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Abstract

The solvetb ased huf f das beerpused tvith gread stessin hedsyitih CO

as the solvent. The aim of this work was to explore the use of natural gas as a solvent in the huff
6 n6 pu fahdappty this tehe Hibernia reservoir byreating a numerical reservoir simaat

to complete this study. A orsimensional compositional reservoir model was created using
MATLAB. The simulator was developed to be able to use a Cartesian as well as rantdihebe

system, allowing for simulation of multiple processes which aidedea validation of the model.

The model uses a robust flash calculation which was tested against known experimentavalues,
were all fluid prediction modeld he reservoir flow was compared to known analytical solutions,
using both constantaite and costantpressure boundaries. This was done to ensure the simulator
could adequately handle the required boundar)

process.

Slim-tube experiments we simulated with Hibernia oilising realistic reservoir properties, in
order to determine the minimum miscibility pr.
puffprocessSi mul ati on of the huff O6nd pghasésfbutissuss s ucc
were encountered when simulating the puff phasgast found that it was not possible to model

the threepo hase huf f 6nbé puifménsiopat sincukatersthatiwas develepedo n e

Al t hough the huff 6 n denpodefledl usmg tieveloped sinvidagpthen ot a b |
simulator was validated on many different levels Hrate are many other usefulocesses that

can be simulatedsing thismodel It is also a great foundation for future work studying the huff

o0nod p many othegas injectiomprocesss
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Chapterll nt roducti on

1.1 Overview of Reservoir Simulation

Reservoir simulation isised across the oil and gas indudty solving reservoir engineering
problems (AbotKassemet al, 2013) These types of problems can cover all types ohiod gas
recovery processes. A reservoir simulator mathematically mtaelbehaviour of the physical

fluids in the reservoir, as well éise reservoir rock itself. This means that in order to simulate an

oil and gas reservoir, there first must be a mathematical model to describe the system. The
mathematical model is based on laws of conservation of mass, momentum, andAnergyd

Settai, 1979) The numerical model describing an oil and gas reservoir draws from the basic laws
governing fluid flow, and applies them to fluid flow in porous mediae development of the

mathematical modébr the work completed in this Thesssdescribedn detail inChapter 3

There are two types of reservoir simulatidack oil modelling and compositional modelling.
Black oil modelling was deveped first, as this is the simpler form of reservoir simulation. This
does not take into account the composition of the oil, but instead assumes only three major
components in a reservoir: water, oil, and ggpically, black oil modelling is used for metling

primary and secondary recoverjhis method has been used with great success in reservoir
simulation, and is still used today as it is adequate for modelling reaayery processes such as

water injection and immiscible gas injection.

Compositionakeservoirmodelling is used to model more complicated reservoir processes which
are referred to as tertiary recovery or enhanced oil recovery (Chen et al., 2006). The compositional
reservoir models each component of the reservoir fluid individually, sandeful in examining

complex processes such as miscible gas injection.



1.2 Purpose of Work

The purpose of this work is to examine the possibility of using the setvens e d huf f &6 no
processn conditions experienceaffshoreNewfoundland and specificdy to applythis process

to injector wells foimproved oil recoverylOR). IOR involves increasing the production of a well

after its production has begun to decline, which can include enhanced oil recovery (EOR)
techniquesEOR encompasses any process that increases oil production, whether it be field wide

or for a single wellResidual oilcan bdeft in the vicinity of an injector wellimiting gas injectivity

as well as leaving valuable oil unrecovered in the near wgtmeThe production of this residual

oil can be aided through the use ofthe soNe@ts ed huf f &éné puff proces:

The most common solvensed insolventb a s e d  h ui§ CQ. Whed rumqmingfthfe CEhuff
ondé puff pr oc ewlllsgenerallsbk provided dirediysfronCapipeliree from CQ
trucks In general there areno CQ pipelinesrunning to offshore facilitiestherefore CQ
availability becomesin issueThehuf f &éné puff process has rarel
usage before,buna CQhuf f o6né puff project @robdleméwasr e Vi e
the availability of CQ (Ha et al., 202). It can become quite costly to s®, offshore which

can render the processonomically unviable

This workexamineghe use of niral gas as the solvent for the saitbaselh uf f 6 ndé puf f |
in a light oil reservoirNatural gas has not been thoroughly studied for use in this process, and it

is readily available in an offshore environment which could improve the economisggfthis

processas well as provide a use for the natural gas produced in certain offshore environments.

Although much of the literature review is fort8&huf f o6né puff process, r



shown that some of the mechanisms which can ted@R could also apply to the natural gas huff

ond puff process.

1.3 Scope of Thesis

A comprehensive literature review was compleegardingt he huff &édndé puff pr
works. Through this literature revieknowledge was gained on how the procgesks and what

injection parameters are importanttotheproceds.e | i t erature review on t
is summarized irChapter 2 Campleting this thorough review gave insight to what work has

already been completed, as well as what would be useful to study.

In order to examine the possibility of usiagolventb ased huf f o6ndé puff pr oc
dimensionalisothermalcompositonal reservoir simulator was created in MATLAB simulate

the processThe description of how this model was creassautlined inChapter 3This involved

a very comprehensive study of reservoir simulation; many different textbooks were used to create

the mathematical model for compositiorrsar well reservoir simulation. A combination of

research into reservoir simulation and knowledge ofeg®nnumerical simulation and

programming was required to complete this model.

Themodel inputs and boundary conditions were determined through literature review, and

di fferent parameters were studied tuf deter min
process. The model ustwevaluatée he nat ur al g a salohgwfthfthe eesultis p u f f
and discussion amescribed irChapter 40Once the case studies weug,rthe conclusions and
recommendations fduture work were listed ihapter 5Figurel.1 shows a concept map of

the work completed in thisthesBh e wor k started with a |iteratu

process in parallel with a literature review of compositional reservoir simulation and numerical



simulation in MATLAB. Once knowledge on reservoir simulation in MATLAB was adequately

developedthe compositional reservoir simulatoasvcreatednd then validated. The literature
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Chapter2Li t eratupné HRwRdfefw Process

2.1 Background

When a well is shdih due to economic constraints, residuali®ikeft in the vicinity of the well.
Animprovel oil recovery [OR) process known asthesolvdnae s ed huf f o6né puf f ¢
used to extend the life of wells as they near the end of their economic life. This method has become
popular over recent yesmas it is easy to implement and generally does not require a large up front
capital commitmentas long as the well is equipped for gas ushigan be used as a typical EOR

process an@lso anlOR process for residual oil well cleanup. The solveasel huf f oO6ndé p
process involves three stages; injection, a-shyteriod, and mduction. There are various
mechanisms which contribute to tH@R of this process, these are described in the proceeding
section.The injection stage, known as the huff &t when the solvent is injected into the well.

The shutin period allows for the solvent to interact with the formation loils during this stage

that some of the mechanismslOR, such as oil swelling and oil viscosity reduction, take place

When he shuiin period is over, the well is returned to production, which is known as the puff
cycl e. Huff o6né puff is a cyclic solvent i nje
multiple times to increase the recovery factor. This process wsiksiagle well EOR anIOR

method.

The primary solventused inthesoldne s ed huf f 6 n 6 2gndirhiXturepaf©er e s s e s
with other components. G widely used in EOR, and it has been investigated in terms of EOR
since the hoheOPhsuf fAIGNhGo upguf f process wwas not
still used for other EOR methods. The phase behaviour efa@@® paraffin systems was studied

by Poettman and Katz (1945). The main mechanisms in whielt@@d contribute to EOR were

determined to be the swelling of oil, and the reduction of viscosity upon dissolutior @i @@



oil. These mechanisms caused miscible@® pl i cati ons t o become quit
as injecting CQunder miscible conditions allows for tiwghest solubility and increased mass

transfer between the G@nd the oil. Thermal EOR methods were also popular at this time, with
steam injection being widely used. Steam injection could be quite costly, and similar to miscible

CO; applications steam jaction could not penetrate deep enough to provide EOR for deeper wells

(Khatib et al., 1981).

One met hod of steam injection which was used
This involved injecting steam, allowing it to soak, and then priodpthe oil. As with most thermal

methods of EOR this was developed for use in heavy oil fields. The procedure used in the solvent
based huff 6né puff process is very similar t
puff process. The solvehtased huff o6ndé puff process was al s
oil fields. Solventb ased huff &éné puff was first seen in
patent did not describe the process as it is used today. Keith described angsction of a

mixture of CQ and steam, as at the time he believed steam may still be necessary to promote
desirable EOR. The solvehta s ed huf f &éné puff process as it
by Patton et al(1982. There are a few key diffences between the solvéemta s ed huf f &éno
process and miscible solvent flooding processes which had been used. Thelsalverea d huf f 6
puff processworks in a single wellwhere miscible floodings generallyinjected in one well,

producing oil fran another well sweeping the largerfield The huf f  sesdnjeqgianf f pr ¢
under immiscible conditions, whiallows the solvento propagateleepeiinto the reservoithan

what could be achieved through miscible floodifis enables the solvetat interact with more

formation oil, which in turn increases thecovery factor in the near well region.



