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ABSTRACT

A pseudoization technique is developed which is independent of the kind of mixing
rules used for characterizing the parameters of the equations of state. This technique
uses a pseudobinary representation to evaluate a lumping parameter which accounts
for the mixture-like character of the pseudocomponent. This is to reduce original
mixture characterization to a minimum number of components. The method is
versatile and can be used to tune the equation of state to any laboratory PVT data.
The validity of the technique is demonstrated by several sample calculations such as
phase split isotherms and phase envelopes of a gas condensate and other reservoir
oils. The pseudoternary diagram representation of solvent-oil systems are predicted
and they are shown to be in agreement with the original mixture characterization.
Accuracy of prediction of such pseudoternary diagrams, which are widely used in
vaporizing-gas-drive enhanced oil recovery processes, is demonstrated as a further
test of the proposed method.

INTRODUCTION

The computational efficiency and cost of simulation of processes involving complex
fossil fuels (petroleum, coal-liquids, etc.) using equations of state depend a great
deal on the number of components (real and pseudocomponents) chosen to describe
the fluid under study. In general the number of components necessary to describe
such complex fluids is higher than ten. The computer capacity of storage and
computation time increase considerably with the increase in the number of
components. Several methods have been reported to characterize pseudocomponents
and heavy-end fractions (Hong 1982; Mehra et al. 1982; Withson 1983; Gonzalez et
al. 1986; Wu and Batycky 1986). Most of these methods are based on arbitrary
mixing rules and empirical pseudoization techniques where the pseudocomponents
are treated as pure components. None of the methods-proposed to date seem to offer
an advantage over the other available techniques. More recently, a semi-empirical
concept has been proposed to account for the mixture-like character of the
pseudocomponent (Schlijper 1986). This concept has brought about improvement in
describing phase behavior of complex fluids. In the present report, a new technique
is presented that uses a nonlinear regression-based phase behavior program to
characterize pseudocomponents. The method takes into consideration the effect of
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temperature in calculating the lumping parameters by adjusting critical properties of
the pseudocomponents evaluated from mixing rules.

In the second sgction of this report a review of the available methods for evaluating
the properties of pseudocomponents is presented. In the third section an al gorithm
for the evaluation of the lumping parameters and the pseudobinary interaction
parameters 1s described. Finaﬁy, in the fourth section computational results are
presented for a synthetic oil mixture, a gas condensate system, and a reservoir oil.

PSEUDOCOMPONENT PROPERTIES

In lumping components into pseudocomponents to represent a complex many-
component fluid one can use mixing ruI%s to determine the pseudocomponent
properties for substitution into the equation of state. These properties include criticat
temperature (T ), critical pressure (P ¢}, critical volume (V ), critical compressibilty

factor (Z,.), acentric factor (@), molecular weight (MW), and binary interaction

parameters (kij). There are numerous sets of mixing rules available in the literature to
characterize pseudocomponents.

Kay's rules (Kay 1938) are the simplest form of mixing rules by which the
pseudocomponent properties are obtained by summing the products of the
component properties and a weighting factor which is usually the relative molar
fraction for the group of components used in a pseudocomponent,
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In connection with evaluation of cross-parameters, ajjs of cubic equations of state
and the cross-second virial coefficient, Bij= of the virial equation, Prausnitz and

Gunn (1958) adopted the Lorentz-Berthelot type combining rules. The complete
system of pseudocomponent properties includes:
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An alternate procedure for characterizing pseudocomponents has been developed by
Mehra et al. (1982) as the following:
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Then several weighting factors, ¢;, have been defined with various mixing rules
which have been summarized by Hong (1982} and they include:
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weight fraction average,

Xﬁ MW,
Oj=— (17)
Z Xi MW,
i
and the mixing rules for Tep includes a P. weighting factor,
o & 12 .
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This is just to mention a few of a score of proposed mixing and combining rules for
evaluating pseudocomponent properties. Statistical mechanical considerations can be
used to derive other mixing rules for a specific equation of state. For example the
pseudocomponent mixing rules for the Peng-Robinson equation of state (Peng and

