LBL-15015

Preprint <-

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA  stmcesy &E“§§AT0

[ L 7r
Materials & Molecular ‘16 1982
Research Division oocw'?g‘fggggm

Submitted to Industrial and Engineering Chemistry
Process Design and Development

SOLUBILITIES OF HEAVY FOSSIL FUELS IN COMPRESSED GASES.
CALCULATION OF DEW POINTS IN TAR-CONTAINING GAS STREAMS

Agustine Monge and John M. Prausnitz

s p

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retent_igfr copy, call
Tech. Info. Division, Ext. 6782.

/

‘August 1982

T -

"“‘f "‘_:'ﬁ' fﬂ,
.

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

>

<I0S| -G



DISCLAIMER
This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or '
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the’
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




7]

Solubilities of Heavy Fossil Fuels in Compressed Gases.
Calculation of Dew Points in Tar-Containing Gas Streams

Agustine Monge and John M. Prausnitz

" Chemical Engineering Department
. ) a1 d
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory
University of California
Bierkeley, California 94720

This work ww&vsupported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Chemical Sciences
Division of the U.S. Department of Energy under Contract
Number DE-AC03-76SF00098. : ‘



ABSTRACT

A molecular—-thermodynamic model is used to establish a
corrélation for solubilities of heavy fossil fuels in dense
gases (such as those from a coal gasifier) imn the region
ambient to 100 bar and 600 K. This model is tﬁen applied to
calculate dew points inbtar—containiﬁg gas streams.

- The heavy fuel is fractionated in a spinning-band
column at high reflux; each fraction is consider&d to be a
psendo—componént. Each fractiom is charicterized by one
vapor—pressure  datum (obtained during fractiomation),
elemental analysis, and proton—-NMR spectra (to determine
aromaticity). Liquid-phase properties are obtained from the
SWAP equation for Y&pdt. pressure andl from a density
correlation. Vapor—phase p:opefties are obtained using the
viri&i equation of stwﬁe with virial coefficients - from
Kaul's correlation.

Experimental solﬁbility me-asurements have been made for
two Lurgi coal-tar fractioms in dry and moist methane.
Calculated and experimental solubilities agree well,

The correlation is used to establish a design-oriented
comgnter program for calculating isobaric condensation as a
function of temweflture as raquifad for design of a

continuous-flow heat exchanger,
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The high cost of energy has stimulated mnew process
technologies toward more efficient utilization of emergy
resources; therefore, there has been growing interest in
upgrading coal, heavy petroleum fractions, tar sands, shale

oil, etec.

Design of "downstream units” for emerging processes

requires quantitative information for equilibrium properties

of heavy fossil fuels at elevated temperatures and
pressures, This work is concerned with the solubility of a
heavy, fossil—fuel mixture inm a compressed gas. This

solubility is of interest in process design: e.g. for,

petroleum—reservoir pressurization with light gases, toward

removal of high-molecnl&r-weightv hydrocarbons remaining

after primary recovery; for design of coal-liquefaction

reactors; for design of coal-gasification process steps:

(condensation and quenching) where product gas streams often
contain high-boiling c¢oal tars; and for design of heavy-—

fossil-fuel/light-gas separation operations. Solubilities

may be of particular interest for calculating dew points as

required in heat-exchanger design..

Fossil-—fuel mixtures typically contain very many
components. The wide range of properties and the analytical
problem to identify these components makes phase—equilibrium
predictions difficult. A common procedure is to separate

the mixture into fractions with fewer components and smaller
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ranges of properties and to <characterize each fraction.
Phase—equilibrium predictions and process design are then
based on average or effective (pseudocomponent) properties

of the characterized fractions.

In this work, we.separate a heavy fuel by distillatioen
into narrow—-boiling fractions and we <characterize each
fraction., Characterization data are used with previously
established physical-property correlations to determine

raqnired»pérameters in our molecular—thermodynamic model,.

Fossil-Fuel Fractionation and Characterization

To obtain narrow—boiling fractions, we use a Perkin-—
Elmer Model 251 Annular Still, operated at high reflux, as
described by Macknick (1979) and Alexander and Prausnitz

(1981). Each fraction has a boiling-point range of about 20

K. Figure 1 shows a schematic of this spinning-band column

and indicates oper&timg conditions.

During fractionation, the head temperature and pressure

are recorded for each fraction at the beginning and end of

collection., The average temperature and pressure provide a
va@or-pressnte datum for the fraction since the liquid

fraction is in equilibrium with its vapor as it is

collected. " Bach fraction is weighed. Further, each
fraction is analyzed for <carbon, hydrogen, =nitrogen, and

sulfur. Finally, proton NMR spectra are obtained as

discussed elsewhere (Alexander and Prausnitz, 1981). The_

f_.w



carbon—to—hydrogen ratio, along with the NMR spectra,
determine fractional aromaticity (fraction of carbon atoms

which are aromatic), as briefly explained in Appendix A.

Table 1 summarizes characterization results for a Lurgi
creosote (coal tar) obtained from Sasql's coal—-gasification
plant in South Africa. A vﬁpor—pre#sure datum for Lurgi
fraction number 10 is not given because that part of the

original sahple could not be distilled overhead.

