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This dissertation presents results of two closely relagséarch topics on developed mis-
cibility by gas injection in petroleum reservoirs. The fitgpic is a study on miscible gas
injection in undersaturated compositionally grading gasystems. The objective was to
define a minimum miscibility pressure (MMP) for the fluid sst as a whole — theys-
temMMP. The results of this first topic are presented in Chaptefte second topic is a
simulation study on modeling physical dispersion of onaatsional (1D) multi-contact
miscible processes by gas injection . The objective wasvesingate the effect of oil satu-
ration prior to gas injection on the development of misdipih the presence of dispersion.
Chapter 2 presents the research results of the second topic.

Each topic is summarized below.

Miscible Gas Injection in Undersaturated Gas-Oil Systems

A number of petroleum reservoirs exhibiting a compositlagrading feature have been
reported worldwide. The mole fraction of the lighter coments decreases with depth,
while the mole fractions of the heavier components incréiase the top to the bottom of

the reservoir. Some of these are saturated reservoirs wiigtiact gas-oil contact (GOC)

iX



separating the gas zone from the oil zone. Others are undeatad reservoirs, of which
the reservoir pressure is always higher than the saturptiessure of the fluid system at
any depth. There exists no clearly-defined GOC in a normaesenthis type of reservoir.
In this study, we decided to focus on miscible gas injectionndersaturated gas-oil reser-
voirs. Some of the results for conditions of reservoir puesdower than fluid saturation
pressure seem to have a general nature and are applicaatarated fluid systems as well.

For an undersaturated compositional grading gas-oil vesethe fluid system ex-
hibits a smooth and monotonic compositional variation vdépth. From top to bottom,
the reservoir fluids can vary from lean gases, rich gasdsg;airmixture, volatile oils, and
black oils. The critical mixture marks the transition froeservoir gas to reservoir oil, thus
defining the undersaturated “GOC”. The saturation pressutki® mixture is a critical
pressure at the reservoir temperature, which also is thémoax saturation pressure of the
entire fluid system. A special feature of this type of resgngthat the reservoir fluid is
inherently first-contact miscible (FCM) with its neighbagifiuids. For a one-dimensional
flow, this implies that full pressure maintenance by up<gtrce gas injection should lead
to miscibility throughout the system.

As is the case for miscible gas injection in constant contfmrspetroleum reser-
voirs, MMP is one of the key operating parameters needed tevhkiated properly for
miscible gas injection in undersaturated gas-oil resesvdtrailure in predicting the sys-
tem MMP for such a fluid system might lead to incorrect conolus or incur unnecessary
costs. Unlike the case for a constant composition systemwifiich the MMP is constant
for a specified injection gas at the reservoir temperatine MMP varies with depth for
an undersaturated reservoir and the MMP for the system asokewsnot obvious. An-
other complication occurs when the reservoir pressuredely or entirely fallen below
the saturation pressure. The MMP-depth relationship alB@kange as a function of the
prevailing reservoir pressure. Though some reservoirkisftype have been produced by
miscible or immiscible gas injection, no study exists addieg miscibility conditions for

this type of reservoir on a generic scope. Therefore, asate study to define the system



MMP would be valuable.

Compositional reservoir simulation was used as the maininabis study, assisted
by a pressure-volume-temperature (PVT) program for theutation of variations of fluid
composition and MMP with depth. The data used in this studyesed on the Smorbukk
South field in the Norwegian Sea.

A step-by-step problem-solving approach was adopted s rsearch. We first
studied the system MMP for full pressure maintenance. Fdrgb@ressure maintenance,
we began with studying only part of the fluid system for MMP gmplicity and then
extended for more complicated the entire fluid system.

In this study, we focused on defining the minimum miscibiptgssure for the fluid
system as a whole and the developed miscibility mechani&xignsive one-dimensional
compositional simulations were performed to achieve tha.gdwo-dimensional cross-
sectional models also were simulated and analyzed to she&leftects of layering and
gravity segregation.

Results show that the system MMP for such a fluid system is donlietween
the shallowest condensing/vaporizing (C/V) MMP on the MM#pith relationship and
the maximum saturation pressure of the system when a condéraporizing miscibil-
ity mechanism exists. This applies to injection gases sdmewnriched in intermediate
components €- C5 or CG, so that the C/V mechanism can develop at some depth in the
reservoir. When lean gas is injected and only a vaporizingdgas (VGD) mechanism
develops, the system MMP equals the maximum saturatiosyresthe upper bound pres-
sure for the system MMP.

For a 1D fluid system of this type, we also demonstrate dingtinjection gas can
be used to achieve miscibility provided that the displac@npeessure is maintained at or
above the maximum saturation pressure of the fluid systelhpifessure maintenance).
It follows that the cheapest available injection gas is tpgnoum injection gas for full
pressure maintenance. This might be rather different frdratwne usually expects for

miscible gas injection in such an undersaturated gas-siesy.
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Another key contribution has been the finding that once attign gas develops a
C/V mechanism and a miscible leading-edge oil bank, the aikhvaill miscibly displace
any downstream oil. We also found that the C/V oil bank can ldgvat low pressures but
at a reduced scale at immiscible conditions, when the C/V ar@sh exists. It is believed
that these conclusions are general, not restricted to satieated gas-oil systems.

The combination of these two findings might represent a gret@&ntial for improv-
ing oil recovery by enriched gas injection for two-phaserogdrbon reservoirs in general.
With the help of gravity, the oil saturation, which is beldvetcritical oil saturation prior to
gas injection, will build up and the oil might gain mobilityhus, the oil can be mobilized
and recovered. In this process, the developed oil bankifumetas an injected liquefied
natural gas (LNG) slug, but developed at lower costs. Thghtparticularly be favorable
for high vertical permeability and high structural relieBervoirs.

Most of the results for the first topic have been presentethenfollowing paper,
included as Appendix A:

Hoier, L., Cheng, N. and Whitson, C.H.: “Miscible Gas Injectinolndersaturated
Gas-oil Systems,” paper SPE 90379 presented at the 2004aRmaahnical Conference
and Exhibition, Houston, Texas, 26 — 29, September 2004.

Modeling Physical Dispersion of 1D Multi-Contact Miscible Processes

Physical dispersion represents one of the major concemmssicible gas injection, chem-
ical flooding, and tracer tests in petroleum reservoirs.e$uits in dilution of injectant
concentrations and even the loss of the designed misgjliliiis potentially leading to the
failure of the miscible gas injection project. For fieldtecapplications, the effect of phys-
ical dispersion might not be important because the disgefsont usually is small relative
to the distance between the injector and the producer. Besdale gas floods, however, it
can be crucial.