Robinson 1976) one can obtain the following expressions for properties of
pseudocomponents:
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To derive these expressions the dimensions of parameters a and b for the Peng-
Robinson equation of state with pressure and temperature are taken into account. Tt
1$ observed that the contribution of more complex mixing rules over the stmple
ones, Equations 1-5, in defining pseudocomponents is insignificant. There 1S no
physical significance behind the mixing rules for the pseudocomponent binary
unlike parameters. In this report a pseudobinary interaction parameter between any
two different pseudocomponents is evaluated with the regression program in order

P
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to match the calculation with the the exact compositional description of the mixture,

DESCRIPTION OF THE ALGORITHM
Let us assume the equation of state which is considered for phase equilibrium
calculation is in the following form:

Z=2Zv,T,an by . {22)
where its mixing rules can be shown by the following general expressions:
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with the following combining rules:
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where k; ; and lij are generally non-zero parameters when izj and kij-—-l i j:O for i=j.

Provided one knows the exact number of components of the multicomponent
mixture this equation of state can be used for phase equilibrium calculation of that
mixture. In the proposed technique it is assumed that one can group the (c)
components of the mixture to (s) pseudocomponents (for example s=3 when one
wants to represent the data in a ternary diagram). Then the equation of state of the
multicomponent mixture can be shown in the following form:

Z=2v. T ambo) 27)
where
¢ A PS -
am=an{éi, Sy A ) Li=12..8 (28)
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with the following combining rules:
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It should be pointed out that contrary to the case of Eqs. 25 and 26 parameters Kjj

and Aij will be in general non-zero parameters for both cases of i#j and i=j. When -
i=] parameters x;; and Aj; will be called "Lumping Parameters” and when 1#]
parameters K;; and kij will be called "Pseudobinary Interaction Parameters". In Egs.

28 and 29 &; and éj are "Group Mole Fractions” and APS;;, Apsjj, BPS;;, Bpsjj are
pseudocomponent parameters associated with each group.

At this stage we have to address three C{uestions: (1) How to define the
pseudocomponent parameters? (i) How to calculate the lumping parameters? (iii)
How to calculate the pseudobinary interaction parameters?

(i) Definition of Pseudocomponent Parameters

The existing techniques available for calculation of pseudocomponent parameters
have already been reviewed in the previous section, In the present technique one can
use any of the available techniques without loss of generality. So long as the same
pseudocomponent calculation technique is used for defining pseudocomponents the
present technique will predict the same phase behavior for the multicomponent
system under consideration. However, in all the calculations which follow one must
not switch from one pseudocomponent calculation technique to another.

(i1) Calculation of Lumping Parameters
These parameters are calculated by assuming that a pseudocompound with equation

of state parameters APS;; and BPS;; can represent properties of a lumped group of

compounds. Parameters APSji and B PS; are then calculated by matching properties

of a pseudocompound with the mixture properties of the group of compounds which
are lumped together. This technique of calculation makes the numerical value of
lumping parameters dependent on the kind of mixing rules used for evaluating the
pseudocomponent parameters, temperature, and composition of the compounds in
the pseudocomponent.

(i11) Calculation of Pseudobinary Interaction Parameters

After the pseudocomponent parameters are defined and the lumping parameters are
calculated pseudobinary interaction parameters can be calculated Ey matching the
properties of every pseudobinary mixture with a true multicomponent mixture
consisting of all the compounds appearing in the pseudobinary mixture, This

pseudobinary mixture. In some cases the temperature at which the system fluid is
studied is higher than the critical temperature of the heavier pseudocomponent in the
gseudobinary representation. Under such condition the regresston analysis cannot

¢ performed unless the pseudocritical properties obtained from mixing rules are
adjusted or the grouping configuration is modified.
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APPLICATIONS

As an example the Peng-Robinson equation of state which has received a wide
acceptance In process engineering calculations is chosen with the computational
methods described in this paper. The experimental data of the mixtures studied in
this investigation are not reported since the objective of this research is not to
evaluate the performance of the equation of state but to test the proposed
pseudoization technique vis a vis the computation performed with the original
mix ture characterization. K

First Application
A synthetic oil (Metcalfe and Yarborough 1979) of 10 components (the binary

interaction parameters and the composition are given in Table 1 and 2, respectively)
is selected to test the proposed technique.