Solidification of compounds (probably anthraceme) in
the head of the column limited the lowest column pressure to
mbdve 50 torr. Since the pot temperature was limited to
300°C to minimize thermal decomposition, the heaviest
ovenhemdffrmctton that com#d be obtained has a normal

boilimg point of about 350°C.

th&e.ggnmkigmi&i Molecular—Thermodynamic Framework

- BEach fraction is considered to be a pseundocomponent.
At equilibrium, for any component i, the fugacity of i in

thiee liquid phase equals that in the wvapor phase:

£ = £} : (1)

For the heavy—hydrocarbon mixtures. of interest here, the:

liguid-phase fugmcitj of component i is given by

fli‘ = x, pf (pC) (2)
whare,xi is the mole fraction of compondnt i in the 1liquid,

Pg is the pure-component vapor pressure, and (PC)i is the



Poynting correction.

The liquid-phase fugacity of a noncondensible (light-

gas) component is here given by

L _
£, =x,H,(PC), (3)

where H, js Henry’'s constant for light gas i, dissolved in

the mixture of condensible components.
The vapor—phase fugacity of component i is given by
v = '
£ = ;0P (4)
where Y; is the mole fraction of component i in the vapor,

9i is the fugacity coefficient, &nd'P is the total pressure.

The solubility of a heavy component in a gas is

determined primarily by that component'’s vapor pressure.
Macknick and Prausnitz (I97§) tested predictions of several
vapor—pressure correlatioms for five representative heavy
hydrocarbons; fhey found that the SWAP correlation (Smith et
al., 1976) is likely to give the best results for typical

beivy, fossil-fuel mixtures where the molecular structures

of the heavy-hydrocarbon components are mdt_wefr known. The:

SWAP' correlation requires only a single vapor—pressure datum

and an estimate of the heavy hydrocarbon's fractional
aromaticity. Edwards et al. (1981) extended the SWAP vapor-

pressure correlation to include the effects of heteroatoms

nitrogen and sulfur. Appendix B summarizes the procedure

for applying Edwards' extension of SWAP to heavy, fossil-

fuel fractions.

'



For poorly difined mixtures, such as fossil-fuel
fractions, there is little basis for prediction of the

effect of liquid-phase nonidealities (activiity

‘coefficients) on fugacity. However, liquid-phase

nonidealities are probably at ‘least partially takem into
account through the "effective” peseudocomponent vapor-—
pressure datum which is used to characterize fractions and
to pfedict "effective’” vapor pressures of pseudocomponents.
An estimate of each fraction’s molar liquid volume VL'

is needed to «calculate the Poynting correction (PC)., jj

EddmtiomA(Z).

yELr . = expl RT

(5)

To estimaite VE, we use a correlation that requwires omnly a
normal boiling point and fractional aromaticity, as
discusised in Appendix B.

To calculate mole fractions from weight fraction, we
require: ﬁh@ molecular weight for each fraction. Molecular
wei ght's are estimated as shown in Appenmdix B.

For water, the liquid—-phase fugacity is given by

L - 5 . ps@sat(pc)
,x‘rwp'ﬂ' (PC)', (6)
For our purposes here, we assume water condenses as a pure
liquid and we neglect the solubility of light gases in

liguid water; thus mole fraction x and activity

coefficient v ., are set equal to mnity. Pys (PC)_ and the



saturated-water-vapor fugacity coefficient 0:. are
calculated using empirical relations based on literature

data for water. These are given in Appendix B.

Vapor—phase solubilities are not sensitive to Henry's
constants when the light gases are only sparingly soluble in
the liquid phase. Henry's constants for gases in fractions

are estimated as shown in Appendix B.

In & mixture containing m components, vapor—phase

fugacity coefficients are calculated using

A P 2.
1a(0.) = 2 JF j:§1(ijij - B) (7)

where Bij is the cross  second virial coefficient for
components i and j, and for thé gas—phase mixture:
m

m:
B= 3 zy 3 S (8)
' i=1 j=1 #3543 :

Virial coefficients are calculated from the square—well

potential as discusised in Appendix C.

gglmnﬁm@gt&k

To test the mmlmwmlw:-thénma&ynmmic framework, we .hmv&
usied the tdtml—vaporizmtidn technique (Monge and Prausnitsz,
1981; Monge 1982) to measure the solubilities of two Lurgi
coal—tar fractions in~compress&d.m@tiane mixtures. - Figure 2
compares experimental and predicted solubilities at 3.8, 42,
and 70 bar.  Comparison at the lowesf pressnﬁe, where

vapor—-phase nonidealities are small, provides an appropriate



test of vapor-presﬁure prediction. As shown, agreement is
good. Comparison at higher pressures, where gas—phase
nonidealities and the Poynting correction are large, is also

good.

The measurement for Fraction 1 at 42 bar and 200° C has
been repeated for a gas mixture containing 25 mol % water in
methane. The effect of water on tar—-fraction solubility in
the gas was found to be negligible, as correctly predicted

by the model.