22The Huf f 6nd Puff Process

The huff o6nd puff process was developed in o
generally used as a silegwell IOR method Thesolvent is injected in small treatments and does
not typically travel more tha®0 mfrom the injection well (Patton et al., 1982). There are three
stagestothe u f f  pimedtiorp andirf, and production. The injection staggolves injection
of the solvenunder immiscible conditions in order to bypass the oil angggate deep into the
reservoirthrough fingering and channeling (Liu et al., 2005). After the injection stage the drainage
area of thenearwell regionis presurized before the shiurt period. The shdin period is wherthe
flow into the well is shut off, which allowthe solventto soak into the formatioandoil and mass
transfer occursThe length of the shiilh period has been noted as an important pararretbe
huff &6ndé (Mah&nfmedSingb etals 2006)t can last up to several weeks (Liu et al.,
2005). Although theéhermodynamicconditiors for miscibility may not be met, theolventis
generally stillsoluble in the oil.The solubility of CQ in oil has been shown to increase with
pressure, as was studied by Barclay and Mishra (2016) when developing the following correlation
for COz solubility in light oils.

sol=(0.36913- 0.00106 )Ing ) +(0.01280 -0.0016! (2.1)

where sol is the solubility of CQas a mole fractianpis pressure in MRand T is temperature

in °C. Through this equation it is seen that the solubility of,@0Olight oils is logarithmically
proportional topressureAt low pressures only a small portion of the solvent will dissolve in the
oil, which is why it is important that the solvent contacts as much oil as possible through fingering
and channeling (Miller, 1990Diffusion can take a long time to reach equilibrjuwmhich is why

the shutin periodhas been thought to be an important facidter the well has been shint for

an adequate period of time it is returned to productiomellycing the pressure to operating

r
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condtions. The oil surrounding the wdihs now mixed with the lighter injection gas and is easier

to produce due to mechanisms discussed in the proceeding sedtien.th¢ well is returned to
operating conditions it will see an increase in oil recovery.sbiventbasech uf f 6éné puf f
can be repeated multiple times to produce the remaining residual oil left in the vicinity of the well
This process has shown to have an economically viable increase in oil recovery after up to 3 cycles
in the field(MohammedSingh et al., 2006)r'he number of cycles which are most favourable will

depend on the economics of the individual project.

2.3Mechanisms Contributing to EOR

There are many mechanisms that have been shown to contribute to the increase in oil recovery;

those which have shown to be common amongst the majority ohGOf f 6 waessgsaré f pr

(Liu et al., 2006MohammedSingh et al., 2006):

1. Oil swelling

2. Oil viscosity reduction
3. Gasrelative permeability ysteresis
4, Gaspenetration

5. Extraction of lighter components of oil by GO

Some mechanisms are common amobgsth miscible and immisciblEO, EOR methods such
as oil swellingand oil viscosity reducton These have been known si
examined in early CEEOR appliations. Other mechanisms which are uniguenoiscibleCO;

injectionare; the extraction of lighter components of oil by-@®d gas penetration.



2.3.10il Swelling

Swelling of oil has been noted to be an important recovery mechanism for e €O f 6 nd pu
process. Dissolution of G{n the formation oil can cause the oil to swell, which can led®@k

through mobilizing more oilWhen producing a twphase system, a higher oil swelling factor

will increase the oil phase saturation and leave less residliraltioe reservoir (Liu et al., 2005).

This effect is simulated through the equation of state flash calculation, described in3dc8on

2.3.20il Viscosity Reduction

Another mechanism contributin@R ofthe CQh uf f o0 n 6 poi Vistosity reductiens s i s
This is also caused by the dissolution of Q@0 the formation oil. This mechanism is common

to other CQ EOR processes as well, the reduced oil viscosity allows oil to flow more easily,
improves the mobility ratio and similarly to the oil swelling effect the reduction of viscosity will
reduce the residual oil saturation left in the reservoir (Liu et al.5)200 the simulator oil

viscosity is calculated based on compios thus as the oil composition changes the viscosity

accurately reflects these changes as described in s8ctidn

2.3.3Gas Relative Permeability Hysteresis

Dur i ng t hpeff processfrelative @ermeability hysteresis may be invoked during the
production phase. Through interactions between the injection gas and formation water during the
injection and shuin phase, the gasil relative permeability function may experientgsteresis

for the production phase (Liu et al., 2005). It has been noted during previous simulations that the
gas relative permeability hysteresis has been
processDenoyelle and Lemonnier, 198Maines ad Monger, 199D As mentioned irChapter 4

this mechanism is not included in this simulator due to complexity.



2.3.4Gas Penetration

TheCQhuff oO6nd6 puff process has been primarily
injecting the gas under immiscible conditions is that it allows the injection gas to penetrate much
deeper into the reservoir than what would occur during a miscifgetion. This allows the
injection gas to come into contact with, and thus dissolve into more formation oil. In successive
cycles of the huf §condinués toppenttfate further in® she reserkiog an@ O

contacting more and more formatioi (Khatib et al., 1981).

2.3.5Extraction of Lighter Components by COz

I n the huff 6nd puff process, the injection
formation oil, and produce an enriched gasture to produce some of these intermediate
componats from the reservoir. Liu et. al (2005) have noted that these intermediaries can go as
high as G when using C@ as the injection gas. They also noted that teeovery of these
componentgxtractedoy the injection gas can account for u2@%6 of the lgdrocarbon recovery

by mole fractionThis mechanism is modelled through the phase effects of injection gas coming

into contact with formation oil.

2.4 Previous Studies
Although the first field implementations of the solvbne s ed huf f o6 nd copdadf f pr o
in the 196006s (Pal mer et al ., 1986), the fir
(1984. Their study, along with other early studies, was aimed to understand the process and what
parametes affect the EOR of the proce3tie majoriy of studies have beaonductedising CQ,

with some examining the effect of using different solve@gerall the parameters which have
shown to have the greatest influence on the process are: injection p{&sswre and Torabi,

2012; Wang et al2013) injection ratgKarim et.a, 1992) injection volumgMonger and Coma,
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1988; Hsu and Brugman, 198@umber of cycle$Wang et al., 2013; Hsu and Brugman, 1986)
soaking time(Monger andComa, 1988)andtype of solvent usedQazvini Firouz and Tabi,

2012; Sayegh et al., 1984)

2.4.1Injection Pressure

The solvent based huff o6né puff pr oceStudiesi s t yp
have examined this proceaser various ranges of miscibility, and have shown that in general
immiscide injection provides better EOR than miscible injectiofight oil (Monger and Coma,
1988;Monger et al., 1991)n these studies core floods were completed to examine the difference
between injection o€0, under miscible and immiscible conditions, ahdas determined that
injecting under near miscible conditions produced the best resulitidies where all trials were

done under immiscible conditions, an increased injection pressure provided better oil remrovery
both heavy oil(Firouz and Torabi, 2012and light oil (Wang et al., 2013under laboratory
conditions CO; mixing with formation oil is necessary for improved oil recovery, and the
solubility of CQyin 0il is a function of pressuis described by equati¢al1). Thehigher pressure

allows more solvent to dissolve in the formatiah which improves oil recovery as noted by
Asghari and Torabi (2007) where theyrana f f 6 n 6 p injecting@O¢ip asftin tabe n t
filled with normal decaneat different operating pressures. It was shown in their slim tube
experiment that higher pressure (above the MMP) provided the best recovery factor, but even when
operating blow the MMPan increase in pressure improved the recovery factbenihcreasing

the operating pressure from 250 psi to 750(lpsth below the MMPjhey saw an improvement

of 14% in the recovery factor.

11



2.4.2Injection Rate

One of the mechaniswhich enhances oil recovery ofthesolvbna s ed huf f o6né puf
gas penetration, where a higher injection rate would lead to higher igesgten. Karim et. al

(1992)st udi ed the effect of i nj eTbi$ dudywascompletedon t h
on 6 ft long, 2 in diameter cores of consolidated Berea sandsteras. determined that an optimal

injection rate was 140 cc/h. Injection rates which were higher and lower than this number were
tested, but 140 cc/h yielded the best rasiilhis study showed that lower injection rates caused

the solvent to stay close to the injection site which negatively affected EOR, but when injection
rates reached levels which were too high they negatively affected gas utilizgéotion rate was

also studied by Wang et a{2013) This study showed similar results libé results wereot as
measurable, which may have been attributed to the study being completed on a low permeability

reservoir.

2.4.3Injection Volume

An obvious parameter affectimplvet based huff o6né puff process
larger the volume of solvent injected, the more solvent which will be in contact with formation oil

to promote EOR. This has been shown experimentally (Monger and Coma, 1988), as well as in a
puresimulation study (Hsu and Brugman, 1986). In the simulation diydysu and Brugmait

was shown that injection volume is the most important parameter affecting the increased oll
recovery.Although an increase in injection volume positively affects aibvery, it negatively

affects gas utilization therefore needs to be optimized depending on the economics of a project.

2.4.4Number of Cycles

The optimal number of cycles to be used for a solased process can be difficultdetermine.

It has been shown than general the incremental increased oil recoadditional oil recovery

12



per cycle)drops after each cycle, through experimental studies (Wang et al., 2013) as well as
simulation studies (Hsu and Brugman, 1986). However, it has been noted in gmojbetrthat
the peak oil production was after th& and 3 cycles (@zvini Firouz and Torabi, 2012The
optimal number of cycles depends on the individigltl, as well as economics afsingthe

solventbased huff o6ndéd puff process.