Table 1. Binary Interaction Parameters Used with the Peng-Robinson Equation of State.

CO2 C1 C2 C3 ¢4 ¢85 C6 €7 €8 cC10 Cl4

CO2 -

C1 092 -

C2 432 000 -

C3 124 014 000 -

C4 133 013 .010 .000 -

C5 122023  .010 .000 .000 -

C6 A10 042 010 .000 .000 .000 -

C7 100 035 010 .000 .000 .000 .000 -

C38 114 .049 010 .000 .000 .000 .000 .000 -

C10 150 .047 .010 .000 .000 .000 .000 .000 .000 -
C14 150 .045 010 .000 .000 .000 .000 .000 .000 .000 -

Table 2. Synthetic Oil Composition Used for the First Application.

Components Molar fraction (%)

Methane 35
Ethane
Propane
n-Butane
n-Pentane
n-Hexane
n-Heptane
n-QOctane
n-Decane
n-Tetradecane

Crd
ot Oy I

When the heavy-end fractions are described by the molecular weight, the specific
gravity, and the boiling point, empirical correlations (Cavett 1962; Standing 1982)
are used to estimate the properties (critical pressure and temperature and acentric
factor) of the fractions. A lumping configuration is selected such that the synthetic
mixture is reduced to 3 pseudocomponents, consisting of [C ] (methane), {C»-Cgl
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PRESSURE BARS

(C2-C6) 7 C7+
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Figure 1. P-X diagram for the [C2-C6]/[C7+] pseudobinary system at
33B.70K. Chain-dotted line: calculation without the lumping and pseudo-
binary interaction parameters; dots: calculation with the pseudobinary
parameters but without the lumping parameter: solid line: calculation

with the lumping and pseudobinary interaction parameters; symbols: exact
multicomponent calculation
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Figure 2. P-X diagram for the [C1}/[C2-C6] pseudobinary system at
338.70K. Chain-dotted line: calculation without the lumping and pseudo-
binary interaction parameters; dots: calculation with the pseudobinary
parameters but without the lumping parameter; solid line: caiculation

with the lumping and pseudobinary interaction parameters; symbols: exact
multicomponent calculation
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PRESSURE BARS
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Figure 3. P-X diagram for the [C1I/IC7+] pseudobinary system at 338.70K.
Solid iine: calculation with the lumping and pseudobinary interaction
pararieters; symbols: exact multicomponent calculation.
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PRESSURE BARS
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Figure 4. P-X diagram for the [C1-002]/[C2-C6] system at 338.70K.

Solid line: caiculation with pseudoization technique; symbols: sxact
multicomponent calcuiation.
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FRESSURE BARS
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Figure 5. P-X diagram for the [C1-CO2]/[C7+] system at 338.70K.
Solid line: calculation with pseudoization technique; symbols: exact
multicomponent calculation.
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CO2 / SYNTHETIC OIL

T =338.70 K

P = 130 ARS

00

P = 125.0 ARS

Figure 6. Pseudoternary diagram for CO2/synthetic oil at 338.70K. Solid
line: calculation with pseudoization technique; symbols: exact multicomponent

calculation.

69




0L

el APIXOIP UOGIED)
760 uadonIN
90t 4 SUBXaH
850 JurUS-U
9¢°0 auBIUSJ-1
9t'1 suwing-u
6L°0 sueing-
6C Y suedoig
68’8 ueyig
PeE9L QUBLIIN
(95) uonoeLy WO sjuauoduwion

‘uonearjddy puodas oyl 10j pas) uonisoduo)) s1esuopuo)) sen) “¢ S[qeL

[+90] pue (5 >-¢ oD ‘[CN] ‘[PHDI 218 yorym ussoypd aie
siuouodwooopnasd ¢ UONBNOTED SIYI U] */ 2IN3L] AG polodal SE I puB pPAINASUCD
ST ¢ oJqe ] ut se uoursodwod a2yl ylim (SUOQIBd0IPAY AABY UL MOf PUB JUBLIOW
ut y31y) waishs (9861 AyoA1Bg pue nay) 21esuapuod sed € jo adopaaud aseyd 1-J v

