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Abstract

Compositional models are widely usedthe simulaton of gas injection processes where
phasemole fractions andompositions at equilibrium chge with space and tim&ypically, the
models are capable of handling thydease flow (oil, gas and watewyherethe mole fractions
and compositions ofhe oil and gas phases are determined by performingpivase flash
calculation using aequationof state No massnterchangebetweenthe water and hydrocarbon
phases is assumed.

Laboratory experiments, however, haslesered that a second hydrocarbon liquid phase
can coexist with oil and gaat equilibrium whenCQO; or rich gas is injected into a low
temperature reservoir. Thiecondiquid phasemakes most conventional compositional models
no longer suitable for the simulation of these processes. lthartgyo-phase flash calculation in
a threephase region provides false phase equilibrium solutiwetsan result ireithererroneous
simulation results odiscontinuity inthe calculationof phase propertiesveratime stepleaving
the simulation fail to converge.

In this work, a new thredimensional isothermal compositional simulator has been
devebped. Governing equationthat describe compositional flow in porous media are
reformulated for four coexisting equilibrium phases (oil, @%Jiquid and aqueous)Vater is
treated as a component rather than an independent iphéeformulation of coponent flow
and phase equilibriumA componentcan exist inany phasg as long as the thermodynamic
equilibrium condition is satisfied A robust and efficient fouphase equilibrium calculation
algorithm consisting of stability analysis and phase gg@litulation is incorporatedin the
simulator to determine the number of phases, phase amounts and phase compositions. An

equation of state is employed to calculate the densities and model the phase behavior of both



agueous and hydrocarbon phases. @tmponat flow equations are discretized using a finite
difference method on the basis of a blegintered grid system argblved byan implicit
pressure and explicgaturatiorand composition (IMPESjolution schemeThe proposed model
has beewalidated withcommercialsoftwarein both standaloneflash calculationand simulation
problemswith two hydrocarbon phases

The new fourphasesimulatorhas been used to investigate thée@b of complex phase
behavioron displacement mechanisms in £g@jection proceses.Both the multiphase behavior
phenomena of the Gfarude oil/water mixtures and the multiphase flow during the injection
have been addresseflimulation results arén agreementwith experimental observations in
demonstrating the existence afCQ-rich liquid phase above a certain pressure and high oil
recoveryas a resulof the formation othe CQ-rich liquid phaseCompared to a conventional
compositional simulatothe four-phase simulatofocuses ora more realistic physical model of
multiphase multicomponentflow. The simulation result:ot only provide more accurate
predictiors of reservoir performance but algsomotea better understanding dhe dynamic

interactions betweecomplexflow and phase behaver
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Chapter Onetntroduction

Advances in computer hardware, numerical methods and simulation techniques make
simulation of complex reservoir characteristics and recovery mechanisms pdssthke. first
part of this chapter, a brief introduction of reservoir simulation and its application in gas
injection processes is presented. Then the phase behavior problems existing in conventional
compositional models are describé&dhally, research objective®if the development of a new
four-phase compositional simulator are given.

1.1 Reservoir Simulation

Reservoir simulation has become a major toolthe oil and gas industry for field
development and management siice 1950s. With the aid of digital computesimulation
results helpengineersto study and predict production performance under various operation
conditionsby solving a set of nonlinear partial differential equations with appropriate initial and
boundary conditionthatdescribea physical systenof a hydrocarbon reservoir.

Based orthe typesof reservoir fluidsjsothermalreservoir simulators can be classified into
two categories blackoil and compositional. The black oil simulator is used recovery
procesesthat arenot sensitive to compdsinal changes in the reservoir flgidn the blzk oil
model,theoil and gas phasewe treateds fixed composition systeyand mass trasfer between
hydrocarbon phaseselies on a pressurelependent gas solubility factotn contrast the
compositionasimulatoraddressesomplex multiphase flow in a reservoir wherié has a high
volatility andphase compositions at equilibrium charsggnificantly with space and tim&ach
phaseis consideredis a multicomponent system and phgs®pertiesvary during production
Phase behavior and phase densitiescalculated using aguation of staté€EOS)because of its

simplicity and accuracyCompared tahe black oil model, the compositional model more



complicated in its formulatiorthat solves a couplesgystem of flow and phase equilibrium
equationsThe systenmnvolves moreunknowns and requisadditionalcomputation fola proper
determination ofthe number of phases, phase mole fractions pim@secompositions in each
gridblock.

1.2 Problem Description

Miscible gas flooding has been recognized as one of the most effective methods ofé&nhance
oil recovery. Solvents, such &0, enriched gas and nitrogen, are injected ateservoir to
establish miscibility between reservoir oil and injected fluid sohigit displacement efficiency
is achieved. The miscibility depends on the reservoir temperature and pressure and on the
compositios of the oil in place and injected fluid. The simulation of this process requires a
compositional model to handle both phaspikbrium and fluid flow parts of the reservoir
because phase compositions and phase properties can vary greatly as a result of mass transfer
between phases. The mixtures of cradeand solvent exbit complicatedmultiphase behavier
When CQ; or rich gas is injected into a low temperatueservoir a solventrich hydrocarbon
liquid phase, callethe 2" liquid phase, is experimentally observaicequilibrium with the oil,
gasand watemphases(Huang and Trachtl974 Shelton andvarborough,1977 Metcalfe and
Yarborough 1979 Gardeneret al, 1981 Henry andMetcalfe, 1983 Orr andJensen]1984
Tureket al, 1988 Khanet al, 1992 Creek and Sheffie|dl993).However, most compositional
models developedirece the late 1970are onlycapable of harohg up to twvo hydrocarbon
phases, which results g incorrect fluid description and phase behavior predictiom the
simulation.The incorrect phase equilibrium solutions can cause discontinuity in phase property
calculation overa time step and makte simulation fail to convergd&ven though there are

some published four ise compositional simulators, wafteze flash calculations performed



and the aqueous phase tseated as raindependenphase while four phases coexigvater
hydrocarbonmutud solubilities and the effect ofthe water componenbn phasebehaviorare
neglectedn these models.

1.3 Research Objectives

The main objective of thiswork is to develop anew threedimensional equatienf-state
compositional reservoir simulatarith arobug and efficientmultiphase equilibriuntalculation
routine incorporated Since gas injection is an isothermal process, the effect of temperature
variations is not considered. To accurately model the equilibrium phase behavior, the water is
considered as aomponent rather than an independent phase and components are allowed to
partition intoall phasein the system if thermodynamic equilibrium conditions are satisfied. The
phase equilibrium calculationoutine is able to predict and solve for up to fouraghsat
equilibrium, and the simulatas capable ohanding four-phase @il, gas, solventich liquid and
agueouy multi-component flow and simulag complex phase behav®and flow mechanisms
in the gasinjection processesFrom the simulation resul, we can obtaira more accurate
prediction of multiphase flow in porous media and achieve a better understandingefiétise
of thesecond liquicbn displacement efficiency
The development of a reservoir simulator involi@s major interrelatedgtage thatinclude
physical modelmathematical formulation, numerical methadd computer algorithn{Chen,
2007)To achieve the objectigethe following steps are conducted:
1. Derivethegoverning equations for a fophase compositional model.
2. Develop a robst and efficiehmultiphase equilibrium calculaticedgorithm
3. Discretize material balance equations usifigite difference method.

4. Solve a system of flow and equilibrium equations.



5. Validate simulation results with commercial reservoir simulators
6. Perfam simulation stui@s to investigate the effect athe 2" liquid phase o

displacement efficiency



Chapter Twoliterature Review

In this chapter, a literature review of published research is presented. The review consists of
three related areas: compositional nisdehase equilibrium calculatiarsing equations of state,
andphase behaviaturing CO; or rich-gas flooding.

2.1 Compositional Models

Compositional models are used to simulate oil recovery processes when mass transfer
between equilibrium phases casisggnificant variatiors in phase compositions and phase
properties. Typically, two types o&servoirproblems require compositional treatment (Coats,
1980):

1. depletion and/or cycling of volatile oil and gas condensate researair

2. miscible flooding with multicontact miscibility generated in situ
One distinction between these two typespadblems is that the first typgommonlyinvolves
phase compositions far away froacritical point while the second typeormally requires
calculation of phase compositioasd properties near the critical poiBuring the early stage, it
is difficult to model he second typ®f problens because most compositional simulatihvatuse
table lookup equilibrium ratiosK¢values) for phase equilibrium calculation result in urdéa
convergence of phase compositions and inconsistent phase densities and viscosities in the near
critical region. This difficulty has been overcome by applyinge® thermodynamic model
which provide a continuous and smooth transition of calculatedalues and phase densities
through the critical point.

Since the late 1970s, numeraeationof-statecompositional models have been developed.
Fussell and Fussell (1979) published the fESS based compositional modéhat used an

implicit pressure anéxplicit saturation and compositigfiMPES) approacho solve acoupled



system offlow and equilibria equation® minimum variable NewtoiRaphsonterationmethod

was applied to update iteration variabl€3oats (1980) developed a fully implicit (FIM)
compositional modelthat solved a full set of material balance equationsf hydrocarbon
components and watersimultaneously. Nghiemet al. (1981) developed anIMPES
compositional simulatousing the PengRobinsonEQOS (1976) It is a variationof the K-value

based IMPES method of Kazerat al. (1978). Theequationswere solved by an iterative
sequential methodvhich decoupls the solution of flowequationsand the solution of
equilibrium equations Young and Stephenson (1983) presented a more efficient Newton
Raphson methetasedIMPES modelwh i ch di f f er ed f r omdelihures el | 8
ordering of the equations and unknowNghiem (1983modified Nghiemet al. §1€81) model

by implementing thre@hase oigaswater flashcalculationwhich allowed nass transfefrom

the hydrocarbon phasestt®e aqueous phase. A Quai@wton method was proposed to improve
the convergence of solvirgpressure equaticand Henrgs law was used to model gas solubility

in water Acs et al. (1985) combined Nghiemt alGsand Young and Stephensc
and developed an IMPES simulatahere the pressure equation was derived from a volume
balance, rather than overall mole balance. Khalues and liquid densities are looked up from
input tables of experimental daéadthe gas phase density was calculated fromE@S This

model includeddispersionby using the convectiediffusion equation.Chien et al. (1985)
developed another FIM model which used different primary unknowns (pressure, overall
concentrations andK-values) than what Coats used (pressure, saturations and phase
compositions). It improved numerical stability by yielding a more diagonally dominant Jacobian
matrix. Watts (1986xtended the volumbkalance approach of A&t al andcombinedit with

the hgh-stalle sequential solution approach 8pilletteet aldé s ( fo deve8opa sequential



implicit compositional simulatorNghiem and Li (1986) extended Nghieat ald 1981)
formulation to model three hydrocarbon phase flow,thataqueous phase wast included in

the systemThe number of phases and the phase compositvene determined by a sequential
method combiimg Michelson's (1982) phase stability analysis and a flash calcul&alins et

al. (1986 published an adaptivienplicit approachwhich solved a small number of blocks
implicitly and the remaining blocks explicitlyfheir approach also separated the task of solving
flow equations from that of solving the equilibrium equations and allowed the use of various
flash calculation method€hanget al. (1990) developed a foyghaselMPES compositional
simulatorbased on full convectiadiffusion equatios, with a threehydrocarborphase flash
calculation algorithmwhere the aqueous phase was treated separafRfjeevet al. (1993)
modelledgas sol ubility in the aqueous phase for
Buchwalter and Miller (1993) added a compositional injection flow equation into the black oil
eqguations to develop a FIM sinatbr. Branco and Rodrigues (1996troduced asemiimplicit
approach for compositional simulatiovith a level of implicitness intermediat® IMPES and

FIM. Wanget al. (1997) developed a fully implicit equation of state compositional simulator for
large scale reservoir simulat®nThe simulator usd a multiblock, domain decomposition
approach in whicha reservoir is divided into neoverlapping sultiomains that are solved
locally in parallel.Young (2001) presented a continuous form of the equations in the volume
balance method foa compositionalmodel. Cao (2002) developed an implicit pressure and
saturations and explicit component mole fraction (IMPSAT) model which is a balance between
the IMPES model and the FIM model, stable and computationally cBeagen and Crumpton
(2003) published a morfficient implicit formulation which treated a singdase hydrocarbon

as a separate distinct phadéravei (2009) developed a fephaseequationof-state FIM



thermal flooding simulator with threghase flash calculation whetbe three hydrocarbon
phases aret equilibrium and water is a separate phaSei et al. (2011) modified Nghiem and
Li's three phase IMPES model and developethraephaseequatiorof-state compositional
simulator with oil-gaswater flash calculation implemented by using Virtudlaterial Group
Inc.'s property packageAn advanced PenBobinsonEOS (VMG, 2008) was used to model
phase behavior and calculate phase density forthethydrocarbon and aqueous phases

Since a compositional reservoir model involves a large system aflimear partial
differential equations, it is desirable to develop a solution scheme which can sobxestéra
accurately and efficiently. From numerical analysis point of view, a numerical algorithm is
stable if errors do not propagate and increasthasterations are continued. Basedtbavon
Neumann stability analysis, explicit mettsodre generally unstable ancequire a Courarit
FriedrichL ewy ( CFL) c¢ o n d itotolbtanrcorrecoreshbltevhils impligit sngtheods
are reasonably stabl@herefore, inthe compositional reservoir simulatisna fully implicit
model provides better stability but requires higher computationas, cekile for a partially
implicit model, the implicitness varies with the selection of the primary unknowns $olised
for. The choice of reasonable time steps becomes the key point in controlling convergence of the
NewtonRaphson iteration and accelerating the simulation process €fla&n2006).

2.2 Multiphase Equilibrium Calculation Using an Equationof State

A fast and robust phase equilibrium calculation algorithm employea acampositional
model helps to determine the number of phapbase amount&nd phasecompositios at a
given temperature, pressure and overall composifidre solution of a phase equdlium
problemcan be obtained from two conventional formulations: minimization of the Gibbs free

energy andsolution of fugacity equation€Okuno, 2009) Because the equality of component



fugacity isafirst-order necessary condition for a minimum of @iébs freeenergy the solution

of fugacity equations only indicates a stationary point of the Gibbs free energy. While failing to
minimize the global Gibbs free energy, the solutionfuacity equations may predican
incorrect number of phases and falgkase amounts and compositions. However, global
minimization algorithms are not practical for compositional simulatioa totheir expensive
computational cost In contrast, seing fugacity equations is more efficient atite robustness

can be increaskeby applying atangent plan criterion (Bakest al, 1982) and its numerical
implementation stability analysis (Michelsen, 1982a). In this dissertation, the minimization
algorithms of the Gibbs free energy are not considered.

To solve fugacity equations, classi@l successive substitutiof8S) method (Henley and
Rosen, 1969; Prausnitet al, 1980)was used by most simulators in the early ddys to its
robustness and simplicitA standard SS procedure contains an inner loop and an outeatloop
eachiteration A constantk-value flash calculation (Rachford and Rice, 1952) is performed to
determine the phase mole fractions and compositions for currently spegifiaties in the
inner loop and thercomponent fugacities are calculated usinge@8to updatethe K-values in
the outer loop.This method is stable but its convergencexsremelyslow when the given
condition is neara critical point (Michelsen, 1982b)Mehra et al. (1983) published an
accelerated successive substitut{CSS) algorithm bychoosing an optimal step length and
their results showed a significant reduction in the number of iterations for convergefeve.
high-order methods have been developed to improve the convergence beRassdl and
Yanosik (1978) proposed a minimumrigle NewtorRapson(MVNR) iterative methodwith
quadratic convergenddat usedeither liquid or gas phase mole fractscend compositios as

independent iteration variabldsussel (1979) further generalized this tplmase MVNR method



to threephase flah calculation.Similar approaches can be found in Michelsen (1982b) and
Abhvani and Beaumont (1987) but different independent varialilesl(es orogarithmof K-
values)were selected. The highrdermethod usually requiresn initial estimate in theicinity

of the solution to converge. To achieve both stability and efficieNghiem et al (1983)
combinedSSand Powel | 6s hybr i dacmezidnooeffisently andichiegs t a b | i
Nghiem (1983) also developed an efficient gidswton succesge substitution method which

does not require a good initial guess for convergence.

The equalityof fugacity for each component in each phase is only a necessary but not
sufficient @ndition for phase equilibrium. The system of predicted phases mushalsothe
lowest Gibbs free energy Hie system temperature and pressure, which is the statement of the
second law of thermodynamics (Firoozabadi, 1999). Therefsimaply solving fugacity
equationsmay provide an incorrect number of phasesndbr wrong plase amounts and
compositios. Bakeret al. (1982 pointed out this deficiencyand presented a tangent plane
criterionto determine if predicted equilibrium has tiiebal minimum Gibbs energyBased on
the tangent plane criterion of Gibbs enerdWichelsen (19823 developed a stability test
algorithm which not only checks if the phase splitting calculation results are thermodynamically
stable but also provides a very good initial guess for incipient phase compositions for the next
flash solution of the matial balance equations if necessa®ynce then, Nghiem and Li (1984)
developed a general staggse threephase equilibrium computation method which used
rigorous stability testto generatanitial guesses and determahéhe number of phasesThe
guastNewton successivsubstitution (Nghiem, 1983) is applied for solving flash calculation.

Effects ofthe water component on the phase behavior of hydrocarbon systems have been

studied by Enicket al. (1986). They developed a technique for predicting- dadour-phase
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equilibrium for multicomponent systems containing water and found significant changes in the
phase distributiomccuring by introducing water. The addition of water not only results in the
formation of an aqueous phase, but also increasesitile ®f the multiplehydrocarborphase
region and shifts it towards lower pressures.

For a compositional reservoir simulatanEOSplays a critical role in the representation of
volumetric, thermodynamic, and phase equilibrium properties. Saceler Waals (1873) first
presented hi€OSin 1873, many modifications have been presented in the literature. Among
these equationghe SoaveRedlichKwong (Soave, 1972) anthe PengRobinson (Peng and
Robinson, 1976) equations of state are most commonly uskx ipetroleum industry due to
their simplicity, solvability, accuracy and generalizatibqtfowever, both of them have well
known limitations in predicting liquid phasgensitiesfor polar compoundsA volumeshift
techniquewas proposed byPenelouxet al. (1982)to improve densitypredictions.Translations
were introducelong the volume axis without changing phase equilibriesalts Mathiaset al.
(1988)introduced aradditional correction term necessary in thanity of the critical point for
the Peg-RobinsonEOS A similar correction term can be applied to other equations of state as
well.

