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ABSTRACT

Dav910pment of compositional reservoir
simulators ia presently hampered due to the
complexity of the ●xisting computational algorithm
of reservoir fluid phaae behavior calculation.
?hrou~h the application of the theory of
polydiaperae fluid mixtures we have been ●ble to
develop ● number of algorithms for phase behsvior
calculation. In the present report we introduce
one of such ●lgorithms. In this ●lgorithm
reservoir fluid ia considered to conaint of a
continuous mixture with a defined molecular
weight/composition distribution . function.
Computational computer time required for the new
algorithm ia ●hewn to be one order of magnitude
smaller than the ●xist’ing algorithms. Aa ●n
example, the new algorithm is used to perform
retrograde condensation Calculation for two
different gas-condernaate reservoir fluids.
Compariaona of experimental data with the
calculated results i~dicate good agreement between
the two.

INTRODUCTION ‘

In conventional Gibbaian thermodynamic for
multiphase equilibrium calculation, it ia asaumed
that each component of the mixture can be
identified and its concentration can be determined
by ordinary chemical analysia. This ●aaumption is
feasible if the system containa only a few
components. The apeciea concentrations for highly
complex mixtures cannot be determined by ordinary
chemical analysis, Examples of such mixtures ● re
petroleum reservoir fluids, vegetable oils, polymer
aolutiona or the like. In these casea, the
assumption of known mole fractiona ia invalid, and
phase predictions using conventional Gibbaian
thermodynamics is not feaaible.

. ...________ ——
l:efor~,nces and illustrations at end of paper.
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bother method which is ●n extension of Gibbsian
thermodynamic, generally called continuous
thermodynamic, haa been used ●xtensively to
perform phase ●quilibrium calculation for complex
mixtures. Instead of using

S-J
the mole fractiona of

components or of paeudocomponenta ( . .,
Yarboroughl), a continuous distribution function
ia used for describing the composition of such
complex mixtures.

A number of ●arlier efforta in the direction of
continuoa thermodynamie8 ● re known. To introduce
continuous distribution functions to complex
mixtures such ● s reservoir fluids, ●ome
investigator have presented a number of theories
which can be ●pplied within the framework of
thermodynamics

Blum and Ste114$e’g”’
and st tistical mechanica

Gal-Or e al.2;
!

!Vrij ;
Dickinson ). Studies baeed on the concept of
continuous thermodynamics have been presented by
another group of investigator for petroleum
distillations and polym r separation (e.g.,
Bowmart6; Scott’; H ffman ; Komingcveldg;

83Taylor and Edmisterl ; Flory ●nd Abell). All
tha contributions mentioned above have been
restricted to specific models (Raoult’s law).

These studies can not be applied to the general
problem of continuous thermodynamic whose
fundementala do not neceraarily rely on the ideal
solution models of the chemical potential.

In recent yeara, ● number of ●dvances in the
direction of phaee ●quilibrium calculation of non-

&;;ier!0~;ti;;V~2-mixtures ‘ave been ‘ade:’have used the contlnuoua van
der Waals ●quation of state to solve the
fractionation of a polydiaperae impurity diaaolved
in a solvent and to predict the shift of the
critical point. Based on the Redlich-Kwortg

Briano13 had similar results●quation of state,
for flash calculation of continuous mixtureat
Kehlen et al.14 have reviewed the con?ept of
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cent inuous thermodynamics in generatin~ general balance of component I “in continuous fraction, we
thermodynamic property relations for such cot
properties as chemical potential, ●ntropy, ●nthalpy

f continuous mixtures,and Gibbs free ‘n0r6y 1$ have develop@d two zcFf(I) _XcdLFL(I)+yc~FV(I) . (3)
Cottorman ●nd Prausnltz
techniques for performing phase ●quilibrium If we were &oing to follow the conventional
calculations of both continuous and aemicontinuoua Gibbsian thermodynamic CS, the conditions of
mixtures utilizing the technique proposed by identical temperatures,
Gualtieri et al.12

pressures and chemical
and with the u~e of the Soava potentials of components in each phaae would form

equation of state. In our previous reports (Du and the fundamental baais
Hansoori16~17) we have presented three different

for multicornponent phase
equilibrium calculations.