Molecular-weight predictions were also tested. Table 2
compares predicted molecular weights with those determined
from freezing-point depression measurements (Alexander - and

Prausnitz, 1981) for fouwr Lurgi coal-tar fractions.

n

of Solubilities:

Calculation

The proposed molecular—thermodynamic model, coupled
with fossil—fuel—-characterization data, has: beenv
incorporated into a design—oriented computer program. If a
sample of the .h&mvy-ﬁw&$fl fuel has been fractionated and
characterized, the computer program can: (1) predict the
dew—point temperature of a superheated gas mixture
containing the v&porimed.fo@sil fuel at specified ﬁresswre
and composition, and (2) predict thé change in gas—phase

solubility as the temperature falls isobarically.

(ad

Calculation. A fossil-fuel-containing gas is

Dew—Poin:

at specified pressure and composition. An iterative
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procedure is used to search for the temperature at which the
gas becomes saturated and the heavy fossil fuel begins to
condense. At this temperature, the fugacity of each
component in thevliqnid fL. equals its fugacity in the vapor
fv; the objective function F, equals zero within a specified

tolerance:

F = g A i ' (9)
=1 fg

Solubility versus Temperature. At constant pressure,
as the £em@erature falls below the dew—point temperataure,
the gas—phase solubility of the heavy fossil fuel decreases.
This decrease can be calculated assuming either, that the
gas is maintained in contact with its condensing liquid or,
that the condensing liquid is removed after an incremental
decrease in temperature. The first option can  be used to
generate isobaric, solubility-versus—temperature curves.
The second option provides the condensation characteristics
of a saturated gas cooled in a continuwouws—flow heat
e:xchanger. Tﬁese calculations are useful for the design of
heat exch&nga:s for recovery of thermal energy from hot
coal-gasifier effluents containing heavy tars, assuming, as
we do here, that very heavy tars have been previously

removed.,

Newton’'s method is used to determine iteratively the

solubility of the fossil fuel in gas after an incremental
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drop in the gas temperature. Flash calculations begin by
determining if water condenses at the new temperature, i.e.

by asking

L A
fy > f' ? . (10)
If the answer is yes, water does =not condense. In that

event, we iterate on the vapor—to—feed ratio a, using the

objective function S, and its derivative with respect to a,

S$’', as given by Rachford and Rice (King, 1971) for a two—

phase system,

m : .
§= 3 (yi - x), : (11)
i=1 v
. ) 2
m (Ky — 1)f _ ‘
s = ¥ -zl[—-li—] . (12)
f=lv . : v )
‘ wkeng
xi = Z i/! ‘ - . ( 1‘\3)
§ = o -1) +1 (14)
yfi._‘ = x:‘i‘{x’:i; - (1s)

Here, z. is the mole fraction of componment i in the feed and

K, is the equilibriom K factor (K;=y;/x;). S and §',

3’“£“¥“*¢ at ¢,1d (old estimate for a), are used to @bt&in;a 

new estimate for a,

wn&w_= @14 - S/8'. (16)

The iterative procedure is repeated until a is found

new

where_S equals zero within a specified tolerance.
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However, if

v L
£, > £, (17)
water condenses. In that event, Wwe wuse an objective

function derived froﬁ material balances for a three—phase
system, where omne phase is pure (liquid water). The
derivation of the three—phase objective function is given in

Appendix D.

At a given temperature, the gas—phase solubility of the
fossil fuel is given by the sum of the converged gas—phase

mole fractions for all foéstl—fnql fractions,

For iswbwﬁic condensation-versus~temperature
calculations, the total number of moles in the gas phase is
adjusted after each incremental temperature decrease because
the condensed liquid is removed from consideration (as in a
flow he&t exchanger). The vapor—to-feed ratio is wused in
the w&teni&l balances to_amlaulmte.the'£raction of the vapor
condensed . #s hydrocarboa—rich liquid and water. The
calculations are: repeated at incrementally lower

temperatures (typically 5°C).

Figure: 3 shows some solubility-versus—temperature
calculations for a typical coal—gasifier effluent containing
all but the heaviest parts of the Lurgi coal tar described
in Table 1. Figure 3 also ghows the initial gas composition

(heaviest tars previously removed). Figure 4 shows the

results of condensation—-versus—temperature calculations for
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the same system.

The computer program is available, upomn request, from

the authors,

Discussion and Conclusion

———

Vapor—phase nonidealities and Poynting corrections can
have a significant effect 6n the solubility-versus-
tempdratnre behavior of light—-gas/heavy—-fossil—fuel sysfems.
even at moderate pressures. Neglect of the fugacity
coefficient and Poynting correction, can cause solubility to
be . nmdenpredictedv by a factor of threef Figure 5 compares
corrected (proposed model) and "uncorrected” solubility—
versus—temperature curves for a Lurgi coal-tar fraction in
methane at 70 bar. In the &oluhilfty'zwnge 0,01 to 0,001,
"ancorrected” predictions 1lead. to errors of about 30°C in
the dew—point temperature. Figure 3v shows a similar
compexison for the typical coal-gasifier effluent. describad
earlier. In this case,” uncorrected” predictions lead to

errors of about 15°C in the dew—point temperature.