2.3 Multiphase Behavior of SolventCrude Oil Mixtures

Various laboratory experiments have been conducted to studjcrG@eoil and rich
gas/crudenil systemsn thelast four decades. Visual observations of the volumetric behavior of
COy/crudeoil mixtureshave shown multiple phasesat equilibrium (Huang and Trachi974
Shelton andvarborough 1977 Metcalfe and Yarboroughl979 Gardeneret al, 1981 Henry
and Metcalfe, 1983 Orr andJensen1984 Turek et al, 1988 Khan et al, 1992 Creek and

Sheffield 1993). A maximum of four hydrocarbon phadegether witlthe aqueous phase jw
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have been observed. These hydrocarbon phase®ib(é), gas ¢), CO-rich liquid (I2) and
asphaltenes]. Thel. phasealso known as" liquid phasejs formedabove a certaipressure at
a high solvent composition and temperature not too far above the critical tempera@@e. of
Typically, mixtures ofCO, and crudeil show ligud-liquid-vapor (k-12-v) and liquidliquid (I1-12)
equilibria at temperatures below I’P0and exhibit only liquidvapor (k-v) equilibria at higher
temperatures (Oret al, 198l). The formation and deposition of sclide asphaltene is an
important prokem in production because it can damage formation and plug wellbore and surface
facilities (Nghiem, 1999). However, simulation of asphaltene precipitation that requires a
different thermodynamic model f@olid phase behavior is out of the scope of thieaech. In
this dissertation, at most four ngolid phases are considered.

Several authors have measured oil displacemer@@yor rich-gas in a onelimensional
core and reported displacement efficiency of more than 90% (Yelliil@tchlfe 1980 Sheltm
andYarborough 1977 Gardneret al, 1981, Orr et al, 1981, Henry andMetcalfe 1983 Khan
1992 Creek and Sheffieldl993 DeRuiteret al, 1994, Mohantyet al, 1995). It is commonly
believed that the multiphase behavior contributes to the highadé&pent efficiency in such a
way that theCO-rich phase capably extracts a certain range of hydrocarbons from the oil phase
(Huang and Trachtl974 Gardneret al, 1981 Orr et al, 1981, Tureket al, 1988 Creek and
Sheffield 1993). Other proposed d#ors affecting the displacement efficiency include late
breakthrough caused bs phase densitya volume charging effecta sweep efficiency

improvement andviscosity reduction.
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Chapter ThreeMathematical Formulation

This chapter describea generalizedmathematich formulation of multiphase, muki
component compositional flow in porous media with appropriate initial and boundary conditions.
The governing equatiorase derived from thphysical relations

1 material balance

1 volume consistency

1 phase equilibrium conddns

i saturaton and composition constraints
on thebass of the following assumptions:

1. isothermal reservoir

2. Darcy flow

3. nonflow boundary condition

4. no dispersion

5. no adsorption

6. no chemical reaction
In addition, water is treated as a component rather thand@péndent phase our model In
both material balance and phase equilibrium relations, components are allowed to partition into
any existing phaseThe derived system of equatiocan be applied tadescribecompositional
flow with any number of phases la#g as they are thermodynamicadiyequilibrium.However,
in this simulator, a maximum of four phases including oil, gas2" liquid and aqueous are

considered.
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3.1 Component FlowEquations

The governing partial differential equations describingmulticomponent multiphase
compositional flowin a porous medim are derived from the law of mass conservafmmeach
componenin the flow. In terms of moles;onservation of mass states ttie&accumulation rate
of a componenin a control volumebis equal to the totaholarflux of that component across
the boundary ofo plus themoles of that component injected into or proeid fromw (source or
sinks). For componendt , usingd 0 6, Oa 6 endny to represent the accunation rate flux
and sink/source, respectivelyre law of mass conservati@an be described by the following
equation

566 "Od6 MmN 31

Consider dluid system that consists 6f componerg ande equilibrium phased.et €
be the moles of component in phase perunit bulk volume ¢ be the moles of phaseper
unit bulk volumeande bethetotal moles of componeiit per unit bulk volumeAccording to

material balance;, isthe sum o€  overall components

and¢ isthe sumot over allphases

The molar accumulation rate of componéntan be expressed as
000 —
Qo

The mole fraction of componeat in phase , calledcompositionjs defined by

14
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Let ® be the volumetric velocity of phase with molar density” . The molar flux of
componentt carried by phase is calculded using

aow "tw " o 3-6
wheren t denotes the divergence operatbr. compositional flow, because components are
transported in multiple fluid phasatge total molaflux of componentr is the sumof "Oa 6 @

over all phases
Va6 Oa6w Nt © " ® 3-7

Substituting Egs. 3-4 and 3-7 into Eq. 3-1, we obtain themass conservatioequationfor

componentx
1@ rl :t. .
—_— w
Qo

Based on the assumption of Darcy flalwe volumetric velocityp of phase is evaluated
usingDar cyés | aw

0
® —0nH 10O 3-9

wheren is the gradient operatof) is the relative permeability of phase0 is the absolute
permeability tensoof the porous medium, is the viscosity of phase, Ois the depthand
I " "Qis thespecific weightof phase . The phase pressuresiha r ¢ y Gae relatadwby

capillary pressurs which determine tk difference in pressure across the interface between two

immiscible phases
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n hoonh 310
Commonly, the oil phase presstireis used as a reference pressuriéabove equath. The
capillary pressures and phase relative permeabilities are assumed to be knownrsfohphase
saturations, which is the fraction of the void volume of a porous medium filled by the pétse
%, the porosity of the porous medium, denoteftaetion of void volume available for the flisd

The porosity%dis a pressure dependent rock property that can be calculated as
%0 %o P 0 h h 311
where%o is the porosity at theeference pressurg . By definition, the saturation gfhase is

evaluated using

cBl 312
%o

Therefore the total moles of componeat per unit bulk volumethe compsition of component
a in phase , the molar density and saturation of phaseandthe porosity of the porous

medium are related by the following equation

‘E %d,) ” d) 3'13

For a fourphase system (gilgas,2" liquid and aqueoysthat consists & components
including watey substituing Darcy's lawEq. 3-9 and capillary pressure relatiofs]. 3-10 into

Eqg. 3-8 yieldsthecomponentlow equatiors:

i "o th oA ro A o
Qo A FR 3-14
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where subscripts, 'Q dandy are the phase indices which denote ,oifas,the 2" liquid and
aqueousrespectivelyThe oil phase pressurg is a primaryvariablein these equations and the
pressure in the other phase is related by the capillary pregsuithe sink/sourceof component
a , represents an iegtion/production well which can kmther defined by a constant rate or a
constanbottomholepressurer] is positive for injection, negative for production and set to zero
for gridblocks which are not penetrated by wells.

To simplify the differetial equations, define the transmissibility of comportenh phase

as

y "o R 3-15

andthepotentialof phase as
5 1N n 10 316

SubstitutingEgs. 3-15 and3-16 into Eq. 3-14 givesthe final expressions for the component flow
equations

% n - Yk n o om & pfE¢ 3-17

h hh

Egs. 3-17 compose a set of nonlinear partial differential equations describing flow and transport
of multicomponents in multiple fluid phases. The formulagtiowsthe use obverall properties
¢ R M as primary variables for all gridblocks regardless of appearance and

disappearance of phases and asadditional work for tracking the phase existence and

performing the switclof variables.
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3.2Volume Consistency Equation

A volume consistency equation is derived from the assumption that the pore vafilane
porous mediunis fully filled by reservoirfluids. In a unit bulk volume of the porous medium,
the total volume of all the coexisting phases is equal to the porosity. Tai®mship can be

formulated as

€
— %o T 3-18

h R

which is equivalent to the following saturation constraint equation

i p 3-19

5¢
>¢
5¢

3.3 PhaseEquilibrium Equations

Since mass interchange between phases happens much more rapidly than the fluid flow in
porous media, it is physically reasonable to assume that all phasgeqalibrium. From the
thermodynamic point of vievall equilibrium soluion must satisfy three restrictions (Baletral,

1982)

1. Material balances hold for all components

2. The chemical potentials for each component are the same in alsphase

3. The Gibbs free energy of the system is the minimum at given pressure and temperature

For a¢ -phase systemhé material balance means tlia¢ sum of the mole number of a
component distributed in each phase is equal to the overall mole number amipainentper
unit bulk volume Dividing both sides oEg. 3-3 by thetotal mole mimberof the mixture per unit

bulk volumeg B ¢ gives

€ & 3-20



Here, we introducéheoverallcompositiond of componenti

Q 8— 3-21
‘ €
andthemole fractionof phase
b = 3-22
€
Eq.3-20becomes
& D 6 3-23

which is the material balance equation frequently used in phase equilibrium calculation. From

the definitions, the compositions and phase mole fractions satisfy the followingatanst

equations
® P | ERaRD 3-25
0 p 3-26

The equality of chemical potentials indicates that there is no driving force to cause net
movement of any component between phases at equilibrium. From fundamental thermodynamics
equations, the chemical potential of anponent is the partial derivativef the Gibbs free
energy with respect to the component's mole number while holding temperature, pressuge and
mole numbers of other components in the mixture constantafrdadeal gas mixture, it is

determined by
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: Y Y¥ o f 3-27
where'Y is the gas constant arfd “Y is an componeniependent integration constant at
temperatur€Y To generalize it, function™Q, called fugacity was introduced by Lewi§l901)
to allow the chemical potentsabf componerdin a real fluidto have an analogous expression,

ot Y Yvia 3-28
Therefore, the secondjeilibrium criterion, the equality of chemical potentals equivalent to
thefollowing fugacityequations

Q N o B Q N ho o B

= x
=x

Q N ho o B

¢
¢

Q nho b B
3-29
Q nho o B f Q) hop oy B ;
Since the ffects of capillary pressueareignoredin the phase equilibrium calculatiai, can
be replaced bthe system pressune the evaluation of component fugacitiesalhphass. In the
case of fouphase equilibrium, the system of fugacity equatfong€omponents is reduced to
Q Nho b By "Q nho o B
Q Ak Fo BRo g QA b o i8R g 3-30
Q o o By Q nho o B j;
The fugacity of componerit has the same units pressure and equals to the component's
parial pressuréQ @ 1 in the ideal gas mixture. Defathe fugacity coefficient as the

dimensionless ratiof "Q tow 1n:

Q

: 331
W N
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and combinindegs. 3-27 and3-28 gives

‘ ‘ YV } 3-32

which derives a equation to evaluate the fugacity and fugacity coefficient quantitatively

(Prausnitzt al, 1998)

o o) : YUY o
YV} YY u — QO YYD 3-33
@ N e fp O

where® 1) P'Y "¥ the compressibility factor of the mixture determinechbf£OS

As shown byBakeret al.(1982), arEOScan predicanincorrect number of phaser phase
compositios even though the equilibrium solution satisfies the material balance and equality of
chemical potentialwhile failing to minimize the Gibbs energy. They also présgm method,
calledatangent plane distance (TPD) analysis, to determine when a phase equilibrium solution is
incorrect. Based on th&angent plane criterion dhe Gibbs free energyMichelsen (1983)
developed a stabilitgnalysisalgorithm which not oly checks if the phase splitting calculation
results are thermodynamically stable, but also providesniéial guess for incipient phase
compositions for the next flash solution of the material balance equations if necésgagy.
stability test, an agjvalent stationarity criterion equation is solved to locate stationary points on
the Gibbs free energy surface, and stability is verified by checking the vertical distance between
the tangent hyperplane to th&ibbs energy surface for all stationary panfThe detailed
numerical implementati@of the stability analysis andnultiphaseequilibrium calculatiorwill
bepresented in Chapté&our.

3.4 Solution Method

The material balance equations (Eg23 andconstraints on phase mole fractions and

compositionfEqgs. 325 and 326) can be used to reduce the number of unknowns by eliminating
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dependent variables ,® ,® ,® M ho ,andd .As shown inTable3-1, the coupled
system ofcomponent flonand phase equilibrium for a fophase compositional model includes
1¢  pindependent equations atite same number of independerdriables. Therefore the

system is complete and solvabBut ofte  p equations, the componédiaw equations

- @ v P
Q0 A FR 3-34
a pfE¢
andthe volume consistency equation
. €
O 7 %o T 335
h AR
are selected as the primary equation set
'®  "OROM Fo KO 3-36
while the primary variables are all overall properties
@ ¢ MBR M 3-37
The equilibrium guations
O Q Q
O Q Q
3-38
O Q Q
G pBeE
form the secondary equations
® 'O BARO HO MHO RO I8RO 3-39

and, consequentlythe phase compositi@and mole fractios compose the secondary variables
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@ W D B D B 3-40

The remainingvariables (porosity%q overall compositiond , phasemolar density” , phase
massdensity” , phase viscosity , phase saturation , phaserelative permeabilityQ and
capillary pressurg ) are functions ofheindependent variables and can be evaluated rafter
& @ and0 are determined

In a conventional compositional simulator, tekemponent flowequations and phase
equilibrium equations are solved simultaneously ugimg NewtonRaphson method foall
variables and the phases are abequilibrium until the convergee is achievedi-or a mult
phase model, this method sometimessfil converge for the gridblocks wheagphase change
occurs duringaniteration because the number of phases coexisting at the condition of converged
pressure and overall composition a@ known in advance. Alsgolvingté  p equations
together requires high computational soduring the iteratiors. To simplify the solution
procedure and reduce the computational cost, it is desirable to decouple the phase equilibrium
equations fromthe component flowequations and solve them separatélye solution method
used in this modedolvesthe primary equation s€Egs. 3-34 and3-35) for the primary variables
¢ B R M firstin each Newton iteratioiThe Jacobian atrix of the systenis evaluated
using analytical derivatives and the chain rule. Once the primary varaelegdatd after each
iteration the overall component compositiong 8 iy are recalculated accordingo
¢ MBR and the multiphaseequilibrium calculation is then performedt the updated
pressure and overall composititmdetermine the number of phases #melsecondaryariables
w Bho

This approach is advantageous to handle pappearance andisappearancdf there exist

fewer phases in the system, the primary equations and variables tkewame while the phase
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equilibrium equations and phase variables are reduced accordingly. For example, fayasn oil
2" liquid systemthe equilibrium equations and variables of tiwg+existent aqueous phase are
removed from the secondary set. In this csesecondarequations areeduced to

a0

0 0
andthesecondary variables are

oM DM D
This methodis similar toCollins et alé treatment for explicit blocks (1986ut differs in

the maximum nmber of phases allowed in the system as welthesway for the Jacobian
evaluation It separates the solution of equilibrium equations from the soluticorponent
flow equationsso that we cammplementa complexphase equilibrium calculaticaigorithmthat
sequentidl applies a phase stability test and phase split calculateoxd overcome the
difficulties of phase change during iteration.

3.5Summary

A system of nonlinear equatiotisat describe compositional flomm porous media Isbeen
derived from thdaw of mass conservation and the second law of thermodynaFhiesfull set
oft¢  pcoupledcomponent flowand phaseequilibrium equations and variablés divided
into the primary and secondary sdts a more efficient decoupled numeriaproach For a
four-phase compositional model, th formulation using overallproperties as the primary
variablesavoids phase tracking and variable switch during iteratiofewer phases coexist in
the system or phasiisappearanckappens during iteration,dhprimary set remains unchanged
while the secondary set is reduaamhsequentlyDetails of numerical solutiosarediscussed in

Chapterrive.
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Table 3-1 System offour-phasecompositional flow

Equatiors Number Variables Number
Component FlowEgs. 3-17) € N p
Volume ConsistencyHg. 3-18) p ¢ ke B ¢
Phase EquilibriunfEgs. 3-30) ot w fo B ot o
0 o
Total € P Total Lo
X ERM
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Chapter FourPhase Equilibrium and Property Calculation

In a compositional modelotsolvethe governing equations at each time step, the number of
phasesphase amounts, phase compositions, and phase physical pragertiesen tempeature
pressureand overall compositioare calculatedThere are two thermodynamic models applied to
phase equilibrium computatisnan equilibrium ratio K-values) modelandan equation of state
(EOS) mockel. The equilibrium ratio modeivhich can be edgituned to fit experimental data,
waswidely usedn compositional simulatorat anearly stagef compositional simulatiodue to
its simplicity. However, this approach mdne inconsistehin the neakcritical region. On the
otherhand, the equatieaf-state model offes a continuousand smooth transitiorof calculated
K-values and densitiethroughthe critical point butit is notas easily fitted to datand additional
computational effod are required for root finding and propeyt calculation. Recent
developments oEOS methods have improveithe accuracyof phase equibrium and property
calculation andan explosion in computational powhles overcome théigh computationatost
Therefore, the interest in the application e EOS for compositional simulatiors has
significantlyincreased sincthe 1980s.

The solution ofphase equilibriuninas to satisfy three restrictions: material balance, equality
of fugacity, and global minimum dhe Gibbs energy. A stepwise methdlat sequentially
appliesa stability analysis and phase split calculation is used in this simulatoshé&wn in Fig
4-1, a feed phaswith overall compositionis tested first for its stability. If the feed phase is
unstable, another phase is introduced and a phase split calcudgpieriarmed to determine the
mole fractiors and compositiosof each phasalVhen a multiphase system is obtained fridwe
phase split calculation, it is necessary to select only one of the phases to perform the next stage

stability test.The procedure repés until the multiphase system obtained fritva phase split
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calculation is stable or the number of existing phases in the system reaches the maximum
allowable number of phases.

4.1 Cubic Equations of State

An EOSis an algebraic expression that repres¢dsPVT behavior of both liquid and
vapor phasesand satisfieghe criterion of criticality. Sincevan der Waals introduced the first
cubicEOSin 1873, numerous equations have been developed. AmongttheSeaveRedlich
Kwong (Soave, 1972) arttie PengRobinson (Peng and Robinson, 1976) equations of state are
most commonly used in the petroleum industry due to their simplicity, solvability, accuracy and
generalizationBoth of them are cubic equations aimdgeneral, a cubiEOScan be writteras

YUY @Y
0 O 1 07

4-1

n
wheredy an attraction parameter, represents the attractive force between molecujes|and
and] are volume correction parametets. most cubic EO§1 is related toa co-volume
parameter) which is the limiting volume o fluid at infinite pressure and recognizes the role of

repulsive forceThese parameters are determined by matching available experimental PVT data.