Under the influence of physical dispersion, the minimum rhility pressure is no

longer a pure thermodynamic property of the reservoir gitlie injection gas at the reser-
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voir temperature. In addition, it will be affected by flow pareters such as fluid mobility
or relative permeability. To what extent the minimum middipconditions are affected by
the level of oil saturation which affects fluid mobility indlpresence of dispersion is still an
open question and has yet to be addressed in the literatheeeflect might be important
for designing miscible gas floods for gas condensate resetad for oil reservoirs at the
tertiary development phase, where the oil saturationsliysar@ low prior to gas injection.

Based on analysis of Lantz’s equation for quantifying nuoeidispersion, we have
proposed an equation for determining number of grid celtstane-step size to emulate
physical dispersion by numerical dispersion for simulafinst-contact miscible processes.
The proposed method was verified by fine grid simulations axadlytical calculations for
1D single phase flow. Simulation using the proposed methaeleicting the grid cell and
time-step sizes reproduces the results of fine grid sinmratand analytical calculations
and requires only one-tenth of the computing time of the fimg gimulation runs.

1D compositional simulations were conducted to study thecebf oil saturations
prior to gas injection on the development of multi-contacteibility with the presence of
dispersion. Models were initialized with different levellsoil saturation with the presence
of different degrees of emulated dispersion.

Through simulation, we have demonstrated that when digpers included, the
miscibility conditions are affected by oil mobilities, ées the compositions of the oil and
the injection gas and the reservoir temperature. Results gtad, at a realistic dispersivity
level, miscibility can be achieved when the oil saturatioiopto gas injection is high but

it might never develop at all if the oil saturation is too low.
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Chapter 1

Miscible Gas Injection In

Undersaturated Gas-Oil Systems

1.1 Introduction

A number of petroleum reservoirs have been reported [1-%ldwide exhibiting contin-
uous compositional variations with depth. The mole fractud the lighter components
decreases with depth, while the mole fractions of the heaaeponents increase from
the top to the bottom of the reservoir. These reservoirsllysaie called compositionally
grading petroleum reservoirs. Compositionally gradinggéeeservoirs can be either un-
dersaturated or saturated, depending on the relationshigekn the reservoir pressure and
the maximum saturation pressure of the reservoir fluids.

For a saturated compositionally grading gas-oil system,réservoir pressure is
equal to the saturation pressure of the fluid at the gas-otboob.

For an undersaturated compositionally grading gas-odrkesr, the reservoir pres-
sure is greater than the saturation pressure of the fluidyadepth. The fluid at the GOC
is neither an oil nor a gas, but a critical mixture. The sdtangpressure of this mixture is
the critical pressure at the reservoir temperature andiglbe maximum saturation pres-

sure of the entire fluid system. A special feature of this tgpeeservoir, first pointed out



by Schulte [1] in 1980, is that the reservoir fluids are itijidirst-contact miscible with
their neighboring fluids for 1D flow. Therefore, up-strueugas injection in such a 1D
system should lead to 100% oil recovery if the reservoir uesis maintained above the
maximum saturation pressure of the system.

Miscible gas flooding projects normally require extra inwesnts if the reservoir
pressure needs to be maintained or the injection gas nedasdnriched. Consequently,
to optimize the economy of the project, miscible gas inf@ctstrategy will always be com-
pared with less costly immiscible gas injection. It is tHere crucial to be able to quantify
accurately the improved oil recovery potential by misciipes flooding.

This chapter presents a study on miscible gas injection imaersaturated compo-
sitionally grading gas-oil reservoir. The objective ofstBiudy was to define the miscibility
conditions for the fluid system as a whole and to investigagepbssibility of developing
miscibility at pressures lower than the maximum saturapessure by enriched gas in-
jection. The fluid data used in this study was based on the BrkkrSouth field in the
Norwegian Sea.

Compositional reservoir simulation was the main tool usethis study. In addi-
tion, a PVT simulator was used to calculate fluid composgiand minimum miscibility
pressure (MMP) values for a specified injection gas.

One-dimensional numerical models were built to simulagentiiscibility conditions
and the developed miscibility mechanisms. Numerical d&pa involved in the numerical
simulations was eliminated following a conventional prdwe [10] — linear extrapolation
of recoveries at 1.2 hydrocarbon pore volumes (HCPV) ingefide dispersion-free recov-
ery estimates. The number of grid cells used in these sironkgenerally ranged from
500 to 5000. In some cases, 50000 grid cells were used.

Different injection gases were injected at different puess. Particular effort was
made to define system MMP for enriched gas (e.g. separatdrirgastion, when the
reservoir pressure has locally fallen below the maximumraéibn pressure and a two-

phase region has formed in the reservoir. For enriched gastion, the predominant



miscibility mechanism is multi-contact condensing/vapiolg miscibility. It requires a
very fine grid to model it properly.

Two-dimensional (2D) x-z cross-sectional models were ueddvestigate the ef-
fects of layering and gravity segregation on oil recoverig@go- and eight-layer numerical
models were created and used to simulate gas injection ssyres above the maximum
saturation pressure of the fluid system. Production peidioca was analyzed.

Section 1.2 reviews important concepts such as miscilasilitycondensing/vaporizing
mechanism relevant to this research. It also describesatations of fluid composition
and MMP with depth for the undersaturated gas-oil fluid systsed in this study, which
are typical variations for any undersaturated gas-oilrkese

Section 1.3 outlines the key problem investigated in thieaech: the determina-
tion of the system MMP and the possibility of achieving migldly at pressures lower
than the maximum saturation pressure by enriched gasimpedthis problem needs to be
addressed for gas injection in any undersaturated gaysig®. Literature review indi-
cated that this problem has not been addressed and studiesnsytically for this type of
reservoir.

Section 1.4 describes the reservoir fluid model and presbatsompositions of
injection gases, separator conditions, a relative peritigaimodel, and well constraints
applied in the simulations.

Full pressure maintenance simulation results are presémtgection 1.5. Different
injection gases were used in these simulations. We als@esitite effect of formation dip
angle on oil recovery for full pressure maintenance.

Section 1.6 presents simulation results for partial presswaintenance by enriched
gas injection, which represents another development soeftat miscible gas injection.
This is the most important section addressing the probletimed in Section 1.3. Different
injection gases and different injection depths were sitedland analyzed in this section.

The dynamic nature of the system MMP is discussed in SectibnNMIMP calcu-

lated by a PVT program offers a fast first-order approximmtithe lower and the upper



limits of system MMP can be defined based on these calcukatida determine the sys-
tem MMP, numerical simulation must be used to capture thehyn change in miscibility
pressures. Potential risk also is discussed particularlyelservoirs with a big gas cap and
a small oil rim.

Section 1.8 presents simulation results for 2D x-z two- @gbtdayer models. The
effect of strong layer permeability contrast and the imgce of gravity segregation is

discussed in this section.