computational algorithm by
Thus for the vapor-

whieh the phaae liquid equilibrium calculations for 8 mixture
equilibrium calculation of continuous mixtures, consisting of both discrete components
consisting of species with ● wide molecular waight

●nd a
continuous froction, it, would

di ribution

L

mean that the
can be performed ●ffectively. The following conditions should be ●atiafied:

al orithma ● ro proved to be ●pplicable to varieties
of complex mixtures, ●quations of state, and mixin~ T-TL-TV (4)
ru s.

p.pL_pV (5)
this report, ● Sanaral technique which”is

based on one of our threa ●lSorithma, namely “The Pi L - pi v i (l,d) (6)
Minimization of The Total Gibbs Free Ener&y
Algorithm”, will be introduced. Flaah calculations ML(I) = #v(I) I (l,-) (7)
of ● complex mixture containing both discrete
components ●nd ● ctmtinuou~ fraction will ba Hbwever, considering the fact that the continuous
performed by using this proposed technique. The fraction contains ● lar~e number of components,
reason for the choice of this ●lSorithm in the ●qn. (7) will have to represent ● multitude of
present calculations is becauae it produces equationa. Therefore, ●imultaneoua solution of
●nalytical equationa for continuous reservoir fluid eqn’a. (4)-(7) for continuous mixtures in vapor-
mixturea which will reduce the computation~l time liquid ●quilibrium would be very difficult or
even more than the other exiatins ●lgorithm, technically impossible. Because of this difficulty

we ● re proposing the phaae ●quilibrium technique
THEORYOF PNASE EQUILIBRIUM OF CONTINUOUSMIXTURES proaonted below.

For a mixture with many components being In order to extend continuous thermodynamic to
continuous in character, the compositions can be engineering ●pplication we introduce
described by ● density distribution function,

● general
technique which ia baaed on one

F(I,Io,d

of o r previous
whose independent variable I is some proposed algorithm Y(Du ●nd Manaooril ) namaly

measurable property such as molecular weight,
boiling point

“The t4inimization of The Total Gibbs Free Energy
or density with ● mean value of 10 Algorithm”. Ua ing this technique, flaah

and a variance of V. The normalizing condition of calculation of complex mixtures containin~
the density distribution function is defined by discrete components and a continuous fraction,

~1 F(I)dI=l .
which has ● wide molecular weight distribution, ● re

(1) performed here.

The distribution functions are not additive, as a For a system in equilibrium (constant T and P),
result, Ff(I), FL(I) and FV(I) will not for any differential ‘ “virtual displacement”
possess the same functional forms in a specific occuring in the system, a gcmeral criterion of
flash calculation scheme. There exists ●nether ●quilibri!im should be imposed on the syatam such
claas of complex mixtures which are, in part, that the total Gibbs free energy is minimal.
continuous and contain sufficiently large ●mounts
of components which should be considered ● s (6G)T,P-0 (8)
discrete components, In such cases, ●qn,(l) will
be valid for the continuous fractio~ of the To restrict our consideration only to the vapor-
mixture, while for the whola mixture the following liquid equilibrium, we write the total Gibbs frea
normalizing condition will hold: enargy of the system ●a:

!! Xi ‘Xc-l (2) G - GL+GV (9)
i

For ● mixture conaiating of discrete components
where ‘i ●nd Xe are the !mle fraction of and ● one-family continuous fraction, we derive ●n
discrete component ’~ ●nd the continuous fraction, expression of the Gibbs free ●nergy for the liquid
respectively ●nd d ii,the total number of discrete phase;
components in tha mixture. Regarding tho ❑aterial



$ “~]dV- RTi NilnGL=fiL[p- ‘
NiRT

v’
-NcRT.flFL(I) In [ ] dI+p’L+GLC

NCFL(I)RT
(lo)

where GL’ it the Gibbs free energy of the
reference state. A similar expression will hold
for the vapor phase. The Gibbs free ●nergies of
the liquid ●nd vapor phases ●bove provide the key
relations for representing the total Gibbs free
energy of the system as a function of temperature,
volumes, mole fractions of components, tha mean
values, and the variances of distribution functions
in the liquid ●nd vapor phases. Since, the system
is in equilibrium. ●ccording to eqn. (8), all of the
first d~rivatives” of the total Gibbs free

G. with respect to the system variables
●qual to zero, i.e. ,

(~G/8?~)T9p$xi$yi.qv.IoL~IoV

(@G/~IoL)T,p$xityitnL.?v.IOv

To perform flash calculations
of discrete components ●nd ●

eqn’a. (5) ●nd (6), coupled
will form a set of nonlinear
be solved simultaneously.