4.1.1SoaveRedlich-Kwong (SRK) Equation

The modified RedliccKwong EOSby Soave (1972) can be written explicitly in pressure as

YVY Q7Y
L W VU

4-2

n
in which the attraction parametér"Y and cevolume parametabof the mixture are determined

by linear mixing rule
QY wowp | N W 4-3
and
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@ ® @ 4-4

wherell s the binary interaction parameter between componéngnd component , and
% ando are respectively the attraction parameter and-volume parameter for the pure

componentr . & andc are obtained frorthe criterbn of criticality:

- A 45
W T8 ¢ XIT X5

. Y'Y

O TSP G 4-6

where'Yis the universal gas constant and is a temperature dependent parameter given by

Y, 4-7

with
_ O mymd It ™o 4-8

The acentric factof  of componentt measures the deviation tife molecular shape frora

spherically symmetric structurtroducing

wtn
wtn 4-9
(0] Y Y
and
wtn 4-10
.Y,,Y

Eq.4-2 can be rewritten as a cubic equation in termbh@fompressibility factoto 1 BY "dés

follows

G O 6 6 6 @ 66 m 4-11
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which can besolved using the cubic formu[&hen 2007) Once the compressibility factor of
phase is acqured substitutingEg. 4-2 into Eq. 3-33 gives the fugacity coefficient of
componentt in the mixture

O O ..

R o Y 2w . O 0
l F— — ® P Il o O - B— —-— | Ip = 4-12
wn w 0 W w () W
4.1.2PengRobinson (PR) Equation
The PengRobinson EOS is a twoonstanpressureexplicit equation:
5 Y 0y 4-13
0 W L W WL W
which can also be writtem a cubic form in terms ofhe compressibility factor as
@ p 01 0 ¢c6 o6 @ 0060 6 0O Tt 4-14

When applied taa multi-component mixturethe same linear mixing rule ake SRK EOS is
used to obtain the mixturesdtraction parameter and-wolume parametewrhile the compaent

dependenparametes® , and_ are calculated by

Y
W T8 TXICTE z 4-15
- Y'Y
G TBUX X XHre 416
and
T XTOPRTOGC T8 @WWq ] ™ W 4-17
B WX w@Ed v T ETT TP PIP P ] 8 W
respectiely. The fugacitycoefficientof componentt in the mixtureis given by
Q0 Coa 0 » O . .0 ng 6
= =& p 11id 6 — PT O B 4y . P75 ,, 4-18
Own N6 Jw  w ®w p WO
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4.1.3Solution and Root Selection

For a given pressura,cubic equation has three real roots for the compressibility factor at a
temperature below the pseudo critical temperabfieemixture while only one real root exists at
atemperature ab@the pseudo critical temperature. No matter how many ramsbtained, the
root corresponding to a molar volume less tti@co-volumeparametetwill be rejected since
the covolumeparameters defined as the molar volume whee firessure approaches infinity.

When an EOS has three real roots, the intermediate root is ignored and the one giving the
lower Gibbs energy from the other two is s&delc The phase type (liqultke or vaporlike) of
the selected root ideterminedbased on its value comgatto the other root. The larger root is
assigned as a vapbke phase whereas the smaller root implies a lidilkiel phase However,
whenthe EOSonly provides a single root for a given phasdés mixing rule (1971) is used to
estimate the critical temperature of the phase

B w v Y

y 4-19
B W U

Then, if the system temperatusdess thariY , the phase isonsiderediquid-like. Otherwise,
the phase is vapdike.

4.2 Phase Stability Analysis

To satisfy the minimum Gibbs free energy requirementaimultiphase equilibrium
calculation, a stability analysis (Michelsen, 1982a) is carried out to decide whethstem is
thermodynamically stable. Threethod is performed by adding a trial phase into the system and
solvingaphase splitting problem for the trial phase composition. If the total Gibbs free energy of
the system is reduced by phase splitting, the original system is unstable andia addes into

the phase splitalculation.
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Suppose that a system to be investigated ehaphases with phase compositi@nat

equilibrium,andthe overall molar Gibbs energy of the system is given by
O Y'Y 0w I 1Q a O 4-20

where O is the molar Gibbs energy of componénin the standard statqNghiem and Li,
1984) Since the& phases arat equilibrium, the surfacéOhas the same tangent plane at each
point of @ (Bakeret al, 1982)and the tangent plane critenistates that the Gibbs energy of a
stable system lies entirely above its tangelaine. To implement th criterion numerically,
define tangent plane distance as tregtical distance between the mol@ibbsenergy surface
andits tangent plane at compositian & o B o (Nghiem and Li, 1984)

YO@ Y'Y o | JQQ;‘:) 4-21
wherg may represent any phase in the system due to the equality of fuggedwilibrium.
The tangent plane critem implies that the system is stable if andyoifithe inequality

v '@ - 4-22
is valid for all@. An exhaustive search ithe composition space for values @fwhich satisfy
the above inequality is expensive and diffictdt implement. Michelson (1982a) suggested
locating stationary pointof the tangent plane distanandverifying the stabilityby checking
whether Eq. €2 holdsfor all stationary pointsThe stationary points are obtained by solvimg
stationaritycriterion equatios:

T 1+ @ 1B 4-23

e
3
Q
el
l'_'T(

whered® is interpreted as mole number,
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A & 4-24

The gability of the investigated phase is determined by the gumont-trivial solutiors ® . Here,
a trivial solution means® @ . If B @ is greaterthan one, e phase is unstable
Otherwise the phase is stable.

A combination ofsuccessive substitution (SS) atigt Newton-Raphson (NR) method is
used for solvind=q. 4-23. The SS is a linearly convergent stable method which converges slowly
in a neafcritical regon, while the NR method is quadratically convergent only when an initial
estimate close enough to the solution is provided. To take advantages of both methods, the
combined iteration starts withe SSand switches tthe NewtonRaphsommethodto accelerte

convergence if the residual error is less than a certain tolerance.

Foranapplication ofthe SS method® is updated by
A Agbb 1+ @& « @ h a pfER 4-25
In the NewtorRaphsoriteration, the residual of E423is given by
I 1Y @ 1Tk 1%V eh a pfER 4-26
and the updadequation is
® ® VR a-21
wherev is the Jacobiamrmatrix ofthek-th iteration whose elemeistevaluatedrom
I T

i e ®
0 _ e 4-28
w Tw

InAY

—a

A number of initial estimates @ are suggested fdhe stability analyss calculation to avoid

trivial solutions for either phase (Michelsen, 198Jdey are applied in the following order
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1. TheWilson correlation:

® a0 h & pfER 4-29
where
. N Y 4-30
0 ; A& xp T P =
2. Thelnverse Wilson correlation
a . .
@ u_h a plEE 4-31
3. Average compositicsl
(VI .
& ~—h & piER 4-32
4. A pure phase
I 8T TT o . .
N @ Towdl A 5 ¢ plE R phy  pFfE R 4-33
5. A hypothetical ideal gas
© Agbk 1% @h o pER 4-34

The calculation procedure of the stalilnalysis is as follows
1. Calculatethe compressibility factor and fugacity coefficient for the phase to be
investigated with compositios .
2. Obtain initial estimates for variab® from Egs. 4-29 through4-34.
3. Calculate trial phase compasits @ usingEq. 4-24.
4. Calculatethe compressibility factor and fugacity coefficient for the trial phase with
compositios @ usingEqg.4-12 or Eqg.4-18 according tadheselectedEOS

5. Calculate the residuals froEy. 4-26 and check for theanvergence

ADE | 4-35
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If the convergence critemis satisfied, stop. Otherwiseontinue to Step 6

6. Check the swching to NR iteration critean
7. If the switchingcriterionis not satisfied, updat® usingEq.4-25and go to Step 3 to

continuethe SS iteration. Otherwise, go to Step 8 to staetNR iteration

8. Evaluatethe Jacobian matrix fothe NR iteration fromEg. 4-28.

9. Updated® usingEqg.4-27.
10. Calculate the residuals froEg. 4-26 and check for convergence by satisfytq 4-35.
If it converges, stop. Otherwise, go to Step 8

4.3 Phase Split Calculation

A phase splitalculationis performedbased on stability test results to determine the mole
fractiors of each phase anghasecompositionsVarious methods have been developed during
last a few decades but most of them are limited tiwo-phase flash. In this section, first order
and secondrder methods are presented and generalized for multiphase calculation.

4.3.1Successive Substitution Methd®S)

In the early days, successive substitution (SS) was widely used in most compositional
models to solve twqphase flash problems because of its rttess and simplicity. It is a first
order method which converges linearly and the convergence becomes extremelyastmain
critical region.

The independent variables usedtite SS method ar&-values the ratios of the mole

fractions of component in phase to those of the reference phase:

‘ e

06 ——h & pER B pER ATIA i 4-37
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where subscript indicatesthe reference phase arttie K-value of the rderencev p. In
each iteration, a constaKtvalue flash is performed to determine the phase mole fractions and
compositions for the currently specifiédvaluesin the inner loop. Component fugacities are
calculated to updatine K-values in the ater loop.

The equations fathe constan-value flash can be derived from material balance and mole

fraction constraints. Substitution Bfy. 4-37 into Eq. 3-23yields

c
Q.
¢

¢

@ ———h & pER 4-38

Using the phase mole fraction constraint to elimindite dependent reference phase mole
fractionand applying the constraint Eqs23 equationswe obtaina system o€ p nonlinear

equations

0 Q . x vl oa
Q _PE hi  pRER ATIA | 4-39
p B 0 v p

which is also calledhe multiphase RachforiRice equations. The nonlinear systentgf 4-39

can be solved for unknowris by the NewtonRaphson method
B B ) 4-40

and the elements of the Jacobian maiiaxe evaluatedsing

b pUL pa 4-41

Oncethe0 's are solvedor, the reference phase mole fraction phasis computed fronthe
constraintEq. 3-26, the phase compositions are calculated uditg 4-38 and the component
fugacities are obtained fromaq. 4-12 or Eq. 4-18 according tothe selectedEOS Then theK-

valuesare updated by
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ThérprtAlpo\i 4-42

0 v A@D

whereQis the iteration level ithe SS

The nature ofhe SS method is unclear until Mehra (1983) recognized that it is related to the
steepest escent method which takes a unit step size for minimization of the Gibbs enetbg for
current system. The difference between them isttt®6S method uses thesdent direction
which accounts only for the ideal mixing part tok Gibbs energy andoesnot consider the
excess part of the Gibbs energhhis causesa slow convergence behavior wheéime given
condition is near a critical regiq®kuno, 2009)
4.3.2Accelerated Successive Substitution Method (ACSS)

To improve the convergence behaviddehra et al. (1983) proposedan accelerated
successive substitutighCSS) method which modified the step sizetbé SS by introducing a

nortnegativeacceleration parameter

_ B B Q . .
— h & plETE 4-43
B B QQ Q
where
o Q. e
Q Ti-h & pfER 4-44
Theacceleration parameter IS initialized with_ p for the first iteration, and limited
within the rangep  _ 0. TheK-values are updatedsing
. : Q , cx o n
0 0 A@D_ o a pfERE AT A | 4-45

It was reported that the@CSSalgorithm gavea significant improvement in the convergence rate.
The method may converge @few iterationdessthan thesecond ordemethod in certain cases

but that is generally not to be expected.
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4.3.3Minimum Variable NewtorRaphson Method (MVNR)

The Minimum Variable NewtofRaphson method developed by Fussel and Yar{@Sik8)
solves the fugacity equations directlyr imdependent unknowns 's andw 's. The material
balance equation andhé constraints on phase mole fractions and compositions are used to
eliminate dependent variables and reduce the number of unknowns. MVNR is a second order
method which converges quadraticallithin the neighbaohoodof the solution. However, it may
fail to converge when the initial estimate is not close enough to the solution of tie ©fthe
nonlinear equations.

For a¢ -phasdlash problem, we have ¢ p independent equans

Q Qh & pEERRI CER 4-46
and¢ ¢ p independent unknowns after applyiBgs. 3-23, 3-25 and3-26

Lettheresidual ofEq. 4-46 be

a0

R é ~

o, ” oy

& QR Qi

Ay Q Q&

&y é &~
b A, Qp~ 4-47

B ”n (84

a 2 . Q5

é
&Qr Qr O
The systenb @ 1 can be solved bthe NewtonRaphsor{NR) method,

® ® b 4-48

with theJacobian matrix
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whereg € € p represets the dimension of residuals. The partial derivatives required

to calculatehe elements of the Jacobian matrix ftbe MVNR method are included in Appendix
A.

4.3.4Combined ACSS and MVNR Method

The MVNR method is very efficient fax two-phase flash even imé neadcritical region.
However, when there are more than two phases presenting in the system, the-Regtson
iteration is not reliable because it does not necessarily reduce the Gibbs free energy at each
iteration (Michelsen1982h Okuno, 2009) This problem is caused by the poor initial estimate
which does not guarantee the positive definiteness of the matrix of second partial derivatives of
the Gibbs energy. Therefore, the combination of ACSS and MVNR tag stability analysis is
used for the pase split calculation in the simulator. A tighter tolerance for switching is applied
to ensure that MVNR converges to the exactly same solution which ACSS is solving for.

The calculation procedure of the combined A@®SVR method is as follows:

1. ComputetheK-valuesof the nevy introduced phase from stability test result

w .
0 —h & pfER 4-50
W
2. Solve forthephase mole fraction (| i) from Eq.4-39 ard calculatehereference

phase mole fraction from Eq.3-26.

38



3. Calculatethephase compositi@usingEq. 4-38.

4. Calculatethecomponent fugaciis for each phase usigg|. 4-12 or Eq.4-18 according
to the EOS selected.

5. Calculate the acceleration pameter fronEq. 4-43.

6. UpdatetheK-values usind=q.4-45.

7. Calculate the residuals froEy. 4-47 and checkvhether the convergence critamiis

satisfied
ADE | 4-51
If the convergence critemis satisfied, stop. Otherwiseontinue to Step.8
8. Check the swithing tothe MVNR iteration criteron
ADE T 4-52
If the switching criteonis not satisfied, go to Step 2 to conttbhe ACSS iteration.
Otherwise, go to Stepto startthe MVNR iteration
9. Evaluatethe Jacobian matrix fothe MVNR iteration fromEq. 4-49.
10. Update® usingEq. 4-48.
11. Calculate the residuals usifgl. 4-47 and check for convergence by satisfykmg 4-51.
If it converges, stop. Otherwise, go to Step 9

4.4 Phase ldentification

The solution of the equilibrium equations provides the mole fraxtod compositios of
each phase and may also tell if a phase is vigoor liquid-like from the cubic equatioroot,
but it does not label the phase as oil, ghg, second liquid or water. A consistent phase

identification scheme is necessary tliere because the relative permeabilities and capillary
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pressures are modelled and assigned on the basis of theyidétiie present phase arsphase
swapping could cause divergence for the problem.

The phase identification for #&aditional threephase compositional simulator can be
straightforward. Since the water phase is handled separately, it is only necesdanyify the
two hydrocarbon phases according to the phase mass density. The oil phase is always assumed to
be denserthan the gas phase. In the single phase region, the phase is identifiedias the
cubic equation root turns liquiike, or asthe gas otherwise. However, the method using the
mass density alone is inappropriate &four-phase model with multiple hydrocarbon liquid
phasest equilibrium because an inversion of mass densities of the oil and secondohasial
can happenat higherpressure. Perschket al. (1989) showed an example of mass density
inversion usingMaljamarseparator oil (Oret al, 1981) and found that the heavy hydrocarbon
composition is always greatest in the oil phase. According to their result, the phasealiemtif
method implemented in the simulator is based on the following steps. Since the water phase
mainly consists of the water component, a phase is labelled as water if the compoghien of
water component in the phase is greater than 85%. For mixhaefiave three neaqueous
phases present, the phase with the highest composition of the heaviest hydrocarbon component is
labelled as the oil phase. The mass densities help to differentiate the two remaining phases. The
lighter phase is labelled as thas phase and the denser phase is labelleascond liquid. In
the presence of two neaqueous phases, the phase w&ittaporlike cubic root is labelled abe
gas phase and the liquiite phase is label as either oil othe second liquid accordmto the
composition of a key component. The key component is usually the major component which
forms the second liquid phase and a threshold value of composition is required here. If the

composition of the key component in the liqllile phase is less ém the threshold composition,
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the phase is labelled as ditherwise it is labelled as the second liquid phase. In the whsse

both phases have a ligdiite cubic root, the phase with the higher composition of the heaviest
hydrocarbon component isaig labelled as oil and the remaining phase is labelled as the second
liquid phase.The same logic applies to nagueous singiphase mixtures. The cubic root is
used to distinguish between gas and liquid, and the key component composition helpsndentifyi
if the liquid-like phase is oil othesecondiquid.

4.5Phase Properties Calculation

The physical properties of each phase in the govemiugtions Egs. 3-34 and 3-35) are
evaluated based on the phase compressibility fcpbrase mole fractianand compositios
obtained from multiphase equilibrium calculation results.

