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ABSTRACT Another method which is sn extension of Gibbsian
thersodynamics, generally called continuous
Development of compositional reservoir thermodynamics, has been used extensively to

simulators is presently hampered due to the
complexity of the existing computational algorithms
of reservoir fluid phase behavior calculations.
Through the application of the theory of
polydisperse fluid mixtures we have been able to
develop a number of algorithms for phase behavior
calculations. In the present report we introduce
one of such algorithms. In this algorithm
reservoir fluid is considered to consist of a
continuous wmixture with a defined wmolecular
weight/composition distribution . function.
Computational computer time required for the new
algorithm is shown to be one order of magnitude
smaller than the existing algorithms. As an
example, the new algorithm is used to perform
retrograde condensation calculations for two
different gas-condensate reservoir fluids,
Comparisons of experimental data with the
calculated results indicate good agreement batween
the two.

INTRODUCT ION

In conventional Gibbsian thermodynamics for
multiphase equilibrium calculations, it is assumed
that each component of the mixture can be
identified and its concentration can Le determined
by ordinary chemical analysis. This assumption is
feasible if the system contains only a few
components. The species concentrations for highly
complex mixtures cannot be determined by ordinary
chemical analysis. Examples of such mixtures are
petroleum reservoir fluids, vegetable oils, polymer
solutions or the like,. In these cases, the
assumption of known mole fractions is invalid, and
phase predictions using conventional Gibbsian
thermodynamics is not feasible.

Roforences and illustrations at end of paper.

Corresnondence concerning this article should
be addressed to G.A. Mansoori

perfora phase equilibrium calculations for complex
mixtures. Instead of using the mole fractions |of
conponcntn or of psesudocomponents (Y.,
Yurborou;h ), a continuous distribution function
is used for describing the composition of such
complex mixtures.

A number of sarlier efforts in the direction of
continuos thermodynamics are known. To introduce
continuous distribution functions to complex
mixtures such as reservoir  fluids, some
investigators have presented a number of theories
which can be upplaed within the framework of

thermodynamics_ and stxstxcal nechanicla (e.g.,
Gal-0r g al.z VrijY; Blum and Stell™;
Dickinson”), Studlel hnled on the concept of

continuous thermodynamics have been presented by
another group of investigators for petroleun
distillations lnd polymgr separations (e.g.,
Bowman®; Scott? H Haffn Komzngsveld

Taylor and Edm;lter Flory and Abell). a1l

the contributions montxonod above have  been
restricted to specific models (Raoult's law).
These studies can not be applied to the general
problem of continuocus thermodynamics  whose
fundementals do not necersarily rely on the ideal
solution models of the chemical potentials.

In recent years, a number of advances in the
direction of phase equilibrium calculation of non-
ideal continuou mixtures have been made:
Gualtieri et al.’“ have used the continuous van
der Waals equation of state to solve the
fractionation of & polydisperse impurity dissolved
in a solvent and to predict the shift of the
eritical point. Based _on the Redlich-Kwong
equation of state, Briano had similar results
for flash calculations of continuous mixtures.
Kehlen et al.'% have reviewed the connept of
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continuous thermodynamics in generating general
thermodynamic  property relations for such
properties as chemical potential, entropy, enthalpy
and Gibbs free energy gf continuous wmixtures.
Cotterman and Prausnitz!® have developed two

techniques for performing phase equilibrium
calculations of bnth continuous and semicontinuous
mixtures utilizing the technique proposed by
Gualtieri et al.'“ and with the use of the Soave

equation of state. In our previous reports (Du and
Mangoori®®'?/) we have presented three different

computational algorithms by which the phase
equilibrium calculations of continuous mixtures,
consisting of species with a wide molecular weight
ribution can be performed effectively. The

this rveport, a general technique which is
based on one of our three algorithms, nasely "The
Minimization of The Total Gibbs Free Energy
Algorithm", will be introduced. Flash calculations
of a complex wmixture containing both discrete
components and 8 continuous fraction will be
performed by using this proposed technique. The
reason for the choice of this algorithm in the
present ¢ lculations is becsuse it produces
snalytical equations for continuous reservoir fluid
mixtures which will reduce the computatioral time
even more than the other existing aslgorithas,

THEORY OF PHASE EQUILIBRIUM OF CONTINUOUS MIXTURES

For a mixture with many components being
continuoys in character, the compositions can be
described by a dengity distribution function,
F(I,10,m) vhose independent variable I is some
measurable property such as molecular weight,
boiling point or density with a mean value of Io
and a variance of 7. The normalizing condition of
the density distribution function is defined by

J1 F(Ddl =1 . (1)