1.2 Background

This section presents necessary background knowledgad@rstanding miscible gas in-
jection recovery processes and describes typical featditesdersaturated gas-oil systems.
The concept of minimum miscibility conditions is revieweddathe most common mis-
cibility mechanism encountered in field operations is dbsc. A brief review on the
determination of MMP is also included.

As this study was conducted for an undersaturated gas-stiésy we felt it was
necessary to present fluid characteristics of a typical igadierated compositionally grad-
ing fluid system. Fluid composition variations with depthdahe condition of reservoir
pressure exceeding saturation pressures define an unotatedtgas-oil reservoir. MMP
variations with depth are the direct consequences of comnmosariations with depth. For
different injection gases, the variations of initial MMPtlvidepth and miscibility mecha-

nisms can be different.

1.2.1 Minimum Miscibility Conditions

The definition of minimum miscibility conditions can be defthas follows:
The minimum conditions at which the resulting mixture of twiol§lmixed together
at any proportion is homogeneous in compositions and idahtn intensive properties

(e.g. density and viscosity)



For reservoir engineering, as the reservoir temperatueallysis assumed to be
constant, the minimum miscibility conditions refer to eitlthe minimum miscibility pres-
sure (MMP) when compositions of the two fluids are fixed, or tfiaimum miscibility
enrichment (MME) when the oil composition and the reserpo@ssure are specified. In
this thesis, the minimum miscibility conditions alwayseefo the minimum miscibility
pressure as we have specified the compositions of resemvinis thnd injection gases at a
constant reservoir temperature.

When two fluids are fully miscible, there exists no fluid interé between these two
fluids and their interfacial tension (IFT) is zero. Consedlyewcapillary forces between
them vanish. If a reservoir oil is fully miscible with an iggon gas at the minimum
miscibility conditions, in the absence of any dispersidm tesidual oil saturation behind
the injection gas front is expected to be zero and the miogsil recovery is expected
to be 100%.

A number of parameters affect the minimum miscibility cdimis: including chem-
ical compositions of the oil and the injection gas, and tisereoir temperature. It is also
believed that physical dispersion can locally have someagthpn the minimum miscibility
conditions. This might particularly be of concern for ladake studies.

The process of achieving miscibility at the minimum miskifpiconditions can be
different, depending on the compositions of the displa@ngd displaced fluids and the
reservoir temperature. Some fluids may become miscible tiyofirst contact; the process
is called first-contact miscible. Some fluids are not firsttact miscible, but can achieve
miscibility through continuous contact by interphase nteassfer. These fluids are multi-
contact miscible. For hydrocarbon reservoirs, the mutitact miscible process usually is
the common one occurring in actual field operations.

Different multi-contact miscible mechanisms have beerppsed and studied in
the literature [11, 12] based on the nature of compositidrith@two fluids and pressure
and temperature: vaporizing gas drive (VGD), condensirggdgwe (CGD) and condens-

ing/vaporizing gas drive (C/V). We decided not to discussv@® and CGD mechanisms



as those have been extensively discussed in the literataréha CGD mechanism might
seldom happen [13] in actual petroleum reservoirs. Onlyctmeensing/vaporizing mech-

anism is briefly reviewed as it is directly relevant to thisearch.

1.2.2 Condensing/Vaporizing Miscibility Mechanism

The condensing/vaporizing gas drive for enriched gasfigeaevas first proposed and ver-
ifled by experiments and numerical simulations by Zick [13]1986. Interphase mass
transfer of the intermediate components is the key proceteanechanism. Later, ana-
lytical theory [14] for the combined condensing/vaporgzimechanism was developed. It
can be argued that condensing/vaporizing gas drive is tls coonmon mechanism devel-
oped in miscible gas injection field projects as injectiosegausually contain somewhat
light- and heavier-intermediate components.

A typical condensing/vaporizing gas drive shows the follaycharacteristics:

1. Development of a miscible front characterized by conedrghase densities and
other intensive fluid properties. Interfacial tension & ftont is extremely low and

this is the direct indication of achieved miscibility.

2. Two regions identified on each side of the miscible fronhe Tegion upstream of
the miscible front is dominated by strong vaporization cdh\hecomponents of the
reservoir oil. The region downstream of the miscible franstrongly dominated by

condensation of intermediate components of the injectam g

3. Component K-values (ratio of composition of the compomenapor phase to the
composition of the component in the liquid phase) tend toveage at the near mis-

cible front and then diverge downstream.

It has been reported that miscible displacement of oilsamgis condensates can
develop through a condensing/vaporizing mechanism at sspre far below saturation

pressure if the injection gases are sufficiently rich in imiediate components [15] or



CO, [16]. For saturated oil reservoirs or depleted gas condensservoirs, if the C/V
mechanism exists and an oil bank develops at and above the @fivham miscibility
conditions, the oil saturation behind this front approachero. The formation and devel-
opment of the oil bank was first demonstrated by Hoier and Whif$7] through numeri-
cal simulations, and later proved by Jessen and Orr [18Jdoasenethod of characteristics
(MOCQ). It also was found that the C/V MMP is dictated by the cosipon of the retro-
grade condensate [15] or the reservoir oil for a specifiegtiign gas.

It is worth pointing out that the condensing/vaporizing hmegism can exist for
enriched gas injection at pressures lower than the C/V MMRgh the fluids are not near-
miscible. The oil bank will still develop but at a reducedlscé&or a depleted gas conden-
sate reservoir, this implies the retrograde condensatbtrgagn enough mobility to flow to
the producer due to the developed oil bank by enriched gastiop at low pressures. For a
water-flooded oil reservoir, the residual oil might still lmeoverable if a C/V oil bank can
be developed by enriched gas injection. In this sense, e a®ed oil bank can function
as a miscible (miscible with the downstream immobile oilsyswhich usually is required
for miscible displacement by a liquefied natural gas (LN@GygslCandidates for enriched
gas injection at low pressures might be reservoirs (deplg#s condensate and oil reser-
voir) with high structure relief and high vertical permdéij making use of gravity and

the developed oil bank.

1.2.3 Determination of MMP

A number of methods for determining MMP are available in iterdture, such as slim-
tube experiment [19], multi-cell algorithm [20-22], siegtell forward- and backward-
contact algorithms [23], slimtube-type compositional muital simulation, and analytical
method based on method of characteristics [24, 25]. Risibfpleltapparatus [26] has also
been suggested as an alternative to slimtube experimeniergbenvestigators [12, 27]
have expressed their skepticism about the capability efrdehing MMP of a condens-

ing/vaporizing mechanism.



The slimtube experiment is considered to define an unbiadég Mdesigned, con-
ducted, and interpreted properly. This method usually geasive and time-consuming.
Alternatively, 1D slimtube-type numerical simulationsndae used to evaluate MMP or
MME. This method usually is faster but requires a properhetliequation of state (EOS)
model capable of modeling the important phase behavioh asaswelling test, forward-
and/or backward-contact experiments and MMP experimenthis study, MMP values
were calculated either by a PVT program or by 1D numericaufations using a fine-
tuned EOS model.

