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Vapo; Pressures and Satorated-Liquid Volumes for Heavy Fossil-Fuel Fractions

from a Perturbed-Bard-Chain Equation of State

Achim Wilhelm# and John M., Prausnitz

. Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Chemical Engineering Department
University of Califormisa
Berkeley, Califormia 94720

Abstract

A semi-theoretical equation of state is used to correlate residual
thermodynamic properties of heavy hydrocarbons; the correlation requires
three characteristic molecular parameters as obtained from 1liguid-
density and vapor-pressure data. These parameters are presented for 61
hydrocarbons with molecular weights to 560 g/mole; they are correlated
with molecular weight and structural features. The correlation is
extended to narrow-boiling fractioms; molecular parameters for such
fractions are obtained from experimental characerization data ( molecu-
lar weight, saromaticity, naphthenicity and number of methyl groups per
molecule)., Calcunlated vapor pressures and 1liquid densities are in
reasonnable agreement with new experimental results obtained from Bel-
ridge crude oil. It is 1likely that the correlation can be impréved
through better characterization data as obtained, for example, from

C-nuclear— magnetic-resonance spectra. '

# present adress: Lurgi Kohle- und Mineraloeltechnik GmbH,
6000 Frankfurt, West Germany



Wﬁile much is known about the thermodynamic properties of pure and
ﬁixed - hydrocarbons in the’ carbon-number range 1 to .7, such khowledge
decreases rapidly as the carbon ghmbgr rises. Howiver, recent teghno-
logiéal inteiést has becom;'increasingy concerned with hen;y hydrocar~

» .

bons because the ecomomic value of fhese Spbstlnées is now much higher

than it was say, 10 years ago.

This work is concerned iith_residu;l thermodynamic properties of
heavy hydrocitbons and their mizxtures as. commonly enconntéred in
petroleum (o; heavy—fossil—fueli ffactions; Here, 2 residual property is
defihgd as that‘extensive equi1ibrium ”érope:ty of a.fluid-in.excess pf-
what it would b? if the fluid.w?re'an ideal gas at the temperature, den-
sity and'composition of interest. Residnal'thermodynamic propertie§ are
those that can be calchlated.froﬁwan équgtion of state. Snéh properties
are essential for fdtional design of large=-scale processes for upgrading.

heavy-fossil-fuel fractions toward useful pfodncts.

For ‘hany years, resideal thermodynamic properties of " low-
molecular-weight hydrocafbon mixtures have Been conventionally describéd
by‘weli-known éqnations of state ( e.g. Redlich-Kwong-Soave ) which are
variations on the original Equqtiqn of van der Waals (1). Several at-
tempts have been made to apply such equations of stﬁte to hea?y - hydro-
carbons [see, for >examp1el Ref.(2) ] but oniy with.mﬁrgigﬁljsuécESs,
first, bec;u%e such eqnation#-bf Qtnte.are. in vp:inciple.'-iimitéd to
simple (sphere-like) molecuies and second, because traditional e*ﬁefi‘A
mental characterization data ( needed to identify molecular size and
structure ) are often ina&equdte. Tradifiqnal chardé{;?iiition d;ta for

petroleum fractions ( density and boiling pdint' )‘vprovide only very



crude information concerning molecular properties.

In this work , we provide a new correlation of some thermodynamic
properties of héavy hydrocarbons and their mixtures. It is based omn an
equation of state suitable for small or large molécnles whose shape is
more nearly that of a‘flexible chain than that of a sphere. Our correla-
tion uses characterization data which provide quantitative measures Of
molecular size and structure., The correlatiom is first established using
expefimental data for many pure hydrocarboﬁs. It is then applied to
narrow—boiling petroienm fractions. Since experimental data are rare
for properly characterized petroleum fractions, we can provide here only
& limited comparison between calculated and measured thermodynamic pro-
perties of such fractions, While this comparison indicates the <correla-
tion to be promisimg, it is evident that for high accuracy, it will be
lnecessary to utiliz; experimental chafacterization data more refimned

than those used here.

Thermodynamic framework

[
.