4.5.1Volume Shift

The volume shift method d?enelouxet al. (1982)is implemented to improve the density

predictions.The calculatednolarvolume from theeOSis corrected by
0 0 ® G 4-53

where® is themolar volume translatiorconstantof componenti . The tanslationsalong the
volume axisdo notchangp calculationresults of phasequilibrium and the translation valdier
common hydrocarb@tan be found ifPenelouwet al. (1982)or obtained by fitting experimental
density measurement through regression

4.5.2Mass Densityand Molar Density

The mass density of phase is relaed to its molar density and average molecular
weighta 0 by
» " RO 4-54
whered U is evaluaeédusingthe linear mixing rule
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a0 ® X0 4-55
and” is the inverse ofhemolar volumed calculated from the EOS

L 4-56
0 QY'Y

Note that ifthe volume shift method isapplied, the correctemiolarvolume of phasg is used in
Eq.4-56.
4.5.3Viscosity

The viscosity fora hydrocarbon phase is calculated frdine LohrenzBray-Clark (LBC)
correlation (1964) which expresst oil and gas viscosés as afourth-degree polynomial in

the reduced density B

& 4-57

where the pseudo critical density is calculated from the pseudo critical molar volume

. P P _ 458

, Is the fhase viscosityeducing parameter given by

o, T
| M _ 4-59
o 700
where “Y is the pseudo critical temperature
Y o JY 4-60

and 0 is the pseudo critical pressure
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h o d o 4-61

¢ Z

is thedilute gas viscosity of the phase at atmosphere pressure which can be determined from
the equation developed by Herning and Zippener (1936)

B ® ¢ au”
B o 407

« Z

4-62

in which the viscosity parameter of componénis calculated usindhe Stiel and Thodos

correlation

Al oY i 4-63

oT pT

and

¥ 38
S PR U pT S B pHX Al OY  pd 4-64

where, , the viscosityreducing parameter of componeént is obtained by

"y T
4-65
aGo 7o 7

and’Y  "YTX'Y is the reduced temperature of comporteniThe constant&® to @ in Eq.4-

57 are specified as follows:
W THMNMGCEW TWICOg@T TMIVYPYUL@Oo TEITNXWY MIMTwoc
For the aqueous phase, a modified KeKimalifa-Correia correlation (1981) is applied for

theviscosity calculation (Whitson and Brulé 20Q0)

« Z

‘ p 6N
. . e 4-66
I &= o ol I
6 pn T TBIPd wnA DR @
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0 ® W
P ‘ o ¢m Y
< we Y
where' p8t Tiop is the aqueous phase viscosity a@Qb is thesalt concentration ithe

agueouphaseandtheempirical constantare
W oHCITPMT,® OHT PTT,D P&y X wp T,
& 0B pT,0O PBIC PTT,D X8t¢ p,
@ P& O X dy P TOPp T, N o8t PpTT,W ¢CdUL pTI
with * in cp,”Vin °C, andr) in MPa.
4.5.4Relative Permeability
Fou relative permeability models: Stassemodel 11 (1973), Bakdés model (1988)Coreys
model (1986nnd modified Core¥ model (Dria1989 Dria et al, 1990) are implemented in the
simulator. Inall the models, the aqueous phase is always assumed toebeetiing phase.
Alternatively, the relative permeability can also be defined by an analytical furétibe phase
saturation anthterfacialtension.
For Stonés model Il and Baké model, twephase relative permeability valu€s and
"Q are looked up as functions iof from a wateroil permeability tableandQ andQ are
looked up as functions of from a gasliquid relative permeability tabldn Stonés model II,

the oil relativepermeabilityis computed as
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- - Q _ Q _ _ -
o T o B — 0 — 0 (o JNO) 4-67

whereQ i Is the oil relative permeability at the connate water saturation in the-oihter
table. For Bakds model, the oil relative permeability is given aturatiorweighted

interpolation between the twghase relative permeabiéis

q I ,1 ’Q l | Q 4-68
i i i i

In our fourphase modelthe secondliquid phasecan eithershare the oil phase relative
permeabilitywith the oil phase aharethe gas phase relative permeability with the gas pimase

proportion to their relative volumes:

o [ .
r

Q ﬁb Al B ﬁ'g 4-69

or

. | - P i .
Q ﬁQ Al R ﬁQ 4-70

A similar approach can be found in Gardeeal.(1981) and Nghiem and Li (1986ut only the
gasrelativepermeability is shared by the gas and second liquid phases.
For Coreys malel, the relative permeability of each phase depends only on the saturation of

that phase. It can be calculated as follows:

Q Q -
P B prrid 4-71

| &R
wherei is the residual saturation of phase Q is the endpoint relative permeability
evaluated ait p B i andQ is theexponent ofirelative permeability function.

Formodified Corey's modelthe phase relative permeabilities are calculdigd
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QO Qi p p i 4-73
N Qi p p i 4-74
T Qi P p i 4-75

wherei , the effective saturati@haregiven by

. — 476
p i i
¢ L 477
p l
: B 4-78
p i | i
i i
i L — 479
p i | i

with theresidual saturation of phase .

4.5.5Capillary Pressure

The oilwater and oHgas capillary pressures can be lookedthmpugh input tables as a
function of water saturation and gas saturation, respectiaetythe capillary pressure between
theoil and liquid phases iseglected For watersecond liquiegas flow, the value ahe oil-gas
capillary pressure is assignedie secondiquid-gas pressure.

4.6 Treatment of Initial Water Saturation

Conventionally, theamount of water initially exigig in a reservoir is often specified liye
initial water saturation and the amoustof other componerg are specified by overall
compositionsince the water is handled as a separate phase wehiobt involved in phase
equilibrium calculation.The new fourphase modeis fully componentbasedand usesthe

overall composition of all the components in both component flow phase equilibrium
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calculation To make the conventionapecificationof the initial reservoir fluid properties
compatible with our model, it is necessarypgrform a conversiomand normalize th overall
composition.

Using the critical properties dfie water component, the molar density of pure water at the
reservoir condition can be obtained framEOSandEq. 4-56. The totalmoles of water per bulk
volume arecalculatedas follows

& % 4-80

Then a phase equilibrium calculation is performed at the initial reservoir comsdarahthe
overall compositiorof nonwater componento determine th@umber of phaseaswell as the
mole fractiors, compositions and physical properties of eaohragueougphase Since the pore
volume is initially fully occupied byeservoir fluid, the saturation of neaqueous phase can be
found byapplying Ecs. 3-12 and3-18

0]” .

i — i | ERC 4-81
B iU P

The total moles of eachonwatercomponent per unit bulk volume af@eund usingEq. 3-13.

Last, water is adied to the component list and @tgerallcomposition is given by

€
& — 4-82
B € €

where ¢ is the total number of newater components whoseverall canposition is

normalizedusing

¢ : a plEe 4-83
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Figure 4-1 Computational flowchart for the multiphase equilibrium calculation
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Chapter FiveNumerical Solution of Compositional Flow Equations

The compositional flow in porous medmrepresented by a coupled nonlinear systdm
component flow volume consistency and phase equilibrigauations.To solvethe system
numerically afinite difference methods applied todivide the domairinto a series of gridblocks
and discretizethe governing partial differential equations d@o algebraicform. The Newton
Raphson methothatlinearly approximates thgysten by truncated Taylor series expansiass
then used toobtain a numerical solutioniteratively. In this chapter, detailed numerical
approaches and solution schemes are presented.

5.1 Finite Difference Formulation

In generalareservoir simulation problenimvolvesa system of nonlinear partial differential
equationsthat arenot analytically solvableTherefore,a numerical solution is to be sought
instead.Often, the partial differential equations describing multiphase compositional flow in
porous media canebsolvedhumerically usingafinite difference method.

5.1.1Grid System

In order to apply the finite difference method to solve a reservoir simulation problem, it is
necessary tdivide the problenis domain into a finite set of gridblocks firgts illustratedin Fig.
5-1, a block-centered grid system (Chen, 2007) is selected as the baise fofite difference
formulation and a sevenpoint stencil(Fig. 5-2) is used to represefat threedimensional grid

where theinteges 'Q'Q andQdenote the indices ithe >, ¢», andd-directions in aCartesian
coordinate system, respectively, and operation indicates a gridblock boundary in the

corresponding direction.
The entire grid system is numbered in natural ordevihgre’ Q' Qand Qincrease in a nested

manner’Gs the innermost indexX(s the intermediate index arfs theoutermost index (Chen,
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2007). Each gridblock is assigned a unique index number which determines the location of its
equations and vatides in the entire discretized nonlinear system. In general, fox&a x¢
grid where¢ , ¢ and& are the numberof gridblocks inthe w-, -, andd-directions
respectively, the index of a gridblock and its locati§¥fiQ are related by a bijectiienctiorn

6 @ & 0 51
Fig. 5-3 shows the grid numbering fosa4x3 grid as an example.

5.1.2Finite Difference Equatiors

Based on the grid system introduced\agawith temporal spacingoand mesh siz¥a Y

andYd in the &, &>, andda-directions respectively, anpproximation ofthe derivative with

respect to times givenby

x 3 £
— € o
Qo~ Yo

wheresuperscript  p and¢ indicate the current and previous time leyedspectivelyand the

spatial derivativecan be approximated by

v P .
TYNE egs Y o e BA AR BoaRR Y o pp B AR B R AR
ﬁ"Y = - B r oF B AR Y oo - Brr B Riok
&) hh -k AR -h
vy 8 mi B R Y B e B i
Vo FEE — 3 RRA AR A FEE _ 3 RRA RRA

Substituting the difference approximation i@ component flonequationgEq. 3-34) and

multiplying the equatios by the block volumew  YaYoya convertsthe partial differential

equatiors into finite difference equations @he& p time level for each gridblockIn the

IMPES solution schemghe transmissibilies, sink/souce terms capillary pressureand gravity
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in the phase potentialre evaluate@xplicitly at the saturation and compositivaluesof the
previous timestep converged results. Therefore, supersdtit represents the previous time
level is used for all explicit properties and the IMPES finite difference equations for the four

phase compositional model can be expressed as:

”n, p ’ p! \ wr
O gz ¢ 3 R “‘YH_HHB ai B oA
h hh
o "YF] —F]F] th B F]F] o YF]F]—H BFI H BHFI
h hh h hh
vvaﬁﬁ—hth BF]F] VVV"YF]F]H_BFIH BHFI
h hh h hh
MYMH_BHH B #h n m
h hh
a p8¢ 5-2
3
O pra— %o Tt >3
R AR HE
where
BN YaYova >4

is the molar flow rate of componeat injected or produced by wells. Also, the ratios aof
perpendicularcrosssectional area over the gridblok size are combined intthe numerical

transmissibility terms at the gridblotloundariesnamely,
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5.1.3Treatment of Block Transmissibility

In Egs. 5-2, the transmissibility terms at the interface between two adjacent gridblocks need
to be carefully evaluated. According to Chen (20Q6harmonic average is usedor the

calculation of rock and grid properties in the transmissibilities,

GOU sz OV gy
=V TR o T =
Yw Ah OV RFRYW fr O U Rk YRR
, .
o COL g 0V ¢ ¢ 56
Yo S OU L .YOr # Ou . .YWgk
GOU fr O0 R
Ya o kn - 00 jp Yk 00 wr Yk
andfluid properties are obtained by epeint upstream weighting:
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Q ” (b F\F\
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"W EBEr ri B nif
Vg A
Ko) , 3
. R e EBEm & B nnn
Q y a h h 5.7
¢ m I‘IJ T’Q
e —" @ EBEm: v B #in
Vg R
Q Y ’
. . EBErnn B hnnk
Q. A
¢ F]Fl _ I;l, !Q " L
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5.2 Initial and Boundary Conditions

The initial conditions including pressure, termgdere and overall composition are input data.
Phase equilibriuncalculation isperformed foreach gridbloclduring the initialization stagef a
simulationto obtain fluid physical propertiend determine the total moles per unit bulk volume
for each comonent usindgzq. 3-13. If vertical grid informationhas beennput, the reservoir is
assumedgravitationally stabilized In this case, the fluid properties of the gridblocksaat
reference depth are first calculateshd thenother gridblocks are initialedd inductively. For
example, if the properties dfie Gth gridblock inthe a-direction is known, the pressure in the

Q p -th gridblock is approximated by

9

=1

=x

=x

- Q -
0«
0«

|

\

Nk Nae [
wherel is the totakpecific weight

[ ir
h hh
andYa ki _Is the average depth change given by
Yarn  Yin

YO

allel

The fluid physical properties othe 'Q p -th gridblock are therdetermned from flash
calculation &nalogouslyfor the 'Q p -th gridblock).
Thereservoiris assumed to be surrounded by impermeable rocks in the modétenedore
nonflow boundary conditions are specified:
ntd m
at the boundariespumerically implementd by settingtransmissibilies to zeroesfor the

boundary gridblocks:
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where¢ , & andé& denote the numbsrof gridblocks inthe w-, w-, and &-directions,

respectively (Chag, 1990)

5.3Well Model

The molar flow rate of injection/productiomf componentr ,; , in the component flow
equation iscontributed by wells. In numerical reservoir simulagamwell flow equation which
relates the reservoir volumetric flow raie of phase , bottomhole pressure and gridblock

pressure islerived by assuming steadystate flow regime in a neighbdmod of the well:

. o)

0 we—a N 58
wherew "Os thewell index and the surof Eq. 5-9 over all phasesesulsin the total volumetric
rate

. Q

i  ee—1n q 5-10
h hh

The rates are positive for injection vsdind negative for production wells.
The calculation othe well indexdepend®on the grid properties, absolute permeabilities and
well direction. Fora onedimensional slim tubecgdirection), applying Dard¥g law for linear

flow gives
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b Ya¥a 5-11
Yaj ¢

In general, the well index of a well located in the center of a gridblock is obtained from the
analytical solution of a steagytate radial flow anthe direction it is parallel to

1 direction

GO oo 5-12
I g i
1 wdirection
o ‘c‘;yw LU 5-13
I i i
1 o-direction
650 ¢"Ya v u 5-14

I 0iji i
wherei is a skin factor,i is the wellbore radius and is the egivalent radius given by
Peacemad squation (1983) foanon-square grid andn anisotropic porous medium:

M wdirection

i T L JU Ya UJU Yw 515
™ U j0 vbjo
M direction
‘ T U JU Ya VjLu ~Yw 5-16
I
M O0ju - O0ju ~

1 ¢-direction
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For a multilayer well which penettes more than one gridblock, the total flow rate is
distributed into each layer by using a mobility allocation method which assumes that the
potentialdifference betweethe wellbore and a gridblock is the same for all kéopenetrated
(Nolen and Berryl1972; Changl1990)
5.3.1Constant Molar Rate Wells

Thetotal molar rate§ and injection fluid compositiol» are specified for constant molar
rate injection wells. According tilhe mobility allocation method, the injection rate of component

G andthetotalinjection rate for layeiQuane calculated using

na g 5-18

and

5-19

Nk , n
B B ﬁﬁﬁd)"GQ—

where¢ 0 ¢s the total number of layers. To determine the bottomhole presaufash

calculationis performed at the reservoir conditsonf layer' QO usingé to determinethe total
molar density " B srpi 7 of the injeced fluid in the gridblock, and the

bottomhole pressure of lay&vUistbackcomputed fronEq. 5-10:

Nh 77 & 5-20




For constant molar rate production wells, otiig total molar rate] need to be specified,

andthetotal production rate and component production rate for [&y@éewe given by

.
CFOa

B &r
A , N 521
B B ﬁﬁﬁ(b"GQ—"
and
B ﬁﬁﬁ(b"GQ—” @
A 5-22

0 — A 523
B hp GG
and the bottom hole pressure of lai@oisifound using
h h O
h h ; 5-24
B GG

5.3.2Constant Surface Flow Rate Wells

The treatment o& constant surface flow rate well $milar to a constant molar rate well.
For a constant surface flow rate injection well, the volumetric surface injectiom kateis
specified either forgas or water. A threphase (oHgaswater) flash calculation at surface
conditiors is peformed for the injection streaim to obtain the mole fractiod and molar
density” of the specified phase. Then the volumetric flow rateoisverted to theéotal molar

flow rate
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. Y 5-25
v

n
and the molar injection rate and bottomhole pressure fdrlager can be found usiri€ps. 5-18
through5-20.

The computation o constant flow rate production well requimdsterminingthe production

fluid composition first:

a 5-26

Similarly, the flash calculation isarried outat the specified separator conditions using to
get the mole fraction and molar density of the dpetiphasé¢ (oil, gas or water). Théotal
molar production rate is thenalculatedusing Eq. 5-25 and the allocation of the molar
production rate and bottomhole pressure for each layer are determined by apjgy/iBeR2
through5-24.

5.3.3Constant Bottomh&e Pressure Wells

For constant bottomhole pressure injection wells, the bottomhole pressure of a reference
layer and the injection fluid compositiem are specified. fie bottomhole pressures for the
layers below the reference layer are compbied

n n n n v _0O (@) 5-27

n n n n 5 _0O O 5-28
whereOis the depth and ; _is the volumeaveraged specific weight tifie injection fluid

computed by
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witht 5 andf j determined by flash calculatisrat the layer block pressures. The

total volumetric flow rated is determined fromEqg. 5-10 and the molar injection rates are

calculated using
N & ©e— "  Aj "R W 5-30

forn nn
For the constant bottomholeressureproduction wells, the bottomhole pressure of the
reference layer is specified. The bottomhole pressures of other layers are computed in a similar

way to the constant bottomhole pressure injection well:

n N n [ i (@) (@) 5-31

n n n r k. O O 5-32
for the layers above the reference layer. The volaweraged specific weight of the production

fluid is calculated by

o I N N 533
"o Wi ©f

wheref r is related to the well block fluid properties and eaédal using

B &r ﬁcb"GQ—F
[ i 5-34

B ﬁﬁﬁ(b"éQ—

The molar production ratse found by
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for n nn
5.4 Numerical Solution

Egs. 5-2 and 5-3 form a decoupledsystem oft ¢ p flow equationsto be solved

iteratively usingthe NewtonRaphson methodor the primary variablest 8 le hy  for

0 p8 ¢ . After each iteration of the primary variablese overall component compositions

a B M are recalculed according to the updated values ff8 £ and thephase
equilibrium calculation described in ChapEkeurareperformedfor all gridblocksat the updated
pressure and overall composititmdetermine theumber of phases, phasmwle fractions phase
compositionsand phase propertiegor the IMPES methodsince thevolume consistency
equationalways holds, the variables involved Eqg. 5-3 need to be treated implicitly and
updated thereaftetn contrast the well and transmissibilityetms are not recalculated until the
current time step is converged

5.4.1Jacobian Structureand Evaluation

To solve the system bthe NewtonRaphson method, it is necessary to calculate the
Jacobian of the system in each iteratibhe Jacobian matrix of the problems generated by
computingthe partial derivatives dEgs. 5-2 and5-3 of all the gridblocks with respect to all the
primary variables.For a simulation modelWith &€ gridblocks,0 is a block matrix which

consiss of € ¢ submatrices

Op U 8 U
{\_Y ’”V '”V ﬁ,
5 =UR UR 8 Ufp 5-36
(@ S ~ ~ o Y
8 & E &
gV s VE 8 U o
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where the blockakobiand j; storingthe partial derivatives of equations the 0 -th gridblock

with respect tahe primaryariables othe 0 -th gridblock can be expressed as

1 "0s 10s , 1708 103

y TES TEs TE s &
Y1703 1 "Os 1 "Os 1"0s
cy n n 8 - < oy
& TES Tes Te Tns 5

i & & é E é & & 5-37
10 10 10 o &
Y — S 8 - - B
(’YTES Tes Te Tns &
o 170 170 o @
‘ ‘ 8 — ‘
& 1€S TesS Te s o