TOnedIddy puoIas

. JUS[[90X%2 ST onbruyoal
Jurdwing oyl pue UONE[NOFED 10BX2 Y1 USDMIDG JUSWDITE Y] 1Byl Palensucwap
SI }1 2loym Q 2InS1d Ul uUMOyS SI welsAS spyl 1oj weiderp Areursjopnosd

patotpaxd oy armxiw onuayiuks ayl jo syusuodwosopnasd syp pue T Q) usemiaq
siaweied uonIdDRISIUL ATRUIQ 2} 2JBN[BAD O] POSN 218 ¢ PUB {  SAINTL] UL UMOys
surerdeip ¥-d4 U] 110 pue JUSA[OS Jo uonsoduwiod Jo saSuel fje ui pue sainssaid
1uarayip 1e onbruyoel pasodoid o3 Jo oourwiogiad sy3 1591 01 ST 219y 3AN22[Q0

QY] "[I0 II0AISSIL O} SE 10 oNaYIUAS oyl pue sed pardefur oyl se COD Yl ssadord
aaup sed Juizuodea e jo 1o1aeyeq 9seyd oy jo uonoipaid 10] 218 §- SaIndig

‘dnoig [+L] oy 10} 1o10wered Surdwin] puooss

e pue dnois [9-CH] ay1 10y 1a1owered Surdwn| suo ‘popasu Auo axe siojourered
Surdwiny om1 o[dwexs renonred sy .IO% "S[OQUIAS o) AQ paluasaidar uone(nored
10BX9 9y} Ydlew O} palenfeAs st Iajourered uopoeraiut Areurqopnasd auy AJuo amym

pawtodar st waisAs Areuiqopnasd [LLD]+[1D] 2wy jo wresBerp X-4 oyl ¢ 208y

uJ ‘walsks Areurqopnasd [9 D—Z%]+[[ 31 213 1oj [ 21T Ul S SUOTIB[NO[RD SUIEs Syl
sajensn[ ¢ amfn ‘sierairered surdwny sy; pue sojewered uonorisjur Areurqopnasd
oy ‘syusuodwooopnasd oml Yiim pauleiqo St aul| p;&os Y, “s1arotuered ﬁu;dl.unc}
g oy ‘nq ‘Iayeweled uonoeIdur Areuiqopnasd 2yl pue syjuouodurodopnas

Om1 YIEM 1[NSOI 9yl ST dull paysep dyJ, ‘siorewered Surdwng pue siejowrered
uonoerdlul Areurqopnasd oY) 1noyim 1ng siusuodwosopnasd Z Ylim UOIIBINO[ED
oY) S1 QUI[ PANOP-YSEp 9y "ImXTw dnayiuAs 2yt Jo uonduossp reuonisoduwod
10BX2 U1 Yiim uone[noed oyl jussaidar sjoquuAs oyl aroym walsAs Areuiqopnasd

[ +L3]+[9:)-Z:)] oyl Jo weideip X-J oY smoys | oInfLy ‘SIsATeur uoIssordar

a1 Jo uonouny 2An23[qo oyl ur pasn 3q E;m oIy suore[noed ainssaid-jurod
-2]qqnq O Joquinu patyioads e surrojred anbruyoe pasodord ayy uo paseq wergord

rondwos 2y -{suonoeiy istaeay pue sueiday) [+LDH] pue ‘(suexoy 01 SUBYID)



PRESSURE BARS

PHASE ENVELOPE OF GAS CONDENSATE
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Figure 7. Phase envelope of gas condensate at 338.70K. Solid line:
calcuiation with pseudoization technique; symbols: exact multicomponent
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PRESSURE BARS

PHASE EQUILIBRIA OF CO2 / OIL
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Figure 8. P-X diagram for CO2/reservoir oil at 338.70K. Solid line:

calculation with pseudcization technique; symbols: exact multicomponent
calculation.