2.4.5Soaking Time

Similarly to the number of cycles, the optimal soaking time can be difficult to determine. There
have been some disagreements found iferdiht studies. Sayegh and Ma(ttB84) found that
increasing the soaking time did not significantly improve oil recowehgre Monger and Coma
(1988) found that runs with a soak period produced more oil than runs without a soak period. In
terms of increasing soaking time, it has been shown that differences in soak times do not have a
significant change on oil recovery. Expeentally, (Firouz and Torabi, 2012) when changing the

soak time from 24 to 48 hoyrg was shown that it did not significantly improvee overall
recovery factor. Through simulatighisu and Brugman, 1986), it was shown that increasing the
soak time fron 5 to 40 days did not have a significant increase on oil recovery. In tha Belak

period is typically used when employingthesolvera s ed huf f &énd puff proc:
projects showed that a soak period of 2 to 3 weeks could producechsomas longer soak
periods (Haskin and Alston, 1989), and a study on projects in Louisiana and Kentucky showed
that the optimal soak period was 1 month (Thomas and Mavig€ture, 1991). The optimal soak

period depends on fields well as the economiosusing the solveAdb as ed huf f 6nd pu

2.4.6Solvents

Although CQ is the most popular solvent used in the soNests ed huff &énd puff
solvents have been tested with varying reslitthe early stages ofthe solvdmta s e d hfa f f 6 n 6
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processorganic solvents were also tested for heavy oil stimulation, but these lacked cost
effectiveness. This is due to their inability to propagate deep into the reservoir (Patton et al., 1982).
In the 1969 US patent, Keith submittedrious EOR methas which were used at the time, one of
which being an inert gals u f f 6 Thé inept gds EOR methagsed a gasomposition of
typically 11%15% CQ and 89%85% Nb. Keith proposed that using pure €@ould provide

better EORhan the inert gas

In studies in more recent yeat$as been shown that indeed goducedetter results thanN

for heavy oils (Qazvini Firouz and Torabi, 20Bayegh et al., 1984), which is what the process

was originally intended for. Liu et &2005)showed that C&causes more swelling tharp,Nas

well as a greater decrease in viscosity of the oil, which are two of the mehanismghat
contribute to the EORThisis due tothe Highefr Jolubdity GF G@ u f f pr

the oil.

Another solventwhichas been studied for use in the solwv
gas, although it has not been studied as extensively asi@N. A study on heavy oil (Firouz

and Torabi, 2012) compared using pure methane againste€®ell as other hydcarbors with

COp mixtures. This study concluded that £@ovides greater EOR than pure methane, but some
mixtures of CQ and hydrocarbons can produce similar results to using puseSt@yegi et al.
(1996)studiedight oil comparing the use of pure thane and Bagainst CQ, as well as mixtures

of CO; with methane. This study determined that>G@d methane produce roughly the same

recovery factors, Nonly recovered half the oil that was recovered using @®nethane

There have also been a fewdis examining the use of only natural gas for the solvent based huff

6nd puf Hanesranddverggl990)completed a studwhich focused solely on natural
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gasforthe sohentb ased huf f  dmsistugy used natpral gas as a solvettenhuff

oné puff process in a light oil reservoir aft
a field scale modehis study showedhat natural gas can provide favourable EOR in light o

fields. The natural gas was injected under immiscible conditions similar {G@agrocessThe

operational parameters affected the process in the same way as th@€3swith the injection

volume being an important parametdfeating the incremental oil cevery. Many of the same

recovery mechanisnsich as oil swelling and oil viscosity reduction were noted to have an effect

on oil recovery during the natural gas process, which is similar to what has been se€dOp the
processT he nat ur a luff garess wasitésted i thedfieldoin Brazil (Lino, 1994). The
purpose of this study was to substitute the@@ f f 6énd puff process with
process applicable to a larger number of projects. The process was tested on varioughwells
different injection volumes and different soak times. The results showed that most wells had a
positive incremental oil recovery while some had a negative incremental oil recovery, with the
overall conclusion being that cyclic natural gas injectioa omising method to replacO;,

injection where it is not feasible due to thgensive costsf using CQ in certain scenarios, such

as operations offshore.

The previous studies mentioned using natural gas for the solvent basei muff ppocessf

applied to light oils. udies have also been completed on heavy oils, which are what the process

was originally intended foA study byWenlong et al. (2008) completed adaatoryexperiment

to determine how natural gas can dissolve in the heavy oil to decrease oil viscosity and increase

oi |l flow. The use of the huff o6nd puff proces
enhanced oil recovery from a single wibltoughsimilar mechanisms discussed previously such

as reduction in viscosity and oil swellingnother studyexamined the use of the natural gas huff

15



ond puff pr oc e s sprotuctiommaa heavyail reserddBua amghang, 2014).
This studyalso showed that natural gas cyclic injectiomprovedoil recovery by creating foamy

oil.

16



ChapterSMet hogol og

This section providethe methodology used to creatawmerical reservoir simulation mod&{

system of equations was developed to describe the reskelaviour, andhese equations were
implemented in MATLAB to create anedimensionalcompositional reservoir simulatofhe

work flow for the development of this model is showrFigure3.1, there are three main pieces

to this model: a numerical set of equations to model fluid flow in the reservoir, fluid property
models, and well models. The numerical set of equations to model compositionabfiuid the
reservoir employs finite difference approximatiorfSinite difference approximations are
commonly used in reservoir engineering to approximatelinear equationsBy solving for the
pressure in each grid block across the reservoir model ithpglithe rest of the reservoir
parameters can be updated explicitly in what is known as an implicit pressure epptigdsition

and saturation (IMPES) method. This methods well as the detailed solution method of the
compositional simulator is describaddetail in sectior8.3, which also provides flow charts for

the simulator inFigure 3.7 and Figure 3.8. The fluid property models encompass how the
properties of the fluids in the reservoir change due to changes in the reservoir. These fluid property
models are described in detail in section 3.4. The well models in a one dimensional radial model
can be thoughof as the boundary conditions for the model, boundary conditions are required in
numerical simulations to model the boundary of the reservoir being simulated. These can either be
modelled as real wells (such as at the injection/ production point) calwvalls between the area
being simulated and the rest of the reservoir. The well models are described in sectidMith3.4.

all these pieces together to form the compositional numerical reservoir simulator, the model was

then validated in section 3.5.
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Figure 3.17 Work Flow of Model Development

3.1 Compositional Modeling Equations

The simpler form of reservoir modelling is referred to as black oil modelling. In black oil

modelling there are only three components, water and the two hydrocarbon components of oil and

gas.Black oil models only have two hydrocarbon components, oil asdtgerefore mass transfer

only occurs between the oil and gas phalsesompositional modelling the hydrocarbons are split

into multiple components, and these components transfer mass between the oil and gas phase.

Therefore, the compositional modelbased on the conservation of mass of each component.

Compositional modelling igypically used for gas injection processes any proceswhere it is

thought that intephase mass transfer may affect the reservoir modelling.
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The equatios for the consemation of mass athe water and hydrocarbon components are listed in

equationg3.1) and(3.2) respectivelyKazemi et al., 1978)

W(f fN)Jr pv;qN) 4, (3.1)

N | | 3.2

W7zl &5 % D, (o i '599}(%% Ao G >
t K
i:1’2,...NC!

where x, is molar density,S, is a -phasesaturation,x,, is mole fraction of componentin phase
¢, g, is molarflow rate andu, is volumetric fluxrepresenteth onedimensiorby Dar cy 0 s
equation(3.3):

kKa éMpéz (33)
= — & a=w,o4d,
m ¢ KX

a

where k is rock permeability k., is relative permeability/n is viscosity and p, is pressure.

Due to the fact that fluid flow is assumed to be slow relative to thephigse thermodynamic
change, the reservos assumed to be gquilibrium at all timegChen et al., 2006 Equilibrium

relations are listed in equatio(®4)-(3.8).

fio = fig (34)
_ XS (3.5)
XS+ ¥g
— ngg (3'6)
xS+ S
z=x%L#V, (3.7
_ Xq (3.8
L X
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where f is the fugacity,Lis the liquid molefraction of the hydrocarbond/ is the vapor rale
fraction of the hydrocarbong,is the total mole fraction of componentandK; is the equilibrium

ratio of vapor to liquid in componeint Equation(3.4) is the fugacity relationship, that shows that

it is assumed that each component isaatilibrium in both the oil and gas phases. Equatii)

and equatior(3.6) respectively are used to determine the liquid and vapor mole fraction based on
phase saturations and molar densitigguation(3.7) is used to determine the total mole fraction

of a component from its liquid and vapor pafiise constraint equations are as follows:

Ne o Ne o Ne (39
az=ax =a I,
i=1 i3 i E
L+V 4, (3.10
Ss+S +§ E, (311
Pu=P Row: (3.12)
pg = po +F():og 1 (313)

where 0 and0 are oilwater and gasil capillary pressures respectiveljhese constraint
eqguations are used for determining water and gas pressures from the oil pressure, (8dLtion

and equatior{3.13), and also to constrain that the summation of all mole fractheses, and
saturations is equal to unit@ombining the fluid flow equations with the equilibrium relations and

the constraint equations provides a system of equations which can be used to compositionally

model a reservoir.

3.2Numerical Reservoir Modelling
Numerical reservoir simulation typically employs aiterdifference approach to solvihe

differential equations involved in the mass transfer and flawd. This allows the reservoir to be
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divided into grid blocks for simulation, which is known as diszetion in space The general

method of discretization in spahas beeis shown inFigure3.2 (Aziz and Settari, 1979)

AXj-l/Z

ij+1/2

° ° °
i1 i i1
Xj1 Xj Xj+1

AXj-l AXJ AXjJrl

Fy

Figure 3.27 General Discretization in Space

¥
Fy

Two common methods spacediscretizatiorare the pointistributedgrid (FDG) and the block

centered grid (BCG) approach, which are illustratdeignire3.3 andFigure3.4 respectivel\fAziz

and Settari, 1979)

X4

Ax=L/(J-1)
+ o o o +
0 1 2 3 4
Xp Xy X2 X3
. n >

Figure 3.3 7 Point-Distributed Grid
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Figure 3.47 Block-Centered Grid

In this figure L is the length of the modeand J is the total number of grid block3hese
illustrations show theliscretization of a uniform grid, but either method can be extended to an
irregular grid. In both methods the properties of the reservoir block are assumed to be acting in
the center of the block, but for the PDG method the boundary blocks are onlkylbalj@aompared

to the BCG method. This allows the properties to be acting directly at the boundary when using
the PDG method. The modael this thesigequiresthe use of an irregular grid (radial), for which

the PDG method is more suited (Aziz and Setl&79).