Vappr pressnresvand.satntated-liqﬁid volumes can be calculated from .
a8 suitable equation of state which is applicable to both vapor and
liquid phases. Beret and Prausnitz (3) presented a semi-theoretical
equation of state which holds for small and large nonpolar molecules.
Based on a molecular corresponding-state principle for polymers proposed
by Prigogine (4), this egnation of state is derived from a partitjon

function for flexible chaims. In this perturbed-hard-chain theory (PHC),



each hard segment of the chain is charged with a square—-well interaction
potential. The perturbethnrd—éhain equation of state meets the ideal-
gas boundary condition at low densities; for small spherical molecules

it reduces to the perturbed-hard-sphere theory of Alder (5). Extended to

mixtures by Donohune (6) , the PHC equation of state can be used to

describe thermodynamic propertiés»of simple and complex hydrocarbons and

their mixtures at liquid—-like and gas—1like densities.

In this work , we use a somewhat simplified -(truncated) form of
Donqhue's PHC equation of state., Details are given in the appendix, The

PHC equation of state requires three fundamental molecular parameters:

-
]

the hard-core volume of the molecule
. . 3 . .
(v =zt ¢ /Y? for a chain molecule consisting of
‘r spherical segments of hard—sfhere diameter c.)

€eq/k = the effective potential energy pareameter for the molecule

©
[}

the flexibility of the molecule ( ¢ = 1 for methane )~

The équation of state is of the form:

~ ~ ~ .
P = F (T.V. ) | (1)
s - . > . ~ .
where T=T/ T , V=V/V and P =P / P
and fnnctionljyis discussed in the appendix.

H@re T = eq/(ck) and P* = R(eg/k)/V".

Characteristic temperature T* is defined in terms of = R the

L3



-

segment;segment potential energy well and q , the external surface area
per molecule ;‘k is Boltzmann's constant and 3¢ is the number of exter— .
nal degrees of ffeedom per molecule. For small spherical molecules ,

c=1 , since only ;hree translational degrees of freedom contribute to
the molecule’s residuval thermodynamic properties. ﬁowever. as molecular
size and flexibility increase, external ( low frequency and .high—
amplitude ) rotatiomal and vibrational degreesiﬁf freedom become in-
creasingly important in the equation of state. The contributionms of
these external degrees of freedom to the residual properties are taken
into account through p;raﬁcter ¢ which is a measure =not only of the
molecule’s déviation from‘sphericnl shape, but also of its overall flex-
ibility. Casting an equation of state in terms of molecular parameters
rather than the‘custOmary critical parameters, proves especially useful
for high-molecular weight hydrocarbons because critical parameters, used
in conventional equations of state, cannot be measured for heavy hydro-

carbons nor can they be estimated with sufficient accuracy.

The vapor pressure P® can be calculated from the exact thermodynam—

ic relation:

P = - —cmmmmmmmee—eeo (2)

where A is the Helmholtz emergy and where V is the molar volume; super—
scripts vap and 1liq indicate saturated vapor and saturated liquid,
respectively. Helmholtz energy A is obtained from the equation of state

using standard thermodynamics. To <calculate vapor pressures at tem-—



A . s . , .
peraure T, given molecular parameters V , T c, an iterative pro-

cedure is required, because molar volumes VVeP and v1ia must be

found from the pressuré—explicit equation of state ( Equatiom (1) ).

‘To facilitate estimates for vapor presstre and satuorated-liquid
volumes, calculated results obtained from Equations 1 and 2 are present-— .
ed here in easy4t6?use charts. Fjgntes 1 and 2 show reduced vapor pres-
sures and liquid volumes as a function of reduced iegperatnre’for'dif—
terent values 6f»c . The lowest vglue_(c = 1) repregents the properties
of methane, and the highest value (c = 1005 corresponds to a‘n—alkane
with molecular w;ightbof abont 18,000 g/mole. The reduced vapor fre#sure

is defined by :

