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Abstract — The heavy-RPG(Raw Pyrolysis Gasoline), which is a variable mixture of mainly unsatu-
rated Cy fractions in the cracking of petroleum naphthas, is one of the important feed materials
for petroleum resins. To produce the resin with favorable quality, one need to use well purified
fraction of the h-RPG and, accordingly, a knowledge of the phase equilibria for the h-RPG is required.
The h-RPG, however, is regarded as a typical continuous mixture which contains far too many compo-
nents for standard chemical analysis. Thus, we present here an efficient method collecting phase
equilibrium data for such a mixture based the method of continuous thermodynamics and the Peng-
Robinson equation of state. First, through the gas chromatographic analysis and the ASTM D86 exper-
iment for a typical h-RPG mixture. we identified the total number of 43 constituents and found
the distribution of TBPs. Then, the continuous fraction of h-RPG mixture is characterized by gamma
function where the TBP index is used as the distribution variable. Finally, we performed bubble
and dew point, and flash calculations by the quadrature method to the continuous fraction. The results
are compared with those calculated by the pseudo-component methods. We found that the method
presented here can be used for the reliable phase equilibrium calculation of such a continuous mixture
while significantly reduce the computation time with more favorable accuracy over the conventional

pseudocomponent method.

INTRODUCTION

The macromolecules are mixtures of molecules dif-
fering in chemical constitution and molecular size. For
the purpose of establishing properties, processability,
and siructure relationships and of determining the po-
lymerization mechanism by which the polymer sam-
ples are prepared, it is very important to prepare chem-
wcally well defined polymers with very narrow molec-
ular weight distribution. To obtain chemically homo-
logous polymers, we can consider basically two inter-
related routes. As a upstream step, we need to use
physicochemically well understood feed materials in
the polymerization process and as a downstream step,
an efficient fractionation method should be used for
the synthetic polymers. While there exist various ex-
cellert fractionation techniques such as batch fraction-
ation, gel-permeation chromatography, and ultracen-
trifugation [ 1], there are no easy way to obtain quality
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controlled feed materials for the synthetic polymers
when we use multicomponent feeds. Furthermore, in
industrial polymerization processes. the crudly puri-
fied multicomponent monomer feeds are used frequent-
ly mainly due to the economic consideration.

One of the typical examples is the production of
petroleum resins from the polymerization of h-RPG
which is a variable mixture of unsaturated isomeric
monomers obtained as mainly C, fractions in the crack-
ing of petroleum naphthas. Worldwide, the production
of petroleum resins is now about 1,000,000 tonnes/
year, and that the petroleum resins have rapidly be-
come the resin of choice in any areas- paints, printing
inks, rubber compounds and adhesives and they can
still be regarded as new materials-they are capable
of wide development and refinement with close tailor-
ing properties to meet the need of any application.
Thus, to be the h-RPG mixture an appropriate raw
feed material for the production of better qualified
petroleum resins, we need a well-purified h-RPG frac-
tions and, accordingly as a prerequisite, a reliable ther-
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modynamic properties and fluid-phase equilibria for
such a mixture is necessary. However, as discussed
in the later section, the crude h-RPG consist of as
many as of 43 Cy constituents. Conventionally the nec-
essary phase equilibria for such mixtures are usually
computed by the pseudo-component method which in-
trinsically cannot avoids arbitrary lumping of the resid-
uum composition into pseudocomponents.

For such multicomponent mixtures as the h-RPG,
the composition of the h-RPG may be described by
a continuous distribution function of some convenient
macroscopic property such as boiling point or effective
carbon number. To attain a quantitative description
of phase equilibria, recently an alternative procedure
called continuous thermodynamics has been presented
by the authors [2-7]. An important advantage of the
continuous thermodynamic framework is that it avoids
arbitrary lumping process in the pseudocomponent
framework.

While the continuous thermodynamics is only the
logical limit of the traditional pseudocomponent meth-
ods, it 1s more efficient than the pseudocomponent
method because it is less arbitrary and it often re-
quires less computer time while keeping favorable
accuracy. To illustrate this method, we consider a sys-
tematic computational aspect of flash problems of the
h-RPG for the future improved use of the mixture
in the petroleum resin industry.