Since the finite difference equations derived\ariten for each gridblock and the adjacent
gridblocks are coupled through the flux ternte aff-diagonal blocks are zero matrickes the
nonadjacent gridblocks. HE Jacobian matrix has a block heptadiagonal sparse structure for
threedimensional flow based on the grid system selected. Fordiomensional and two
dimensional problems, the Jd&ian matrices are block tridiagonal and block pentadiagonal,
respectively. To obtain the Jacobian, both diagonal andiaffonal blocks are evaluated using
analytical differentiation anthechain rule.
5.4.1.10ff-diagonal Block

For the offdiagonal blockb whered 0 and gridblockd and gridblock( are
connected, it imecessaryo compute derivatives afie componenlow equationsonly while the
derivatives othevolume consistency equatiane all zero because tlielume consistenclyolds
at every gridblock.In IMPES where thetransmissibiliies are evaluated explicitly from
conditions at the old time level, the only Rpero entries remaining i ; are thepartial

derivatives of the flux terms in tlttomponent flonequations with reset to thepressure
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where”Y  is the transmissibility of component in phase evaluated at the interface
between gridblock and gridblok 0 at the old time level.
5.4.1.2Diagonal Block

The diagonal block hasa sparse arrowhedike structurewhich contains zeroes in all
entries except fothe diagonal, last row and last colummnbeen the IMPESapproachis used
because thdlow equationfor components only involvese¢ andr) in the gridblock The

structure and Jacobian elements caillbstratesas follows:

1708 T "0s
S 8 L8 —
v T1€S A ] Tns &
~ € E é e &
PG 10 10 &
0 A T & 5-40
& Te Tﬂ% A
%o o 1o ®
g1EsS Te s o

To evaluae the diagonal block Jacobiarhet partial derivatives of theomponentequationof

components with respectt& andr are calculated using

O ws .
108 U$h

: ; 5 p8 ¢ 5-41
T s Y a Ppot

and
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respectively.ln Eq. 5-42B B imn Y 5 IS the sum oftomponenttransmissibilities
over all theconnectionsand® ¢ i® the number of gridblocks connected to gridbléckFor

instanceif gridblockd is located at ‘G@Q,

h R R R 543

For the gridblock penetrated by a constant bottomhole pressure well, a term genetiaged by

well needs to badded tg "Os jT 1 s

T “O v & 9 N
tns | &R | 5-44

S
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Computationof the last row of the diagonal block Jacobiantl® mast complicatedpart

The partial derivative dhe volume consistency equation with respeét t@an be expressed as

1o L 545
Te s B I A N >

h hh

where

adenotes the current iteration lewagld” is a function othe phase mole number and pressure
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to Eq.5-45results in
10 L P Te 5.47
TE s Tre oy T Te g TE g

where ® ¢ MBRE (R BRE ; , &5 &t¢BRE R BR and all
variables in thesubscriptare held constant ven calculating the partial derivativekq. 3-2

indicates that

— P 5-48

and the partial derivative of the phase molar density can be calculated fre@$selected

L Lo 5-49
Te ho ® Te ho
Substitutingegs. 5-48 and5-49 intoEq. 5-47 gives
o PP TE Té 5-50
T é S F] FIF] ” ” (0 T ‘8 F]D T é F]D

The remaining task is to evaluate the partial derivatwféhe phase mole number with respect to
¢ holding the pressure antbtal mole numbeof other components constanThese can be
obtained by solving a linear system derived from phase equilibrium conditions. In the case of

four-phase equilibrium, using the chain rule to differentizge 3-30 with respect té yields



IR Te T¢ e e
re re rore o rore 551
Te 1¢ Te T¢ TeE T¢
TQ 1Q TQTe TQTE
R TE 1% T
for'Q pfB R andd pfB FE . FromEq.3-3, we see that
€ € € £ € 552
fort pBFRE and & jT¢& canbe replaced by
Te¢ 1¢ 1¢ T¢

wherg is the Kronecker delta function. Substitutikg. 5-53 into Eq. 5-51 gives a set of

linear equationo be solved

T7QT € TQT ¢

T T T 1e "

rore  rore

Te T¢ Te 1€ 5-54
TTQ 1TTQ T¢ TTQT¢ TTQ T e 1Q
1e RE R IERE 1e

NQ p8¢ anda p8e

In matrix form,Egs. 5-54 can be expressed as
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where® "QMBAQ andd® ¢ MBR for] RN . This system of the linear
equations needs to be solvedtimes forl & T € asa goes from 1t&@ and a different right
hand side is applied wh&én changesThe solution ofEgs. 5-55 is used irEq. 5-50 to evaluate
the partial derivative ahevolume consistency equation with respect ta

Last, he partial derivative ofthe volume consistency equation with respecttas
calculated Similar to Eq. 5-45, the partial derivative of the volume consistency equation with

respect to) can be written as

ro pre pt” 556
TN TTRRRUNER
Using the chain rule
L g1 Te 557
™ Tn o, re  oTnog

to express the derivatives ly. 5-56 gives

5-58

10
S "p ”L" T é I— » —— %9[6Y
ne F i A Tea gy, TN I
where the partial derivatives of the phase molar density witlecesp thepressure holdinghe

phase mole number constaain becomputed from th&OS
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The patial derivatives of the phase mole number with respent twlding thetotal component
mole numbeiconstant are obtagal from the fugacity equatianin the same way as that of the
molar partial derivativedf there are four equilibrium phases hetgridblock, dferentiaing Egs.

3-30 with respect tq and applying the chain ruigelds
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for'Q phB R . According toEq.5-52, éliminating? ¢ jT R in the system using
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whose coefficients are the sametlsseof the system used to calculate molar derivatives.

matrix form,Egs. 5-62 can be written as:

. (2] §2)
T ) 1o . = 12 .
N . o N m . — Y Tr] Tr] oy
o 1e re O & & ° > &
N o A Hx Y 13) G
Sormo pEger DR 1B p g
A =) T&)ﬁ’(’jT':]ﬁ; &y rn . ™n _x
R 1R 1R 1R 12 & g g @
a - - ) ot O e =
ole 1o ) Teoe O & T ) ™ , O

Since the coefficient matrices Bijs. 5-55 and 563 are the same, it is necessarpéoformthe
LU decompositioronce when solving both systeni$ie solution oEgs. 5-63 isthensubstituted
into EqQ. 5-58 to calculate the partial derivative thie volume consistency equation with respect
tor) . The partial derivatives of the compomeiugacity and phase compressibility factor
requiredin the above equatioreye computedinalytically from the equations of state selected
using formulas providesh Appendix A.

If there arefewer phasesat equilibrium, the linear system to be solved foe tpartial
derivatives othe phase mole numbean be derived in a similar wayowever the dimension of
the system is reduced accordingly. The calculation forghase and threghase mixturecan
be found in Subramaniaet al.(1987) and Chang (1990kspectively. For singiphase mixtures,
assuming phase, there is no equilibrium relation atite phase mole number

¢ ¢h & pBR 5-64
is independent of pressuiEhereforethe partial derivative®f thelast row of the diagonal block

Jacobiarcan be evaluated as follows:

o p p 10 5-65
Te s :
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and

5-66

1°0 Eh 1o
The S ‘

5.4.2Jacobian Reduction
The primary setcan be reduced to an implicit set wttke pressure as the only varialidg
carrying outa partial elimination proces®As shown beforethe Jacbian structure of two

adjacent gridblocks can llaustratedby the followingincidence matrix

z z S z h
- ~ é
v E 2R o AP
A 2z 2n £ 6
A z z s zx € h
A~z z z z z S ~ nn
e A
o~ A \
A z 3 z i z Ef‘
A z 38 E zZ & e
& z ) z zy € R
z S z z I R
o s z z z z zQ Nj

where asterisk denotesionzero element For the diagonal blocksgliminating the firste

elements of th&ast row usinghe diagonal elements bgw operationsesults in

z z S z h
- . é
P E z § Z(Y . )
Ay z z s Z 3‘ h
A~ z z s zZ5 € n
-~ z S z Nk
o~ ~
ey A \
A z S z z; €n
ey z 38 E Zx e
& z S z zpy € B
z s z z € i
& z s 20 Nh

where theaccenttilde indicates the elemestthat have been modifieduring the elimination

This structure allowsxtractingthe implicit variable pressurg from the primary variables and
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the system is reduced to timeplicit set which contains the pressures as the only unknowns to be

solved for firstby the NewtonRaphson iteration using either direct eliminationaarnterative
method (Saad, 2003The restprimary variables ¥¢ 8 fiY¢  are then calcalted using back

substitution based on the upmeangulardiagonal block onc#r) is acquired

5.4.3Computational Procedure

As shown in Fig5-4, the computational procedure of an IMPES fphase compositional
model can be summarized as follows

1. Input smulation datahatincludes grid informationdimensiors, reservoir conditiog
fluid components, rockuid properties and well specifications

2. Initialize simulation allocate storage, generate gréaahd calculate the pressure of each
gridblockaccordingto vertical grid information

3. Initialize theNewton iteration
a) Perform multiphase equilibrium calculatioto determine the number of phases,

phase mole fraction$ and phase compositis ;

b) Compute phase physical properties;; ,i ,* and” ;
c) Calculate%, Q , andn

4. Calculate well termg§ according to the well specifications

5. Calculate residual¥  "Q8 "Q.fQ, ,
6. Check for convergence
YT 5-67
If the convergence critenn is satisfied,go to Step 3 and proceed to next time step
Otherwise continue to Stefs.
7. Evaluatethe Jacobiam .
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10.

11.

12.

13.

14.

Reduce the Jacobian using partial elimination

Extract the implicit set which contains the pressures as the only unknowns and solve for

v

yn .
Calculate Y& 18 R using back substitution based tre upper triangle diagonal
block.

Update the primary varialde

® ® Yo . 5-68
Recalculate & (8 h according to & 8 F¢
Perform multiphase flash calculatianthe updated pressure and overall composition to

determine the number of phases and the secondary varieblé8 o D

Go to Step For thenext Newton iteration

71



o1 1k 1 11 1
L—E,j+§, +E L+E’j+5'k+5

111 NEET!
L T B L
e (i,j,k)
11
o1 11
L**,j+*,k) i+- i+—k
( 27 2 (Hz'ﬁz'
z 1 11
(1 j > ) (l+2,j Zk)
y
X

Figure 5-1 A block centeredgrid
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Figure 5-2 Sevenpoint stencil
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Data Input

Initialize Simulation
Allocate storage and generate grid
LCaIcuIate initial pressure vertically
£
Initialize Newtonian Iteration
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Check for convergence
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Reduce Jacobian j,(z,) &R,
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Solve for pressure update
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Calculate (any, ..., Any, )
using back substitution

Jd+1

Update x,
and Recalculate (z,,...,z, )

ol »
=x, — .fl‘.xp

Phase Equilibrium Calculation
| Update %" and phase properties |

Figure 5-4 Computational flowchart for the four-phasecompositional model
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Chapter SixSimulator Validation

This chapter presents validation examples witbmmercial software developed by
Computer Modelling Groups Ltd. (CMGRoth stanéalone muliphase equilibrium calculation
and compositional simulations involving two hydrdman phases are tested to verfijferent
aspects othe simulator

6.1 Comparison of Multiphase Equilibrium Calculation Results

Multiphase equilibria ofwo CO-hydrocarborwvater mixtures are calculated isothermally at
various pressures to verify the robustness and accuracy of the routine developed in this work for
different types of phase behawsoBoth cases involve thrgghase oHgasaqueous equilibrin,
oil-gas2" liquid-aqueous equilibriugrand oil2" liquid-aqueous equilibrium that are commonly
observed in C@injection processes.altulation results from CM@&VinProp are considered as
reference standastf numerical testsThe Wi nPr op adtien of Glt& énsltiphasg u
equilibrium property package(WinProp, 2@3). Comparisons ofthe calculated phase mole
fractions for watein and wateiffree systems are presented to demonstrate the effdet whter
component othe phase distribution.

6.1.1Five-Component CQ-HydrocarbonWater Mixture

Multiphase equilibria of dive-componentCO,-hydrocarborH>O systemare calculated at
temperature of 78 and pressures between 835 to 925 psia using theRREngsonEOS This
multicomponent system is similar to tfeir-componentCO,-C1-nCis-H20 systemwhich Enick
et al. (1986) used to demonstrate the fplmase equilibrium calculation resulS€omponent
compositionsandpropertiesare listed in Table-@. Calculation results shotkatthe system has
three phases:ilp gas and aqueous phasasequilibrium initially. At 855 psia, a C&xich 2"
liquid phases formedand fourphase equilibrium is established. As pressure further increases,

the 29 liquid phase keeps growing while the amounthef gas phase gradualtjecreass The
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oil phase expands at first and then diminisbesethe 2 liquid phase appeargiowever,the
changedn oil phasefraction are small The aqueous phase remains almost the same. The gas
phase disappears at 897.5 psia whieedour-phase egion ends and only oihe 2" liquid phase
andaqueous phases rematequilibrium. Calculation results of phase mole fractions and phase
compositions at pressures ob@Bpsia, 875 psia and 00 psia are presented and compared
guantitativdy in Tables 6-2, 6:3 and 64, respectively Figs. 6-1 and6-2 compare the calculated
phase mole fractionsewsus pressure with CM&NinPropé results Predictions of both three
phase and fogphase equilibria of this work are highly consistent with those of @VIGProp.

At all pressures,he predictedsolubility of COz in the aqueous phasandwater content in
hydrocarbon phases avery small] and hydrocarbon solubility in waternggligible The effect
of the water component on phase distributiorsigstantial When water is removed from the
system and ater-free equilibrium calculation isarried outat normalizedverall composition &
shown in the last column in Tablel6 the phase behavior exhibgignificant changed-ig. 6-3
shows the comparison of the phasele fractionversus pressure from waten and wagr-free
equilibrium calculation Both phase distributiongresentthe samerend oftransition fromoil-
gas to oil2" liquid-gas to o#2" liquid equilibrium as the pressure incregste watesfree
equilibrium calculation results, however, entée oil-2" liquid-gasand oil-2" liquid region at
higher pressure of 857.25 and 900 psia, respectiveBymilar to Enick et al6 ®bservation
(1986) the addition of water to the system in the multiphase léagium calculationnot only
forms the aqueous phasbut also shifts the multiple hydrocarbon pise region to a lower

pressure.
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6.1.2SixteerComponent C@HydrocarbonWater Mixture

A threephase flash calculation case from CN@nProp templatess selected ahe second
validation case to test the multiphasguilibrium calculation routine developed in this work. The
mixture is originally composed of 15 components includ@@ and light, intermediate and
heavy hydrocarbonsThe water component (#D) with compogion of 0.1 is added to the
mixture to generate an aqueous phase, and compositions of other components are normalized
accordingly. Multiphase behaviors of thixteencomponent mixture are calculatedaatonstant
temperature of 9% and pressures betwedrll50 psia and ,200 psia. Phase densities and
component fugacities are computed using the HrignsonEOS Table 65 gives component
overall composition ah properties required. Typicahultiphase behavior of th€Oy/crudeail
mixture is observed in taulation results. The mixture exhibithreephase oilgasaqueous
equilibrium at pressures below,157.5 psia. A ? liquid phase is formed at,157.5 psia and
four-phase equilibrium is recognized. Th¥ fquid phaseexpandsand the gas phasteadily
diminishesas pressure increases. Meanwhile, the oil pkaghtly increasest the beginning
and then startsslightly shrinking after the 2 liquid phase appesrThe aqueous phase barely
changes. The gas phase vanishes,H51psia, resulting inhree-phase o#2" liquid-aqueous
equilibrium thereafter. Plots of calculated phase mole fractensis pressure are compear
with CMG-WinProp in Figs. 6-4 and6-5. Tables 6-6, 67 and 68 present calculation results of
phase mole fractions and compositiatspressures of,155 psia, 1175 psia and ,190 psia
which cover boththe threephase and fouphase regionsAn excellent agreement in multiphase
equilibrium predictions with CM&VinProp demonstrates the robustness and accuracy of the

multiphase equilibum calculation routine developed in this work.
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Similar to the calculation results of thee-component mixture, the solubility &O; in the
agueous phase is very small and hydrocarbon solubility in watexgiggible at all pressures.
Comparison of tb phase distributiorfrom waterin and waterfree equilibrium calculatin is
presented in Figs-6. In the wateifree system e formation of the ? liquid phase happens at a
higher pressure af,116.25 psisandthe threephase oi2" liquid-gas equilibium ends at the
same pressuref 1,185 psia For this mixture, thentroduction of water lowershe boundary
between the oitas and oil" liquid-gas equilibrizand expands theil-2" liquid-gasregion to a
wider pressure range.

6.2 Comparison of Reservai Simulation Results

Simulatiors of slim tube methane injection and the SPE Third Comparative Solution Project
(Kenyon and Behiel987) arecarried outto validate the simulator for or##mensional and
threedimensional problems with two hydrocarbon phaaegquilibrium. Data sets for both
cases can be found in CMGEM templates (gmspr001.dat and gmflu001.¢agM, 2013)

6.2.10nedimensional Methane Injection

A onedimensional slintube with the size of 61.025<0.025 f is used to test the simulator
for onedimensional problems. Input data for reserypipertiesare provided in Table-8. As
depicted in Fig6-7, the slimtube is discretized into 28qualgridblocks witha porosity of 0.3,
permeability of J000 md. Rock compressibilityis set to zero The initial temperature and
pressure of the slintube are 16 and 2260 psia and the initial oil in place consists of three
components € nC and nGo with critical propertiegiven in Table 610 andthe compositions
of 0, 0.64 and 0.36, respectiveRhereis no water in the system. Purgi€injected ino one end
of the slimtube at aconstantinjection rate 0f0.001125ft3 (0.1 pore volumg per day andhe

reservoirfluid is produced from the other end at a constant pressur@@d psia. Two phase
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relaive permeabilities are looked up through Tabldl6and Stoné& Model Il is used to
calculatethe oil phase relative permeability. Capillary pressure between the oil phase and gas
phase is ignored. The PeRgbinsonEOS is used to model oil/gas equilibriuand phase
densities.