-o

-o

-o

-o

energy,
must be

(11)

(12)

(13)

(14)

for ● ●yatem composed
continuous fraction,

with ●qn’s. (11)-(14),
equations which must

To illustrate the ●pplication of the proposed
technique, in what follows we will use the Peng-
Robinson ●quation of state and perform flash
calculations for gas-condensate reservoir fluids.

The Peng-Robinson equation of state is

a (T)
p.._!x—._— —

v-b v(v+b)+b(v-b)
(15)

where

a(T) -a(Tc)[l+K(l-Tr~)]2 (16)

a(Tc)=0.457~4R2Tc2/Pc (17)

b -0.0778RTc/Pc (18)

K =0.37464+1 .54226w-0.26992w2. (19)

For mixtures, ;onsisting of m components, it has
been very common to represent parameters a and b
with the following ●xpressions which are known as
the mixing rules

.— —.
r

,=!!5 X-X.aij
iilJ

(20)

!!b=. xibi (21)
$

where

aij-(l-kij) (aiiajj)~ when (i-j) (22)

and k-,
1’

is the binary interaction parameter.

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

a-$ $!xixjaij+2! xixc~ F(I)a(i;
ij i I

+xC2 ~I~JF(I)F(J)a(I,J)dJdI

$b-i xibi+xc~lF(I)b(I)dI

whera

●(i, I)_ai~ ●~(I) (l-kil)

●(I,J)=a$(I) ●%(@(l-kIJ)

rewrite the mixing

)dI

(23)

(24)

(25)

(26)

and where xi ●nd xc ● re the mole fractions of
component i ●nd the whole continuous fraction,
respectively. Parameter ●~(I) and b(I) can bo
accurately represented by third-order polynomials
with respect to molecular weight I for ● homologous

.
of paraffinic hydrocarbons ●s

%:16
given

4● (I)=al+apI+a312+a413 (27)

where

Ul=0.4771+().0157fi: c22D(),1055+O.OO17A:

CY3=-0,4066X10-4+0. 2960X10-5T&

a4=0.2700x10-6-0, 1318x10-8fi

●nd

b(I)=Bl+B21+@312+&J3 (28)

where
11~=-O. 1371x!iE~;0~;~& 9686x!@:0013’

●nd

We may furthar introduce tha ●xponential-decay
. distribution function

F(I)=(l/n)exp[-(l-Io)/v] , (29)

which is ● proper distribution function for
describing the composition of gas-condensate
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fluids.16~17 In ●pplying tho proposod tcchniquo S3-2U3+6U4X102

to tho phase ●quilibriun calculations of ● gm
condensate systoa, we need to derive sn ●xpression s496.0a4 ,
for the total Gibbs free ●nergy of the system.
Rnowing that methane constitute ● large fraction of ●nd
every gas condensate system, it is ●ppropriate to
treat the system ●s ● mixture of methsne ●nd ● bL-xlbl + Xc[@l+@2(Io+$JL)+@3(

continuous fraction of the rett of hydrocarbons.
As a result, by mbstituting ●qn.(15) into ●qn.(g) 10 +210qL+2VL2)+B4(Io3+3102VL
and.considering ●qn.(29) ● s the continuous fraction
distribution function, tho total Gibbs freo ●nergy +610?lL2+6qL3)] (33)
of a system containing ● single discrete component
●nd ● continuous frmction will be of the following In the ●bove ●qustions bl is the (b) parameter
form: of the PenS-Robinson ●quation of state for methane

●nd ●ll, ●22, ●nd ●33 ● re the (a) parameter

~-4L8L “Pv8v (30) of the Pong-Robinson ●qustion of state for methane,
●thane, ●nd propane, respectively. Simi l-r

where relations will hold for parameters ●v ●nd bv.

vL-0.414b
CL--RTln(VL-bL) +-h ~RT(xllnxl+xclnxe To perform flash cmleulations ,

2.828bL VL+2.414bL
we need to

substitute ●qn.(3@ into ●qn’s. (11)-(14). Since
for Sas-condensates IofmIoL=IoV, ●qn’s* (13)VLRT 8LVL