EXPERIMENTAL CHARACTERIZATION
OF h-RPG

The h-RPG is one of the ill-defined mixtures be-
cause it contams far too many components to permit
a composition analysis for each constituent. However,
it can be characterized by the separation into lumped
fractions by standard distillation and chromatographic
analysis.

1. ASTM D86 Distillation

To fractionally characterize the relation of vapor tem-
perature and percentage vaporized of the h-RPG(sp.
gr.=0.912), the ASTM or nonfractionating distillation,
and TBP test can be used in order to judge the econ-
omy of the designated separation operation. Among
them, we performed the ASTM D86 distillation using
a stardard equipment as schematicallv shown in Fig. 1.
We omit experimental details here and the characteri-
zation results are listed in Table 1. The ASTM D86
results are, then, converted into the TBP data by fol-
lowing the method presented in the API technical data
hook [8]. These results are shown in Fig. 2 wherein
the ASTM result is compared together. The contin-
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Fig. 1. Schematic drawing of the ASTM D86 distillator.

Table 1. The ASTM boiling peint data for h-RPG mixture

(sp. gr.=0.912)
Volume distilled(%) o Temperature(K)

IBP 43415

5 439.15
10 440.15
20 442.15
30 444.15
40 446.15
50 449.15
60 453.15
70 459.15
80 470.15
90 485.15
95 523.15
EP o 531.15

uous fraction of the h-RPG is also modeled by the
gamma distribution function with the mean TBP
460414 K and variance 10741.1 as shown in Fig. 3.
This gamma distribution is used later as the base
feed fraction in the flash calculation.

2. Gas Chromatography
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Fig. 3. The gamma distribution curve of TBP for h-RPG.

Tc identify the number of components contained
in the h-RPG mixture, the gas chromatographic analy-
sis is performed. In Table 2, the 43 constituents iden-
tifiec by the gas chromatographic analysis and their
respective mole fractions and physical properties are
listed. Most of the components are the C, monomeric
isomers and the molecular weights are ranging from
66.1 to 254.4 and the TBPs from 41.0 to 372.22. Upon
scrutiny of the distribution of the mole fractions, we
selected 6 representative pseudocomponents for the
h-RPG as shown in Table 3 for the later use in the
pseudocomponent calculations. Also, we simply treated
as the discrete components for the narrowly but com-
plicarely distributed portions near the initial boiling
point and the end point in ASTM D86 data designated
by CPD, MCPD, and TPR(Thermal Polymerized Re-

sin) in Table 2. And the remaining whole residual com-

Table 2. The total number of identified components con-
tained in the h-RPG mixture

- Mol. o Mole
Components wt. bp(T) wt% fraction
ceD 661 410 007 00014
MCPD 81.0 720 002 0.0003
Toluene 92.1 1106 001 0.0003
Ethylbenzene 1062 1362 0.13 0.0016
p-Xylene 1062 1364 0.18 0.0022
m-Xylene 1062 139.1 0.70 0.0087
o-Xylene 1062 1420 147 0.0183
1so-Propylbenzene 1202 1524 0.60 0.0066
Styrene 1042 1452 280 0.0354
n-Propylbenzene 1042 1592 0.79 0.0100
m,p-Ethyltoluene 1220 1620 724 00782
1.3,5-Trimethylbenzene 120.2 164.7 224 0.0246
o-Ethyltoluene 1202 1652 201 0.0220
1.2,4-Trimethylbenzene 1202 1694 6.26 0.0686
a-Methylstyrene 1182 1656 129 0.0144
DCPD 102.0 1666 146 0.0189
cis-B-Methvlstyrene 1182 1675 092 0.0103
o-Vinyltoluene 1182 1698 4.11 0.0458
m-Vinyltoluene 1182 1716 863 0.0962
p-Vinyltoluene 1182 1728 4.08 0.0455
1.2,3-Trimethylbenzene 1202 176.1 1.21 0.0133
m-Diethylbenzene 134.2 181.1 0.23 0.0023
m-n-Propyltoluene 1360 1820 0.56 0.0054
p-n-Propyltoluene 136.0 1850 (.30 00029
Indane 182 1765 1.11 0.0124
1,3-Dimethyl-5-ethylbenzene 134.2 1836 1.01 0.0099
trance-B-Methylstyrene 1182 1790 225 0.0251