The compositional numerical simulator was programmed to be able to use each of these types of
discretization. There are two commomordinatesystems used in reservoir simulation, Cartesian

and radial . Since t hnmodd,thispapedfacaseson thef devielspmentos i n g |
the equations in radial geometry, although the simulator was programmed to also use Cartesian
geometry for some validation workigure3.5 andFigure3.6 show a visual representation of each

co-ordinate system in one dimension, respectively.
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Az

Figure 3.57 Cartesian Geometry(1-D)

When using Cartesian geometix is the length of each grid blocRy is the height andDzis the

depth. The length of each grid block can be spaced uniformly or irregularly.

P r-axis

Figure 3.6 7 Radial Geometry(1-D)
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In order to create a radial grid, the grid blosksuldbe spaced logarithmically (Aziz and Settari,

1979).The grid block center radius,, and grid block interface radius. ,, are calculated from

equationg3.14) and(3.15) respectively, andzis the grid block depth.

o 1/(J- 1)

r, o :
r,-+1=r,-aer2 o j=12,.Jd;n=r, (3.14)
Clw =
M-, (3.15)
r. =)= 1
j+1/2 ’
In(r,,,/r,)

wherer, is the drainage radius,, is the wellbore radiysindJ is the total number of gridlocks

3.3Numerical Compositional Model

This section provides the numerical solution to adingensional radial compositional mod&he
model was developed for Cartesian-ardinates as well fotesting purposes, therefore the
differences needed to convert the radial model to a Cartesian model are alsbHistgcthulation
process requires the user to set an initial reservoir pressure, composition, temperature, and
boundary conditionsThe modeluses aitMPECSmethod, which means at each time step in each
grid block the pressure is calculated implicitly, and the concentrations and satu@atiothen
updated explicitlyAs discussed in sectidh3.1the formulation of the pressure equation is based
off a method developed by Nghiem et al. (198hyrough a flash calculatiofiescribed in detail

in section3.4.3 the liquid vapor split of each component in each grid block is determined, and
with this information viscosity, saturation, relative pernmdéty, capillary pressure and
transmissibiliy are computed in that ordefhe pressure equation is updated with the new
parametersand through a NewteRaphson iteration this process is repeated until the new pressure

across the system has been fourtee Summary of theverallsolution process is shown kigure
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3.7 and the flow chart for the iteration process is showigure 3.8. Appendix B has fully

discretized versions of the necessary equations.

An initial reservoirpressure and oil composition are provided to the simulator, then all initial

reservoir properties are calculated frdmere At each time stefp, is solved using the Newten

Raphson iterative process, which then provides the newredsure. With this oil pressure

reservoir properties are updated for each time step.

The iteration proced®r solving pressure at each time sbggins with a guessed value pf™**
(first guess isp,"), thenthe terative process for solving fdPp, takes place as shown in Figure

3.8 At the end of each iteration the pressure condition is checked to see if convergence has been
achievedlf convergence has not been achieved, the iteratios again until either the solution

has converged or the maximum number of iterations has been reached
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Model Initialization

Initial p_, z, (Provided)
Calculate initial;

& (3.38/3.39), x_, (3.89/3.90), 1, (3.71/3.113),
S_ (3.55-3.57), k_ (3.75-3.79)

Iterative Solution

Update:
27 (3.53), £,” (3.38/3.39), x,." (3.89/3.90),

1" (3.71/3.113), 5" (3.55-3.57), k" (3.75-3.79)

Y

Calculate flow parameters T," (3.17)

Y

Calculate p,™" using iteration loop in Figure 3.8

Figure 3.771 Overall Solution Process Flow Chart
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Initialize Iteration

Let p,'=p,"
Calculate:
z! (3.53), £ (3.38/3.39), x' (3.89/3.90),
w (3.71/3.113), S.' (3.55-3.57), k' (3.75-3.79)

Newton Raphson Iteration

Y

F

=)

1
Let T,'=T,", Calculate [GWJ
Gpa

h

Hiap, =&
Where R'is residual pressure equation, H' is

approximation to Jacobian of R’

h 4

Solve Ap, using direct elimination

Y

pt=p T =p'+Ap,

Y

[=1+1
Update:
z! (3.53), £, (3.38/3.39), x.' (3.89/3.90),
w,' (3.71/3.113), S ' (3.55-3.57), k. (3.75-3.79)

A

I+l i

P, — B

b,

If < &, break loop

Figure 3.87 Iteration Process Flow Chart
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The model begins with the conservation of mass equaamming equatior{3.2) over al

components and applying the equilibrium relations gives:

(| g«s:;gsg]) , (uoqe;l L (3.16)

Phaseransmissibility is defined as follaav

T = KkaX, (3.17)
a nz !

where the relative permeability of each phase is calculzed theCorey modelsee section
3.4.9 or tabulated dataombined withthe standard Eclip§emodel Schlumberger, 20)4as
described in sectio.4.2 Applying the definiton of transmissibility, and using radial co-
ordinate systerequationg3.1) and(3.16) yield:

. (3.18)

and
ML &S, +,8) 1p €aw, 6. & RUO. @ (319
- dT = FTyee— & OF
= rpg CEruE e Wy

which describe the water and oil/gas material balance, respectiplgtions(3.18) and(3.19)
areadded together to form the pressure equadereloped in sectio.3.1 which can then be
solved implicitly for pressure in the systaimthe phase transmissibilities and viscosities are
evaluated explicitly at the previous time step as done imailicit pressire explicit saturation

(IMPES) or IMPECS formulationin order to use a Cartesian-oalinate system, any places in

lpe_&am o H eT am o
the model that use-— T, & should be replaced by-gal, ==
AT & & m 2
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3.3.1Formulation of the Pressure Equation

There have beema few methods suggested in literature to solve the compositional pressure
equation. The method used here is an alteration of the matbgested by Ngkim et al. (1981)

in which they reviewed a method suggested by Kazemi et al. (1978), aedsorae variations in
order to improve numerical stability. &inmethod allows for an iterative process to be applied to

the pressure matrix which can be solvedtigh direckelimination.

Applying equationg3.12) and (3.13) and nultiplying the conservation of water equation by a

constant parameatey and adding it to the conservation of hydrocarbons yields:

WY 118 AW, R 5& pu Ry 60 _ (3.20
e, o R O e H B O g7 d, @
o ropg Frp o ople -%g TR °
where
y=q8, *.% S (3.21)

The numerical modelling of the well terms is described in se&i8/8 Equation(3.20) is now
the pressure equation which can be solveddprThe water equation is multiplied by the scaling

factor g in order to convert moles of water to moles of hydrocarbon. This scaling factor is

calculated from:

XSt A5 (322
_)(W(SO+ %) . .

Using this scalingdctor helps in convergence (Nghm et al., 198). This scaling factor can be
evaluated at any timand is not updated throughout the solution madehis model it is evaluated

att =0, and kept fixed thereafter.
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3.3.2Implicit Solution to the Pressure Equation

The pressure equation can be solved figrby discretization. First, the discretization in time of

theaccumulatiorterm 7 yyields:

HE ) _ 1o ps n (3.23
T AR

where Dt is the time step, amsliperscriph refers to the interval of time. The time step is chosen

through theCourantFriedrichsLewy condition (CFL), which states that

o DX (3.24)
u

whereu is total volumetric flux. Tie time step must be less than the length interval divided by the
magnitude of the velocity (Courant et, dl967).It is important to note that for a radial model the
time step must be chosen for the smalbesitrol volume in order to ensure convergence. As the
reservoir blocks get closer to the wellbore the blocks get progressively smaller, therefore the time
step will typically be smaller than when using CartesianrciinatesThenext step is to discretz

in spaceusing either the BCG or the PDdescribed in sectioB.2 The subscriptj refers to the
center of the grid block, and the subscrjgtl/ 2 refers to the intedce between grid block§he

discretization of oil pressure in space is taken from the method for discretization of a cylindrical
radial grid by Azizand Settari (1979). Combining this with the discretization in time of the

accumulation term provides thellfy discretized pressure equation:

e, e n n+l _ n) _ n nt n n n _n g
1 grwj_uz ( poj 1 F()IOVY 1 ) (Tvy 1o :FW 1/2) ( pp F?:ojw ) -Ij-W-I;J2+( Po 1+ F():pwl )+ l:l
[ n n+l n nt n n [
% -groj-uz P | (-Tq -r‘?+uz) p‘? -I; +v?r R’ 1+ 8 !
1

+eT" “(po__'”l w }”) (_Tgw Ta-uz)n( an+1+Pcogjn) -Fr@ljwzn(p?amL H-')col‘%l 3”) 8: (325)
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whereV, is the grid block volume anfdr a radial ceordinate system

r,.,0Z 3.26
Taj+u2 = Zp 2 Téf ! and ( )
M= T
S 2pr;.,,0z T (3.27)
j-vu2 rJ - rj_l gqa
For a Cartesian cordinate system:
- 2 T, “and (3.28)
e Xt % v2 X 32 X w
Dy P D
T = 2 T (3.29
A2 Xz~ X 2 o X w2 "X 12 ke
Dy 2 P D

As is typical with an IMPES solution method, the transmissibilitiesastuated at the previous
time stepn, and with a small enough time stépe capillary pressures can also be evaluated at
the previous time stem. The oil pressure must be evaluated at tstep n+1. The following

parameterare used to simplify the system:

D= qTWj+1/2 O w2 9 w !’ (330)
E = qTWj-uz 0 a2 G w ! (331)
F= D E, (3.32

whereD, E, andF are parametenssed to make the system of equations more readable.