An inherent problem with 1D numerical simulations for defoia MMP is numer-
ical dispersion, which can have a strong influence on theldexeent of miscibility, oil
recovery, and thus on the MMP estimate. For gas condensstensy in particular, a large
number of grid cells usually are required to provide recgethat can be reliably extrapo-
lated for a dispersion-free result [15]. The C/V mechanisghbhnot be properly captured
if too few grid cells are used in the simulations and the MMBmie erroneously overes-
timated.

Dispersion-free MMP is a thermodynamic property of the nasie oil for a speci-
fied injection gas at a reservoir temperature and is indegrdraf flow parameters such as
fluid mobilities. In this chapter, MMP refers to dispersitvtae MMP. When dispersion is
included, we found that MMP also is affected by oil satunagiprior to gas injection. Sim-
ulations, performed at the displacement pressure equbktdispersion-free MMP, show
that when the oil saturation prior to gas injection was tae &md physical dispersion was
included, the C/V mechanism might never develop during tepldcement. This issue is

addressed in Chapter 2.

1.2.4 Compositionally Grading Gas-Oil System

Due to various reasons, e.g. gravitational and thermatwsffaome petroleum reservoirs,
particularly those with thick pay zones, exhibit fluid corspimnal variations with depth

[4,28]. From the reservoir top to bottom, the molecular weigf the hydrocarbon fluids



increase with depth; the fluids are progressively heavidemsity and lower in GOR. The
top structure fluids may be reservoir gases and at some deytiwhrd the reservoir fluids
may exist as liquids. The reservoir can be either saturatddanclearly defined GOC or
undersaturated transforming from reservoir gases, atifiaid, to reservoir oils without
discontinuity in compositional grading.

For an undersaturated compositionally grading gas-cairsesr, the “undersaturated
GOC” describes the phase transition from dewpoint gasesliblépoint oils at a depth
where a “critical” mixture is located. The “critical” GOC wture has a saturation pressure
equal to its critical pressure at the reservoir temperatlihe critical pressure also marks
the maximum saturation pressure of the entire fluid systarijths still lower than the
reservoir pressure at the GOC depth for an undersaturagedilgsystem.

Fluids of this type of reservoir can often be modeled reddyiaccurately using
an isothermal gravity/chemical equilibrium (GCE) model; [diher potentially important
effects such as thermal diffusion or thermal convedtinight often be neglected. Chaback
[29] argues that thermal effects are small relative to gyastiemical effects in the vicinity
of the critical point.

An undersaturated gas-oil system modeled by the isotheB@#& exhibits the fol-

lowing typical characteristics.

1. Monotonic and continuous changes in fluid compositiong. (€', content) and

intrinsic properties such as density and viscosity, as shavigures 1.1 and 1.2.
2. Largest changes in fluid properties occur at the deptheofittdersaturated GOC.

3. Dewpoint pressures of gases in the gas zone increase e@daieding depth; bubble-
point pressures of oils in the oil zone decrease with deegaepth. The maximum

saturation pressure is the critical pressure of the GOCurexshown in Figure 1.3.

4. Reservoir pressure at any depth is always higher than theatan pressure of the

10ur experience has been that naturally fractured petroleservoirs have a much greater tendency to
experience thermally-induced convection than conveatiogservoirs.
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depth in the gas zone; bubblepoint pressures decreaseepith.drhe maximum saturation
pressure is the critical pressure of the GOC mixture. Regepvessure is greater than
saturation pressure at any depth.

fluid at the same depth, as shown in Figure 1.3.

1.2.5 MMP Variations with Depth

MMP variations with depthare the direct consequences of composition variations with
depth. The MMP variations with depth can be calculated byhkiomg the isothermal
gravity/chemical equilibrium (GCE) gradient calculaticausd a robust MMP algorithm,
e.g. Zick multicell algorithm [30]. For a fluid at a given dapthe isothermal gradient
calculations provide the composition, reservoir pressaral saturation pressure of the
fluid. The MMP algorithm then makes use of the calculated amsitpn and determines
the MMP for a given injection gas at the reservoir tempemtufhese calculations are

repeated for a series of fluids at different depths and ilgjeaases, generating a static

2Depth in this thesis always refers to true vertical depth) vheasured from the mean sea level (MSL).
3static means that the MMP is calculated assuming that tleetion gas is directly in contact with the
initial reservoir fluid at the local depth, neglecting anteifierence in composition from above/below fluids
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map of MMP with depth [17].
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Figure 1.4: VGD MMP versus depth for;®, injection gas. MMP equals dewpoint pres-
sure in the gas zone, and greater than bubblepoint presstire 0il zone.

This methodology was applied to calculate MMP variationghwliepth for the un-
dersaturated gas-oil system shown in Figure 1.3 and usdubkistudy. Gravity and capil-
lary forces were neglected for the MMP calculations.

Figure 1.4 shows MMP calculation results for a dry injectgas GN,. For this
injection gas, the miscibility was developed by a pure vigiog gas drive (VGD) mecha-
nism at all depths. The VGD MMP equals the dewpoint presstiieeogas in the gas cap,
and exceeds the bubblepoint pressure of the oil in the o zon

For an enriched injection gas, the VGD miscibility mechanimight existonly in
the upper part of the gas zone. Approaching the undersatu@OC, as the reservoir
gases become richer in intermediate and heavier comporieat€/V mechanism might
develop. Figure 1.5 shows the calculated MMP values for td 8ystem used in this
study for a separator gas (denoted by SepGas, with compositiown in Table 1.6). A

condensing/Vaporizing mechanism started to develop fasarwoir gas at the depth of

during flow.
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Figure 1.5: MMP versus depth for the separator gas (SepG@#g)lated using an EOS-
based PVT simulator. In the upper part of the gas zone, VGD MMBts. In the lower
part of the gas zone and in the oil zone, C/V MMP presents. Lo@w&s MMP is found
close to the undersaturated GOC.

-3810 m. C/V MMP for the separator gas increases gradually defpth in the oil zone.
If the injection gas is further enriched, VGD mechanism nhidisappear and only C/V
mechanism exists for all the fluids. For an undersaturatsdogasystem predicted with
the isothermal GCE model, it is found that this is charadierfer MMP variations with
depth [17]. If the C/V MMP exists in part of the gas cap, themimumC/V MMP usually
is found close to (at or slightly above) the undersaturat€CGNote that C/V MMP of

fluids in the vicinity of the undersaturated GOC can be loweantthe saturation pressure.