The: propo:sed molecul ar—thermodynamic model predicts.
solubilities which are in good agreement with measured
solubilities at pressures to 70 bar and 275°C. The average
error is 4.5% fox 16 solubility data. On the basis of t&ese
results, it is 1likely that the proposed model provides

useful predictions for process design.
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Appendix A. Fractional Aromaticities from Proton-NMR Spectra

and Carbon-to-Hydrogen Ratio

" In hydrocarbons, the relative concentrations  of
aromatic and paraffinic hydrogen atoms are readily.
determined from proton—-NMR spectra where four types of
hydrogen atoms yield distinct chemical shifts relative to
the absorption for hydrogens of a reference substance,
hexaﬁethyldisiloxane. HMDS (Alexander and Prausnitz; 1981).
Hydrogen atoms which are attached to aromatic carbon atoms
B oror shift in the range 6.0 - 9.0 5 relative to HMDS.
Hydrogen atoms attached to carbons alpha to aromatic carﬂoms
ﬂa, shift in the range 1.7 - 4.0 & relative to HMDS.
Hydrogen atoms attached to ioht&rninar. nonalpha, aliphatic
°&fb°isrﬂﬂ. shift in the range 0.9 - 1.7 & relative to HMDS.
Finally, hydrogens attached to t&nmimml,‘n@mwlph&, aliphatic

carbons nTp shift in the range 0.5 - 0.9 & relative to HMDS,

Fractional aromaticity EA' can. be determined from

proton—NMR measurements as follows:

Gam:oz - 1 H'tO«t 1 —a. + cﬁ + G'Y
F’A“* = c'y - 1 - c; ‘ - H}
tot: - Ctot L ot _
=1 - (8/e) tot%(c/»n&) e FH(C/E) —B(c/m) H—i—] (A1)
DR (% T tot tot Y ‘tot

=1 - (B, J(e/B) 1, + (€/B)gIg + (€/H) 1, ]/ Ty

where H  jis the concentration of hydrogen atoms which are
bonded to carbom atoms of type ¢ and Cc is the concentration

of carbon atoms of type «c. Ic is the integral of the
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proton-NMR spectra within the 1limits of type c. The
subscript tot, refers to the sum (aro+a+p+y). If one
assumes: no alkyl bridges, no naphthenic rings, no branching

except at alpha carbons, and no heteroatoms, then

(C/H)a 1/3

(C/H) 1/2

B

(C/H)7

4/9

and

(A2)

with the qualifier:

If I =0, and I,., = Ou.th&n Fp, = 0.

Figure Al &h&ws s&mple—&pectra for ﬁl Lurgi comi—ttr
fraction. The spectra mﬁe for a solution of coal-tar
fraction in totally deuterated pyridine. The solvent musit
be periodically tested for purity | as trace non- deuterated
pyridine: forms by reaction with atmospheric water. ( Non—

deuterated pyridine adds to the Ha shift.)
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Appendix B. Liquid—-Phase Properties

To estimate an effective or average property (molecular
weight, molar liquid volume, Henry's coﬁstants.for solutes,
and square-well parameters) of a heavy fraction, we use its
fractional aromaticity to interpolate» between the
appropriate property of a pure alk&ne and that of a pure
aromatic, both having the same normal boiling point as that
of tﬁe heavy fraction. Literature data have been used to
correlatp; with normal boiling p&int. fhe needed properties
of pure alkanes_and aromatics. We wuse Edwards' et al.
(1981) extension of SWAP (Smith et al., 1976) to estimate

ﬁhe normal boiling point of a fraction.

VYapor Pressures of Heavy Fractions. To apply E&wmrd&'
&#tenston of SWAP, we need the normal boiling point,vTT&& of
the homomorph of the heavy fraction. The homomorph is:
def ined: m@ the compound obtained by replacing hmterdmﬁem&
(mttragmn.mmd sulfur) with equivalent carbon atoms. For.
example, the homomorph of guinoline is naphthalene. Eye
original SWAP correlation is used to estimate TT60‘ of a
heavy fraction®*s homomorph.. Tb;»wstim&t& the: fractional
aromaticity of the homomorph Fﬁ°m° (required to use SWAP
correlation), we assume that all nitrogen and sulfur atoms:
in the heavy fraction are bound in fused rings, displacing
aromaiic carbons, as nitrogen does in quinoline,

no. of C atoms

homo _
FA[no. of C + § + N-atoms] + FN + FS' (B1)

FA =.

where FN and Fs are determined from elemental analysis,
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no. of N atoms

FN " no. of N+ S + C atoms’ (B2)
no, of S atoms
Fg. = no. of N + S + C atoms (B3)
and F, s the fractional aromaticity determined from

elemental analysis and proton—-NMR spectra.