Applying thesesimplificationsto equaibn (3.25) gives what is known as the residyméssure

equation which is:
R(R™=ER.* +6p"" By, (&R, FB," §e,) G

Vr A n+ no
+(Ej Fg,ogj_ln +Fj Fc):ogn Bj F():ogin) q'qvjv Op+ Gg +Hg- f X ' ( J]'J/
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whereR is the residual of the pressure equationorder to solve for the values at the-1 time-
step, an iterative process must be employ€hdis system is notinear in the primary variables
therefore the NewtonRaphson method is used for iteration to linearize the variabadisng |
represent the iteratidevelin the NewtorRaphson iteration, for a general variable

Un+10 bi — IU + (334)
rearranging shows:

Du =4+ - (3.39

Applying this to oil pressure yields:

n+l o [ 3

P, P, * =p, +pJ (3.36)

A Taylor expansion can hesed on the nelinearaccumulatiorterm (f y)”l:

|
FARC f(B)*t = (Y &2 s,
¢HR =+
W : -
where—— can be approximated as (Ngh et al., 1981) :
o I o ! 3.39
auy © / X, (
W & qgaux +5 M s
¢l + ¢ B Pt o
Molar densities and porosity are related to oil pressure through equaie®)s(3.41):
f=1 € ), (3:39)
Xy = &I € Py P (3.40)
X, = Po a=o,qg, (341
Z, RT
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where the* superscript indicates parameter taken at time zetg is the rock compressibility,

is the water compressibilityZ, is the phase compressibility factdR is the universal gas

w

apf y

constant, and is temperaturdJsing equatior§3.38), aellPT (can now be evaluadeas:
¢Ho -
! (342
Ayf y 0 o g !
e o-Cf Y +'EBSEG . X8 §F
G p'po % po w ‘
where
3 (3.43
WX, _ S@ P, K, a=og
HP, RTZEI C Za B

The accumulation terrflf )&'ﬂ is now a function which is linear ibp, . The expanded form of

S‘e‘”—J’ (is as follows

¢ HP
°ufy|~ 1 ap wz, 9.1 pakZ | 349
&— & VY +'BSE . a2 1 8,
¢cHo =+ % RTZD Zoufa 2 RTZ ?p |

Applying equation(3.36) to equation(3.33) creates a linear systewhich can be solved fobp,
over each iterationChe linear system is shown in equat{@m5):

H'Dp, = R, (3.45)
where R is the residual function iaquation(3.33) andH' is an approximation to the Jacobian of

R'. The matrixH' can be evaluated through the following equations:

3 i’ e ! o ~ (3.46)
(0] a (e}
Hul :RI _q l'lqw 0 } @) qlqg - |ny ,
cHh, = B +Plc BH
H. '=D! (3.47)



i(j-1

The value of"™%. for various types of wells is described in secaB 3 For simplification of the
HB,

systemthe constanG is definedas:

| I | |
fug, 6 R & o (3.49)
G|:F|Jqqu(.j,% qu,gaeH.J/_
cHhb = B +Ptc BH

The model hag grid blocks implementingequation(3.4

g

overtheselJ grid blocks, creates the

system of equations shown in equat{850):

(31|Dpol -I-D:I.I I@l :R
E/Dp, 16 B B pD R (3.50)
é
E/Dp, 4G B R-.

Equation(3.50) in matrix form yields:

aG' D & o -8

(5 S] . & O e

® ‘ & o0 e

%' G' D @p, 9 g

(53] . & 0

& : & 0o o (3.51)
2 E 6 & 2-B

and in expanded form :
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(352

_—
'

“8?3?6?698?88%.&3

This is a linear system with a-liagonal coefficient matrixThis system is solved usimtjrect
elimination The pressure in each grid block is then updated as follows:

P =P + (3.53)
The NewtornRaphson iteration process is continued until the convergence criteria shown in
equation(3.54) is met.

(3.54)

141
(0] l pO ¢

P

With p,"* compued, the pressure in each phase can be easily ugdatsathtime stepthrough

the given capillary pressure relations.

3.3.3Explicit Solution to Compositions and Saturations

Once the pressure has been implicitly solved, the compositions and saturations can then be updated

explicitly for the next iteration. Theotal mole fraction of componenit, z, is updated by

discretizing equatiofB.2) with respect to timeand applying the assumptions which yields:

0

1pe wrndW0, 0 wrod By By O ;
7ierxio To e > X T (=S J'Lf ( ¥ )
m_TH @ ¢ M 8 %o c e r Ugju t 6 AN i (3.55)

V. i
SICE 8

Z
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where the denominator can be approximated as seen in eg{8&6nby discretizing equation
(3.19) with respect to time:

%fl+l( 6604- g/aJ)I 1
(3.56)

With updated mole fractions of each component in each grid block, an equation of state flash
calculation carbe employed in each grid block to update the equilibrium ratios, phase mole
fractions of each component, overall mole fraction of each phase and molar densities. A detailed
description of the flash calculation is provided in sec8ah3 The viscosities are then updated

using the LohrenBray-Clark method (Lohrenz et al., 1964) whishdescribed in sectiodi4.4

The next step is to update the saturation of each phase. The water saturation is updated by

discretizing equatio(.18) with respect to time. This yields:

lpue_, P n (3.57)
= er FM’ d Q -Ff XS, ,
SNI+1 ryw e ¢c I re =
&f|+l X 1

By substituting equation§3.5) and (3.6) into equation(3.11) the equations for updating oil and
gas saturation are obtained, as shown in equa(Bs® and(3.59) respectively:
5 41 3.58
gn 8 1-S), (559
Tty

\ [+1
o8- 8)0 Ly, @
ooty g

(3.59)
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3.3.4Well Models

The molar flow rates for each phase can be calculated from eq(@80)) and the molar flow

rate of individual components can be calculated f(8®il) (Nghiem et al., 1981):

q, =xQ., (3.60)
0 =%X%Q gy ¥Q (361

where Q, is the volumetric flow rate of phase, and g, is the flow rate of componerit The

model can ecept constant flow rate wells, or constant bottorte pressure wells. These wells

can be injection or productiomells, as is described in the proceeding sections.

3.3.4.1Injection Wells

For constant flow rate wellstﬁ,inj Is specified. Br constantbottomhole pressure wells it is
calculated through equatid¢B.62) (Kazemi et al., 1978)
Q, = 1M (P, -P). (3.62)

where | is a shape factor fahewell, M is the mobility of the injection phase arg), is the

bottom hole pressure of the well. For constant rate vbjgﬂsis zero, and for constant bottemale

0

pressure welld e js:
HB,

- = -Iiana ’ (363)

3.3.4.2Production Wells

For constant flow rate welishase rateQaprod , can be calculated fromhe total rateQ,,, ,using

rod

equation(3.64):
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M
Qa prod == Qprod J (369
M T

where M; is the total mobility of fluids in the grid blocRhase rability is defined as:

K.
M, =—"=%. (3.65)
m
. Ha, L
Equationg3.66) and(3.67) can be used to calculate the valuglf and —=. This is similar
prod Ivlpo
to equationg3.62) and(3.63), with the difference being that the bottdrale pressure will be set

below the grid block pressure.

Qi = loeaM a(pbhpmd -po”ﬂ) : (3.66)
uqa rod (367)
—= -lproan .

HP,

3.4 Fluid Properties

In compositional modelling, there are many fluid properties which are functions of pressure and
require updating throughout the solution process. This section provides the detdhed osed

for updating each fluid propertizach of these fluid properties is updated at every iteration of the

pressuresquation.

3.4.1Water Properties
The compressibility and viscosity fdfrmationwater are both functions of pressure, temperature,

andsalinity. The compressibility of water is calculated as follosisg field unit{Danesh, 1998):
¢, =10° (C, «CT €T), (3.68)
wherec,, is the isothermal compressibility of water in"hsT is the temperature itF, v is the

salinity correction factor and:
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C, =3.8546 - 0.000138 , (3.69)
C,= 0.01052 +44.77 %0 p, (3.70
C,=3.9267310° «8.8 2d° p, (3.7

where p is in psi. The salinity correction factor is calculated through the following equation:
v =1+ 0052 (27 17 (@44 167¢ (@.121 fOT¥w, (3.72
wherew, is the salinity of the formation wat@as fraction)As previously mentioned, the viscosity

(cP) of formation water is also a function of pressure, temperature and salinity. The water viscosity

can be calculated as follows (Danesh, 1998):

_m (373
m=m—,
Mix

where m; is the water viscosity at atmospheric conditions. This is calculated through:

m,; =(109.574 - 8.40564, +0.31330F  +(8.72213 AN TH, (3.74)
where Tis in °F and:

D=1.12166 (2.63958 10w +(6.79461310W (3.79)
+(5.4711931C° W -(1.55586 3IDw)* '

To relate the viscosity of water from atmospheric conditions to reservoir conditions, the following
relationship is used:

M ~0.9994 +(4.0295 316 §  3.1062 Fopj (376)

M

where pis in psi.