~ N
Figure 1 : Reduced vapor pressure P as a function of reduced

~
“temperature T

. o
Figure 2 : Reduced saturated-liquid volume V as a functiom of

~S
reduced temperature T

- ————— - —— - —— - ———— ——— ——————_—— > ——————— - ————  ———————————

== f——~Accordingfio_xh;,mqlgggkg;Agg{ggfggpging—states principle, reduced

properties givem in Figures 1 and 2 are valid for all fluids that fall

within the assumptions of the PHC theory . Figures 1 and 2 are there-



fore directly useful for esimating vapor pressures and saturated—liquid
volumes (at & given temperature) for any PHC fluid, provided that the
molecular reducing parameters of this fluid are known. Upon considering
narrow-boiling mixtures of molecules of similar size as pseudo—pure com-
ponents, the chart can also be used for estimating properties of such
mixtures, To estimate vapor pressures and liquid volumes for high-—-
boiling crude~oil fractions, the essential problem is to find the molec-—

ular parameters which represent the fractionmn's proper;ies.

-of-state parameters with molecular struc-—

™
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As shown by Beret and Donohue (3.6).4 the PHC equation of state-
yields good representation of vapor pressures and volumetric properties
for a variety of large hydrocarbons, especially for 1large n-alkanes,
where‘ experimental data are most plentiful. Therefore, the n-alkane
molecule of a given molecular weight is used in the following correla-
tions as a reference. Deviation functions are used to obtain PHC param~—
eters for other hydrocarbon molecules; these are added to the
corresponding parameter for the straight-chain (reference) moleculé of

the same molecular weight, as shown below.

To apply the PHC equation of state to petroleum fractionms, it is
necessary to account for differenmt hydrocarbonm structures present in the

fraction,
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Fig. 3 shows that the single segments of a 1long-chainm hydrocarbon
molecule can be reatran@ed into two fundamentally different structures:

first, isomerization leads to branched molecules with more terminal un-

its (Cﬂs). and second, ring formation gives aromatic and naphthenic com-—

poﬁpds. These forms of molecular structure snggegts that, to account for
‘deviatfop from n—glkage structure, it is useful to define the following
strﬁctural chnrqéterization factors: the,nnmbeg of methyl gronrs per
'm°1°C“i° .zcns. ;the fractiondl arOmaticitvaA;'and the_ftactional na-

-pﬁthenicity FN . As suggested in Figure 3, these structural <characteri-

zation factors can be used to characterize the deviation in V‘ ., eq/k

and ¢ from the corresponding eqnition—of—state parameters for the

reference molecule., Using the molecular weight as a measure of the"

molecule’s size, we calculate the parameter X from:

X (MW,FA,FN,Z'CH ) = x(n-‘_lk‘me)(m’l) + Ax(aro.matic)(nw’FA)
. ) 3 : :
L (CH;)
+ Ax(naphthene).(mw'FN) + AX 3 (2 )
_ cH,
where X stands for V© . eq/k or c.
To esta;figi_aiiz_A}Zf;}iﬁ_i—‘TihéYYbn‘“iLnT@13529)(M“lu,_ggg‘

corrections AX, we require equation—of-state parameters for a large



number of pure hydrocarbons of known structure.

We obtained these param-

eters by simultaneously fitting the truncated version of the PHC equa-

tion of state to experimental vapor ©pressures

Table 1 gives parameters V‘. eqg/k and ¢ for 61

and liquid densities.

hydrocarbons,



Formula

Molecular Hard-Core

Energy

Flexibility

Parameter Parameter

c

——————— ——— — = - - —— - ——— - —— ——————_——— ——————— T ————— ————— —— — ——— o — -

normal—alkanes

methane
ethane
propane
‘butane
pentane
hexane

" heptane
‘octane
nonane
“decane
dodecane
hexadecane
eicosane
triacontane
tetracontane

iso-alkanes

i-butane
i-pentane
2-methylhexane
3-methylhexane
2-methylheptane
2,2,4-trimethylpentane
2,2,5~-trimethylhexane
‘'squalane

naphthenes
cyclopentane
cyclohexane
bicyclohexyl
alkylnaphthenes
methylcyclohexane