Molecular Weights of Heavy Fractions. To estimate MW,

the molecular weight of a heavy fraction, we interpolate
between the molecular weight of the alkane and that of the
aromatic, both having the same T760 gs that of the heavy

fraction:

MW = (1 - Fy)(MW) gy xane + FAMW) yromatic (B4)
where |
(MW) . 1 pame = —385.01 + 2.637Tq50 — 0.005019T3¢q * (B5)
r e "6" 3 '
4.0234x10 T'TG‘.O)
and
(MW) gromatic = — 68.28 + 0.4062T745q . (B6)

EQW&ti@m& B5 and B6 were obtained from molecular—weight and
1760 data for the normal alkanes, 65 to €40, and for fused-
ring aromatics, benzene, naphthalene, mnthrac&né. and

chrysene (Macknick, 1979).

Molar Liguid Volumes of Heavy Fractions. To estimate

molar volume as a function of temperature, we estimate the

fraction’'s volumetric coefficient of expansion O,
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o - o avL] | (;751
= vL |5 . ' 1)
Ve Lot P
Assuming that © is constant,
L
v(Tie0)
6 = 1n _Z___7_6_0__ (Tq60 - 3-00)'1 . (B8)
vV (T=300)

Ve obtain vL(T=300) from the molecular weight and from the
specific gravity (Nokay, 1959). To obtain VL(TTGO)' we
intefpolate between corresponding values for the alkane and

aromatic,

L(T L
Vi(Ty60) = (1 - Fp)Vg1x(Tyge) +

L (B9)
Fﬁywro(TTﬁo?
where '
L‘ o — e A NA® - ‘A &85 )
Vaix(Tr60) = 2T.65NC - 34.2, (B10Y)
L = R RE “-'v"‘ 1 1)
Varo'T160) = 83.86 NR -5.48 - (B11)
NC = exp [-0.128814 + 5.58Lx10 > T, ., -
760 (BL2)
g.40x20”7 T2 T + 1 .
NR = -1 ,9256 +Asmnz¢xno'$f1&@ . (B13)

N€ and NR are, respectively, the number of aliphatic carbons:
and tke‘ number of fused rings in the alkane and aromatic,
with normal bodling point, ET&&* Equations B10 through Bl3
were: obtained from predicted (Hankinson and Thomson, 1979)
molar volumes at T,., for normal alkanes, (C4 to Cgg), and
for fused-ring aromatics, benzene; naphthalene, anthracene,

and chrysene.
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Henry’'s Constant and Poynting Correction for Light

Gases. A rough approximation for Henry's constant Hij' for

light gas i, in pseudocomponent j, is calculated from
loglo[Hij(atm.)] = A; + By TJL— + C.F, . (B14)
' 760

Table Bl gives constants Ai' B;, and Ci for nine light

gases, These approximate correlations, necessary to account
for the relatively small effect of the solubility of 1light
gases in the heavy liquids on vapor—pﬁase solubility, are
based on the datavof Cukor (1972), Chappelow (1974), and
Tremper and Pransnitz. (1976) . Een;y's‘cogstant Hi' for a
light éas in the heavy—fraction mixture is calculated wusing

the mixing rule,

( xj lo g,.lo.n i j)

H Mp

log. o ( 1 (B15)

O &g , = . . N .
810(H;) 2

z

i=

where n is the number of pseudocomponments.

X,
1 J

The Poyntimg correctiom in Equation (3) is given by,

(PC). i = exp| (B16)

The partial molar volume V:’, of gas i, at infinite dilution

3

in pseudocomponent j, is estimated by the method of Lyckman

et al. (1965). Gas—phase solubility results are not

sensitive to inaccuracies in Equations B14, B15, and B1l6.
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Fugacity of Liquid ﬂafer. Vapor pressure of water is

calculgted using expressions given in the NEL Steam Tables
(1964). Molar liquid volume is calculated using the COSTALD
correlation (Hankinson and Thomson, 1979). Saturated-vapor

o '

fugacity coefficient'ﬂz. is calculated using the empirical

relatioﬁ

pS(bar) = 1.0204 + 5.722x1074T - 1.761x10-612, (B17)
for T greater than 420 K. For T less than 420 K, 85 is set

equal to unity.
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Appendix C. Virial Coefficients

Virial <coefficients are based on a square—well
potential (Hirschfelder et al., 1954) as described by Kaul

and Prausnitz (1978). The well width is fixed at 0.2 nm.

B : ‘ e
—ii _ - 3 _ —iiy _
boi.j =1 (gij 1)[exp(kT) 1] - (C1)

where

\ 3
boij = 2'131'-N'°ij
7ij . . (c2)
gij = (¢ in nm)

wii
c = (o, + )

where k is Boltzmann’s constant, N is Avogadro’s number, and

%, j and ‘e j -are s ize and energy parameters for molecular

pair ij.

mixtures, aij and &ij have been obtained from reduction of
second virial-coefficient data. Tables €1 and C2 give

parameters for nine Lig&t ga:se: s,

Yater and Water/Light—Gas Pairs. The emergy parameter

for water has been split into a nonpolar contribution &:,
and. & polar contribution ei,
o (€3)
o, & '
‘w = tw T T

Reduction of pure—water second virial-coefficient data does

mnot yield unique values of the three adjustable parameters

For 1light-gas molecules and their

e
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c, e°.and_el. However, reasonable values can be chosen such
that o_ is physically sensible and such that g:/k'gives good
results for water—nonpolar mixtures (Equation C6). The

values chosen here are:

Oy = 0.28nam,

eo/k = 186K, - | | (c4)

1.67x10° k2

el/x
w
For water/light-gas (j) mixtures, the cross energy parameter

is calculated from,

| B‘i = (&:&ij)llz (C6)

The water/carbon &ioxi&e binary (j=carbom dioxide) is
given . special tramtmanf_ to account for ws&@cimtian, The
cross Yirim; coefficient is split into a ﬁh&miadl
contribution, Bt?eni and a physical cantribhttanﬂ ngysr

(Nothna:gel et al., 1973),.