1.3 Problem Statement

For a given injection gas, the minimum miscibility pressaeeded for a miscible displace-
ment is one of the key parameters in designing a miscible fiIMtddP is directly related to

the added costs and the profits of the project. Failure inigiiad the minimum reservoir
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pressure required for miscible displacement might leatieéddilure of the project or incur
unnecessary costs.

MMP for an oil reservoir of constant composition can be dateed by different
methods as mentioned in Subsection 1.2.3. APVT simulatog@swell-tuned EOS model
can usually define a fairly accurate MMP for an injection dgas. miscible gas injection in
an undersaturated compositionally grading fluid systewglver, the MMP for the system
as a whole is not obvious. Neither the maximum MMP nor the mum MMP of the fluid
column is necessarily the system MMP.

For designing a miscible gas flood for a reservoir showinggaicant composi-
tional gradient, one of the most important questions is:

What should be the minimum miscibility pressure for the sess of a miscible
flood for a given injection gas?

As mentioned in Subsection 1.2.5, static MMP values of tsemeir fluids can be
readily determined by combining GCE gradient calculatiam$ @an MMP algorithm. The
calculated MMP values are based on the assumption that jgnetion gas is directly in
contact with the initial reservoir fluid at a specified deptéeglecting any possible interfer-
ence in composition from up- and/or down-structure fluiastalkct, this assumption might
not hold as all the fluids are firstly in contact with their fgagring fluids and the fluid at a
depth might potentially be altered in composition by itstegem neighboring fluid due to
pressure change and flow. Consequently, this will result amgk in MMP. Therefore, the
system MMP cannot be defined solely based on the calculated MMP versus depth.

Numerous reservoirs exhibiting compositional gradientratersaturated conditions
have been reported in the literature. To our knowledge, stegyatic study on determining
the system MMP for this type of reservoir exists. The diffiguwf defining the system
MMP lies in the fact that the MMP of reservoir fluids changehAibth depth ang@ressure
In this research work, we focused on the system MMP conditaord in particular on the
possibility of developing a fully miscible displacementpmessures lower than the GOC

saturation pressure by enriched gas injection.
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The approach to this problem has been numerical compaoaitsamulation assisted
by a PVT program for calculating static MMP values for a sflednjection gas. Sen-
sor [31], a generalized three-dimensional (3D) numeriesgrvoir simulator was used in
this study. PhazeComp [30], an EOS-based PVT simulator, wed to calculate vari-
ations of fluid composition and MMP with depth. Extensive gasitional simulations
were conducted for 1D slimtube type models and the key foason system MMP and
the developed miscibility mechanisms. We believe thatéiselts from 1D simulations are
general and applicable to any reservoir of this fluid typeliDrflow, as the 1D slimtube

type models did not bear any case-dependent features.

1.4 Description of Simulation Models

This section describes the reservoir simulation modeld usehis study. The reservoir
fluid model, the composition of injection gases, the re@apermeability model, and the

well constraints are presented in each subsection.

Table 1.1:PARAMETERS OF THE NINECOMPONENT SRK EOS MODEL

N, P. Tc MW Z. AF V-SHIFT PCHOR Q. Qp
bara °K

CO 73.74 304.12 44.01 0.27433 0.2250 0.2175 70.00 0.427480 0.08664
CiNy 4580 189.54 16.15 0.28615 0.0114 -0.0929 76.67 0.430146 0.08649
G 48.72 305.32 30.07 0.27924 0.0990 -0.0473 108.00 0.427480 0.08664
CsCy 40.38 390.88 49.08 0.27847 0.1704 0.0989 163.46 0.416082 0.08579
C5Cq 33.76 488.34 76.69 0.27011 0.2403 0.1221 247.40 0.425933 0.08568
C:Cy 32,99 553.69 105.88 0.26700 0.2589 0.0116 328.73 0.427480 0.08664
CioCiz 25.92 636.75 151.74 0.2600 0.3782 0.0517 450.87 0.427480 0.08664
Ci1sCo9 1955 739.70 247.89 0.28594 0.5734 0.0095 672.77 0.422410 0.08607
Cso+ 10.16 918.17 483.14 0.35542 1.1570 0.2299 1058.41 0.427480 0.08664
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Table 1.2:BINARY INTERACTION PARAMETERS OF THE SRK EOS MODEL

CO, CiN, Cy C3Cy CsCs C:Cy  CioCiz CyuCy Cso4
CO, 0.00000 0.18110 0.15000 0.15000 0.15000 0.15000 0.150005000 0.15000
CiN; 0.18110 0.00000 -0.00152 -0.00947 -0.02057 0.00150 0@016.00173 0.03510
Cs 0.15000 -0.00152 0.00000 0.00000 0.00000 0.00000 0.000000000 0.12766
CsCy 0.15000 -0.00947 0.00000 0.00000 0.00000 0.00000 0.000000000 0.09202
CsCq 0.15000 -0.02057 0.00000 0.00000 0.00000 0.00000 0.000000000 0.06236
C;Cy 0.15000 0.00150 0.00000 0.00000 0.00000 0.00000 0.000000000 0.05223
Ci0Ci3 0.15000 0.00160 0.00000 0.00000 0.00000 0.00000 0.0000000@0 0.04350
Ci14Cy 0.15000 0.00173 0.00000 0.00000 0.00000 0.00000 0.000000000 -0.03296
Cso+ 0.15000 0.03551 0.12766 0.09202 0.06236 0.05223 0.0435M3286 0.00000

Table 1.3:COEFFICIENTS OF THELBC VISCOSITY MODEL.

2

)

az

&

0.1 0.023364 0.0250939

1.4.1 Reservoir Fluid Model

-0.0081516 0.00186648

The reservoir fluid modélused in this study was a nine-component Soave-Redlich-Kwong
(SRK) [32] equation of state fluid characterization and a keolrBray-Clark (LBC) [33]

viscosity model. €. heavy components were split into four pseudo-componerable$

1.1 and 1.2 give the nine-component EOS fluid characteoizand Table 1.3 shows the
coefficients of the LBC viscosity model used in study.

First, a detailed 15-component EOS model was developedharacterizing the
reservoir fluids of the Garn formation of Smorbukk South fidtdvas tuned to match key
PVT data from more than 30 PVT reports from the field, rangnognf measurements on
lean gas condensates, near-critical fluids, to volatile saimpled at different depths. The
PVT data was mainly from conventional depletion type PVTerkpents, such as con-
stant composition expansion (CCE), differential liberatpansion (DLE), and constant
volume depletion (CVD) tests. It also included viscosity sw@aments, four multi-stage
separator experiments, one MMP experiment, and one rezagion experiment.

The 15-component EOS model was pseudoized to nine comofadioiving the

4This fluid model was the result of an independent study for ®uid South field performed by Pera in
2003.
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techniques given by Hearn and Whitson [34]. The resulting@+tiomponent EOS model
provided a satisfactory description of all the importanflRdata, including saturation type

and volumetric behavior in the near-critical region.

