially greater accuracy. |
Eiperience shows that the values of interaction
coefficichts obtained by using only one data point, do not
predict comparab%g results for most of the systems. Joffe
and Zudkevitch ( recommended that at least four sets of
-X-y points be used to account for possible scatter in the
experimental déta.However, it has been observed that even
if the interaction coefficlent is obtained by using a
number of points at a particular temperaturg, the pre-
dicted results for the same system, at other femperatures
may not be reasonably close to the experimental obser-
vations, In fact, for some systems, the deviations bet-
ween the predicted and observed results are quite high
for temperatures other than those at which Kij has been
evaluated. As an example, there are significant devia-
tions in results at 399.83°K and 455.38°K for nitrogen-
normal heptane system for which the interaction co-
efficients aré calculated at 305.38%K (see table 4.1).
Thus it can be stated with reasonable confidence that the
interaction coefficient 18 somewhat temperature dependent.
In fact Lu is currently working on the correlation of the
interaction coefficient with temperature., It is recommend-
ed, for best results, that the interaction coefficient
be determined under temperature conditions which app-

roximate those under which 1t is used to predict the results.




There 1s not significant evidence avallable, as
yet, that the interaction coefficient is a function of pre-
ssure or mole fraction. However, Joffe and Zudkevitch (58)
observed that in hydrocarbon systems the interaction co-
efficients are somewhat smaller at relatively high pre-
ssures than those obtained at low pressures (below 100
psia data). Thus, if large changes in tcmperature and pre-
ssure, from those at which Kij is evaluated, are envisaged,
then the interaction coefficient may have to be treated as
a function of temperatqre and pressure,

Another assumption made in this work, like
others (77, 88, 91) is that the interaction coefficient
has the same value in both the phases., The 1ntefaction
between the molecules in the vapor and liquid phases
may or may not Be simllar. No work has been reported in
the literature about this aspect of the 1ntcractioh co-
efficlent, A lot of work has been done in the vapor-liquid
equilibria field but much work is required to predict the

fugaclty, solubillity or phase equllibrium accurately.
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5. CONSEQUENCES OF LIQUID-VAPOR EQUILIBRIUM

STUDIES ON LIQUID DROPLET EVAPORATION AND

COMBUSTION,

Several theories have been suggested to study
the vaporization of fuel droplets. Some of the basic
assumptions made in all these theories are :

" (1) Steady state heat and mass transfer correlations
are applicable to non-steady conditions.
(2) Average film properties based on the mean temper-
ature and composition in the  film can be used, assuming
ideal gas and ideal mixture behavlior in obtaining suit-
able corrections for high pressure cases,
(3) The mole fraction of droplet vapor at the droplet
surface can be calculated from knowledge of the vapor
pressure of the pure liquid.
(4) No ambient gas is absorbed in the -1iguid phase.

In light of the present analysis it can be stated
that all these assﬁmptionﬁ are very s;mple approximations
leading to thé results of low accurac ;

Recently, Savery and 130r~m.:—zn(113 attempted to over-
come some of the simplifications but have overlooked
the importance of others. Their application of the equa-

tions of heat and mass transfer to a spherical liquid

droplet lead to :
NP> e Cp 4T — 7D R (Te-T)+Adm (5.1)
6 de a8




A =7 U Ma Kx ( Yag—=¥n)
' d,e \—\‘XROQ-\- NR)

where D is the diameter of the fuel droplet, Cp1, is
the specific heat of the liguid and ) the heat of
vaporization of the fuel. “qa, and Yo are the mole
fractions of the vapor at the surface of the droplet
and 1n the free stream, The complete nomenclature for
equations (5.1) and (5.2) is presented in reference 113,
The importance of the knowledge of the composi-
tion of the gaseous phase at the droplet surface can be
clearly understood from the fig. 5,1, Fig, 5.1 gives

plots of the mole fraction ¥, vs. pressure P for three

2
cases,
1 ¥y =P *
(1) . = By,
P
where PV = equilibrium vapor pressure of pure fuel
1 .
at*the temperature of the droplet.
*
2 y =P
(2) ;s =5
P
P* = corrected vapor pressure of fuel at the temperatureT
v
1
and pressurefof the droplet,
Vi (R- ?\)L)/P\T
=P €
— Vi
Vl = average saturated ligquid molar volume.
P
* Y1 = V1 is a customary approximation
for low pressure P evaporation and combustion studies.
* % is an improved approximation valid for

high pressures assuming no gas adsorption at the liquid
surface,

[
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(3) Mole fractions of the fuel as calculated in Section 4.

Evaporation rate is a function of droplet size which
is further a2 function of surfacg tension. The 1arg§r the
droplet size, the higher the evaporation rate. It has been
seen in the present work that the liguid fuel adsorbs a
significant amount of the gas and_therefore the size of

the droplet tends to increase. Surface tension can increase

Ssince significant amounts of gas are adsorbed by the liquid,

Further, the increase in the size of the droplet
changes the Reynold and’ Prandtl numbers, Change in Reynold
and Prandtl numbers results in a change in the Nusselt num-
ber and hence the heat transfer rate to the droplet,

Because of the absorption'of the gas at the droplet
surface, the specific heat of the droplet shall be differ-
ent from that of the pure liquiq resulting in a droplet
heat-up time much different than that normally expected.

At high pressures‘the change 1in enthalpy in going
from the liquid to the vapor state can no longer be app-
roximated by the latent heat of vaporization of the
pure liquid.The correct enthalpy of vaporization can how-
ever be calculated from deviation cquations (105)using
the modified R-K equation. This can be accomplished using

the liquid and vapor composition calculations described

herein.