ethylcyclohexane
n—butylcyclohexane

~—-— _ n-hexylcyclohexane

n-decylcyclohexane
n—hexadecyl-
cyclohexane

CH4
C2H6
C3H8
C4H10
C5R12
C6H14
C7H16
C8H18
C9H20
Ci0H22
C12H24
C16H34
C20RH42
C30H62
C40H82

C4H10
C5H12
C7H16

- CTH16
C8H18

C8H18
C9H20
C30B62

C5H10
C6H12
Cl12H20

C7H14
C8H16
Cl10H20
C12H24

~ T~ Cl6B32-——

C22H44

Weight Volume
MW v* eg/k
3 .
g/mole cm /mole K
16 .04 20.03 151.1
30.07 27.98 282.0
44 .09 37 .49 374.2
58.12 47 .06 464 .1
72.15 56 .59 556.1
86.17 65.48 638.7
100.2 74.56 " 726 .6
114.2 85 .42 807.1
128.2 94 .47 899 .8
142 .2 102.3 985 .8
170.3 123.1 1119.
226 .4 '164.1 1447.
282 .5 199.7 1749.
422 .8 299.9 2445,
563.0 396..8 3064.
58.12 47 .15 435 .6
72 .15 55 .97 521.0
"100.2 75.18 693.2
100.2 74.68 694 .0
114 .2 84 .83 776 .1
114 .2 85 .85 688.9
128.2 94 .39 783.4
422 .8 299.0 2146.
70.13 48 .20 561.8
84 .16 57.52 620.9
166 .3 103.3 1080 .
98.18 66.27 661 .8
112.2 76 .32 765.2-
140 .1 95 .67 921 .17
168.1 115.1 1072.
224.2 - —_154.1 _ 1382,
308.3 210.4

1857.

1.000
1.253
1.436
1.606
1.802
~1.952
2.138
2.302
2.519
2.697
2.900
3.510
4.194
5.51717
6.752

1.553
1.683
2,063
2.044
2,233
1.990
2.242
4.896

1.632
1.680
2.468



Table 1: continued - : ‘ .

naphthenaromatics

indane : C9H10 118.0 68.67 863.5 1.960
cis—decalin » Cl10H18 138.2 ' 84..81 887.17 1.982
trans-decalin C10H18 138.2 87.21 852.9 1.920

tetralin , C10H12 134.2 74,44  940.0 2.045

aromatics

benzene C6H6 78.11 47.61 630.1 1.670

naphthalene C10B8. 128.1 - 71.07 943.0  1.954
diphéenyl . C12H10 154.0 83.72 1083, 2.223
phenanthrene C14B10 178.1 93:.95  1207. 2.065

anthracene C14H10 178.1 93.95 1206. 2.050.

alkylbenzenes

‘toluene C7H8 92.14  57.29  716.9  1.869

ethylbenzene C8H10 106.1 65.75 7181.9 1.972
n-butylbenzene C10H14 134.1 85 .16 930.9 2.280
n-hexylbenzene . C12H18 162.1 105.3 1080. 2.580
n-decylbenzene C16B26 == 218.2 143 .3 1390. 3.214
n-hexadecylbenzene C22H38  302.3 198.8 1928, 4.447
o-xylene C8H10 106 .1 65.19 "799.3 1.969
m-xylene C8H10 106.1 65.75 791.6 - 1.989
p-xylene ‘ C8H10 . 106.1 66 .35 = 784 .4 1.965

t-butylbenzene : C10B14 134.2 84 .89 879.6 2.192
nlkyln&phthdlenes

l1-methylnaphthalene C11H10 142.2 80.28 1031. - 2.115

- 1-ethylnaphthalene C12H12 156.1 89 .00 1108. o 2.329
1,2-dimethyl- ‘ - -

aphthalene C12H12 156.1 86.75 = 1199, 2.588

l-n-propylnaphthalene Cl13H14 170.1 98.35 1150, 2.404

l1-n-butylnaphthalene Ci4H16 - 184.1 108.7 1182, 2.464

-phenylmethanes

diphenylmethane Ci3R12" 168.2 95 .71 1183, 2.584
.isopropyl- :

diphenyl : : C15H16 196 .3 107.3 1232, 2.623
ditoluenemethane . :- .. °~ C15B16 196-.3 ©114.9 1236. 2.593
dicumenemethane C19H24 252 .0 150.9 1489, 3.219

tetraisopropyl--
phenylmethane - C25H36 336 .0 204 .5 1624, 3.753

e ——— — —— " - — —— - — ———— —— ——— ————— ——— Y —— —— ————_———_— - ——
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The fbllowing equations correlate the equation—of—state.parameters

with molecular structure:

-

. 3 ; - *¢ (n-alkane) ¢ (aromatic) * (naphthene)
V (cm /mole) = V - + AV ' + AV s

* (n-alkane) '
v 6.209 + 0.692 MW

\s

" & (aromatic)

AV = (4,961 - 0.2256 MW ) FA

!'(naﬁhthene)

AV = (-2.97 - 0.0770 M¥ ) FN
, h A (n-alkane) : {aromatic) (CH3)
eq/k (K) = ~ eq/k + Aeq/k _ + Aeq/k
i (n~-alkane) . B 0.8290
. eqglk = =-5.01 + 16.17 MW
, - (aromatic) .
.Aqq/k = (51..89 - 0.1427 MW ) FA
o (cHy) . |
- Keqlk ' = 45.65 ( 2 (1-FA-FN) - ZC )
o B,
. . - (n-alkane) (ring) (cHy)
c = e -+ Ac _ + Ac
(n-alkane) 0.8138
c : .= 00,6520 + 0.0355 My
(ring)
Ac = ( 0.5169 - 0.00847 MW ) ( FA + FN )
(Cﬂs) ' )
Ac = 0,108 (2 (1-FA-FN) —»ch )

3
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The volume correlation reproduces the experimental v® -values with

an accuracy usually better than 1 % . For eq/k and ¢ the errors are

slightly higher.

Figire 4: Close-packed volume V‘. energy eq/k and flexibility
parameter ¢ per molecule for pure hydrocérbon;
( N n-alkanes, @ aromatics, A naphthenes, O alkylaromatics,

A alkylpaphthenes )

—— - - —— — ————————— ———— —— o —————— ———_————— - —— a——— —————— o —————— " —————————

Figure 4 shows the "experimental” values of V.. eq/k and § and the
correlation functions fo? pure n-aikanes, pure aromatics (FA=1), and
pure naphthenes (FN=1) as a function of molecular weight. The <close-
packed volume V. is.a linear function of tﬁe moleculaf weight for al-
kanes, sromatics, and naphthemes. No significant difference in vt s
found between normal and iso-alkanes. The effective potential enmergy
parameter eq/k is essentially the same for n-alkanes and naphthenes,
and is therefore represented using the same correlating equation . The
effect of ring formation on flexibility parameter ¢ is similar for
aromatics and mnaphthenes. Because of the 1large differemces between
parameter ¢ for the rgference n-alkanes and those for rinmg compounds, it
is difﬁicnlt to extrapolate ¢ values for ting:componnds to higﬁer ﬁoleq-
ular weight with high accuracy. To eitrapolate with confidence, we re;
qniré experimental data for pure ring hydroeatbpns with carbon numbers
above 20, Figure 5 shows that for alkanes, progressive methyl substitn—

tion <causes a decrease in ¢ and eq/k proportional to the numbdber of



methyl groups per molecule.

i - . > - ——————————— - —— T - - ——— - —— — G N - - —— " - - " ——— - -

Figure § : Progressive methyl substitution in alkanes; Effect on
enefgy eq/k aid on flexibility parameter ¢ per molecule.

— ——— — ——— - - ———— - — T — - — ——— — | — — ————————————_—_— o ———— ——__—————— 2