Table 1.4:REFERENCE OIL SAMPLE CONDITIONS

N, Composition
mole-fraction
CO, 0.033518
CiN, 0.624082
C, 0.088604
CsCy 0.082830
C5Cs 0.026788
C:Cy 0.050294
C10Cy3 0.032021
C14Cy 0.050599
Csor 0.011263
Depth, TVD, m -3864
Pressure, bara 402.1
Saturation pressure, bara 389.2
TemperaturéC 141.0

Table 1.5:FOUR-STAGE SEPARATOR CONDITIONS

Stage Pressure Temperature

# bara °C

1 86.2 90.6
2 24.1 98.9
3 2.3 71.1
4 1.0 15.6

The initial fluid compositions and saturation pressuresywshin Figures 1.1 and 1.3,
were calculated by PhazeComp, using the nine-component Egdi8Irand the isothermal
gravity/chemical equilibrium (GCE) model. A reference @h®ple in the critical region
was chosen for the calculations. The sample conditionsigea ¢n Table 1.4. The initial
reservoir pressure at the reference sample depth -3864 nd@&bara. The reservoir

temperature was 14L. The four-stage separator conditions are given in Table 1.5
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Table 1.6:CHEMICAL MOLE COMPOSITION OF INJECTION GASESFRACTION.

N, SepGas SMS Gas Genriched SMS Gas
CO, 0.03956 0.04599 0.19599
C;N, 0.73799 0.75696 0.60696
C, 0.10375 0.10041 0.10041
C;C, 0.08911 0.08484 0.08484
CsCs 0.01509 0.01095 0.01095
C.C, 0.01294 0.00085 0.00085
C0C;3 0.00147 0.00000 0.00000
C4Cy 0.00009 0.00000 0.00000
Cso 0.00000 0.00000 0.00000
Sum 1.0 1.0 1.0

1.4.2 Injection Gases

Injection gases with different compositions may resultiffedent system MMP values and
different miscibility mechanisms for the fluid system. Finjection gaseswere consid-
ered in this study. The compositions of three of these gasegie in Table 1.6. The forth

injection gas was dry gas, made up qiNG only.

1.4.3 Relative Permeability Model

Figure 1.6 shows a set of immiscible relative permeabilityves (rock curves) used in the
simulations. The initial water saturation was 0.26; thedws oil saturation to gas was
0.227, and the critical gas saturation was 0.02. At neacibies conditions, the gas-oil
interfacial tensions were expected to be low in the two-phagiion. For evaluating the
effect of interfacial tensions on oil recoveries, a set odight line curves were also ap-
plied. Sensor can internally scale relative permeakslitiased on the calculated interfacial

tensions and the input threshold value of IFT.

SSeparator gas and SepGas are used interchangeably; drych@sMy, are used interchangeably in this
thesis.
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Figure 1.6: Gas-oil relative permeability curves (rockvas) used in simulations.

1.4.4 Well Constraints

All the simulation models consisted of two wells: one gagabpr and one oil producer.
The gas injection well was located in the first grid cell iniredtion, up-dip if a dip angle
exists. This well was always on injection rate control —atijgg at a constant volumetric
rate. The producer was completed in the last grid cell inreation, down-dip if a dip
angle exists. This well was controlled by the bottomhole fitmypressure (BHFP). The
BHFP of the producer was used to control the reservoir prestuning the displacement.

The pressure drop across the 1D model was kept negligible.

1.5 Full Pressure Maintenance

This section presents 1D simulation results for full pressnaintenance by gas injection.
We investigated the system MMP for different injection gased the effect of dip angles on
oil recoveries and on MMP. A separate subsection summatheaesults for full pressure

maintenance.
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Full pressure maintenance represents one of the injectiategies for miscible
gas flooding of this type of reservoir. The advantage of fudigsure maintenance is that
the reservoir fluids will not be altered in composition whespeérsion effect is negligible.
Consequently, the first-contact miscible nature of the flwidisbe preserved and this will
lead to miscible (near-100%) recovery efficiency for a 1Ddsplacement. MMP of the

reservoir fluid changes only with depth, independent ofrresepressure.
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Figure 1.7: Oil recovery performance for 1D horizontal moaéialized with compo-
sitional variations with depth from isothermal GCE gradiealculations. Displacement
pressure p = 393 bara, 4 bar higher than the maximum saturptessure of the fluid
system; number of grid cells N = 1000,z = 0.61 m.

1.5.1 Recovery Independence of Injection Gases

This subsection presents simulation results for full pressnaintenance by dry gas and
separator gas injection.

Figure 1.7 shows the simulated oil recoveries at differgdtdicarbon pore volumes
(HCPV) of separator gas and dry gas injected. The model wialiméd with the undersat-

urated grading fluid system and 1000 grid cells were usedrd@3$ervoir pressure was 393
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bara, 4 bar higher than the maximum saturation pressuredfutd system. Performance
of oil recovery and producing gas-oil ratio (GOR) by dry; k&) gas injection was prac-

tically identical to those by separator gas (SepGas) iigeatrhen reservoir pressure was
above the saturation pressure of the GOC mixture. Oil ragomerves flattened at about

1.0 HCPV injected, indicating first-contact miscible dig@ements were achieved in both

cases.
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Figure 1.8: GOR performance for 1D horizontal model initi@étl with compositional vari-

ations with depth from isothermal GCE gradient calculatidDsplacement pressure p =
393 bara, 4 bar higher than the maximum saturation pres$ube duid system; number
of grid cells N = 1000Ax = 0.61 m.

Figure 1.8 compares GOR performance of the two cases, sgowirlifference in
GOR development. Gradual increase in GOR was due to theharthe produced fluids
were progressively leaner. Smooth and monotonic changeéOR @lso indicates that no
two-phase region existed in the model and first-contactibildg was obtained.

It is clear, from the above figures, that oil recoveries andRGd2velopment are
independent of composition of injection gases, when therves pressure is kept above

the saturation pressure of the undersaturated GOC fluid.
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Figure 1.9: Snapshots of phase densities at different atiounl times during the 1D hor-

izontal displacement for the separator gas injection cBsgplacement pressure p = 393
bara, 4 bar higher than the maximum saturation pressureediuld system; number of

grid cells N = 1000Az = 0.61 m.

Fluid movements in the 1D model can be further visualizedgufe 1.9, the snap-
shots of phase densities for the separator gas injectia E&asd densities of the reservoir
oil and gas were taken at different simulation times (witl® tdys corresponding to 0.1
HCPV injected). It shows that the phase density profiles &t rdift times were practically

identical, just shifted along the flow direction.