Saturation profiles in the slinubeat 0.6 and 12 pore volume injecte@PVI) are compared
in Figs. 6-8 and 69, respectively The comparisons of gas productionl, groduction andthe
gasoil ratio at standard conditions are showrFigs. 6-10, 6-11 and6-12, respectivelyResults
of both saturatiomprofiles and productiordataobtained from this simulator are consistent with
those of CMGGEM. In this casehe mixture of oil in place and injected gas exhibits-piase
equilibrium during the injection and it is demonstrated that the-jtnase model proposed can
correctly simulate the compositional flow with fewer phases than assumed.

6.2.2The Third SPE Comparative Project

The third SPE comparative project is an artificial modelingdgtwf gas cycling in a rich
retrogradegascondensate reservoir (Kenyon and Behl®87). The study presented and
compared fluid characterization results as well as reservoir simulation results from nine
companiesCase 1 of the project is used to tistthreedimensional capability of our simulator.
According to the CMGGEM template for this problem, a thrdenensional reservoir with the
size of 2639.¥2639.%160 f is discretized into 89x4 gridblocks with homogeneous properties
in each layer but pereability and thickness vary among layeFke initial reservoir temperature
is 200°F and the initial pressure at a datum ¢B0OD ft is 2550 psia. Porosity at the initial
reservoirconditionis 0.13 for all gridblocks and rock compressibility s14° psi?. Fig. 6-13
depicts the discretized gridblocks, and locations and penetratioimgection and production

wells. A threestage separator is used to separate produced reservoir fluidd,iges and water
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surface streams. Reservoir fluids are predutrom two bottom layers at a surface gas rate of
6,200 MSCF/day for 15 years ande separatogas is injected back to two top layers of the
reservoirat 4700 MSCF/day for 10 years. The original reservoir fluid presented consists of 16
componentswvhich were characterized into different groups to match PVT data by different
companies. Since the purpose of this chapter is to validate the simuiagorfuid
characterizations skipped and the properties and composstimnl0 characterizeddomponerd
from the CMG template are directly used. The input data for resepvoperties component
propertiesand separator conditionare given in Tables-&2 through 6-14. Modified relative
permeabilities by CMG are used for the simulation. Two phase relative gigtities are looked
up through Table 45 and Stoné& Model Il is used to calculatthe oil phase relative
permeability. Table A5 also providesthe wateroil capillary pressure whilghe capillary
pressure betwedheoil and gas phases is assumed tadre. The oil/gas equilibrium and phase
densities are modelled by the PeRgbinsonEOS

Since the production well is controlled by surface gas rate, onthe oil production rate
and cumulative oil production at surface condisiane compared. Ashowvn in Fig. 6-14 for the
comparison ofthe predicted oil productiorrate and cumulative oiproductionat standard
conditiors, there is agood match between our model and CM&EM. Fig 6-15 shows the
comparison of oil saturation in gridblock,(3, 1 which is the bottom gridblock of the
production completion and correspondgtalblock (7,7, 4) in the paper of Kenyon and Behie
(1987). The oil saturation predicted by our simulator exhibits the same trend as that ef CMG
GEM butis slightly lower. This can & caused by the different formulations in the numerical
solution. CMGGEM uses an adaptivenplicit solution scheme which treats well blocks and

their neighborgully implicitly while our simulator uses IMPES for all block&dditionally, the
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effect ofthe water component on phase distribution should also be taken into abewaniseni

our simulator, water is considered as a component rather than an independent phase in the phase
equilibrium calculation.To summarize this simulator presents a satisfagtoange of accuracy
agreeable with CM&GEM in the simulation results and the thdmensional capability is

validated.
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Table 6-1 Componentproperties and overall composition for the five-componentCOo-
hydrocarbon-water mixture

N (psia) "Y(F) 0 (ftlomol) au 1 Waﬁepin Waté(eFFree
CO: 1069.87 87.89 1.5057 44.01 0.225 0.72 0.9
C1 667.2 -116.59 1.5859 16.043 0.008 0.016 0.02
Cs 615.76 205.97 3.2518 12.3757 0.152 0.024 0.03
NnCie 252.04 862.43 12.3757 222 0.6837 0.04 0.05
H20 3197.84 705.47 0.8971 18.015 0.344 0.2 0.0
Binary interaction parameters:
CO, Cu Cs nCis H20

CO. 0.0 0.105 0.125 0.115 0.2

Ci 0.105 0.0 0.008%! 0.0715 0.4907

Cs 0.125 0.008%! 0.0 0.035 0.5469

NnCie 0.115 0.0715 0.035 0.0 0.48

H20 0.2 0.4907 0.5469 0.48 0.0
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Table 6-2 Predicted phasemole fractions and compositions at 70°F and 850 psiafor the
five-componentCO2-hydrocarbon-water mixture

Oil, Mole % Gas, Mole % | 2"9Liquid, Mole % | Aqueous, Mole %

V-{-/:irsk WinProp V-{-/r(])irsk WinProp V-{-/rc])irsk WinProp V-{-/girsk WinProp

Phase | 124198| 12.4199| 67.6383| 67.6383| 0.00000/ 0.00000| 199418| 19.9418
CO 61.56579| 61.56595| 95.14002| 95.14002| 0.00000; 0.00000| 0.01253| 0.01253
Ci 0.64735| 0.64735| 2.24666| 2.24666, 0.00000; 0.00000{ 0.00000{ 0.00000
Cs 5.53295| 5.53293| 2.53232| 2.53232| 0.00000, 0.00000{ 0.00000{ 0.00000
NCise 32.19897| 32.19883| 0.00139| 0.00139| 0.00000| 0.00000| 0.00000| 0.00000
H20 0.05494| 0.05494| 0.07962| 0.07962| 0.00000{ 0.00000| 99.98747| 99.98747

Table 6-3 Predicted phasemole fractions and compositions at 70°F and 875 psiafor the
five-component CO2-hydrocarbon-water mixture

Oil, Mole % Gas, Mole % 2" Liquid, Mole % | Aqueous, Mole %

V-{-/gifk WinProp V-{-/i;irsl’( WinProp V-l-/r(;irsk WinProp V-U(;iﬁ( WinProp

Phase | 11.6105| 11.6104| 255090| 25.5020| 429795| 42.9867| 19.9010| 19.9010
CO: 61.70635| 61.70622| 94.32238| 94.32214| 94.86467| 94.86461| 0.01258| 0.01258
C1 1.00651| 1.00659| 3.39062| 3.39090| 1.43842] 1.43855| 0.00000{ 0.00000
Cs 478382 4.78372| 2.20544| 2.20539| 298279| 2.98272| 0.00000{ 0.00000
NnCie 3244839| 32.44853] 0.00171] 0.00171] 0.54011] 0.54010{ 0.00000{ 0.00000
H20 0.05494| 0.05494| 0.07985| 0.07985/ 0.17401| 0.1741 | 9998742| 99.98742
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Table 6-4 Predicted phasemole fractions and compositions at 70°F and 900 psiafor the

five-component CO2-hydrocarbon-water mixture

oil Gas 2" Liquid Aqueous

V-{-/:irsk WinProp V-{-/r(])irsk WinProp V-{-lgirsk WinProp V-{-/girsk WinProp
Phase | 111543| 11.1543| 0.00000, 0.00000| 689678 68.9678| 19.877M | 19.8779
CO 61.43061| 61.43052| 0.00000| 0.00000| 94.45762| 94.45762| 0.01256| 0.01255
C1 1.44498| 1.44498| 0.00000| 0.00000] 2.08622| 2.08622| 0.00000| 0.00000
Cs 443204| 4.43205| 0.00000{ 0.00000{ 2.76308| 2.76308| 0.00000{ 0.00000
NCise 3263765| 32.63774| 0.00000{ 0.00000] 0.52125| 0.52125| 0.00000| 0.00000
H-O 0.05471| 0.05471| 0.00000{ 0.00000] 0.17183| 0.17183| 99.98744| 99.98744
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Table 6-5 Componentproperties and overall composition for the sixteencomponent
CO2z-hydrocarbon-water mixture

(pr‘]sia) YR 0 (ft?Ibmol) G o | Wa%ertin Wat(:xeFFree
CO 1069.87 87.89 1.508 44.01 0.225 0.71055 0.7895
N2 492.31 -232.51 1.4337 28.013 0.4 0.0009 0.001
C1 667.2 -116.59 1.5859 16.043 0.008 0.030915: 0.03435
C 708.35 -90.05 2.3708 30.07 0.098 0.007641: 0.00849
Cs 615.76 205.97 3.2518 44.097 0.152 0.005634: 0.00626
iIC4 529.05 274.91 4.2129 58124 0.176 0.000684: 0.00076
nCs 551.1 305.69 4.0848 58.124 0.193 0.006237: 0.00693
iCs 490.85 369.05 4.9017 72.151 0.227 0.002997: 0.00333
nGCs 489.37 385.61 4.8697 72.151 0.251 0.004077: 0.00453
nCs 430.59 453.65 5.9269 86.178 0.296 0.0063 0.007
C-Cnn 393.85 598.73 6.1031 121.77 0.36958 | 0.049599: 0.05511
Ci12Ci6 | 289.31 798.584 10.0277 191.8 0.54918 | 0.029799: 0.03311
Ci17-Co2 | 217.76 927.14 14.1606 267.75 0.6958 0.020448: 0.02272
Coz-Coo | 168.77 1046.41 18.7419 357.38 0.95945 0.01233 0.0137
Cao+ 111.94 126082 22.4839 549.6 1.2843 0.011889: 0.01321
H>O 3197.84  705.47 0.8971 18.015 0.344 0.1 0.0
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Binary interaction parameters:

CO: N C1 C Cs iCs nCs iCs nG nG Cr-Cuu CizCis Ci7-Caz Co3-C9 Cso+  H20
CO 0.0 -0.02 0.1 0.13 0.135 0.13 0.13 0.125 0.125 0.125 0.12 0.12 0.12 0.12 0.12 0.2
N2 -0.02 0.0 0.1 0.042 0.091 0.095 0.095 0.095 0.095 0.1 0.1 0.1 0.1 0.1 0.1 0.275
C1 0.1 0.1 0.0 0.002 0.007 0.013 0.012 0.017 0.017 0.024 0.025 0.045 0.063 0.079 0.09 0.491
C 0.13 0.042 0.002 0.0 0.001 0.005 0.004 0.007 0.007 0.012 0.012 0.028 0.043 0.057 0.066 0.491
Cs 0.135 0.091 0.007 0.001 0.0 0.001 0.001 0.002 0.002 0.005 0.005 0.017 0.029 0.041 0.05 0.547
iICa 0.13 0.095 0.013 0.005 0.001 0.0 0.0 0.0 0.0 0.002 0.002 0.01 0.02 0.03 0.038 0.508
nCy 0.13 0.095 0.012 0.004 0.001 0.0 0.0 0.0 0.0 0.002 0.002 0.011 0.021 0.031 0.039 0.508
iCs 0.125 0.095 0.017 0.007 0.002 0.0 0.0 0.0 0.0 0.001 0.001 0.007 0.015 0.024 0.031 05
nGs 0.125 0.095 0.017 0.007 0.002 0.0 0.0 0.0 0.0 0.001 0.001 0.007 0.016 0.025 0.032 05
nGCs 0.125 0.1 0.024 0.012 0.005 0.002 0.002 0.001 0.001 0.0 0.0 0.004 0.01 0.018 0.024 0.45
CCi1 | 012 0.1 0.025 0.012 0.005 0.002 0.002 0.001 0.001 0.0 0.0 0.003 0.01 0.017 0.023 0.0
Ci>C16 | 0.12 0.1 0.045 0.028 0.017 0.01 0.011 0.007 0.007 0.004 0.003 0.0 0.002 0.005 0.009 0.0
Ci17-C22 | 0.12 0.1 0.063 0.043 0.029 0.02 0.021 0.015 0.016 o0.01 0.01 0.002 0.0 0.001 0.003 0.0
CozCx» | 0.12 0.1 0.079 0.057 0.041 0.03 0.031 0.024 0.025 0.018 0.017 0.005 0.001 0.0 0.0 0.0
Cso+ 0.12 0.1 0.09 0.066 0.05 0.038 0.039 0.031 0.032 0.024 0.023 0.009 0.003 0.0 0.0 0.0
H.O 0.2 0.275 0.491 0491 0.547 0.508 0.508 0.5 0.5 0.45 0.0 0.0 0.0 0.0 0.0 0.0
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Table 6-6 Predicted phasemole fractions and compositions at94 °F and 1,155 psiafor
the sixteenrcomponent CQ-hydrocarbon-water mixture

Oil, Mole % Gas, Mole % | 2"Liquid, Mole % | Aqueous, Mole %

V-{-Igirsk WinProp V-{-/r(])irsk WinProp V-{-/rc])irsk WinProp V-l\-/tc])irsk WinProp

Phase | 41.8997| 41.8999| 487260 | 48.7259| 0.000000{ 0.0000® 9.3743 9.3743
CO 61.97053] 61.9706| 92.53301| 92.53297| 0.00000{ 0.00000; 0.02011| 0.020D
N2 0.03819| 0.03819| 0.15187| 0.151& | 0.00000| 0.00000| 0.00000| 0.00000
Ci 2.06629| 2.06633| 4.56785| 4.56782| 0.00000| 0.00000| 0.00000| 0.00000
C2 0.84996| 0.849% | 0.83727| 0.83727| 0.00000| 0.00000, 0.00000| 0.00000
Cs 0.81692| 0.8162 | 0.45378| 0.453B | 0.00000| 0.00000f 0.00000| 0.00000
iIC4 0.11311| 0.11311, 0.04311| 0.04311 0.00000| 0.00000f 0.00000| 0.00000
nCq 1.08468| 1.08467| 0.34730] 0.34730; 0.00000{ 0.00000; 0.00000{ 0.00000
iCs 0.57132| 0.57131| 0.12380] 0.12380| 0.00000| 0.00000| 0.00000| 0.00000
nGs 0.79631| 0.79630| 0.15197| 0.15197| 0.00000| 0.00000| 0.00000| 0.00000
nGCs 1.32477| 1.32475| 0.15377| 0.15378| 0.00000; 0.00000{ 0.00000{ 0.00000
C7-C11 | 11.34809| 11.34801] 0.42089| 0.42093| 0.00000{ 0.00000{ 0.000M0| 0.00000
C12Ci6 | 7.07915| 7.07943| 0.02823| 0.02823| 0.00000{ 0.00000{ 0.00000[ 0.00000
C17-Cx2 | 4.87619| 4.87617| 0.00347| 0.00347/ 0.00000[ 0.00000{ 0.00000[ 0.00000
Coz-Coo | 2.94258| 2.94257| 0.00014| 0.000| 0.00000f 0.00000{ 0.00000[ 0.00000
Cso+ 2.83749| 2.83748, 0.0000| 0.00000, 0.00000| 0.00000f 0.00000| 0.00000
H20 1.28443| 1.28442| 0.18354| 0.18354| 0.00000{ 0.00000| 99.97989 99.97989
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Table 6-7 Predicted phasemole fractions and compositionsat 94 °F and 1,175psiafor
the sixteen-component CQ-hydrocarbon-water mixture

Oil, Mole % Gas, Mole % | 2"Liquid, Mole % | Aqueous, Mole %

V-{-Igirsk WinProp V-{-/r(])irsk WinProp V-{-/rc])irsk WinProp V-l\-/tc])irsk WinProp

Phase | 402718 | 40.2715| 189916 | 18.9810| 313764| 31.3872| 9.3602 9.3602
CO 61.56869| 61.56868| 91.98986| 91.98970| 91.75042 | 91.75035| 0.02008| 0.02008
N2 0.04720| 0.04720| 0.17757| 0.17758| 0.11878| 0.11879| 0.00000| 0.00000
Ci 2.34763| 2.34772| 4.99906| 4.99919| 3.81391| 3.81409| 0.00000| 0.00000
C2 0.86440| 0.86440, 0.84775| 0.847h| 0.81268| 0.81269, 0.00000| 0.00000
Cs 0.79264| 0.79263| 0.44918| 0.44918 0.50638| 0.50637| 0.00000| 0.00000
iIC4 0.10770| 0.10770, 0.04265| 0.042654 0.05395| 0.053% | 0.00000| 0.00000
nCq 1.02783] 1.02781| 0.34447| 0.34446| 0.46008| 0.46007| 0.00000{ 0.00000
iCs 0.53863| 0.53862| 0.12458| 0.12468| 0.18844| 0.1843| 0.00000] 0.00000
nGs 0.75111] 0.75110] 0.15388| 0.15388| 0.24219| 0.242B| 0.00000|; 0.00000
nGCs 1.26067| 1.26065| 0.16071] 0.16071] 0.29253] 0.29252| 0.00000{ 0.00000
C7-C11 | 11.11236| 11.11226| 0.47831| 0.47833| 1.25545| 1.25539| 0.00000{ 0.00000
C1>Cis | 7.23461| 7.23463| 0.03707| 0.03708| 0.18916| 0.18915| 0.00000f 0.00000
Ci17-Co2 | 5.04102| 5.04104| 0.00503| 0.00503| 0.04378| 0.04378| 0.00000[ 0.00000
CozCoo | 3.05791| 3.05793| 0.00023| 0.00023| 0.00473| 0.00472| 0.00000[ 0.00000
Cso+ 2.95196| 2.95198, 0.00000| 0.000@  0.00030| 0.00030, 0.00000| 0.00000
H20 1.29566| 1.29565| 0.18964| 0.18964| 0.26723] 0.26722| 99.97992| 99.97992
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Table 6-8 Predicted phasemole fractions and compositions at94 °F and 1,190psiafor
the sixteenrcomponent CQ-hydrocarbon-water mixture