3. alculation o v* , ega/x , ¢ for petroleum fractions

_The correlations presented:hexe are based on experimental data for
a wide range of pure hydroéarhons. Our pntp#se is to use the correlgf
tioﬁs to estimate- PHC parameters for ill—-def'ined mixtures with ﬁany.com—
- .pomnents, such as narrow-boiling pettdlenm fréctions.'These'fractidns
aregcqnsiderea to be ps?hdb components; their prope?ties are calculated
using. average values for v, eq/k and c; These average parameters are
obtained from the pure-hydrocarbon correlations and from meaSutedV‘aver-
age characterization data that reflect mol;cular'size‘nnd strnct#re. Ve
use these characterization data to obtain V® and eq/k for the fr#biion.
However, since.an accuratere;trapolation of the flexidbility parameter c
to higher molecular weights is difficult, we Suggest that ¢ be _bbaingd
from Figure 6 using éne measured: vapor pre?snre:P° 6f}tﬁe fracfio# at a
temperature TO. One-ne:sured~v;p0t-pre;snre is. usually nv;iiabléljfrgh_
the fractionation précedure ( e.g. mid—- boiling point of the frhctibﬁ).
Using the correlated values of v® and eg/k » ¢ is found from Figure 6 a£
"the reduced values ;5 = P°V‘/(R(gq/k)) and eq/(kTolli‘Si;;e quof pres-

sures of extremely heavy fractions are essgntially-zefd. Figure 6 &ex-



—15—

tends only over the ranmge 1 < ¢ ¢ 20,

———————— — ————— - — - ——— ————_ — ———— ——— — " S - — - — - = - ————— -

4. Experimental

To test the «correlation, vapor pressures and gaturated-liquid
volumes were measured for five characterized petroleum fractioms. Crude
0il ( from Belridge, California ) was fractionated in an anpular-still,
kpinning—bkpd column into narrow—boiling fractions, or cuts. Each cut

was then characterized by the £bllowing average properties:



- Number-average molecular weight, trpm freezing—point

depréssion measurements ( solvent: nitrobenzene )

- Fractional aromaticity, from standard proton NMR and elemental
analysis ( solvent: deuterated pyridine,

internal standard: hexamethyldisiloxane )
- Fractional naphthenicity, from standard PNA analysis

-~ Number of methyl groups per molecule, from IR-spectroscopy
( the absorption is measured at 1380 wavenumbers using

dichloromethane as solvent )

In addition to these cparacterization~parameters,' we dlso obtainm
one vapor—pressure datum from the fractionatiom procedure ( mid—boiling
point). Details of the fractiomation and characterization procedure are

given elsewhere (7).

Table 2 shows fractionation and characterization data for five Bel-
ridge fractions. These data are used to estimate equation—of-state

parameters as required for our correlation.
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Table 2 : Fractionation and charictetizktion datea for Belridge

crude-o0il fractions

FRACTION API-GRAVITY BOILING ¥ MW FA FN Zeg
No. (°API) RANGE (K) (g/mole) 3

1 44.6 422 - 478 148 0.230 0.53 2.4

2 35.2 478 - 535 189 0.283 0.56 3.2

3 26.9 533 - 617 245 0.298 0.51 4.2

4 17.5 617 - 705 340 0.312 0.49 5.9

5 16.3 705 - 811 464 0.302 0.52 8.2

—— - - - — — - ———— - —— — — —— — — A = Mo - —— e — - ——— —— ——————————— - -

# at P = 0.1013 MPa

Vapor pressures are measured in a static equilibrium apparatus
(sample volume § ¢md )  in the subatmospheric pressu¥e range t6 300 ©c.
Sa)urated-liquid volumes were determined in calibrated fused-glass cells
(sample volume 1.5 emd) . Figure 7 compares experimental vapbr pr&ssures
and saturated-liquid volumes with results calculated from our correla-

tion and from the characterization data in Table 2.

Figure 7: Calculated and observed vapor pressures and satunrated—-liquid

volumes for Belridge crude—oil fractions



A comparison of eiperiment:l and calculated results shows that the
correlation gives reasonable estimates ~for 'the vapor pressures and
saturated—-liquid volumes of the five crude;oil fractipns. However, the
results are not of very high accuracy. The accurncybof the presented
method can be improved inm many ways; the most impqrtant .is to improve
charnctetizatiQn of the fuel fractions. The largest unceftainty results
fron.naphthenicify.vdetermined from PNA analysis. For fractions of
higher molecular weight, PNA an&lysi; provides poor estiﬁates of-molecn-‘
lar structure, Fnrfher, the correlation can be improved by introducing
more characerization variables, e.g., number‘qf aromatic and'naphtheqic
.rings per molecule, deg?ee of methylsubstitution of rihgs. degree of
condensead aromatic rings,etc.. These variabies, determined from
f;actign—ayernge measnrable.ﬁroperfies} couldvaccoiﬂt in i more ~ sophis-
ticaied way for the different hydrocnrﬁbn.vsttuctures in complex
molecules of high molecular weight; Thn# it should b? pbs;ibie to cal-
culate the flexibility parameter ¢ without using a vap&r*pressnre datum.
This may be particularly useful for very heavy hydroéarbon residues

since their vapor pressures are not easily measured.