The distribution functions are not additive, as a
result, Fg(I), Fp(I) and Fy(I) will not
possess the same functional forms in a specific
flash calculation scheme, There exists another
class of complex mixtures which are, in part,
continuous and contain sufficiently large amounts
of components which should be considered as
discrete components, In such cases, eqn,(1) will
be valid for the continuous f£fractior of the
mixture, while for the whole mixture the following
normalizing condition will hold:

% x; *xe=l (2)

where x; and xg are the mole fraction of

discrete component ™j and the continuous fraction,
respectively and d is.the totsl number of discrete
components in the mixture. Regarding the materiasl

balance of component I 'in continuous fraction, we
get

2cFe(I) =x . FL (D) +y #yFy (D) . (3)

If we were going to follow the conventional
Gibbsian thermodynamics, the conditions of
identical temperatures, pressures and chemical
potentials of components in each phase would form
the fundamental basis for multicomponent phase
equilibrium calculations, Thus for the vapor-
liquid equilibrium calculations for a mixture
consisting of both discrete components and a
continuous fraction, it, would mean that the
following conditions should be satisfied:

T=1l=1V (4)
RN i (1,8 6)

sl = W) 1, )
However, considering the fact that the continuous
fraction contains a large number of components,
eqn.(7) will have to represent a multitude of
equations. Therefore, simultaneous solution of
eqn's. (4)-(7) for continuous wmixtures in vapor-
liquid equilibrium would be very difficult or
technically impossible, Because of this difficulty
we are proposing the phase equilibrium technique
presented below.

In order to extend continuocus thermodynamics to
engineering applications we introduce a general
technique which is based on one of ogr previous
proposed algorithms (Du and Mansooril’) namely
"The Minimization of The Total Gibbs Free Energy
Algorithm", Using this technique, flash
calculations of complex mixtures containing
discrete components and a continuous fraction,
vhich has a wide molecular weight distribution, are
performed heres.

For a system in equilibrium (constanl T and P),
for any differential * '"virtual displacement"”
cccuring in the system, a general criterion of
equilibrium ghould be imposed on the system such
that the total Gibbs free energy is minimal,

(6G)T,P-o 8

To restrict our consideration only to the vapor-
liquid equilibrium, we write the total Gibbs free
energy of the system as:

For a mixture consisting of discrete components
and a one-family continuous fraction, we derive an
expression of the Gibbs free energy for the liquid
phase;
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where G;°® is the Gibbs free energy of the

reference state. A similar expression will hold
for the vapor phase. The Gibbs free energies of
the liquid and vapor phases above provide the key
relations for representing the total Gibbs free
energy of the system as a function of temperature,
volumes, mole fractions of components, the mean
values, and the variances of distribution functions
in the liquid and vapor phases. Since, the system
is in equilibrium, according to eqn.(8), all of the
first derivatives of the total Gibbs free energy,

G, with respect to the system variables must be
squal to zero, i.e. |
(36/911)1,B,x,y; 1gs o Toy =0 an
(ac/a»v)T_p.,i'yi'"L.IOL.I,V =0 (12)
(OG/2Tep)1,p,x ,y; 1 0o Toy 0 a13)
(¥6/3T0y) 1, p,x;,y;, 1,0y 1oy "0 Q14)

To perfora flash calculations
of discrete components and a
eqn's.(5) and (6), coupled
will form a set of nonlinear
be solved simultaneously.

for a system composed
continuous fraction,
with eqn's. (11)-(14),
equations which must

To illustrate the application of the proposed
technique, in what follows we will use the Peng-
Robinson equation of state and perform £lash
calculations for gas-condensate reservoir fluids.

The Peng-Robinson equation of state is

i ?:b i v(v+:)(2(v-b) 4
where

a(m) =a(1y) [1+e(1-1,9]2 (16)
a(T)=0.45724R2T 2/P, an
b -0.0778RT;/Pc (18)
x =0,37464+1,54226w-0.26992w2, (19)
For mixtures Eonsistin; of m components, it has
been very common to represent parameters a and b
with the following expressions which are known as

the mixing rules

"!!XXI

ixjai (20)
b_g xb (21)
where

8;=(1-k;;) (a;;8;)% when (i=j) (22)

and kij is the binary interaction parameter.

In order to extend the Peng-Robinson equation of
state to a mixture containing d discrete components
and a continuous fraction with a wide molecular
weight distribution, we need to rewrite the mixing
rules in the following forms:

a-g § x‘xJ:‘J+2§ x;x fIF(I)l(i,I)dI

+xc2 S FOF@ e, )ardr

(23)

b$ xibirecfIF OB (24)
where ]