; _ npPhys chem : I
B"'zj! = Bi'J + B"j' 7 (cT)
" where
chem: = -0 SRTEK a):
B‘i OmikTK'd (C8):
The equilibrium- constant of association K'jr has been fit

(De Santis et al., 1974) to experimental data,

1n(Kyj) = -11.071 + 3933 - 2.746x106T"2 + (e
| co

4.646x108173
where K'j is. in atmospheres and T is in kelvin. The

experimental data of Coan and King (1971) and Equations C7,
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C8, and C9 were used to obtain for water/carbon dioxide:

ifi = 186.7K . (c10)

The size parameter was calculated using

owj = 50, + o)) . (c11)
Heavy-Fraction/Light-Gas Binaries. Calculation of

effective square-well p&raﬁetérs for heavy-fraction/light-
gas binaries is based on the correlation of Kaul and
Prausnitz k1978);  To account for molecular flexibility,
Kaul calculated the effective sjze parameters of heavy
hydrocarbons from their mean radius of gyratiom RG, relative

to that of methane,

1 1

27 % = 7 %nethane * (RG); - (RG)peipane-
For methane, RG = 0.0443 nm (Moelwyn-Hughes, 1961) and o/2 =

(c12)

0:..1675 nm  (Sherwood and Prausmitz, 1964). To estimate the
effective RG for heavy fractions, we interpolate between

wwlqws corresponding to a saturated alkane (KG)mIkmme' and

 that corresponding to a fused-ring aromatic (ne)wt@m&tic+

when both have the same mﬁ&& as that of the heavy fraction:

(RG) j = (1 - Fp)(RG)grpane * FA(RG) yromatic - v (€13)

(mﬁ)mlhmne has been correlated with NC using the molecular-

dynamics results of Bellemans (1973),

(R6) 1y o = 0.0637(NC)?S [1 + Qﬁ%§111/2 (nm) (C14)

- where
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NC = exp [-0.128814 + 5.581x10 5 Ty, -
, (c15)

=712
9.40x10 T760] .

(RG) has been correlated with NR wusing values

aromatic
calculated from molecular structure data (Bower and Sutton,

- 1965) for benzene, naphthalene, anthracene, and chrysene:

(RG)

aromatic = 0-0794 + 0.0398(NR)  (am)  (C16)

NR = -1.9256 + 8.124x107 T, . (C17)

Kaul proposed a correlation of 815 witﬁ.An ‘(H;IJQbrand
enthalpy of vaorizafion; of the heavy hydrocarbon) for
calculating &3j for ha&vy—hydroeanbdn/light—g&g' pairs. Aﬂ
is definé& as the enthalpy of vaporization at the
temperntu;e wh&ra the saturated-vapor voluﬁe is 49.5% L/gmol;
For kewvyr £r§c&tmms,- AR is obtained from Edwards’' SWAP
vapoer—pressure curve using the Cl@w&iﬁs-clmpmyron vequwtf&nvu
Table €3 gives correlations for &}j with AH for mfngvliémg

gases..
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Appendix D. Objective Function for Three—Phase Flash

If vapor, hydrocarbon—rich liquid, and pure liquid are
known to exist, we use an objective functiom derived from
material balances for a three—phase system, where one phase
is pu?e,' liquid water. The overall material balance, based

on one mole of feed is,

'1 =a + 1+ : (D1)
where n and p are the’fractions of the feed which condense
as. 'hydroca:bon-:ich wnd. pure—water ©phases, and a is the
fraction of the feed that does not condense. The component

balance for water is

Zy = GYy +n (D2)
where z_ jis the mole fractiem of water inm the feed. The
componemnt balance for component i, other than water is,

Ty = ype +t x4m . (D3)
‘Eliminating p yields,

Substituting Equation D4 into Equation D3, dividing by x

and uwsing the defindtion of Kt' we obtain

x, = Ei (D5)
whe:e

w °

This expression for x., and



are used in the objective-function,

m
S = igl(yi - Xi) .