Oil, Mole % Gas, Mole % | 2" Liquid, Mole % | Aqueous, Mole %

V-{-/:irsk WinProp V-{-/r(])irsk WinProp V-{-lgirsk WinProp V-{-/girsk WinProp

Phase | 394327| 39.4327| 0.0000 | 0.00000| 51.2146| 51.214 9.3526 9.3526
CO 61.35167| 61.35173| 0.00000| 0.00000| 91.49820| 91.49812| 0.02006| 0.02006
N2 0.05352| 0.05352| 0.00000{ 0.00000{ 0.13452] 0.13452| 0.00000{ 0.00000
Ci 2.52175| 2.52178| 0.00000, 0.00000| 4.09474) 4.09471| 0.00000( 0.00000
C2 0.87230| 0.87231| 0.00000{ 0.00000{ 0.82032| 0.82032| 0.00000{ 0.00000
Cs 0.78067| 0.78067| 0.00000{ 0.00000{ 0.49900 0.49900/ 0.00000{ 0.00000
iIC4 0.10506| 0.10506| 0.00000{ 0.00000] 0.05266| 0.05266| 0.00000{ 0.00000
nCy 0.99988| 0.99987| 0.00000{ 0.00000{ 0.44796| 0.44797| 0.00000{ 0.00000
iCs 0.52242| 0.52241| 0.00000{ 0.00000{ 0.18295| 0.18295| 0.00000| 0.00000
nGs 0.72849| 0.72848| 0.00000{ 0.00000{ 0.23516] 0.23517| 0.00000{ 0.00000
nGCs 1.22736| 1.22735| 0.00000{ 0.00000] 0.2851 | 0.28512| 0.00000| 0.00000
C7-C11 | 10.96525| 10.96519| 0.00000{ 0.00000{ 1.24184| 1.24190| 0.00000{ 0.00000
C12-Cie 7.3083| 7.30830| 0.00000| 0.00000{ 0.19141] 0.19143| 0.00000{ 0.00000
C17-Cx2 | 5.12770[ 5.12771| 0.00000| 0.00000| 0.04453| 0.04453| 0.00000| 0.00000
Coz-Cpe | 3.12059| 3.12060/ 0.00000| 0.00000| 0.00481| 0.00481| 0.00000| 0.00000
Cso+ 3.01461| 3.01462| 0.00000f 0.00000f 0.00030f 0.00030; 0.00000{ 0.00000
H20 1.30042| 1.30040{ 0.00000| 0.00000| 0.26648| 0.26648| 99.97993| 99.97993
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Table 6-9 Summary of reservoir properties for the onedimensional methane injection

process

Dimensions (ft)

LengthxWidthxThickness
Grid Number

€ €& ¢
Grid Size (ft)

QuQwQd
Permeability (md)
Relative Permeability Model
Porosity
Rock Compressibility (p3)
Initial Temperatue CF)
Initial Pressure (psia)
Initial Oil Composition

C1 nCs nCoo
Injected Composition

C1 NG nCuo
Injection Rate (f/day)
Production Pressure (psia)
Final Time (day)

60x0.025<0.025

20x1x1

3 0.025 0.02¢
1000

Stone I

0.3

0.0

160

2260

0.0 0.64 0.3¢

1.0 0.0 0.C
0.001125
2260

12
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Table 6-10 Componentproperties for the one-dimensional methane injection process

n (psia) “Y(°F) U (ft¥lbmol) auv 1
C1 667.2 -116.59 1.5859 16.043 0.008
nC4 551.1 305.69 4.0848 58.124 0.193
NnCio 367.55 660.11 8.3458 134 0443774
Binary interaction parameters:
Ci nCq NnCio
Ci 0.0 0.0145 0.04437
nCy 0.0145 0.0 0.00845
NCio 0.04437 0.00845 0.0
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Table 6-11 Relative permeability usedin the onedimensional methane injection process

~

~

i Q Q
0.0001 0 1
0.0417625| 0.0416@ 0.95833
0.083425 | 0.08333 0.9166¢
0.1250875 0.125 0.875
0.16675 0.16664 0.83333
0.2084125| 0.20833 0.79164@
0.250075 0.25 0.75
0.2917375| 0.2916@ 0.70833
0.3334 0.33333 0.66664
0.3750625 0.375 0.625
0.416725 | 0.4166@ 0.58333
0.4583875| 0.45833 0.5416G7
0.50005 0.5 0.5
0.5417125| 0.5416@ 0.45833
0.583375 | 0.58333 0.41664
0.6250375 0.625 0.375
0.6667 0.666664 0.33333
0.7083625| 0.70833 0.29164
0.750025 0.75 0.25
0.7916875| 0.7916@ 0.20833
0.83335 0.83333 0.166664
0.8750125 0.875 0.125
0.916675 | 0.9166& 0.08333
0.9583375| 0.95833 0.04166
1 1 0
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i Q Q
0.0001 0 1
0.0416625| 0.04164 0.958333
0.083325 | 0.083333 | 0.9166@
0.1249875 0.125 0.875
0.16665 | 0.1666@ 0.833333
0.208313 | 0.208333 | 0.79164@
0.249975 0.25 0.75
0.2916375| 0.2916@ 0.708333
0.3333 0.333333 | 0.6666&
0.3749625 0.375 0.625
0.416625 | 0.4166& 0.583333
0.4582875| 0.45833 0.54164@
0.49995 0.5 0.5
0.5416125| 0.5416@ 0.45833
0.583275 | 0.58333 0.41664@
0.6249375 0.625 0.375
0.6666 0.66666 0.33333
0.7082625| 0.70833 0.29166¢
0.749925 0.75 0.25
0.7915875| 0.79164 0.20833
0.83325 | 0.83333 0.16666
0.8749125 0.875 0.125
0.916575 | 0.91664@ 0.08333
0.9582375| 0.95833 0.04166
0.9999 1 0




Table 6-12 Summary of reservoir properties for the third SPE comparative project

Dimensions (ft)
LengthxWidthxThickness
Grid Number
Grid Size (ft)
QwQwQlayer 1:4)
Datum, ft
Relative Permeability Model
Porosity
Rock Compressibility (p3)
Initial Temperature®fF)
Initial Pressire (psia)
Initial Oil Composition
C1 C C3CsGCs
Ce Cr-9 Cio11 Ci214 Ciss
Injected Composition

Injection Rate (gas MSCF/day)

Production Rate (gas MSCF/day)

Final Time (year)

2639.%2639.%160

9x9x4

293 293 (50,50,30,3(
7500

Stone I

0.13

4.0

200

3550

0.67930.0990 0.0591 0.0517 0.0269
0.01810.0399 0.0122 0.0080 0.0058
Cycling

4700 6 p Tyears)

0@© p Tyears)

6200

15

Layer Horizontal Permeability (md) Vertical permeability (md)
Y
1 15
2 2
3 4
4 13
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Table 6-13 Componert properties for the third SPE comparative project

A (psia) "Y(CF) U (ft¥Mbmol) &0 ]
C1 587.838 -109.667 1.585855 16.043 0.013
C 708.3447 90.104 2.370773 30.07 0.0986
Cs 617.3768 206.15 3.203748 44.097 0.1524
Ca 550.652 305.69 4.084778 58.124 0.201
Cs 489.5221 385.61 4.981828 72.151 0.2539
Cs 439.7028 454 .55 5.894896 86.178 0.3007
Cro9 385.8127 572.54 7.459926 114.43 0.3613
Cio11 340.7109 688.352 9.12107 144.83 0.4501
Ci214 293.7279 774.68 11.05453 177.78 0.5339
Cis+ 184.4988 887.3258 15.45488 253.63 0.7244

Binary interaction parameters:
Cy Cis+ 0.2466

All others are 0.0

Table 6-14 Separator conditions for the third SPE comparative project

Stage Temperaturé®F) Pressure (psia)
1 80 815
2 80 65
3 60 14.7
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Table 6-15 Relative permeability and capillary pressureusedin the third SPE
comparative project

i 0 0 ?psi) | 0 0 ?psi)
0.16 0.0 0.8 50.0 0.0 0.0 0.8 0.0
0.2 0.002 | 0.65 32.0 0.04 | 0005 | 0.62 0.0
0.24 001 | 0513 | 21.0 0.08 | 0013 | 0513 0.0
0.28 0.02 0.4 15.5 012 | 0.026 0.4 0.0
032 | 0033 | 0315 | 120 0.16 0.04 | 0315 0.0
036 | 0049 | 0.25 9.2 0.2 0.058 | 0.25 0.0
0.4 0.066 | 0.196 7.0 0.14 | 0078 | 0.19 0.0
0.44 0.09 0.15 5.3 0.28 0.10 | 0.150 0.0
048 | 0119 | 0.112 4.2 032 | 0126 | 0.112 0.0
0.52 015 | 0.082 3.4 036 | 0.156 | 0.086 0.0
056 | 0186 | 0.06 2.7 0.4 0.187 | 0.06 0.0
0.60 | 0227 | 004 2.1 0.44 | 0222 | 004 0.0
0.64 | 0277 | 0.024 1.7 0.48 0.26 | 0.024 0.0
0.68 033 | 0012 1.3 0.52 0.3 0.012 0.0
0.72 0.39 0.05 1.0 056 | 0.348 | 0.005 0.0
0.76 | 0.462 0.0 0.7 0.6 0.4 0.0 0.0
0.80 0.54 0.0 0.5 0.64 0.45 0.0 0.0
0.84 0.62 0.0 0.4 0.68 | 0505 0.0 0.0
0.88 0.71 0.0 0.3 072 | 0.562 0.0 0.0
0.92 0.8 0.0 0.2 0.76 0.62 0.0 0.0
0.96 0.9 0.0 0.1 0.8 0.68 0.0 0.0
1.00 1.0 0.0 0.0 0.84 0.74 0.0 0.0
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Figure 6-7 Discretizedgridblocks for the one-dimensionalmethaneinjection process
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Chapter SeverSimulation Resultsand Discussion

The fourphase compositional modelwdoped in this work is used wmulatecomplex
phase behavisrand flow mechanisms in the G@jection processesSimulation results of ore
dimensionaland two-dimensional problems arpresented tademonstrate the computational
capability ofthis modeland illustrate thgohasebehavioron fluid properties andisplacement
efficiency.

7.1 0One-dimensional Slimtube Displacement of Wasson Oil

7.1.1Displacement byCO,

Simulatiors of onedimensionalCO; flooding are performed in a slim tube with the size of
60x0.025¢0.025 ft* for two recombinedoils (deal oil + 312 SCF/BBL and dead oil + 602
SCF/BBL) from the Wasson fieldriginally reported by Orr and Jensen (198¥%)cording tothe
fluid characterization resultsbtained byNghiem and Li (1986)a 18hydrocarborcomponent
system isused in the simulations because theyatequate to predict the important features of
experimental phase diagrantable 71 gives the compositions tfie two recombined oils as
well as the compositionsf the gas and dead oil used in thecombination.Component
properties are presented in Tabi2.1nput data foreservoirpropertiesare listed in Table -3.
The slim tube is discretized into 80 eqaaledgridblocks Initial water saturation is P.and the
amount of wateis convertednto overall composition ofhewater componentt is assumed that
amaximum of fourequilibrium phasesan coexist and flow togethéfhe PengRobinsonEOS
is used to compute the densities and fugacity coefficients of all phBease relative
permeabiliies are calculated using Cor@&y modelwith parameteraneasured by Driat al.
(1990) These parameters agévenin Table 73. Even thoughthe aqueous phase is immobile
since it exists at the residual saturatitime effect of watehydrocarbon mutual $ability is

taken into accounGravity and apillary pressures arssumed negligibldPure CQ s injected

105



into one end of the slim tube at a constajection rate of 0.00112&2 (equivalent td0.1 pore
volume or 0.125 hydrocarbon pore volunpe) dayand the reservoir fluid is pduced from the
other end at a pressure equal toithgal pressureThe simulations arearried out ab constant
temperature of 9& andfive differentinitial pressureghat cover typical regions ofoil-gas
aqueousoil-2" liquid-gasaqueous and 62" liquid-aqueousn the phase diagram

Fig. 7-1 shows recovery factors for thgisplacement of the 312 SCF/BBL recombined
Wasson oikt different pressures. The displacement at 700 psia rect® €86 oil in the end of
the process when 1.hydrocarbon pore volume of GQs injected The recovery factor is
improved significantly when the initial pressure is increasedX00Lpsia which yields 916%
oil recovery at 1.5hydrocarbon pore volume injectell@QPVI). As shownin Fig. 7-2 for the
comparison of oil recoverfactors at different HCPWersus pressure, a further raise in pressure
contributes very little to the ultimate recove@nly 2% extraoil is recoveredat 1.5 HCPVI
when the pressure is increased frod0D psia® 1,500 psia.

Figs. 7-3, 7-4 and 7-5 show the simulated saturatiorprofiles at 0.8 HCPVI for the
displacemerst of the 312 SCF/BBL recombined Wasson atl 900, 1100 and 1,300 psia
respectively.For the displacement at 900 psihg tmassdensity profilesshown in Fig 7-6
indicate that the Cé&xich phase is gas phasand aCOy-rich liquid phase is not detectethe
gas phase has already broken throughthadnjectedCO, increases the mass densities of both
theoil and gas phasd®hind thegas bankThreephaseoil-gasaqueougquilibrium exists in the
entire slim tubevhile the effect of dissolve@0O; on the aqueous density is negligiblée water
content in the oil and gas phases results in a tiny dreyatdr saturation in the injection end of
the slim tube Fourphase equilibrium occuduring the displacement &,100 psiaA gas phase

appears athe displacement frowhere oitgasaqueous equilibrium is observeebllowing the
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gas phase narrow fouphase regiomxists in four gridblocksThes four phases can be clearly
distinguished from each other based on their mass density psifiden in Fig 7-7. Behind the
four-phase zone, there is a traili@,-rich liquid phase and the reservaiixture exhibits oit
24 Jiquid-aqueous equilibriumni this area. An increase in the mass density ofGfe-rich
liquid phaseclose tothe displacement front is caused by the heavy hydrocarbon component
extracted from the oil phase. The drop of water saturation in the injection is more substantial
than thaatlower pressurgbecause more water content disssivethe oil phase and evaporates
into the gas phase as pressure increabes. displacement at,300 psia shows thrgghase
regionsonly. A threephase oHgasaqueous region located at the displaeetifront is followed
by a threegphase oi2" liquid-aqueous region. A fotyphase oilgas2™ liquid-aqueousegion is
not detected in betweeihe leading gas phase has just broken throumghig. 7-8, it is seerthat
an inversion of mass densities betoil and second liquid happeimsthe injection block. The
mass density of th€O,-rich liquid phase islightly greater than that of the oil phasetims
gridblock Using the mass density alone as a criterion to idetiifyphase may cause phase
swaing in this case

The appearance of @O-rich liquid phase at,100 psiasignificantly increasesiltimate oil
recoverybut the increment becomes little at higher pressures onc€@heich liquid phase is
formed. In contrasthe gas phase itsedt low pressuresioes not efficiently displace the oilo
understand thenigh displacement efficiency resinlg from the COz-rich liquid phase, we
calculatecomponent molar distributiolm  which representthe fraction of the total amount of

componentt thatpresensin phase using

7-1
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forda pMB R and &AM . Figs. 7-9, 7-10 and7-11 give the molardistributiors of
intermediateand heavy components ¢CCs, Cr-13, Ci420, Co1-28 and Go+) at 0.8 HCPViIfor the
displacemerstat 900, 1100 and 1300 psiafespectively The molar distribution of hydrocarbon
components in water is barelysible due to extremely low solubility predicted by the Reng
RobinsonEOS The extraction of intermediate and heavy components by the gas phase is trivial.
At 900 psiathe gas phase is capable of extracting small amsair@s and G. Nearlyall C7.13
and heavier components remain in the oil phasavingthe high oil saturation behind the
displacement front. For the displacemant,100 psia, substantial amounts of, Cs and G.13
areextracted by the C&xich liquid phaseand the extraction becomesds efficient for heavier
components It is also observed that the @@ch liquid phase extracts componentsre
efficiently as pressure increasé®wever theincrementn the extraction is smalllhis explains
thatthe oil recovery ismproved margindy by an increase in pressure once @@-rich liquid
phase is generated.

Runs using40 and 160gridblocks for the onedimensionaldisplacement of the312
SCF/BBL recombined Wasson dily CQ, are also performedto investigate the effect of igr
sizeon the simulation resultg=igs. #12 through 714 compare the calculated saturation profiles
at 06 HCPVI for the displacements at 900, 1,100 and 1,300 pkmresults of simulations with
different numbes of gridblocks are consisteiwith each otherAt all pressures, umerical
dispersionhas been observesh the rate of advance of the displacement frohe effect of
numerical dispersioat 1,100 psiais more considerable thahat at 900 and 1,300 psighase
saturations in the trailing multiphase zone dess sensitive to the grid siZEhe ultimate
recovery at 1.5 HCPWlightly increases as more gridblocks are used in the simul&td®00

psia, the 4éblock run predict8.7%%6 oil recovery compackwith 79.07%for the 80block run
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and79.34% for the B0-block run. At 1,100 psia, the 48lock run results in 98% oil recovery
compared with 91&% for the 86block run and 9.19% for the 166block run. At 1,300 psia, the
40-block run yields 91.8% oil recovery compared with 92.62% for theldOck run ad 93.3%
for the 166block run.

For the 602 SCF/BBL recombined Wasson oil, more gas is add#éw ttead oil in the
recombination and results in higher contents of ligiilrocarboncomponents(C: to Ca).
Recovery factors for thelisplacementat different pressures are shown in Fig-15. The
displacement pressure of 700 pseésults in71.03% oilrecoveryat 1.5 HCPVI and higher
recovery is achieved as pressure increases. However, the small slope in the recovery curves in
Fig. 7-16 for pressures higher thal, 100 psia indicates that an increase in pressure improves
little the displacement efficiency after@O-rich liquid phaseppearsAt the same pressure, the
displacement efficiency of the 602 SCF/BBL recombined Wasson oil is slightly higher than that
of therun case using th&l2 SCF/BBL recombined Wasson oil.

Figs. 7-17, 7-18 and 7-19 show the simulated saturatigrofiles at 0.8 HCPVIfor the
displacementof the 602 SCF/BBL recombined Wasson ait 900, 1100 and 1300 psia
respectively The simulagd density profiles are given in Big/-20, 7-21 and 7-22 for different
pressuresilt is seenthat fhase behavioranddensity profilesof the 602 SCF/BBL recombined
Wasson oil during the displacemere similar to thoseof the 312 SCF/BBL Wasson o\
four-phase regiornis present in six gridblockéor the displacement at,700 psia. It occurs
between a leadingas phasanda trailing CO-rich liquid phaseAt lower pressurg aCO»-rich
liquid phase is not generated atfmleephase oHgasaqueous edlibrium existsthroughout the
slim tube. For the displacements 800 psia, a threphase oHlgasaqueous region travels ahead

of a threephase o#2" liquid-aqueous region. However, there is no fphase region between
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them. Even though the aqueou&gse is immobile, a drop in water saturation in the injection
blocks occurs at all pressuseAs pressure increases, the drop becomes larger because more
water transports to hydrocarbon pha3é® phase identifications discussed above are confirmed
by themass density profiles in F8g7-20 through7-22. An inversion of mass densities of the oil

and second liquighhasess also observeth the injection block at ,B00 psia.Figs. 7-23, 7-24

and 725 show the molar distribution of intermediate and heavypmmentqCs, Cs, Cr.13, C14-20,

Co1.08 and Go+) at 0.8 HCPVI the displacements at 90(1,0D and 1300 psia, respectively. The
COe-rich liquid providesimproveddisplacement efficienchby efficiently extracting significant
amounts ofCs, Gs and G-13.