Also, a P-X diagram of carbon dioxide-reservoir oil system (Wu and Batycky
1986) with the composition as in Table 4 is constructed using the same 4
pseudocomponents and it 1s reported by Figure 8. In both of these cases the results
of calculations obtained with the present approach are in very good agreement with
the exact multicomponent calculations.

Table 4. Reservoir Oil Composition used for the Second Application.

Components Molar fraction (%)
Methane 32.54
Ethane 5.09
Propane 7.73
i-Butane 1.36
n-Butane 4.28
1-Pentane 1.67
n-Pentane 2.30
Hexane* 38.41
Nitrogen 1.19
Carbon dioxide 0.63

Third Application
The final application is to establish a relationship between the cricondenbar locus of

P-X diagram of a multicomponent mixture and the phase separation regions of the
pseudoternary diagram of the same mixture. This kind of relationship is of
significant importance in application of pseudoization techniques in high pressure
processes such as supercritical fluid extraction of heavy compounds from mixtures
and muscible flood enhanced oil recovery.

For every multicomponent mixture at a given composition one can plot a P-T
diagram. For the same mixture, provided the temperature and relative composition
of ¢-1 components are kept constant, one can plot a P-X diagram (pressure versus
composition of one component). In the present computation we characterize our
mixture by three ;Eseudocomponents [heavy (3), intermediate (2), and light (1)] and
we study the P-X diagrams by varying the ratio of compositions of heavy and
intermediates. Rather than plotting various P-X diagrams the locus of the
cricondenbars of such mixtures versus C=X{(2)/[X(2)+X(3)] are reported by
Figures 9 and 10. Also reported in Figures 9 and 10 are the pseudoternary diagrams
related to the same mixtures at different pressures.

The major difference between Figures 9 and 10 is the difference in shapes of the
cricondenbar loci. These two shapes (one a decreasing function of C and the other
having a minimum point) are the only possible trends that one can produce by
choosing all possible relative compositions for the light, intermediate, and heavy
fractions of a multicomponent mixture.

Figure 9 shows the cases when a multicomponent mixture may exhibit an open
phase-envelope (P<Pg), a closed phase-envelope (P3<P<P}), or no phase-envelope
(P2P},) in a pseudoternary diagram representation. In no case one can observe two
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Cricondenbar

Pa C=X(2)/(X2)+X(3))
Pb —
Pc
Pd
Pe
00 —
Cc
" (1) | (1)
ppe P=Pb P=Pc
@ 3 @ 3) @ Ce @
(1) )
P=Pd P=Pe
(2) (3 (2) (3)

Figure 9. Relationship between cricondenbar locus of P-X diagram and
phase separation regions in pseudoternary diagram
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Cricondenbar

Pa

Pb

C=XQ2)/(X(2)+X(3))
Pc

Pd
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53 \_
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//\ /\ \
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(2) 3 @ Cc 3 @ Cd (3)
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ZA / i \ f P:Pg
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Figure 10. Relationship between cricondenbar locus of P-X diagram and
phase separation regions in pseudoternary diagram
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closed phase-envelopes when the cricondenbar locus is monotonic with respect to C
as it 1s the case of Figure 9. :

Figure 10 shows the cases when a multicomponent mixture may exhibit an open
phase-envelope (P<Py), Two closed phase-envelopes (P<P<P 4), one closed phase-

envelope (P 4<P<Py), or no phase-envelope (P=Py) in a pseudoternary diagram

representation. The reason for observing two closed phase-envelopes in this case is
because the cricondenbar locus has a minimum with respect to
C=XZYIX(2)+X(3)].

CONCLUSION

The technique proposed here enables one to use a reduced comcfositional fluid
regresentation in phase behavior simulation without any loss in mo eling accuracy.
The non-linear regression-based phase behavior algorithm described in this report
can have several applications in the simulation processes involving equations of
state. These includg adjustment of equation of state parameters to match laboratory
PVT data, characterization of heavy end fractions, and most importantly large-scale
simulation of petroleum field reservoirs. The algorithm is versatile and can be used
with any generalized equation of state.
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