* An even better estimation of y 1is that when
gas adsorption is considered. 1

*
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The value of D to be used in equations (5.1)
and (5.2) needs to be averaged by some approximation
since it keeps on changing throughout the droplet life.
The effects of the specific heat, enthalpy of vaporiza-
tion coefficient of heat transfer etc. on equation (5.1)
and (5.2) cannot be explicitly stated here without a
‘detalled mathematical analysis, Unquestionably, such

an'analysis would lead to other areas of research.
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APPENDIX 1
(1) The R-K equation of state is :
P— RrRY o
— (N-b) \/CV+\>)T°5'

The compressibility factor form is :

_ \ N h
“=T-m ) ( H—h')
(_ _BP

The various constants for pure components and

mixtures have been defined in sections 3 and 4,

(2) The compressibility factor form of B-W-R equation

of state 1s :

Z = 1+(®o— Ao [RT — Co/RT3'X\/v) + (o -0 [RT)(VV3)
4 (O.OA/RTX\/VS)-\- (C/ RTS)E(&_Y v 'z)/v_’zj £V

(3) The H-B-M-S equation of state in various regions is :
Recioh T &Gas

P+ afvie o)l v3] [V-b +b /V] — R

REGIONTL: thau Dewsr1Ty Gas.

: 5
Pr/et= ~—w@®@@-w,mS+1+pet+ae-Nfes DL)

RegioN T LiQu'd

P (o) = b (&) - pplede)t |+ b Ce

AL - A ANTIT 8 LT A

AR
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APPENDIX 2

DERIVATION OF FUGACITY COEFFICIENT EQUATION

A step by step derivation of the equation for fhe
fugacity coefficient of a component 'i' in a mixture is
glven below,

The compressibility form of R-K equation is :
\ Ak -
Z = = (M
(=) B (\+h)
_ BPF (2)

The various constants are defined by the following

mixing rules,

2
V= s
B— Db
RT (3)_
Q= %; %F.“h,kh.CLij
b= Z‘; Yi be

yi represents the mole fraction of the component ¥it,.

either in the vapor or in the 1iquid phase,

The quantities a1J and by are as defined before in
section 4,

The fugacity coefficient of a pure component is

given by : N
ML= (z-)-mz-8P)—& W(+82) W)
The fugacity coefficient of a component 'i' in the

g+

mixture is defined as :
Y J O ) L RT Y
N P = W24 — Vi —
' ’ Py, PRTofCV*’ 5 ) AP (573

ov i = [ (Zi-nee &)
o

10
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A parameter G is defined as :
G= Wi 5 = = Y Y \’(\C&)& M
. From equations (4) and (7), the derivative of G
(}1 Vﬁ.i; ) is found as :

dni _ \ NP
( )PT,‘#L ( ey T @Tmm T Zez o) (8)
Combining equations(l) and (2) and rearranging

\ 2
\- i = ()
(z-®P) z(z+BP) ©
Therefore
)P T, 9. — -0 . (\o)
Defining G as a function of z and y; at constant T and
P: :
.Qg_ . .\.(ﬁ. dz
(B‘eh_ P, Z \-&A’ 0Z P, Y
26 _ (36 ) G 3z
m - e ——
d%b ¥ JP, V2 Ty 0Z P)T)\’h‘ d_\,& (\\)

From equations (10) and (11)

ch (aam (2)

Differentiating equation (%) partially w,r.t. v,

and combining with equation (12)

c%\i :(gi)\vw Z 9% (\“i)“‘ G —BP)B%L P)—Q : ‘“G =)

-2 & ()

da — (36 B P g B P B
Avi \B\ZL)PT Z’"“(Z-B?) B (Z.+B?)_ m (\+ A )x
(Bx 2(% F@u-\—‘tg ‘-\ltj) — AT B
BL
d& &Y B P pap D1
—_— - o BV
4 \o: >P,T,z T (z-89) (z+wp) B () %

C.a%‘%g\fi'g ~ ﬂl“’)t) 1%)
® ®B*
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g From equation (7)

| P - ’\_ 2 . b\\n | \
—&-—a%i—_\‘ﬂQL-i-;Z—;‘\?; __LM ) (1)
i : Using Gibbs-Euhem relation :
> M (AP Y 15) 3
}:Z\ ( B )_ © (
Therefore,
——G’-t—g - — Wi (16)
B From equation (7) and (16)
’ N\
. (A&
| G =24 35) ()
E From equation (16) and (17)
Y 1S
\'Y\Cbn;:G\*'a%. _Z \3!(3\3*) (\%)

Combining equation (4), (13) and (18)

ATP R '
Sy ) s SRy

2
GL§ i nb& - i P SU=ToES A \L\J‘LB."*‘\“Q*_%_?‘})% —Pg_l%_)

B2 ('z,- BP) B(zABY)
Q9
Equation (19) can be simplified and rearranged

as follows :

B pEP Bl Bf
W&, = (z- D~\(z- 5?)-—-—-\1\(\+ )+(Z—BP) RS ~n (B yx

( TN gre ) (20)
5 T T % '
Combining equations (1) and (2) and rearranging

it can be shown that :

. . [P . Xl
(Z-\) = Z-o7) (7550 (21)
ox3 \’3»( ) _BP NP By (22)

(7_ B?) (z+oP) B

T




[P

Substituting equations (21) and (22) in equation (20)

and rearranging

~ _ , z /2 w~&% . :
B = (z-\)%»--\n(z—w)—%( 3 A BBL )\T\(\.{-ﬁ_g_) (23)

Using equation (2), the equation for the fugacity

coefficient takes the form

| . p .

o) N
The same equation can be used for calculating the
fugacity coefficient in liquid and vapér phase by using

the appropriate values of z 'and h,
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