3.4.2Relative Permeability Model

The threephase relative permeability model used in the simulation is the default model used in
EclipseE. This model is simple yet effective,

threephase permeability models. The basis of the model istthasumes that water and gas are
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completely segregated in a grid block, save from the connate water seen in the gashihase.

model treats the reservoir as if water and gas only flow relative to oil, and not eaclTbiber.
allows the relative permealties ofwater and gask,, andk, to be calculated through a typical
two-phase relative permeability curas a function of5_ (equal toS; + §,,) or through tabulated

data The relative permeability of oil is defined by:

=K T (S - S K 377
"’ $+8 -8

wherek_, is the relative permeability of oil to gak,,, is the relative permeability of oil to water,
and S, is the connate water saturation. It can be seen from this definition thatgyhea the

relative permeability of oil will only bequal tok.,,,, and whenS, = §,. the relative permeability
of oil will be k,,. The twephase functionsvhich can be used to complete thedative
permeability model ardescribed using the Corey modsl follows
‘ e1- s, -S,, ¥ (3.78)
ow — aowé—nN U
él_ SNC _S)rw U
2o 059 "% S 2
0g g S !
e 1- SNC _S)rg _§c g
=8 é—c o U
él_ SA/ _S\/c u
e S-S

A e S, S

(3.79)

(3.81)

o creF

whereg,,,, a,,, &,, anda, are constants which are the end point value for their respective relative

permeability curvess . is the critical gas saturation ang, n

og !

N,y ,andn, are the Corey model
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relative permeability exponentsThe Corey model was chosen for correlating relative

permeabilities as it is veiyopular in reservoir simulation.

3.4.3Equation of State Flash Calculations

For compositional modelling of hydrocarbon mixtures, equations of state (EOS) are typically used
to describe the volumetric behaviour and describe fluid phase behaviour (DaneshUs988y,

a two parameter cubic equation of state is used to dessulbecarbon systems. The first equation

of state of this type was developed byer Waals in 1873, since thetihers have taken the van

der Waals EOS and improved upon itvd common EOSused in the oil and gas industry are
SuaveRedlichKwong (SRK)arnd PengRobinson (PR)The SRK EOS was developed first, with
Peng and Robinson (1976) taking the SRK EOS and modifying the attraction parameter to improve
liquid density prediction (Danesh, 1998ni@the PR EOS$s used for modelling in this papers

it is more commonly used in reservoir simulation.

The PR equation of state takes the following f@fang and Robinson, 1976)

_RT a (3.82)
“v-b v+ Hv b’

where pis pressureRis the universal gas constaitis the temperatureyis the molar volume,

p

ais the attraction parameter ards the cevolume parameter. This can be applied to pure
components as well as mixtures. When dealing with mixtures the attraction pararaetethe
covolume parameterbare calculated through mixing rule$he mehod to perform flash
calculationgs an iterative processsing a two parameter EOS such as the PR, B@das been
described in detail bipanesh (1998). With a known hydrocarbon composition, fluid properties,
temperature and pressure, the phase behaveru be determined by first determinitige co-

volumeandattractionparaneters b and g, respectively, for each comporien
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_ 0.07779RT, (3.83)
P, ’
a=ag(l +ml I°°), (3.84)

with a; being a function ofag, m, andT, where:

N

0.45723%°T, 2 (3.89)
ag = 7 )
P
and
m =0.37464 +1.542@ -0.2699% , (3.86)
T =T/T, (3.87)

whereT_ and p, are the critical temperature andtical pressure respectively is the acentric

factorandT, is the reduced temperatusecomponent .

The next step is to determine the mole fractions of liquid and vapor in the mixture. This is done
through first estimating equilibrium ratios of each component using the Wilson correlation
(Wilson, 1969:

_p (3.89)

T,
K =—exp(5.37(1w )1 < ),
p T

where K, is the equilibriumratio of component . With the first estimation of the equilibrium

ratios the RachfortRice procedure described belogan then be used tcettrmine the mole
fractions of liquid and vapor in the mixturde. order to stay consistent withe notation typically
used in compositional reservoir modelling, liquid and vapor phases will henceforth be referred to
as oil and gas phases respectivilyorderThe RachforeRice equation states th&gchford and

Rice, 1952
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5 a(k-1 _g (389
i:11+(Ki '1)‘/

where Z is the composition of each componentaind V is the gassplit of the mixture The

RachfordRice equation can be solved using iterative methods toMfingvhich then allowshe

mole fractions of eacbomponent in eagbhasdo be determinethrouch equation$3.90)-(3.92):

L=1V, (3.90)
% = yA (3.9)
° 1+ (K, AV

Kz (3.92)
%o 714 (K, IV

where n°is the liquid split, X, is the mole fration of each component in the pihase and, is

the mole fraction of each component in the vapor phase.

With the mole fraction of each phakeown the overall athction and cevolume and attraction
parametergan now be calculateih each phase. Thequations for the overall emlume and
attraction parameteis each phasare:

N (3.93)
i=1
and
No N, (3.99
a=a Xin (1' kij)\/aia' )

izl j=1
wherebis the overall liquid cevolume parameterais the overall liquid attractioparameteand
k;is the binary interaction parameter between two componeatsl j. In terms of
compressibility, the PR EOS takes the form:

Z%- (1- B)Z*+(A- 2B- 3B*)Z- (AB- B*- B%) =0, (3.95

where
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__ap (3.96)

_bp (3.97)

where Z is the compressibility factor. Through numerical methods titnee roots of equation
(3.95) can be calculated. When calculating the compressibility factor of oil the lowest vaflie of
is taken, when calculating the compressibility factor of gas the highestofaltiés taken.The
next step is to check for equilibrium, meaning:

f=f , (3.98
where f;; is the oil fugacity of each component afg is the gas fugacity of each component. To

calculate the fugacities the following equation is used
fia :/|a>§ep’ a=0,9g, (399)
with:

/=22, - Iz, - 8,)- (3100

X]a(l k”a)\/am ja 7 +(1 \/_)

a g (z +(1++/2)B,

iz
s

>

.u‘

2)

o
Il\)
)
8 B B 3>

wherej/ ,is the fugacity coefficient for each componénEquation(3.101) is used to check for

equilibrium, and if equilibrium is not reached the equilibrium rakois updatedfor each

componentsing equatior3.102):

£ty g 10 (3.101)
=1 ig
s+l _ sjefi_ogs (3102)
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where s refers to the iteratiolevel of the flash calculatioriterations of equation@.89)-(3.102)
are repeated until equilibrium has been reacette equilibrium has been foutigé equilibrium

mole fractionsx,, and x, can be usedtdetermine the mixture properties.

Before using ie multiphase flash calculation the systisnfirst checked to see if it ia single
phase(Danesh, 1998 The stability check was proposed Michelsen(1982, and is used to

determine if the system will be a single phase or if the flash calculation is requiesthllowing
approach was presented Whitson and Brulé (2000¥irst the overall system fugacity, is
computed using them e equations listed above with the assumption of only one phase (hence

no need to iterate and update ¥1). Then a vapotlike second phase is createohd the second

phase mole numbers and mole fractions are computed throughlthégrfglequations

Y=2zK, (3.103
-4y (3.104

_Y (3.1209
Y g

whereY, is the vapotlike phase mole numbers ar&} is the sum of the vapdike phase mole

numbers. This system is iterated as described above, but the new iterédion for updating

equations are:

R = f, 1 (3.1006
fig S/
Ne 3.10
a(RZ_l)Z qﬂ_o—].O, ( D
i=1
where R is acorrection factor. Th&K values are then updated using equaf®h08).
K =K"R . (3.108

45



The iteration process is ternaited before convergence if thievial solutionis approached:

N 3.10
4 (nK)*¢10“, (3109
i=1

This process is repeated by creatiniquid-like second phase with equatiof®103) - (3.106)

being replaced by equatio(®110) - (3.113) respectively.

X =z/K, (3.110
s =4 % (3119
_X (3.112

X S
R= 1;_ s (3.113

where X, is the liquidlike phase mole numbers ar@l is the sum of the vapdike phase mole

numbers. The system is single phase stilie tests yields that botR, and § are less thal,

or if both tests yield trivial solutionsy if one test yields a trivial solution and the other test yields
a sum less than one. If none of these conditions are met, the system is considered to have two

phases and the two phase flash calculation described above is used.

3.4.4Hydrocarbon Viscosity Model

A method forcalculatingthe viscosity ohydrocarbormixtures was developed by Lohrenz, Bray
and Clark (1964), the method is commonly referred to as Bt \iscosity prediction method.
Jossi et al. (1962) first proposed a model for predicting thesitycof pure compounds, and
Lohrenz, Bray and Clark extended this to hydrocarbon mixtures. The equation for predicting
viscosity is:

g B HMO'Y & ap, ratira o8t (3119
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where r_ is the reduced density1] is the low pressure viscosity, is multiplied by viscosity to

make it dimensionless in the equation, anddhealues are the following constants:

a, =0.10230
a, =0.023364

a, =0.058533 |
a,= 90.04075¢
a, =0.009332¢

For hydrocarbon mixturesp? and / are calculated through equatiof@&115 and (3.116)

respectively:

(3.115

213 (3.116)

where MW is the molecular weight, angf is the single component low pressurecuisity
calculated through equati¢B.117):

mP =34 310°T°%// T ¢15
nf =17.78 310° (4.58 -1.67% y T >15 (3117
/. :Tl/GMw— 1/2P—2/3 .