1.5.2 Recovery Independence of Reservoir Dip Angles

Recovery performance and producing GOR development of atioalruns with different
dip angles were almost identical when the reservoir pressas kept above the maximum
saturation pressure. Figures 1.10 and 1.11 show oil reg@m producing GOR versus
HCPV injected for the separator gas injection in 1D horizhntartical, and 45 angle
models. The displacement pressure was 393 bara, 4 bar higtrethe maximum satura-
tion pressure of the undersaturated GOC fluid. A total of Iff@dcells were used in these

runs. All the three models predicted almost the same oilvagoand GOR performance,
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Figure 1.10: Recovery performance for 1D models initialiagéth compositional variations
with depth from isothermal GCE gradient calculations forgbparator gas injection case.
Displacement pressure p = 393 bara, 4 bar higher than thenmaxsaturation pressure of
the fluid system; number of grid cells N = 10Q8z = 0.61 m.

indicating that the oil recovery is practically independefformation dip angles.

In all of the simulations shown in Figures 1.7 to 1.11, thedtjpn gas developed
miscibility with the first fluid it met (top structure gas) tugh first-contact miscible or
multi-contact miscible processes. Figure 1.12 shows tesidiswelling tests on the top
structure gas with the two injection gases. At the displaa#rpressure 393 bara, for the
dry gas injection, miscibility was achieved through a muatintact process at the injec-
tion point. For the separator gas injection, the miscipitas achieved by a first-contact
miscible process. All the other fluids downstream were dispdl by their neighbors in a
first-contact miscible manner. For a stable (e.g. by gratifydisplacement, it is clear that
oil recovery is near 100%, independent of composition afatipn gases and formation dip

angles, when the reservoir pressure is kept above the satupaessure of GOC fluid.
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Figure 1.12: Results of swelling test for the top structurewh the dry (GN,) and sepa-
rator gases. At the displacement pressure, for the dry gaion, miscibility was achieved
by a multi-contact process. For the separator gas injeatscibility was achieved by a
first-contact miscible process.

24



100 ©—0- ; o
f

90

801 RF = 78.6%

70

60

365 bara

501

Dispersion—free Estimate of RF at 1.2 PV Injected, %
p

40

Maximum Ps at Undersaturated GOC = 389 bara

3 1 1 1 1 1 1 1
gOO 320 340 360 380 400 420
Pressure, bara

Figure 1.13: Dispersion-free 1D recovery estimate versessure indicating a system
MMP of 389 bara for €N, gas injection. System initialized with compositional zions
with depth from isothermal GCE gradient calculation.

1.5.3 Dry Gas Injection

Using a dry injection gas (@,), multi-contact VGD miscibility develops at the point
of injection for displacement pressures at/above the a@ur pressure of the GOC mix-
ture. The developed miscible fluid front displaces the damasn neighboring fluid; this
fluid miscibly displaces its downstream neighboring fluiddao on. Neighboring fluids
displace downstream neighboring fluids first-contact rbigcithe injection gas displaces
(only) the first fluid through a multi-contact vaporizatioropess.

Figure 1.13 shows the dispersion-free recovery versusagdisment pressure for the
dry gas injection. Dispersion-free recoveries at 1.2 HCPYevestimated based on linear
extrapolation of simulated recoveries of runs using déférnumbers of grid cells. The
recovery-pressure curve indicates that the system MMP asdturation pressure (also
the VGD MMP) of the GOC fluid, lower than the local VGD MMP of tdewn structure
heavier oils as shown in Figure 1.4. Recall that the oils bel@wGOC were displaced by

25



their upstream oil neighbors, not directly by the injectgas.
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Figure 1.14: Phase saturation distribution at 0.2 and 0.6\H&l&ng the 1D model initial-
ized with compositional variations with depth from isotimait GCE gradient calculations.
Displacement pressure p = 365 bara; N = 1080,= 0.61 m; dry gas injection.

One might ask, why isn't the system MMP equal to the VGD MMP la# first-
displaced reservoir gas? Figure 1.13 shows that the sysileracovery at 1.2 HCPV
was only about 80% for a displacement pressure of 365 bagay®D MMP (also the
dewpoint pressure) of the top reservoir ga$ ¢ell in the 1D model). Figures 1.14 and 1.15
show the snapshots of normalized saturafiarsl phase densities at 0.2 and 0.6 HCPVs
injected. At the displacement pressure of 365 bara, onlyibeails at deeper locations
would stay undersaturated. At 0.2 HCPVs injected, the sipigése oils had not been fully
produced, thus resulting unity normalized oil saturaticiese to the producer. Large two-
phase region and large difference in phase densities algmie that the displacement was
in fact immiscible. The immiscible recoveries under theseditions resulted because the
downstream reservoir gases were below their dewpointsretnograde condensate had

developed at the displacement pressure. When the injecismgved ahead it met the

5Normalized gas and oil saturations refer to gas and oil atiturs normalized with respect to hydrocarbon
saturations.
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Figure 1.16: GOR development of the 1D model initializedwdgbmpositional variations
with depth from isothermal GCE gradient calculations, dispment pressure p = 365 bara,
N = 1000, dry gas injection.
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residual retrograde condensate with which it was not miscild two-phase immiscible
region existed downstream to the point of injection, resglin a system recovery less than
100%.

Figure 1.16 shows the development of the producing GOR s#me simulation
run. Up to about 300 days, only single phase oils of diffecembpositions were produced.
Then, the two-phase front arrived at the producer as ingliday a sudden increase in GOR.
Producing GOR continued to increase as the oil saturatiotiegroducer decreased and
the produced gases phase became leaner. At about 900 dayssidecable fraction of

injection gas was produced as indicated by another inciagseducing GOR.

1.5.4 Summary

In summary, the system MMP for full pressure maintenanchesctitical pressure of the
GOC mixture of the fluid system. Oil recoveries are independéthe composition of the
injection gases and the formation dip angles. We believigthiege conclusions are general
for 1D flow of any undersaturated compositional grading giseservoir undergoing gas
injection for full pressure maintenance.

Full pressure maintenance by gas injection offers flexjbih selecting available
injection gases. The optimal injection gas is apparentyntiost economical gas available
for injection. In addition, production by full pressure menance might require less de-
manding surface processing facility, as the producing G@Rnerease only smoothly and
gas breakthrough occurs at about 1.0 HCPV, at which pointrgastion might be stopped.

The disadvantage is that the minimum reservoir pressurthéomaximum satura-
tion pressure of the fluid system) is usually high, implyih@tthigh compression costs
might be expected. In some cases, partial pressure manteiy enriched gas injection

might be more economically viable.
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1.6 Partial Pressure Maintenance

This section presents 1D simulation results for partiakpuee maintenance by enriched
gas injection, which represents an alternative to full gues maintenance for miscible gas
flooding. The necessity for enriched gas injection to aahiewscibility is because the
reservoir pressure has locally (or entirely) fallen belbe saturation pressure of the fluids
and a two-phase region has formed in the reservoir.