7.1.2Displacement by Watealternating-gas Injection

To demonstrate foyphase flow, the displacements of the two recombined Wasson oil by
CQO; at 1,100 psia studiedn the last section are modified to watdternatinggas (WAG)
flooding. The same reservoir propes and relative permeabilites are usethasimulations but
a different injection pattern is applied. Instead of pure,G@ter and C@slugs are injected
alternately into the slim tube atconstant injection rate of 0.001125 (equivalent t00.1 pre
volume or 0.125 hydrocarbon pore volunpgr dayfor three cycles. Each cycle contains a
period oftwo-day CQ injection followed by a period divo-day water injection. In this case,
four phases, oil, gas@iquid and water are flowing simultanedys

Fig. 7-26 compares the oil recoveries of the ahmensional displacements of the 312
SCF/BBL Wasson oil at,100 psia by pure C£and WAG. Because water is less compressible
than the C@rich liquid, the injected water in the WAG flooding induces egéa pressure
gradient which leads to earlier breakthrough. Consequently, the WAG flooding reeolgrs

more oil than C@flooding does before 1.1 HCPVI. However, thlémateoil recoveries of both
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processes are the same because the sweep efficiermyedimensional simulations is not
affected by the water injection.

Fig. 7-27 shows the saturation profile®r the displacement of the 312 SCF/BBL
recombined Wasson odt 0.5 HCPVI which corresponds to the end of the first cycle. The
injected CQ slug derelops a leading gas bank at the displacement front and a narrophiass
oil-gas2" liquid-water region behindt. The fourphase occurs in four gridblocks and is
followed by a water slug flowing together with the oil and€©h liquid phases. As theecond
cycle starts, another slug of €@ injected into the slim tube, causing an increasehé t
saturation of the Cg&xich liquid phase The water slug is then pushed forward and travels ahead
of the gas bank. Ashownin Fig. 7-28 for the saturatiorprofiles at the second slug of €O
injected (0.75 HCPVI), a watail region exists at the displacement front and the water is about
to break through. Behind the water front, the flow patterns remain the Byntiee end of the
second cycle, all the phaskave broken through. The fephase region moves towards the
production block. Following the foyphase region, slugs of the g@ch liquid and water can be
clearly seen in Figr-29.

The simulation of the displacement of the 602 SCF/BBL recombined Wasddny WAG is
also carried outFig. 7-30 presents the oil recoveries of the £i@oding and WAG flooding
Both processes yielthe same ultimatdisplacement efficiencyFigs 7-31, 7-32, 7-33 showthe
saturation profiles at 0.5, 0.75 and 1.0 HCPVispextively. Phase behaviors during the
displacement are similar to dbe of the 312 SCF/BBL recombined Wasson oil but adarg

leading gas bank is observed
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7.2 Two-Dimensional CrossSectional Displacement of Bob Slaughter Block Ol

Two-dimensionak-z crosssectional simulations are performed for displacements of the Bob
Slaughter Block (BSB) oil by C&njection. A severcomponent fluid characterization provided
by Khanet al. (1992) is used to represeahk reservoir oil. Component properties aride initial
overall compositiorare given in Table-4. Phase densities and phase behaviors are modelled by
the PengRobinson EOSInput data forreservoir propertiesre presentedn Table 75. The
initial reservoir temperature is IW5at which the CQ/BSB oil mixture exhibis three
hydrocarborphase equilibriumin a small pressure range abovdOD psia.The reservoir is
discretized into 301x10 equal gridblocks with the size of 280x2 ft* as shown in Fig7-34.
Coreys model is used to calculate phase relativenpabilities, with the parameters provided by
Dria et al. (1990). The gavity effect is taken into account in this case and reservoir pressure is
initialized using the method described in Section BixeCQ; is injected at a constant surface
rate of %10 SCF/day A bottomhole pressure equal to the initial reservoir pressure is
maintained in the producing weBoth theinjector andhe producer are multilayer wellzarallel
to thed-direction and Fig7-34 showsthe location andcompletionof each well The amount of
COqinjected into each layer is determinedtbg mobility allocation method.

Fig. 7-35 shows the oil recoveries for the displacements at two different pressuread’00 a
1,100 psia.The displacememressure ofl,100 psia results in kigh recovery factor of 74.22%
at 1.2 HCPVI while the displacement at 700 psia recovers 62.71% oil at the samelpareof
CQO injected.

Figs 7-36 through7-39 show thepressure proles andsaturatiorprofiles of theoil, gas, and
2" liquid phasesat 0.3, 0.6 andlL.2 HCPVIfor the displacement at00 psia.A gas phase is

developed as a result of the injected-®@hind the displacement front. At 0.3 HCPVI, a0
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rich liquid phase igenerated andoexiss with the oil, gas and water phasat equilibrium
because of initial pressure builp. As production continues, the reservoir pressure gradually
drops out of the thredwydrocarborphase region Consequently the CQ-rich liquid phag
vanishes and thrgghase oHgaswater equilibrium is observed at 0.6 HCPBecause the gas is
less dense than the oil it is displaciggavity overrideoccurs andeaves e high oil saturation
in the bottom of théormation Molar distributions ofintermediate and heavy compone(@s.s,
C7.15, Cis27 and Gs+) at 0.6 HCPVlareshownin Fig. 7-40. It is seen thatmy a small amount of
Case presents in the gas phashile C7.15 andheavier componentsainly stay in the oiphase

For the displacemerdt 1,100 psia,Figs 7-41 through7-44 show the simulated pressure
profiles and saturatioprofiles of the oil, gas, and ?'liquid phases at 0.3, 0.6 and 1.2 HCPAI.
four-phase oil2" liquid-gaswater region isletectedn a few gridblocks between a iag gas
phase at the displacement fraamd a trailing C@rich liquid phase. A late breakthrough is
obtained compared to the displacement at 700 psia. Gravity ovesradso observedut the
dense C@rich liquid phase immves vertical sweep efficiepand makeghe bypassed zone
smaller. Fig 7-45 gives molar distributions d€46, Cr.15 Ci627 andCos+at 0.6 HCPVIThe CQ-
rich liquid phase extracts these components more efficiently than the gas phas&hdoes.
extractionsuccessfullyeduces theasidual oil saturation and contributes to the oil recovery.

The twedimensional simulation results of G@ooding demonstrat¢hatthe formationof a
COe-rich liquid phaseat 1,100 psiasignificantly increass the recovery factoby efficienty
extractingoil componentsjmproving vertical sweep efficiency and lead late breakthrough
Even though &£0O»-rich liquid phase is also observatl 700 pisat an early stagethe reservoir

pressure is not maintained highoughto keep the phase in place throaghproduction.
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Table 7-1 Wasson @ composition (Nghiem and Li, 1986)

Dead Oil + Dead Oil +

Gas Dead Ol 315 SCE/BBL 602 SCF/BBL
Ci 0.5736 - 0.2151 0.309
Cs 0.1989 : 0.0746 0.1068
Cs 0.1629 : 0.0611 0.0875
Ca 0.0646 : 0.0242 0.034
Cs i 0.0548 0.0343 0.0254
Cs - 0.0537 0.038 0.0249
Cris i 0.4805 0.3000 0.2224
Cia20 - 0.1704 0.1066 0.0788
Co1-28 - 0.0884 0.0552 0.0410
Casr . 0.1522 0.0953 0.07G
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Table 7-2 Componentproperties for the one-dimensional\Wasson oil dsplacement

n (psia) “Y(°F) U (ft¥lbmol) auv 1

C1 667.1960 -116.59 1.585855 16.043 0.008

Co 708.3447 90.05 2.370773 30.07 0.098

Cs 615.7603 205.97 3.251803 44.097 0.152

Ca 5510981 305.69 4.084778 58.124 0.193

Cs 4893751 385.61 4.869696 72.151 0.251

Cs 477.0305 453.83 5.510445 86.178 0.2637

Cras 384.5930 632.03 7.833163 125.96 0.3912

C1420 248.2146 872.33 13.64796 227.86 0.63

Ca1-28 181.3480 1022.81 18.9188 325.56 0.8804

Coo+ 116.9798 1206.95 28.22501 484.7 1.2457

CO; 1069.865 87.89 1.505761 44,01 0.2250

H20 3197.84 705.47 0.8971 18.015 0.344

Binary interaction parameters

Ci Co Cs Ca Cs Cse Craz Cis20 Cor2s Co9+ CO2 H20
C1 0.0 0.003 0.009 0.015 0021 0.025 0.041 0.073 0.095 0.125 0.103 0.491
Cz, | 0.003 0.0 0.002 0.005 0.009 0.012 0.023 0.049 0.068 0.095 0.13 0.491
Cs | 0.009 0.002 0.0 0.001 0.003 0.005 0.013 0.033 0.05 0.073 0.135 0.547
Cs | 0.015 0.005 0.001 0.0 0.001 0.001 0.007 0.024 0.038 0.059 0.13 0.508
Cs | 0.021 0.009 0.003 0.001 0.0 0.0 0.004 0.017 0.03 0.049 0.125 0.5
Ce | 0.025 0.012 0.005 0.001 0.0 0.0 0.002 0.014 0.025 0.043 0.125 0.45
C713 | 0.041 0.023 0.013 0.07 0.004 0.002 0.0 0.005 0.013 0.027 0.13 0.45
Ci420| 0.073 0.049 0.033 0.024 0.017 0.014 0.005 0.0 0.002 0.009 0.13 0.45
Co1-28| 0.095 0.068 0.05 0.038 0.03 0.025 0.013 0.002 0.0 0.003 0.13 0.45
Co9+ | 0.125 0.095 0.073 0.059 0.049 0.043 0.027 0.009 0.003 0.0 0.13 0.45
CO; | 0.103 0.13 0.135 0.13 0.125 0.125 0.13 0.13 0.13 0.13 0.0 0.2
H-O | 0.491 0.491 0.547 0508 05 045 045 045 045 045 0.2 0.0
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Table 7-3 Summary of reservoir properties for the one-dimensionalWasson oil
displacement

Dimensions (ft)

LengthxWidthxThickness 60x0.025x0.025
Grid Number

€ €& ¢ 80x1x1
Grid Size (ft)

QuQwQd 0.75 0.025 0.02t
Permeability (md) 1000
Relative Permeability Model Corey

Endpoint’Q Q@ Q Q 0.574 0.278 0.278 0.365

Residuakaturationi i i i 0.16 0.0 0.0 0.2

ExponentQ Q Q Q 3.0 6.89 6.89 2.7
Porosity 0.3
Rock Compressibility (p3) 0.0
Initial Temperature®f) 90
Initial Pressure (psia) 700,900,1100,1300,1500
Injected Composition

Ci1 C C Cs Cs Ce 0.0 0.0 0.0 0.0 0.0 O.

C713 Cis20 Co128 Co9+ CO2 0.0 0.0 0.0 0.0 1.
Injection Rate (f/day) 0.001125
Production Pressurega) Initial pressure
Final Time (day) 12
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Table 7-4 Componentproperties for the two-dimensionalBSB Oil displacement (Khan

etal., 1992)
n (psia) “Y(°F) 0 (ft¥/Ibmol) ao 1 o}
CO 1069.8651 87.8900 1.5057 44.0100 0.225 0.0337
Ci 667.1961 -171.6700 1.5858 16.04D 0.008 0.0861
Cos 652.5573 159.8985 29016 37.2002 0.1305 0.1531
Css 493.0660 374.1298 4.9137 69.4984 0.2404 0.1671
Cr1s 315.4380 630.6844 9.0000 140.9560 0.6177 0.3304
Ci627 239.8969 892.1640 17.1000 280.9914 0.9566 0.1661
Cas+ 238.1210 1236.7920 32.5000 519.6219 1.2683 0.0713
H20 3197.84 705.47 0.8971 18.015 0.344
Binary interaction parameters:
COo: C1 Czs Cse Crs Cie27 Cos+ H20
CO; 0.0 0.055 0.055 0.055 0.105 0.105 0.105 0.2
Ci 0.055 0.0 0.0 0.0 0.0 0.0 0.0 0.49
Co3 0.055 0.0 0.0 0.0 0.0 0.0 0.0 0.547
Cus 0.055 0.0 0.0 0.0 0.0 0.0 0.0 0.5
Cr1s 0.105 0.0 0.0 0.0 0.0 0.0 0.0 0.45
Ci627 0.105 0.0 0.0 0.0 0.0 0.0 0.0 0.45
Cos+ 0.105 0.0 0.0 0.0 0.0 0.0 0.0 0.45
H20 0.2 0.491 0.547 0.5 0.45 0.45 0.45 0.0
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Table 7-5 Summary of reservoir properties for the two-dimensional BSB oil

displacement

Dimensions (ft)
LengthxWidthxThickness
Grid Number
€ €& ¢
Grid Size (ft)
QuQwQd
Datum (ft)
Permeability (md)
O 0 U
Relative Permeability Model
Endpoint@Q Q@ 0Q Q
Residual saturation i
ExponentQ Q Q Q
Porosity
Rock Compressibility (p3)
Initial Temperature®F)
Initial Pressure (psia)
Initial Water Saturation
Injected Composition
CO, C Co3 Cse Cras
Cie27 Cos+
Injection Rate (SCF/day)
Production Pressure (psia)
Final Time (day)

14

i

600x20%x20

30x1x10

20 20 2
975

500 500 10
Corey

0.574 0.278 0.278 0.365
0.16 0.0 0.0 0.2
3.0 6.89 6.89 2.7

0.3
5x10°
105
7001100
0.2

1.0 0.0 0.0 0.0 O.
0.0 0.0

5x10*

Initial pressure

200
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Figure 7-3 Saturation profiles at 0.8 HCPVI and 900 psiafor the one-dimensional 312
SCF/BBL recombined Wassomil displacement byCO2
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Figure 7-4 Saturation profiles at 0.8 HCPVI and 1,100 psiafor the one-dimensional 312
SCF/BBL recombined Wassoril displacement byCO2
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SCF/BBL recombined Wassomil displacement byCO2
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Figure 7-6 Massdensity profiles at 0.8 HCPVI and 900 psiafor the one-dimensional 312
SCF/BBL recombined Wassoril displacement byCO2
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Figure 7-7 Massdensty profiles at 0.8 HCPVI and 1,100 psiafor the one-dimensional
312 SCF/BBLrecombined Wassoril displacement byCO:2
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Figure 7-8 Massdensity profiles at 0.8 HCPVI and 1,300 psiafor the one-dimensional
312 SCF/BBL recombined Wassormil displacement byCO:
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Figure 7-9a Cs distribution at 0.8 HCPVI and 900 psiafor the one-dimensional 312
SCF/BBL recombined Wassomil displacement byCO2
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Figure 7-19 Saturation profiles at 0.8 HCPVI and 1,300 psiafor the one-dimensional 602
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Figure 7-20 Massdensity profiles at 0.8 HCPVI and 900 psiafor the one-dimensional
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70
——0il

60 H
—=—(Gas
——2nd Liquid

=0 ——Aqueous

W
o

Mass Density (Ibs/cu ft)
ey
X
<
L

[
o

Dimensionless Distance

Figure 7-21 Massdensity profiles at 0.8 HCPVI and 1,100 psiafor the one-dimensiond
602 SCF/BBL recombined Wassormil displacementby CO:2

136




70 ‘

——0il
60
—=—@as
——2nd Liquid
£ 50 —— Aqueous
= JPPPPOOUC . e n e aenennstanii A DA
7: WW e ‘M
£ 40
S
z
w
g
s
Z
=z, 1\

./l-’

10 1
0

0 0.1 0.2 0.3 04 0.5 0.6 07 0.8 09

]

[

Dimensionless Distance

Figure 7-22 Massdensity profiles at 0.8 HCPVI and 1,300 psiafor the one-dimensional
602 SCF/BBL recombined Wassoril displacementby CO2
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Figure 7-26 Oil recovery for the one-dimensional 312 SCF/BBL recombined Wassoroil
displacementby WAG
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Figure 7-27 Saturation profiles at 0.5 HCPVI and 1,100 psiafor the one-dimensional 312
SCF/BBL recombined Wassomil displacementby WAG
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Figure 7-28 Saturation profiles at 0.75HCPVI and 1,100 psiafor the one-dimensional
312 SCF/BBL recombined Wassoril displacementby WAG
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Figure 7-29 Saturation profiles at 1.0HCPVI and 1,100 psiafor the one-dimensional 312
SCF/BBL recombined Wassomil displacementby WAG

0.9 -

08 P

(=]
~
\
N
N

\
NN

=}
@
\\

o

i
N
N

Recovery Factor
o
\
N\

03 S

/ - - WAG
0.2 -+
yd — -co2

P
0.1 v

0 0.3 0.6 09 12 15

Hydrocarbon Pore Volume Injected

Figure 7-30 Oil recovery for the one-dimensional602 SCF/BBL recombined Wassoroil
displacementby WAG
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Figure 7-31 Saturation profiles at 0.5 HCPVI and 1,100 psiafor the one-dimensional 602
SCF/BBL recombined Wassomil displacementby WAG
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Figure 7-32 Saturation profiles at 0.75HCPVI and 1,100 psiafor the one-dimensional
602 SCF/BBL recombined Wassomil displacementby WAG
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Figure 7-33 Saturation profiles at 1.0HCPVI and 1,100 psiafor the one-dimensional 602
SCF/BBL recombined Wassomil displacementby WAG
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Figure 7-34 Discretizedgridblocks and well locations forfor the two-dimensional BSB
oil displacementby COz2
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Figure 7-35Oil recovery for the two-dimensional BSB oil displacement
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Figure 7-38 Gas saturation profilesfor the two-dimensional BSB oil displacementby
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Figure 7-40a Cs-6 distribution at 0.6 HCPVI for the two-dimensionalBSB ol
displacement by CQ at 700 psia
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Cr.1s distribution in the oil phase

Cr.1s distribution in the gas phase

Figure 7-40b Cr-1s distribution at 0.6 HCPVI for the two-dimensionalBSB ol
displacement by CQ at 700 psia

158




















































