The derivativevwith respect to a is,

§' =

" Mo

i=1 ' g%

where

217

(D7)

(D8)

(D9)

('1)_.:1-0 )
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Nomenclature

A;, B;, C; = constants in Equation Bl4
B = second virial coefficient of thé mixture
.Bij second cross Qirial coefficient for components i and j
¢ = type of carbon atom (aromatic, a, B, or 7v)
C. = cogcenttatioh of carbon atoms of type ¢
F = objective funcfion‘(Eqnation 9)
F, = fractional aromaticity
Fk°m° = fractional aromaticity of the homomorph
(Eqnmtioﬁ B1)

F

N fractional heteroatomaticity with respect to nitrogen

F fractional heterocatomaticity with respect to sulfur

S
f = fugacity

Hi

Henry's ao#mﬁmmt of component i in the liquid mixture

Ec = comcentration of hydrogen atoms of type c

Eﬁj = Henry's @om&tﬁmt of m@mpamemf i in heawvy £r&ctteg J

HMDS: = hexamethyldisiloxane

I, = fmf&&r&l of proton—NMR spectra within the Lim&t;'of
ﬂyp? ¢ hydrogen atoms

k = Boltzmann"s mmm&ﬁmmt

K: = equilibrium K factor

KEZ = equilibrium constant for association of water and
carbon dioxide '

m = number of components in system

MW = molecular weight

MV = molecular weight of normal alkane having same

alkane
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normal boiling point as heavy fraction (Equation BS)

MV = molecular weight of aromatic having same

aromatic
normal boiling point as heavy fraction (Equation B6)

n = number of heavy ftactioﬁs

N = Avagadro’s number

NC = number of aliphatic carbdgs in alimne having same

normal boiling point as heavy fraction (Equation B1l2)

NMR = nuclear magnetic resonance

‘NR =-nnmber»o£ fused rings in aromatic having same

normal boiling point as heavy fraction (Equation B13)

" P'= total pressure

P? = vapor pressure of component i

P: = vapor pressure of water

'kaﬁ = average pressure (torr) corresponding to vapor-—
pressure datum of heavy fraction
(PC) ; = Poynting correction for compenent i

RG =. radius of gyration of &.mmtecmte

R = gas  constant | |

S = objective function (Equation 11l and DT7))

s =_¢mr£vétﬁveuof‘om¢e@tiwe function with respect to a
(Equations 12 and DS8)

T = absolute temperature

Tmmp,= dv&nmga tamp&rmtmte'GKW corresponding @o vapor—

pfe&smr& datum of heavy fraction

TR = reduced temperature, T/T,c,

T,60 = normal béilimg point

V% = molar liquid volume of component i

29
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V& = molar liquid volume of water
vL(T=300) = molar liquid volume at 300 K

VL(T760) = molar liquid volume at the normal boiling point

V:j = partial molar volume of gas i in heavy liquid j at

infinite dilution

M
[}

i mole fraction of componment i in the ligquid

mole fraction of component i in the vapor

“«
[
[}

mole fraction of component i in feed

N
[
]

Greek Letters

a = fraction of feed that is vapor after £1§sh

8 = chemical shift in NMR spectra, dimensionless

v = mdtivity coefficient

AH = Hildebrand enthalpy of vaporization

31i = energy parameter (square—well pot&mtial) for
mml&mwkms i and j

energy parameter of water

g =
w

&3 = monpolar contribution to energy parameter of
water

&£v=-pa1&r contribution to emergy parameter of
water

aij = sgize parameter (square—well potential) for molecules
i and. j

Oy = size parameter for water

n fraction of feed which condenses as hydrocarbon-rich
phasé

fraction of feed which condenses as pure water

=
]
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~# = fugacity coefficient

§; = defined in Equation D5

9% = saturated-vapor fugacity coaffiecignt
Q = defined in Equation 13

€ = volumetric coefficient of expamnsion

Subscripts

aro = aromatic

[
]

component

water

w
wj = water/(light gas, j)
tot = total

R

reduced

carbons alpha to aromatic carbons

B

¥ terminal, m@mwkph&,{mhiphwtic carbons

Superscripts

cmmmr=f@mém£mml>

L = Iliquwid |

o. = nonpolar mmmtrﬁbmﬁtom
phys = physical

s = m&twnmtwd;wmp@r

V' = vapor

1 = polar contribution

nonterminal, nonalpha, aliphatic carbons

31
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Table 1

Characterization Data for Lurgi Coal Tar

Vapor Pressure .Elemental

Frac. Weight Datum Analysis, wth Aroma-—

No. % T,°C P,torr C H N S Other ticity

1 0.45 95 57 83. 9.9 0.8 0.5 5.6  0.53
2 1.2 121 53 84, 8.6 1.1 0.2 6.0 0.64
3 1.8 141’ 50 .85.1 8.5 0.8 0.3 5.5 0.64
4 1.6 158 51 - g86. 8.9 1.2 0.4 3.7 0.69
5 4.1 178 52 86. 8.6 1.3 0.5 3.9  0.64
6 17.5 194 52 87. 8.4 1.1 0.3 3.8 0.69
7 20.8 205 52 87. 8.5 1.2 0.5 3.3 0.67
8§ 10.8 222 51 88, 8m2> 1.0 0.4 2.1 0.7x
9 15.7 239 50 8. 8.5 1.4 0.3 3.7 0..6:5

10 26 .1 —— - 87. 8.1 1.4 0.3 3.7 0 .66
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Table 2