8 (i, D=e ;M KD G-x; ) (25)

a(1, D =%(D) o} (1-kpp) (26)

and where x; and x_. are the mole fractions of
component i and the whole continuous fraction,
respectively. Parameters a%(I) and b(I) can be
accurately represented by third-order polynomials
with respect to molecular weight I for a homologous

series of paraffinic hydrocarbons as given
below,

ak(l)-a1+a?1+a312+a413 7

where

a)=0.4771+0,0157T%:  ay=0,1055+0.0017T%;
ag=-0.4066x10"4+0,2960x10751%:
a,=0.2700x1076-0, 1318x10~87%

and

b(I) =B +ByI+B312+8,13 (28)

vwhere

.0071, .001
B4=-0. = ) B4=0. VI S snd

We may . further introduce the exponential-decay

- distribution function

F(1)=(1/%) exp [~ (I-10) /n] ) (29)
which is a proper distribution function for
describing the composition of gas-condensate
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fluid|.15'17 In applying the proposed technique
to the phase equilibrium calculations of a gas
condensate system, we need to derive an expression
for the total Gibbs free energy of the system.
Knowing that methane constitute a large fraction of
every gas condensate system, it is appropriate to
treat the system as a3 mixture of methane and a
continuous fraction of the rest of hydrocarbons.
As a result, by substituting eqn.(15) into eqn.(9)
and considering eqn.(29) as the continuous fraction
distribution function, the total Gibbs free energy
of a system containing a single discrete component
snd a continuous fraction will be of the following
form:

where
a vy =0.414b
==RTin (v ~bp) +=—dkein—b———LiRT(x) Inxj+x 1
BRI (v L) eb, My 2. aany T LI RCInK
v; RT a3 v
“xe~xclam) t—be - L-L (31
Rl TR E T M
snd. gy will have a similar expression, The

snalytical expressions for parameters a; and b
of the Peng-Robinson equation of state are as the
folowing:

2 2

8y =xjfagp+x, ch2+2811c(lll)k(chk‘lll) (32)
vhere
ajL " oxp(-70.0/ﬂL)(41*12ﬂL*Q3ﬂL2*QQﬂL3
+qgn.%)
scrlagray (gt ) vag (12421 gy, 292
*oy (13431, 20 +61 ny 2469, 3)12-0, 021
(a32)*#[exp (~70,0/n ) -exp(-84.0/n)) +(s3)%
lexp (-84.0/n ) ~exp(-98.0/1)1} (s +8gm,
+agn 2ragm %)
q17=0. 0579y -5, 344ay=5. 344x102ay
-5.345x10%;,
q2=0. 441x10™%a;~0,0491ay-10.257ay~1,662x102a,,
q3=0.8822x107%ap+2,5308a4-34, 398«
4~2.6466x10"4a3-0,393a,
q5=1.0586x10"3ay
s1-a1+azx102+a3x10“+a4x106
lz-az+2a3x102+3a4x104
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33-2a3*6a4x102
84%6.0a;
and
br=x1by + x [B1+B2(Io+n)+B4(
I, +210"1."'2"!.2)+Bk(103+3102"L
+6I,m 2+6n 3] (33)

In the above equations by is the (b) parameter
of the Peng-Robinson equation of state for methane
and 811, 322, and a33 are the (a) parameter

of the Peng-Robinson equation of state for methane,
ethane, and propane, respectively, Similar
relations will hold for parameters ay and by.

To perform flash calculations ,
substitute eqn.(30) into eqn's.(11)-(14). Since
tor gas-condensates I ,p~I,=I.y, eqn's.(13)
and (14) will vanish, we only need to solve
eqn's. (5) and (6), coupled with eqn's.(11) and
(12), simultaneously. The snalytic expressions of
the resulting equations are given as the following:

RT - a8
VL(VL*bL)*bL(VL‘UL)
RT sy

vy~by vy (Vv*bv) +by (Vv‘bv)

we need to

vitbhy

34)

8 v:8y
by (viieavib -0 D
xlanﬂt: (.ll)l’(.eL"-.lL) . .Lbl ]
1.414b 2,828 ¢

“U. 4
1,,[!1.1.'2_31.] - RTln[——!L——]
VL+2.414bL XIRT

RTIn[—L) + LLLI R
vi~by  vitby

+[

SyVyby
by (VVZ*'Zvav'bv‘)
RSO T AT O s ST
1.414by
vy=0.414b

VYT oY) RTin[—Y 38
ln[vv+2.014bv] In VIRT ] (35)

RTH;

v
= RTln[—L] +
vy-by

vy~by

. yby 1
&
2.828by

xc(ap-ay) ( RT &
Yelyxem,  vi-by  2.828b %
vy 8 R v; RT
by (VLZ"‘ZDLVL"DLT) (vp-by ) ‘£
20,v (Vb)) by LS
v (vptbp) b (vp-b) 1% onp “P,T,0y
1 vy ~0.414b, '