‘xc-xcin~L)+ (31) ●nd (14) will vanish, we only need to rolve
VL-bL vL(vL+bL)+bL(VL-bL) ●qn’s. (S) ●nd (6), coupled with ●qn’s. (11) ●nd

(12), si=ultanoously. The ●nalytic ●xpressions of

●nd. Sv will have ● similar ●xpression. The tho resulting ●quations ●re given ss the following:
●nalytical ●xpressions for pmrmmetors ●L and bL RT
of tho Pen#-Robinson

●L
●quation of stmte ● re ●s the — -

folowing: vL-bL vL(vL+bL)+bL (VL-bL)

8L -X12all+Xc2acL2+2XlXc (all)*(~cL%--lL) (32) -RT-
●v

(34)
vv-bv vv(vv+bv)+bv(vv-bv)

where

●lL - ●xp(-70.0/@(ql+q2?jL+q3~L2+q4~L3 RTln[~] + ~ +
8LV., b ~

VL-bL VL-bL bL(VLz+2vLbL-bLz)

‘~59L4;1 +x (a ~)%(a k-~ )
+[xlall

●cL-[al+@2(Io+~L)+a3(Io2+210?L +2qL2
1.414bL + J%-+2.828bL

vL-0.414b
+a4(Io3+3102vL+610qL 2+6qL3)]2-0.02[ in [ ‘] ‘RTln[ ‘L ]

VL+2.414bL xIRT

(a22)%[exp(-70.0/nL) -exp(-84.0/vL)l +(a33)~ ●yvvbl
= RTln[&] + m +

[exp(-S4.0/?L)-exp (-98.0/vL)])(s1+s2qL
vv-bv vv-bv bv(vv4+2vvbV-b@

+S3VL2+S4?L3) +[ Ylall+Ye(ajl)4(a=v~a1v)
1.414bv +*

Q1--0.0579al-5.344a2-5; 344x102a3 V -0,414b
in [

;+2,4,4;]-RT1n[ ;T ]
(35)

-5.345X104CY4

q2-0.441x10-4a~-0.0491a2-10.257a3-l:662x102a4 x=( gL-gv) +{ RT

~ - *X$::::;]q3-0.8822x10-4a2+2.5308a3-34.398u4 yc?V-xc?L

q4=2,6466x10-4a3-0. 393a4
vLaL

+J@-T-bL(VLd+2bLVL-bL4) (vL-bL )

q5-1.0586x10-3a4
2aLvL(vL-bL) ~)(%.) -!!%

sl-al+a2x102+a3x104+a4x106 + [VL(vL+bL)+bL(vL-bL)] ~?L p,?,?v fiL

s2=a2+2a3x102+3a4x104
1 vL-0.414b

+ (— in [ ~1
2.82flbL VL+2,414bL
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P,T, vV

VL ](R .() (36)
VLz+2bLvL-bL7

●nd

y=(gL-cV) +{ RT

y~Vv-x~?L vv-bv

v“.”

bv (vv4+2bVvV-bVg)

2svvV(vv-bv) ~

+ [vv(vv+bv)+bv(vv-bv)]z

1 vv-0.414b
+ l— ln[ ~1

2.828bv vv+2.414bV

v“ ] (@) =0 (37)
vvz+2bvvv-bV2 aqv P,T,vL

In what follows tho proposod ●lgorithm is used for
calculation of proportion of two difforont gss-
condonsato system..

COMPARISONOP CALCUMTEDAHDEXPERIMENTALRESULT

In our calculations, w. us. tho Pm~-Robinson

●quation of ststo to perform flssh CS1
two difforont gss-condonsato syotoms.

f~\*~ions for
Each

of tho two gas-condonsots sy-toms is troatod’ ● s ●

fluid with ● discroto conponont of m-than. ●nd ●

continuous fraction of ,othor hydrocarbons. Tho

continuous fraction is doscribod by ●n ●xponcntial-
docay distribution func:ion ●tsrting from the
molocular weight of ●thmo. In performing phaso
●quilibrium calculation based on ●n equation of
state we will need to define the unlike poir-
interaction parameters ●ppearing in ●qn. (22). For

calculation of the binary interaction parameter
k. , of gas-condensate systems, the following
p~~cedure is uatd:
(i) It is ●ssumed that ki,-Of~r ●ll binary pairs
except for methane-C?+, i● bane-C?+, ●nd Prr$Pane-C?+
interactions.
(ii) It is ●ssumed that ~ij=O.01 for ethane-C7+