1.4-Dimethyl-2-ethylbenzene 1342 1869 0.17 0.0017
1.3-Dimethyl-4-ethylbenzene 134.2 1882 0.37 0.0036
1.2-Dimethyl-4-ethvibenzene 134.2 1885 049 0.0048

Methylindanes 133.0 1975 035 0.0035
Indene 116.2 182.2 1003 0.1138
m-Ethylstyrene 132.2 190.1 045 0.0045
p-Ethylstyrene 1322 1928 0.16 0.0016
2 4-Dimethylstyrene 1322 1950 0.23 0.0023
3.5-Dimethylstyrene 1322 1990 023 00023
12,3,4-Tetramethylbenzene 1342 2051 0.12 0.0018
3-Methylindene 130.2 2060 027 0.0027
2-Methylindene 130.2 208.0 0.08 0.0008
Naphthalene 1282 2180 0.14 0.0014
Other Cyy staurates 134.2 1900 7.00 0.0687
Cn heavier 1422 240.6 1566 0.1451

Thermal polymerized resin 2544 372.2 1256  0.0651

ponents contained in the h-RPG are treated by a
continuous fraction and it is modeled by an appro-
priate distribution function as shown in Fig. 3.

Korean J. Ch. F.(Vol. 9, No. 2)
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Table 3. Selected 6 pseudocomponents and their physical

properties
Mol. Mole
Components wt. bp(K) wt% fraction
m,p-Ethyltoluene 1220 4352 1626 0.184170
1,2,4-Trimethylbenzene 1202 4425 11.02 0.126699
m-Vinyltoluene 1182 4448 21.15 0.247303
Indene 116.2 4554 12.78 0.152028
Ci-Cii 1422 5138 228 0.221577
H-resin 2544 6454 12.56 0.068223

CONTINUOUS THERMODYNAMIC PHASE
EQUILIBRIUM CALCULATIONS

1. Distribution Function

For the continuous distribution functional treatment
of the h-RPG as shown in Fig. 3, the remaining whole
finite components in the h-RPG except the discretely
assumed components such as the CPD, the MCPD
and the TPR(Table 2) are not identified in detail but
the fraction is characterized using the boiling point frac-
tional index I, as a distribution variable. Instead of
mole fractions, we now have a distribution function
F(I). This distribution function is normalized such that,

j B dI=10 W

over the proper range of I. When we model the h-
RPG by the semicontinuous mixture, the continuous
fraction (s weighted with a mole fraction denoted 0
and each discrete component i is weighted with mole
fractions x.. Then for n discrete components with the
continuous fraction, the normalization expressed by

Eq. (1) becomes,
£ x+n[ O di=10 (1a)

where the distribution function F(I) for the coniinuous
fraction is described by a gamma distribution function
since the continuous fraction follows qualitatively the
correct feature of the function. Thus, the normalized
distribution function is related to gamma function by,

_d-v _{d-v
FO=5eF o) e"p( a j @)

where I' is gamma function given by,
1"(0.)=fj [ te ! dl &)

where a and B are adjustable parameters. The means
is af+vy and the variance is ap? respectively. Shift
parameter y indicates the origin of F(I); this parameter
is the same for vapor and liquid phase.
2. Quadrature Method and Flash Calculation Pro-
cedure

Phase equilibrium calculations for the h-RPG are
based on an isothermal vapor-liquid flash as schemat-
ically shown in Fig. 4. Temperature, pressure and feed
compositions are specified. The compositions and re-
lative amounts of the outlet streams are to be calculat-
ed. The feed and outlet streams are related through
material balances. The two outlet streams are defined
to be in thermodynamic equilibrium. Then, the es-
sence of flash problem is to solve simultaneously a set
of material balances which relate the feed stream to
the outlet streams, and phase equilibria for two ef-
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Fig. 4. Schematic representation of a flash calculation for a continuous mixture.
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fluert streams for every component.