Comparison of Pred1cted and Measured
Molecular Weights for Four

- Lurgi Coal-Tar Fractions

-. - S ' ~ Molecular Weight :
Fraction No. -Predicted Measured % Error

s Cise 11 1.6
7 192 207 6.8
8 201 209 3.8
9 218 2217 4.0

Average 4.0
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Table Bl

Constants for Approximate# Henry’s—Constant Correlation
for Light Gases in Heavy Fractions (Pseudocomponents)
(Equation B14)

~ _ Rédnced:
Light Gas A B Cc Temp. Range
Hydrogen 3.55 -0.936 0.524 0.4 ¢ TR ¢ 1.0
Nitrogen 3.21 -0.591 0.567 0.4 < TR < 1.0
Carbon monoxide' 2.92  -0.348 0.50 0.4 ¢ TR < 1.0
Methane 1.92 . 0.596 0.531 0.4 ¢ TR < 0.8
2.40 0.0 0.531 0.8 ¢ TR ¢ 1.0
Ethane 0.28 2.15 0.497 0.4 < TR < 0.8
2.00 0.0 0.497 0.8 ¢ TR < 1.0
Carbon dioxide 1.14 1.37 0.270 0.4 < TR < 0.8
- 2.23 0.0 0.270 0.8 ¢ TR ¢ 1.0
Hydrogen sulfide 0.27 2.11 0.0 0.4 ¢ TR ¢ 1.0
Propane - -0.66 = 2.95 0.404 0.4 < TR < 0.8
2.78 0.0 . 0.404 0.8 < TR < 1.0
Butane -1.88 4.27 0.40 0.4 ¢ TR ¢ 0.8
2.60 0:.0: 0.40 0.8 ¢ TR < 1.0

# While sufficiently accuwrate for our work, these approx-—

imate correlations may not be sufficiently accurate for

" other applications.

TR = T/Tq4,  (Fqg9 of tkqbﬁrmction)

Data References

[ 2]
.

]

Chappelow, €. €., and Prausnitz, J. M., AICREJ., 20,1097

Cukor, P. M., and Prausanitz, J. M., J. Phys. Chem.,76,598
(1972). ‘ '

. Tremper, K. K., and Prausanitz, J. M., J. Chem, Eng. Data,

21,295 (1976).



Table C1

Square—Well Parameters for Nime Light Gases

(Well Width

Light Gas
1-Hydrogen
2-Nitrogen
3-Carbon monoxide
4-Methane
5-Ethane

6-Ca:bon dioxide

7—Hyd:ogen snifide

8-Propane

9-Butane

0.2 nm)

0.335
0.403
0.3517
0:.387
0 .46:5:

0:.514

141
259
211
272
346

425

37
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Table C2

Square—-Well Parameters for Light-Gas Pairs

Paish ek, K Pais? fiy/k: K g
1-2 43 .5 3-7 (127) .
1-3 (43.5) 3-8 (178) -
1-4 50.3 3-9 (182)

1-5 59.5 4-5 197
1-6 (58.0) 4-6 171
1-7 (55.0) 4-1 154
1-8 79.17 | 4-8 231
1-9 84.0 4-9 258
2-3 © (89.0) 5-6 . 222
2-4 106 ' - 5-7 237
2-5 151 5-8 | 295
2-6 147 5-9 331
2-7 127 6-1 245
2-8 178 6-8 251
2-9 182 6-9 272
3-4 (106) . 1-8 (278)
3-5 (151) | 7-9 (310)
3-6 145 8-9 379

#See Table C1
Quantities in parenthesis are estimates.
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Table C3

Energy Intqraction Parameters for Heavy-Fraction/

Light-Gas Binaries
(8ij/k’ K and Aﬂj, Kcal/mole)

Nitrogen and Carbon monoxide Binaries
8;;/k = 266 - 503exp(-o.294Anj)
Methane Binaries |
aii/k = 395 -'915@xp(-0.224AHi)
Eth&n?yggg Hydrogen sulfide Binaries
ﬁii[k'; 477'-'870exp(—0¢255Aﬂj)
ggghgg_gio;ima_Bimmri&s
.gii/k = &&T——'94533p(-0m224AHi)

Propane Binaries

&;;/k = 532 - &Toaxp(-0;25$Aﬂj)
Bntmmg Binaries.
&;5/k = 576 ~ 870exp(-0.255AH;)

Vater Binaries

&ff/k.=‘$20 - QIwap(-0,224AHi)
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List of Figure Captions

Figure 1. Fossil-fuel fractionation via spinning-band
column.

Figure 2, Solubilities of two Lurgi coal-tar fractioms in
methane: Comparison of predicted and experimental
results.

Figure 3. Solubility of <coal tar im a typical Lurgi
coal-gasifier effluent at 42.7 bar.

Figure 4. Predicted condensation in a continuous-flow
heat exchanger for a typical Lurgi coal-gasifier
effluent at 42.7 bar.

Figure 5., Solubility of Lurgi-tar Fraction 6 in methane
at 70 bar:

Figure Al. Sample proton—NMR Spgctra
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Condenser
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- Figure 1.
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~ Shift From H:‘efmzmze-’t‘hy'ld‘is i loxane, §

SAMPLE PROTON-NMR SPECTRA

Figure Al.
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