Reduced density is calculatad:

Ne (3.118)
o\
r _ Ia::-l Xa Ci ’

[ v

a

wherev, is the critical molar volume of each component, anid the molar volume determined

from the EOS. The critical molar volume of the:@action can be calculated as:

a7



v, =13468+9.4404 *10MW, ~ 1726&0G_  4.4083 Ty Sg (3119

R(e

where SG. s the specific gravitpf the G+ fraction The units used in this correlation are K for

temperature, atm for pressunePas for viscosity, g/gmol for molecular weight and3mol for

volume.

3.4.5Hydrocarbon Interfacial Tension Model

The model used to predict interfacial tension between the oil and gas plessdsveloped by
Weinaug and Katz (1943) for hydrocarbon mixtures by extending the mehedopedby
Macleodand Sugderior pure components. The Weinaug and Katz method uses simple molar
averaging of the parachor (Dane$898) The equation for interféal tension between the oil and
gas phases can be seen in equdBdrR0):

ene

. 4
sog:éa F??i()go’é/ _)gg g’)/ E’

€i=1

(3.120

where P,; is the parachor of componeint

3.5 Validation of Model

Each component of the compositional reservoir simulator waslatati throughpublished
measured resulendthe reservoir flow in the simulateras validated through an analytical model.
First thefluid property models were validated. This included the equation of state flash calculation,
viscosity model, and hydrocarbon interfacial tension model. These nweles/alidated against
experimental and analytical solutions providedANT and Phase Behaviour of Petroleum
Reservoir Fluids(Danesh, 1998). Then the reservoir flow itself was validated. Both constant
pressure and constant rate boundaries were usedlfdation to ensure the model could handle
both.
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3.5.1Validation of Flash Calculation

The PR EOS is used for flash calculations in the reservoir simulation. The flash calculation model
was created as a function MATLAB . In order to validate the results of tflash calculation
MATLAB function, the outputs were compared with data providdeMm and Phase Behaviour

of Petroleum Reservoir Fluig®anesh, 1998). The author used an analytical methaahtplete

a flash calculation afvo-component reservoir fluid with known composition and experimentally
measured flash calculation outputs. This work was repeated to show that the flash calculation
function created iIMATLAB agrees withexperimental data. The reservoir fluid is produced
through a onstageseparator at 344.3 K and 6.895 MFable 3.1 shows the fluid composition,

andTable3.2 shows the flash calculation outputs using the different methods.

Table 3.17 Two Component Flash Calculation Function Validation Fluid Compositio

Component Mole Fraction
CL 0.60
NnCio 0.40

Table 3.27 Two Component Flash Calculation Function Validation Results

Results
Method of K K « « « «
Calculation ! 2 1o 20 19 29
Experimental 4.005 0.0027 | 0.2496 | 0.7504 0.998 0.0020
Analytical Solution 3.8 0.0029 0.263 0.737 0.999 0.001
MATLAB Function 4.224 0.0028 | 0.2362 | 0.7638 | 0.9979 | 0.0021

These results show that tATLAB function used for flash calculations is in agreement with the
experimentally measured valug@s55% average errqrand for this case predicts more accurately

than the analytical solutiofi1.63% average error).
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In order to validate the model for morenhavo components, the function was tested against a full
array system using PVTsim software. The oil composition was taken Bdi and Phase

Behaviour of Petroleum Reservoir Fluil3anesh, 1998) and can be seemable3.3.

Table 3.31 Full Array Flash Calculation Function Validation Fluid Composition

Component | Mole Fraction
CO, 0.0091
N2 0.0016
Cu 0.3647
C 0.0967
Cs 0.0695
IC4 0.0144
nCy 0.0393
ICs 0.0144
nGCs 0.0141
Ce 0.0433
Cr+ 0.3329

Cr+ properties: MW = 218 g/mol, Density = 851.5 kd/m

The flash calculation was performed in t&TLAB function using the full array, as well as
grouping into three pseudmmponents. Théhree pseudaomponents were chosen as: LR»
and G; C-Ce; and G+ The simple mixing rule was used to group the psexgioponent
propertiesfor the components lighter than heptai®@e temperature used was the reservoir
temperature of 378K, and the pressures used were the reservoir poésbiseil listed in the
textbook(28.37 MPa) and a pressure of 10 MPa to verifyMASG LAB functions validity at low

pressures. The resultseahown in

Table3.4.
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Table 3.471 Full Array Flash Calculation Function Validation Results

Results
P Method of Jo lg

[MPa] Calculation L v Zo Zg ko/m3 | [kg/m?

PVTsim 0.8297| 0.1703| 0.6218 | 0.8507 | 685.30| 106.73
No Grouping

10 MATLAB 0.7293| 0.2707 | 0.5919| 0.8605| 712.26| 80.72
GroupingMATLAB | 0.7859| 0.2141| 0.5709| 0.8269| 687.50| 88.91

PVTsim 1 0 1.2505| N/A 676.72| N/A

28.37 No Grouping 1 0 1.3422| NI/A 682.77 | N/A

' MATLAB
GroupingMATLAB 1 0 1.3548 | N/A 674.37| N/A

It can be seen that the results of &TLAB function using grouping match up quite well with
PVTsim. Some of the deviations in density prediction can be caused by the estimation of the

volume shift parameter for the;fraction.

3.5.2Validation of Viscosity Model

The viscosity model used in simulatienthe LBC modeldescribed in sectiod.4.4 The model
was created as a functionMATLAB . The viscosity model is validated through data provided
PVT and Phase Behaviour of Petroleum Reservoir Fl(dmesh, 1998). In this textbook the
author used the LBC viscosity prediction method to calculate the hasgdsityof an oil with
known composition and measured viscosity. This work was rep&atgtbw that the viscosity

model created IMATLAB agrees with the LBC prediction method as well as experimental data.
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The liquid mixture is at 311 K and 20.68 MPa with a density of 0.3683gKable3.5 shows the

fluid composition, and@able3.6 shows the viscosity using the differentthmeds.

Table 3.57 Viscosity Model Validation Fluid Composition

Component | Mole Fraction
C1 0.593
Cs 0.3746
nCg 0.0324

Table 3.6 1 Viscosity Model Validation Fluid Viscosity

Method of Calculation Viscosity [mPa.s]
Experimental 0.0510
LBC prediction Danesh Textbool 0.04684
MATLAB Function 0.04939

These results show that tMATLAB function used to predict viscosityin agreement with the

experimentally measured values.

3.5.3Validation of Hydrocarbon Interfacial Tension Model

The model usenh simulation for the interfacial tension between the oil and gas phases is described
in section3.4.5 The model was created as a function in MATLAMBdis validated through data
provided inPVT and Phase Behaviour of Petroleum Reservoir Fiipdsmesh, 1998kimilarly to

the viscosity function validationn this textbook the author used tW&einaug and Katmethod

to calculate thénterfacial tension between the oil and gas phases of the hydrocafbag/ork

was repeated to show that timerfacial tensiormodel ceated inMATLAB agrees with the

prediction methodrom the textboolaswell as experimental data. Thexture is60%C; and 40%
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nCyo at 377.6 K and 23.59MPa. Table 3.7 shows the fluidoroperties andTable 3.8 shows the

interfacial tensiorusing the different methods.

Table 3.7 1 Hydrocarbon Interfacial Tension Model Validation Properties

Phase | Density [g/cn¥] Mole Fraction of Methane
C1 0.5447 0.6000
Cs 0.1435 0.9825

Table 3.81 Hydrocarbon Interfacial Tension Model Validation

Method of Calculation

Interfacial Tension [mMN/m]

Experimental 2.4
Weinaug Katzrediction Danesh Textbook 1.708
MATLAB Function 1.708

These results show that the MATLAB function used to predict hydrocarbon interfacial tension

in decent agreement with the experimentally measured values, but in very good agreement with

the prediction used by the authors of the textbook.

3.5.4Validation of Reservoir Flow

The reservoir flow itself was validated through the comparifahe developed simulator to an

analytical solutionBoth constant rate boundaries and constant pressure boundaries were validated

as these ar

3.5.4.1Constant Rate

e

each rudpgacess.ed t o run t

he

huf f

To validate the flow under constant rate boundaresibnal flow theory was used to validate the

reservoir when a waterflood was run in a -aimensional Cartesian model with just oil and

connate water in the reservoir. Treses were developed to match work which e@spletedn

Fundamentals of Reservoir EngineeririfPake, 1978) The following tables provide the
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information from the textbook which were used to develop the fractional flow model to compare

with simulator devalped in MATLAB.