When we dealing with semicontinuous or contin-
uous mixtures, however, the distribution functions
for two equilibrated phases need to be related to one
another. For example, if a gamma distribution describ-
es the composition in one phase, that of the other
phase is also described by a gamma function. When
we use the distribution to the continuous fraction, re-
lations can then be developed between parameters
and for the vapor and for the liquid phase, so as o
give a set of nonlinear equations. Solution of these
equations gives the dew point and bubble point locus
for the continuous fraction. If the composition of one
phasz is specified, the composition of the other can
be found without approximation. However, when the
same procedure is extended to flash case, the material
balarices must also be specified. Unfortunately, the
material balances introduce a third distributions, name-
ly, that of the feed. For the general case, there is
no universal distribution function, applied to all three
strezms, for which phase equilibria and material bal-
ances can be satisfied for all values of index 1. There-
fore, the flash calculation for a continuous mixture can
only intrinsically be solved approximately.

Currently two approximation methods-the method
of moments and the quadrature method- are used to
approximate the flash problems of a continuous mix-
tures. However, the method of moments provides only
an approximate because it does not strictly satisfy all
material balances. Thus, as an illustration, we present
here only the quadrature method by following the frame-
work discussed by Cotterman et al. [3,4]. The quad-
rature method used an efficient numerical integration
and it does not use an algebraic form for the distri-
bution function but provides exact solutions to flash
problem at representative values of the distribution
varizble. Especially when we use Gaussian integration
formulae, the quadrature algorithm provides an ef-
ficient method of integrating a function by summing
a firite number of weighted function evaluations at
specified values of the integration variable called quad-
rature points. For each of these points, phase equilib-
ria and material balances are satisfied exactly. For
s quadrature points, the normalized distribution func-
tion of Eq.(1) can then be replaced by

J., F) di= £ W(,) fd,) @)
et

where W(l,) is the weighting factor and f(I,) is the
integrand at the quadrature point, I,. Then, for a semi-
cont:nuous mixture with n discrete components and
m continuous fractions, the normalized condition for

the liquid stream is written
Ex+Znt ZWIR(I)=10 5)
i k b

Similar equations apply to feed and vapor streams.
The quadrature point I, and the W,(I,) are the same
in all streams. The phase equilibrium constraints must
also be satisfied at each quadrature point p for each
continuous fraction k

wy () =py (@,) (6)
Equivalently, in terms of fugacity coefficients, g
n Fi )ge(l) =i Fy)ga(l,) )

We define the fraction vaporized, &, as the ratio of
moles of vapor to moles of feed. For every discrete
component, i, the material balance is

z=Cyi+(1-Ox ®

where z;, y, and x; are feed, vapor and liquid mole
fractions, respectively. For the continuous fraction, the
composition distribution of each stream is described
by a collection of quadrature points, rather than by
a gamma function. For every set of quadrature points,
the material balance is

0 F)y=En'F ) + 1 - F(1,) C)]

Thus, the flash problem reduced to the simultaneous
equation solving of a set of algebraic Eqs. (6) and (9).

The quadrature method is analogous to the well
known pseudocomponent procedure. However, in the
quadrature method, quadrature points and weighting
factors are not arbitrary. They are determined from
a class of orthogonal polynomials for s quadrature
points, which integrate a polynomial of degree 2s-1 ex-
actly. As discussed later, the optimum number of quad-
rature points is chosen by increasing number until
calculation results are constant within tolerable limits.

Flash calculation based on the quadrature method
give values for the outlet streams’ distribution func-
tions, FY(I) and F*(I) at each quadrature point. Thus
the quadrature method gives these functions only at
discrete points, but it does so exactly.
3. Equation of State Consideration

In principle, any equation of state applicable to both
the vapor and liquid phases may be used to obtain
fugacity coefficient through the well-defined thermo-
dynamic relation. However, the h-RPG mixture is main-
ly the Cq fractions and we found through the prelimi-
nary test the well known Peng-Robinson equation of
state(PR EOS) is relatively fit well the characteristics
of the h-RPG. Thus we have chosen the PR EOS

Korean J. Ch. E.(Vol. 9, No. 2)



94 S.J. Yoo et al

among the popular cubics such as Redlich-Kwong-
Soave and Patel-Teja EOSs [6].
The PR EOS is given by

p= RT a(T)
TV-b V(V+b)+hV-b)