A suitable analytical method to obtain the desired structural in-
formation is provided by 13C—NMR spectroscopy. A new 13C-NMR tech-
nique , receﬁtly proposed by Snape (8), also determines the number of
CHy-groups per molecule more accurately than does IR spectroscopy. A
further improvement of accuracy ca# be obtained by expanding the dgta

base of pure compoments. For improved parameter correlation, the data
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base should include experimental results for hydrocarbons with heteroca-

toms S, N, O, present in all fossil fuels, as well as results for poly-

mers. However, evem at this present state of development, the correla-

tion presented here may be useful
ties of heavy fossil-fuel fractions

tions.
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Details concerning the equation of Sta;g

The equation of state used in this paper is a truncated version

of Donohue’s equation. The molar Helmholtz enmergy is given by the per—

turbation expansion:

A (T,V) - A (T.Y) = A + [ 4+ emmm——

-where_AIG»(T.V) is the Helmholtz energy of the ideal gas &t

given T and V:
16 A/

A (T,V) = -RT la(-—-—-- ) + a function of T only,

where V+ is an arbitrarily chosen reference volume.

A(O) accounts for the repulsive forces; it is based omn the

( A-1)

( A-2)

expression of Carnahan-and Starling (9), here applied to hard-sphere Segments

in a chﬁin vith 3c external degreés of freedom:

T T 2
4 (-z7) - 3 (-z-)
(o) v v
A = RTe¢ | —-=—-———m——m—eeo—--
T 2
(1 - =-z=)
v

( with <«

_nY;V6

- ( A=-3 )

0.7405 )
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The remaining terms Aln) correct for molecular attractions arising

from the square well potential:

- (a) am
A = RTc ) ———ccovmmmmccccec e v ( A-4 )
. - A D

(n=1,2) .

COHStﬁnts‘gnn in the attraction term are universal constants based

on molecular-dynamic studies of Alder . These constants have been re-—
fitted to the truncated PHC equation of state by Gmehling (10). Values

°i‘4nm are given in Table 3.
Using the fundamental relation:

9A
Pe - (—-) : ( A-5)
av T
we obtain the PHC gduation of state in a form similar

to that of Eqnatioﬁ (A-1):

where PIG is the ideal-gas reference pressure at given T and V

( P16 = pT/V ),
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Consistent with Equations (A-3) and (A-4), we

T ) T 2
4 (=) - 2 (-z-)
v v
p(O) £ ¢ | e
T 3
(1 - -=-)
\'
o2
-] m.fl T
(n) nm
P = cC ) @  mmescmracccsacdcecae-
m=1 A
Table 3 ¢ Universal ConstlntsJ4
: . , nm
m = 1 2 3

obtain P(o) and P(n)

n =1 - =7.04677 -7.22626 -3.16539
n = 2 -3.56999 11.35209 10.85375

( A-7 )
( A-8 )
(. with =n 1,2 )
4 5
14 .34352 -1.26227
-3.6131 7.34334



- A = molar Helmholtz emnergy

am = Alder’s universal constants (modified by Gmehling)
c = one third of the number of exermal degrees of freedom
k =  Boltzmann'’s constant

m,n = index of Alder’'s constants

P = pressure

q‘ = external surface area per molecule
R = gas constant

T = absolute t;mperature

A4 = moi;r volume

Greek letﬁers
e = segment—segment potential energy-
o = har&-core diameter

T = a constant equal to 0.7405

Superscripts

[y

[V%
-]
it

liquid phase
ﬁap = vapor phase
s = saturated

" I6. = ideal gas
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= molecular reducing parameter

= reduced property
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