Table 3.91 Relative Permeability Functions for Constant RateReservoir Validation

Sw Krw Kro

0.2 0 0.800
0.25 0.002 0.610
0.30 0.009 0.470
0.35 0.020 0.370
0.40 0.033 0.285
0.45 0.051 0.220
0.50 0.075 0.163
0.55 0.100 0.120
0.60 0.132 0.081
0.65 0.170 0.050
0.70 0.208 0.027
0.75 0.251 0.010
0.80 0.300 0

Table 3.107 Formation Volume Factors for Constant Rate Reservoir Validation

Phase | FVF [rb/stb]
Water 1.0
Oill 1.3

Fractional flow models are developed for three césteslin Table3.11:

Table 3.117 Viscosity Ratios forConstant Rate Reservoir Validation

Case H, TH,
1 0.01
2 0.1
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The fractional flow curves were developed using the same method that was used in the textbook,

where:

Table 3.12 shows the tabular ressltof the fractional flow model, and shows the graphical

fract.

saturation at breakthrough and the averagemgaturation behind the fromtenoted by s, - and

onal

S, respectively

f

fl ow

1
BTSN
K 1

c ur v §/¢elge, We2Wwas eised to deterenipgbe watea |

Table 3.127 Fractional Flow Models for Reservoir VValidation

Case 1 Case 2 Case 3
¢ ¥ =0.01) ¢t ¥ =01 ‘¥ =25H

Sw fw fw fw
0.2 0 0 0
0.25 0.24691 0.03175 0.00131
0.30 0.65693 0.16071 0.0076
0.35 0.84388 0.35088 0.02116
0.40 0.9205 0.53659 0.04427
0.45 0.95865 0.69863 0.08486
0.50 0.97873 0.82147 0.15544
0.55 0.98814 0.89286 0.25
0.60 0.9939 0.94218 0.39462
0.65 0.99707 0.97143 0.57627
0.70 0.9987 0.98719 0.75499
0.75 0.9996 0.99603 0.90942
0.80 1 1 1
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Figure 3.91 Fractional Flow Functionsfor Constant RateReservoir Validation

Figure3.9 shows the fractional flow functions plotted graphically for each of the three cases used

in this wvalidation. Waised te determme thepwatercsaturation ancl h n i g
average water saturation behind the front at breakthrough. These are found by drawing a tangent

to the fractional flow curve from the point of the connate water saturatieorgooates 0.2,0 on

Figure 3.9). The saturation value when this tangent intersects the fractional flow curve is the

average water saturation at breakthrough, and the saturation vaheghitiéangent line intersects

the line f, =1 represents the average saturation behind the front at breakthftegtesults of

using Welgeds graphi clTable3X3echni que are provide

Table3.13T Resul ts of Wel geds Graphical Tec

Case S., S, ml n
1 0.28 0.34 0.01
2 0.45 0.55 0.1
3 0.80 0.80 2.5
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The water saturation at break through and time to break through were the parameters used to
validate the reservoir flow. The time to break through was calculated using eq@dti)

_W, PV (3122

t, o ,
where PV is one pore volumeQis the injection rate and\; is the dimensionless water influx
which is represented by:

W, zﬁ S, . (3.123
The reservoir flomn the compositional simulator created in MATLAB was then validated by
running the three cases listedFiundamentals of Reservoir Engineerisgd comparing the time
to breakthrough and the water saturation at breakthrough. The model uses the same relative

permeability function shown ifiable3.9, and the rest of the input parameters are showalihe

3.14.

Table 3.1471 Input Parameters for Constant RateReservoir Flow Validation

Input Parameter Value
Oil Composition 100%nCio
Porosity 18%
Length 100 m
Width 15m
Depth 5m
Water Injection Rate 0.00184m%/s

The olil viscosity changes with pressure as described earlier. In order to emulate the value of

m,| pgfor each case the oil viscosity was taken at the initial pressure, and the water viscosity was

set as a constant fraction of théial oil viscosity. The reservoir was divided into 100 grid blocks
in order to accurately model the behaviour. The total pore volume is calculated through equation

(3.124).
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PV=Ff @ Y zD0.£8 100415 5 O1350n (3129
Combining equation$3.124) and (3.123 with (3.122) allows for the solution of thevater
breakthrough timenalytically which is summariz&for each case with theatersaturation at

breakthrough imable3.15.

The three cases were then run using the developed compositional simulator; the breakthrough time
and the water saturation at breakthroughatssesummarized irmable3.15. The water saturation
profiles of the three cases are showikigure3.10. These water saturation profiles show that as

the viscosity ratio increases, the time to breakthrough increases as well as the saturation at
breakthrough.This is expected because the viscosity ratio is directly proportional to thétynobi

ratio, and with dower mobility ratio in an injection process there is a more even front produced.
This even front causes the time to breakthrough to increase as the water is not fingering into the

reservoir.In the legend oéach plottbt represents the time to breakthrough.

X Water Saturation Profile - Case 1
0.7

sensseinans (), 25% (bt
——— 0.5%tbt
= = = 0.75%bht
tbt ]

o 10 20 30 40 50 60 70 80 90 100
Distance from Wellbore (m)
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Water Saturation Profile - Case 2
0.8
B OZS*IbI
'-._v‘ ———— 0.5%tbt
0_7.-.__. .\‘\ - = = (.75%tht
5N tht
0.6 ™
Z05
0.4
0.3
0.2 E
0 10 20 30 40 50 60 70 80 90 100
Distance from Wellbore (m)
Water Saturation Profile - Case 3
1, : : :
............ 0.25%tbt
0.9} ———— 0.5*%tbt
- = = 0.75%bt
0.8 tht
R oy = — — 2
\ '
0.7 : 1
N H !
-
506/ i l|
1
0.5 i !
H 1
H H 1
0.4} H ! 1
1
1
0.3 1 : 1
| '
02 L 1 B A LY
0 10 20 30 40 50 60 70 80 90 100

Distance from Wellbore (m)

Figure 3.1071 Water Saturation Profiles for Constant RateReservoir Flow Validation

It can be seen fromMable3.15that he time to breakthrough and water saturation at breakthrough

match very well with the predicted values from the amadytsolution. The reason for the

discrepancies is discussed in secBdn4.3

Table 3.157 Analytical Breakthrough Time and Water Saturation

Case 1 Case 2 Case 3

Analytical | Simulator | Error | Analytical | Simulator | Error | Analytical | Simulator | Error
S., 0.28 0.28 |0.0%| 0.45 042 |6.7%| 0.80 0.78 | 2.5%
t., 28.5h 295h | 3.5%| 71.3h 72.0h | 1.0%| 122.3h| 123.0h | 0.6%
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3.5.4.2Constant Pressure

To validate the flow under constant pressure boundaries, an analytical solution developed by
Johansen and James (2012) was used which is an extension of the classicallBavekiety
Theory. The resultsof the analytical solution were developbg Yang (D14) andare simply
presented here for comparison to the numerical médeinedimensional Cartesian reservoir
model with just oil and connate water in the reservoir was waterfloddexlCorey model as

described in sectioB.4.2 was used for relative permeability.

Table 3.1671 Input Parameters for Constant Pressure Reservoir Flow Validation

Input Parameter Value
Oil Composition 100% nGo
Porosity 18%
Permeability 1E-12 n?
Length 100 m
Inlet Pressure 21 MPa
Outlet Pressure 17 MPa
Water Injection Rate 0.00184 /s
Residual Oil Saturation 0.3
Connate Water Saturatior] 0.25

Table 3.177 Relative Permeability Information for Constant Pressure Reservoir Validation

Relative Permeability Parameter Value
Model Corey
Ny, Ny 2
Ko 0.2
Ko 0.8

Table 3.1871 Case Information for Constant PressureReservoir Validation

Case A, A, Analytical t,,
1 0.001Pds | 0.2 Pds 28.5 days
2 0.2 Pds | 0.001Pds 122.7 days
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The cases were then run using the developed compositional simulator; water saturation profiles

for each case can be sepririgure3.11. In each plottbt represents the time to breakthrough.

Water Saturation Profile - Case 1

0.7 r
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3 ——— 0.5%tbt
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Figure 3.1117 Water Saturation Profiles for Constant PressureReservoir Flow Validation

The breakthrough time from the simulator @aise 1 was 27 days and faage 2 it was 121 days.
Similar to the constant rate validation, it can be seen that in the constant pressure model the
simulation with thelower mobility ratio causes a more even wafront to move through the
reservoir, which increases the time to breakthrough. In CaseHigtiermobility ratio, the water

fingers into the reservoir hence causing an early breakthrddgltomparingthe simulated
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breakthrough timewo the analyticabreakthrough times shown Table3.18, it can be seen the
numerical simulator matches the analytical solution very Wak. discrepancies are dissed in

section3.5.4.3

3.5.4.3Cause of Error
In both the constant rate and constant pressure validation the numerical simulator did not match
the analytial solution exactly, but the results were very close. This discrepancy can be attributed
in both cases primarily to numerical dispersidhe breakthrough front is not a clean front in the
numerical model, which makes the exact breakthrough time impossitdtermineFigure3.12
showsthe water saturation of Case 2 of the constant rate injection at 30 hours. The analytical
solution is shown along witthe results of the numerical simulator using different numbers of grid
blocks. It can be seen that as the number of grid blocks increases the simulator gets closer and
closer to the analytical solution, but this is at the cost of simulation time.
Water Saturation Profile
000 Grid Biocks

- =100 Grid Blocks |
-50 Grid Blocks

O L 1 L L L 1 1 |
0 10 20 30 40 50 60 70 80 90 100

Distance From Wellbore (m)

Figure 3.127 Numerical Dispersion Error

62



Chapter4Nu mer i cal Study od6PNaftural Gas
This section providesttei mul ati ons compl eted on the natur a
simulator developed ithe preceding chapterhe results of the siatations are presented, ané th
conclusionsand recommendations from tmeimerical study are discussed in the proceeding

section

4.1 Model Properties

This section will describe properties usedtfug case studyd¢ eval uate the natur
puff. Reservoir properties are kept const@mbughout the simulations #éise area of interess

only in the near well region.#solute permeability and porosity are not being studibdrefore

they remain constamiiroughout thestudyas well General assumptions for all simulations are:

1. One dimensional flow

2. Permeability and porosity are constant
3. Capillary pressures are negligible

4. Reservoir temperature does not change
5. Hysteresigloes not take place

6. Bottom hole pressurand well rategan be set at the reservoir

It is important t o npocess hysteradis would play anm immortantholef f 6
in oil recovery but due tocomplexityit was notmodelledfor this study.lt has been notkin

literature (Liu et al., 2005) that the hysteresis effect can contribute to enhanced oil reGtnery.

relative permeability of the puff phase will be modeled more accurately using hysteresis, thus

giving more accurate production values when compatiffigrent injection paramets of the huff
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