1o;

where a and b for a semicontinuous mixture with n
discrete components and m continuous fraction over
quadrature points are given by

a=I T xx a, )+ 22 z -~ >: W.(1,) Fu(l,) aG, 1,)
i
+2 2 E E Wil Fd,) Wi, Bl ad, 1)
k1 L]
an
b=Z x b))+ £ 1 £ Wall,) Fl,) b(l,) 12)
i k ?
ah=ad a 13)
N [RTDF
alh)=0457235 =5 (14)
@5 (1) = 1+ [0.37646 + 1.542260(1) - 0.2699261)]
x[1-TM] (15)
B R TAD)
b)=077796 ~5 - (16)

The cross coefficient for a between discrete and
continuous fractions, I,, and I, and 1i,j, respectively
are given by the geometric mean with the binary inter-
action parameter k by

a(i, jy=a»(, Da* G, N —k;) (17a)
a(i, D=a%@, Da**d, D1 —ky) (17b)
a(l,, I)y=a"(,, [,)a"*({,, I,)(1— Ky, (17¢)

However the binary interaction parameters. k;, ki, K,
are assume to be 0, since the h-RPG is mainly aromat-
ic homologous C, fraction and safely can avoid any
significant error in the flash calculation with this sim-
plication. An expression for the fugacity coefficient de-
rived using PR EOS with respect to the s quadrature
points is given by

b(l,)
b

RT Ing(,)=RT In v

a b(l,) m( V+(254 Db
20 B2 V(@54 Db

b+(z—l)

+ ) 215 {Zx,a(lp)

+2 mZ oL)Fi(L)ad, 1)}

V+(2°’+ b

T }—RT InZ (18)

Xln{
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where Z denotes compressibility factor. Here the par-
ameter b(l,) and a(l,, I,) are found from PR EQS infor-
mation at each quadrature point. The cross coeffi-
cients a(l,, L) are found from the geometric mean of
a(l,, I,) and a(l,, L). The binary interaction parameter
ky,, 1, assumed as 0. Other pure component parameters
such as critical point data at each component are used
the correlations reported in the data hook [9, 10] and
other literature [11]. Eq. (11), (12), and (13) are writ-
ten for each equilibrium phase to relate F4(I,) to Fi(L,).
Fugacity coefficient expressions for discrete compone-
nts are derived by the analogy to Eq.(11).

RESULTS AND DISCUSSION

Phase equilibrium calculations are carried out for
the following 4 cases;

Case [ Rigorous pseudocomponent method by set
the h-RPG as the discrete mixture of 43 fi-
nite components,

Case II. Pseudocomponent method by set the h-
RPG as the mixture of 6 representative com-
ponents,

Case III. Semicontinuous methods by set the h-RPG
as the mixture of 3 discrete components
(CPD, MCPD, and TPR) and continuous fra-
ction,

Case IV. Semicontinuous methods by set the h-RPG
as the mixture of 2 discrete(CPD, MCPD)
components and continuous fraction.

The calculation results for above four cases are com-
pared together.
1. Bubble and Dew Point Calculations

The calculated results for cases I to IV for bubble
and dew points for a feed h-RPG mixture are summa-
rized in Figs. 5, 6 and 7. The smooth solid lines in these
figures are simply obtained by the method of cubic
spline interpolation with respect to the calculated re-
presentative data points. The results for each case are
compared separately in Fig. 5 and they compared to-
gether in Fig. 6. The results for low pressure region
is shown in detail in Fig. 7. As one might expect, the
calculated bubble and dew point locus for case I and
Il are reasonable agree well each other within the
point of process design engineering view. However,
when we treat the h-RPG as the combination of a sem-
icontinuous mixture with a number of discrete com-
ponents, the results strongly depend on the way of
choosing discrete components. As we discussed in the
earlier section, we simply assumed the h-RPG consists
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Fig. 5. Calculated bubble and dew point locus for h-RPG.

of 43 finite components. However, the TPR is not truly
a single component. Practically it is very difficult to
identify exactly the actual constituents of the TPR by
the gas chromatographic analysis. We arbitrarily in a
sense treated the TPR as a pseudocomponent as the
cases of CPD and MCPD. Furthermore, the h-RPG
contained 12.56% of the TPR. Thus, depend on wheth-
er the TPR is treated as a discrete component(case
D) or not{case IV}, the calculated results for the case
Il and IV are significantly differ from each other.
While the result for the case Il agree well with
the case I and II, the case IV shows a significant error
with respect to the cases of I, II, and III. Also, we
observed that there are significant difficulty in calcu-
lating the bubble and dew points in the neighborhood