:: ;:;:ya;:j:,2tinary ‘airs ● s ‘ropos’d by Katz

(iii) Katz and Firoozabadi have also propo$ed the
following ●xpression reltting ki. of msthane-C?+
to the specific grav:ty of the C7~ hydrocarbons:

k ,,i ‘0.129(SG) i-O.055855 , (38)

From the data reported by Hoffmann ●t al.
18, tha

following ●xpression relating the specific gravity
to molecular weight of pseudocomponent hydrocarbons
can b~ deduced.

(SG)i = 0.3419x10-31-0.01585 (39)

By joining the shove two equstions the followinU
●xpression relating the pair-interaction parameter
of methane-Cr+ to molacular weight of hydrocarbons
will be derived.

k *,i - -0.057: ~ “<.4411x10-41 . (40)

In what follows flash calculations for two
different gas-condensate systems ● re reported and
the results ● re compared with the available
experimental data.

(~) Comparison of calculated ●nd experimental
re$ults for Hoffmann et ●l. gas-condensate system:
Hoffmann ●t alio have reported ● gas-condensate
data set in which the crude oil composition,
●quilibrium condensate phase equilibrium data and
liquid-vapor volume ratioa ●t different pressures
● re givan. As mentioned ●bove, this ;ystem is
treated ●s ● mixture of methane (with ● mole
fraction of 0.9135) ●nd a continuous fraction of
other hydrocarbons. The continuous fraction is
described by ●n exponential-decay distribution
function (with ● variance of v-22.3). In Fig.(l)
●nd (2) the compor.ent mole fraction ●quilibrium
ratio (ii-value) ●nd liquid-vapor volume ratio ● s

calculated by the present ●lgorithm ● re compared
with ●xperimental data (dots) ●t 201SF,
respectively. Also reported in thasa figuras ● re
the results (squares) hf calculat” sons based on ●

paeudocouponent method2 . AccordinC to these
fi~ures, flash calculations based on tho present
technique produce results which ● re in good
●~reement with the ●xperimental data. Also, the
results calculate by our proposed tachnique show
that they ure ●s accurata as those obtained using ●

pseudocomponent technique.

(g) Comparison of calculated ●nd ex erimental
~~~etal.s as-condansatesw~: Nget

have reported ●nether sat of data for a
gas-condensate-reservoir systam. Thin system is
●lso treated w a mixture of methana (with a mole
fraction of 0,74133) and ● continuous fraction of
other hydrocar!>ona described by ●n ●xponential-
decay distribution function (having ● variance of
v=48.9). In o,m calculation, We use ● treatment
which is similur to the previous calculation to
predict the phase behavior of the system, In
Fig’s. (3), (4) ●nd (5) the component mole fraction
equilibrium ratic (K-value), liquid volume percent
(with respect to total volume of the system), ●nd
the P-T diagram ● s calculated by the prsscnt
technique are
(dots) Of N, a~~p~f;d;i~~~ei~;!::~~7;~~:~~
the flash calculations performed by using
proposed continuous mixture techniqum are in &ood
agreement with the cxperimantal data.

CO??CLUSIONS

Th@ proposed technique provides a general and
convenient procedim for performing flash
calculations fur ● reservoir flui4 mixture
consisting of both discrete and continuous ‘
components. Compared to the conventional
pseudocomponent methods. the proposed technique can
reduce the required eomgutar time and overcome the
complexity for solving a multitude of simultaneous

I
—.
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●quationl. Also, thic tachnique is capablo of
predicting proportion of gas-condonsato systoma
●ccurately. Tho prasant toehniquo is ●pplicable to
variotios of Complox rcaarvoir fluid mixtures,
●quation, of state, mixinS rulos$ and combinin~
rulom. Bssod on tho present tcchniquo, a versatile
computor pro~ram has been developed by the ●uthors
which can be used to predict phase behavior of
varieties of reservoir fluids containing discroto
●nd continuous components.
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