. 1
{z.szs»L n L 2 atm,

-0.414b
In [k L)
VL+2.4145L




SPE 15953

P.C. Du and G.A, Mansoori

5
S N L -0 @36) K, ; = -0.057. + ".4611x10741 . (40)
vL +2bLVL'bL aﬂL PQT'"V
In what follows flash calculations for two
and different gas-condensate systems are reported and
- the results asre compasred with the available
Y (e -8y) +{ RT _ _y* ‘ln[vv 0.414by ] experimental data. ?
Yely=XelL vy-by 2.828by vy+2.414by
vea VoRT i) Comparison of calculated and experimental
7 A’} oo *+ = y v, results for Hoffmann et al. gas-condensate system:
by (vy“+2byvy-by”®) (vy~by ) Hoffwann et al'® have reported a gas-condensate
b gl oy m | S e e ol cmerition,
[vv(vv+bv)+bv(vv—bv)]‘ ony P, T,m ny liquid-vapor volume ratios at different pressures
1 ve=0. 414b are given. As mentioned above, this system is
+f In[-Y Y treated as & mixture of methane (with a mole
2.828by  vyt2.414by fraction of 0.9135) and a continuous fraction of
v »a other hydrocarbons, The continuous fraction is
- _2__\7__2} Y =0 37) described by an  exponential-decay distribution

vy +2vav'bv aﬂv P,T,ﬂL

In what follows the proposed algorithm is used for
calculation of properties of two different gas-
condensate systems.

COMPARISON OF CALCULATED AND EXPERIMENTAL RESULT

In our calculations, we use the Peng-Robinson
equation of state to perform flash culigltsionl for
two different gas-condensate systems.” ™’ Each
of the two gas-condensats systems is trested as s
fluid with a discrete component of methane and a
continuous f£raction of other hydrocarbons. The
continuous fraction is described by an exponential-
decay distribution function starting £from the
molecular weight of ethane. In performing phase
equilibrium calculations based on an equation of
state we will need to define the unlike pair-

interaction paramaters appearing in eqn. (22). For
calculation of the binary interaction parameter
k;: of gas-condensate systems, the following

1 3
procedure is used:

(i) It is assumed that k; ;=0 for all binary pairs
except for methane-Cr+, c{hunc-C7+, and propane-Cr+
interactions.

(ii) It is assumed that k;;=0.01 for ethane-Cr+
and propane-Cr+ Sinary pairs as proposed by Katz
and Firoozabadi.?

(iii) Katz and Firoozabadi have also proposed the
following expression relating k;: of mathane-Cs+
to the specific gravity of the Crl hydrocarbons:

Ky, i =0.129(SG) ;-0.055855 , (38)
From the data reported by Hoffmann et .1.18' the
following expression relating the specific gravity
to molecular weight of pseudocomponent hydrocarbons
can be deduced.

(s6); = 0.3419x10731-0.01585 (39)
By joining the above two equations the following
expression relating the pair-interaction parameter
of methane-Cr+ to molsecular weight of hydrocarbons
will be derived.

function (with a variance of #=22,3). In Fig.{l)
and (2) the comporent mole fraction equilibrium
ratio (K-value) and liquid-vapor volume ratio as
calculated by the present algorithm sre compared
with  sxperimental data (dots) at  201°F,
respectively. Also reported in these figures are
the results (squares) 8£ calculations based on a
pseudocouponent method20, According to these

figures, flash calculations based on the present
technique produce results which are in good
agreement with the expermental data. Also, the

results calculatec by our proposed technique show
that they ure as accurate as those obtained using a
pseudocomponent technique.

i) Comparison of calculated and experimental
rcl¥§tl for Ng et al. gas-condensate system: Ng et
al. have 1reported another set of data for a

gas-condensats reservoir system, This system is

also treated s a mixture of methane
fraction of 0,74133) and a continuous fraction of
other hydrocaraons described by san exponential-
decay distribution function (having a variance of

(with a mole

n=48.9) . In our caslculation, We use a treatment
which is similar to the previous calculation to
predict the phase behavior of the system, In

Fig's.(3), (4) snd (5) the component mole fraction
equilibrium ratic (K-value), 1liquid volume percent
(with respect to total volume of the system), and
the P~T diagram as calculated by the present
technique are complisd with the experimental data
(dots) of Ng ot al .%” As shown in Fig's.(3)-(%,

the flash calculations performed by wusing the
proposed continuous mixture technique are in good
. agreement with the ¢xperimental data.

CONCLUSIONS

The proposed technique provides a general and
convenient  procedure for performing flash
calculations fur a reservoir fluid mixture
consisting of both discrete and continuous'
components. Compared to the conventional

pseudocompenent methods. the proposed technigue can
reduce the required comguter time and overcome the
complexity for solving a multitude of simultaneous
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Fig. 1--Component mole fraction equilibrium ratio
(K-valus) of a gas condensate'® at 201°F.
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Fig. 2—Liquid-vapor volume ratio of a gas-condensate reservolr
fluld'® at 201°F.
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