-
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of the mixture pseudocomponent point for the cases
[ and II as shown in Fig.5(@) and (b). However, it
was possible to calculate the bubble and dew points
even in the near-pseudocritical point of the mixture
when we adapt the continuous thermodynamic frame-
work to the mixture as shown in Fig. 5(c) and (d).
Also, in the cases III and IV, we observed that the
optimum number of the quadrature points are 3, 4
or 5 as shown in Table 4. Thus, we constructed the
Figs. 5 to 7 based on the results with 5 quadrature
points. As one can see in Table 4, the quadrature
point 5 can guarantee the reasonable accuracy in ap-
proximating the continuous fraction while keeping the
economic CPU time.

2. Flash Calculation

Korean J. Ch. E.(Vol. 9, No. 2)
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Based on the information obtained in the previous
section, we performed isothermal flash calculation by
solving simultaneously the material balance equations
and the phase equilibrium relations where we chose
the flash conditions by 460 and 470 K at 1.013 bar,
respectively. These flash conditions are selected arbi-
trarily. In cases 11l and IV, we found the optimum num-
ber of the quadrature points by simply increasing
the number from 3 to 8. These results are also sum-
marized in Table 6. If we compare the accuracy and
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Table 4. CPU and accuracies for the calculations by the

methods of the quadrature and pseudocompo-
nent (IBM PC/286)

Flash calculation
T=470K
£ CPU(sed)
43 finite components 4509 5375 0691 20.54
6 pseudocomponents 456.2 5399 0.562 1.76

Bubble Dew

Characterization . .
point(K) point(K)

3 point quadrature 4524 5389 0570 143
4 point quadrature  453.6  539.0 0.588 1.56
5 point quadrature 4528 539.1 0.573 1.69
6 point quadrature 452.7 539.1 0.574 1.82
7 point quadrature 4527 539.1 0.574 1.95
8 point quadrature  452.7 5391 0574 2.03
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Fig. 8. Flash calculated results at 460 K and 1.013 bar
for the semicontinuous h-RPG using 5 quadrature
points.

CPU time for case II and III in conjunction with the
reference case I, the case 1II in which we treated the
feed h-RPG as a semicontinuous mixture with 3 dis-
crete components show better result with less CPU
time than the conventional pseudocomponent method
(case 1I) within the tolerable error limit. One of the
flash calculation results at 460 K and 1.013 bar for
the feed h-RPG is shown in Fig. 8 where the result
is based on the quadrature point 5 and the results
for the discrete component such as CPD, MCPD and
the TPR are omited in Fig. 8. We concluded that the
continuous thermodynamic calculation for the case III
with 5 quadrature points consistently better than the
case of 6 pseudocomponent method.
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CONCLUSION

We illustrated the usefulness of the continuous ther-
modynamic framework when we need to perform rig-
orously a fluid phase equilibrium and the related
process calculation for the mixtures such as the h-RPG
which contain far too many components for standard
chemical analysis.

Besides, the results obtained in the present study
for industrially important heavy raw pyrolysis gasoline
might be directly extended toward a practical separa-
tion process calculation purpose to produce a favorable
raw materials in petroleum resin synthetic industry.
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NOMENCLATURE

a : constant in Peng-Robinson equation of state
[Pa m*/mol?]
b : constant in Peng-Robinson equation of state
[(m*/mol]
: binary interaction parameter
: distribution function
. continuous distribution variable

iyl
—~
—
~—

: number of discrete component

: pressure [bar]

: gas constant [m’*bar/mol °K]

: temperature [ °K]

: molar volume [m®*/mol]

: weighting factor in the quadrature formulae
: mole fraction for liquid, vapor, and feed, re-
spectively

X maa™Ys

=<
™

Greek Letters
a, B, v : parameters in gamma distribution function
r : gamma distribution function

u : chemical potential

Ul :mole fraction for the continuous mixture
o : fugacity coefficient

£ : fraction of feed vaporized
u) : escentric factor
Superscripts

F : feed stream

L : liquid stream

v :vapor stream

Subscripts

1] : discrete components

k.,  :continuous fractions

P, ¢, m, s : quadrature points

10.

1L
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