Key focus was on estimating the system MMP and studying the r@é¢hanism
developed in such a reservoir, when the injection gas washed with intermediate com-
ponents. The difficulty in defining the system MMP for enridlgas injection is that the
MMP of the fluids not only changes with depth but also with thevpiling reservoir pres-
sure. Different injection gases and different initialinas (injecting at different depths
and excluding the reservoir zone up-structure from thectiga point in the model) were
simulated to evaluate the system MMP, the displacement amsims, and the oil recovery
efficiencies.

For injection gases containing intermediate-C5 or CO, components in sufficient
guantity, the C/V MMP can exist in some regions or throughbaténtire reservoir. The
C/V MMP may be lower or higher than the saturation pressureitlmialways lower than
the saturation pressure for a reservoir gas. For the fluittsysised in this study, shown
in Figure 1.3, injecting the separator gas (SepGas) yieldeal C/V MMP for the rich
reservoir gases, the GOC mixture, and all the reservoir siiswn in Figure 1.5. The
shallowest C/V MMP on the initial MMP versus depth curve wa6 B&ra for the gas at a
depth of -3810 m. The minimum C/V MMP was 359 bara for a nedreatimixture at a
depth of -3850 m, slightly above the undersaturated GOC.

Dispersion-free recoveries at 1.2 HCPV were estimated baiséidear extrapola-
tion of the simulated recoveries of runs using different bars of grid cells. At some
pressures (e.g. 359 and 380 bara), the dispersion-fregemcestimates were obtained
based on the results of runs with even larger number of gilid ¢&g. 5000 and up to
50000 grid cells).
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Figure 1.17: Reservoir pressure, saturation pressure, ahtMBIP for SepGas of a com-
positionally grading oil system, which is the lower portioirthe fluid system ranging from
GOC fluid to black oil shown in Figure 1.3.
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1.6.1 Injection at Undersaturated GOC

As part of a step-by-step problem-solving approach, weatsdl and studied the oil zone
shown in Figure 1.3 for the separator gas injection case. Ihenodel contained only
the grading oils and the critical mixture located at the tdjne reservoir gas zone was
excluded. The objective was to determine the system MMP feladively simple grading
oil system. The pressure, saturation pressure and C/V MM#fitiid system is shown in
Figure 1.17. One can see that the C/V MMP for the separatoingasased monotonically
from top to bottom for this fluid system. The C/V MMP of the ardl mixture at the top
was the minimum MMP of this fluid system.

One simulation model was initialized with the equilibriuigulid (oil A) of the GOC
fluid for the first 20% of grid cells; the remaining grid cellexe filled (to $ = 100%) with
equilibrium oils resulting from flash calculations of thetial grading reservoir oils at the
current displacement pressure. Note that oil A had a C/V MMBS8fbara for the separator
gas. In Figure 1.18 the line with open circles shows the dispe-free recovery estimates
at 1.2 HCPV, indicating a system MMP of 359 bara, equal to the i@MP of the critical
mixture at the top for this initialization.

Another initialization was made to study the issue whethiiscible oil bank will
miscibly displace any downstream oil that itself has a mughér MMP with the injec-
tion gas. The first 20% of the grid cells of the model was itized with the GOC fluid
(oil A); the remaining grid cells were filled completely (t@ & 100%) with the heaviest
reservoir oil (oil B) at a depth of -4328 m, having a local C/V MMP442 bara with the
separator gas. The line with open squares in Figure 1.18sstimvsimulation results for
this initialization, indicating a system MMP of 359 bara.

C;N, gas injection was simulated for the second initializatidhe line with open
triangles in Figure 1.18 indicates that the system MMP wa&sl&8a for this dry gas injec-
tion, equal to the VGD MMP of the GOC mixture for the injectigas.

All the simulation results presented in this subsectiors@iantly showed that the

system MMP of a grading oil reservoir equals the C/V MMP of flaidhe injection depth.
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The advantage of a grading oil reservoir for enriched gactign is that the system MMP
is the minimum C/V MMP of the fluid system, i.e. the C/V MMP of theifl at the injection
point. A critical mixture, if present, offers the most adtage for achieving miscibility at

a lowered reservoir pressure.

30—
— Reservoir pressure | |
—— Saturation pressure| |
—0—C/V MMP B
—3800-, Shallowest C/vV MMP location, ~3810 m, also depth of gas injection ) =

o 1

Undersaturated GOC, -3862m @ :
..............................
o

-39001

—-4000

-41001

Depth TVD MSL, m

-4200

-43001

-440 L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L
??20 340 360 380 400 420 440 460
Pressure, bara

Figure 1.19: Reservoir pressure, saturation pressure, ahtMBIP for SepGas of a com-
positionally grading system, which is the lower portion loé ffluid system ranging from
the shallowest rich gas having C/V MMP with SepGas to blacklodwn in Figure 1.3.

1.6.2 Injection at Shallowest C/V MMP Depth

This subsection presents simulation results for the segagas injection at the shallowest
C/V MMP depth (-3810 m), shown in Figure 1.19, where the inggtgas can develop a
multi-contact C/V miscibility with the initial reservoir gaat that depth based on Phaze-
Comp calculations. The 1D horizontal model was initializedhwhe compositionally
grading fluids from -3810 to -4328 m as shown in Figure 1.3gmasr gases up-structure
to the injection depth were excluded in the model.

The dispersion-free oil recovery estimates of the simaoitatesults are shown in
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Figure 1.20: Dispersion-free recovery estimates at 1.2 H@P\6eparator gas injection
at depth of -3810 m, the shallowest C/V MMP location. Lineatra@yolation based on
simulated results of N = 500, 1000, and 5000.

Figure 1.20, indicating the system MMP of 380 bara, equah® €V MMP and the
dewpoint pressure of the reservoir gas at the injectionfdept

Experience has been that gas condensate systems, neal-syistems in particular,
are more sensitive to numerical dispersion. We therefanesimulations, for some cases,
using larger & 1000) number of grid cells to minimize numerical dispersdiect.

Figure 1.21 shows oil saturation distributions in the 1D eiddr a run using 5000
grid cells @Az = 0.12 m). The displacement pressure was equal to the estinsgstem
MMP of 380 bara. We found that the C/V miscible front formed,eapected, creating
an oil bank. The oil bank also built in size. Figure 1.22 shaokes snapshots of IFT at
different HCPVs injected for the same run. The C/V front reredimiscible throughout
the displacement indicated by the increasingly low IFT galat the front.

Figures 1.23 and 1.24 show the recovery and producing GOfRrpgance for the

same run, respectively. The oil recovery curve tended teefiabut at about 1.2 HCPV,
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Figure 1.21: Oil saturation profiles at different times dgra 1D displacement by separator
gas, 100 days roughly corresponding to 0.1 HCPV injecteectign at depth of -3810 m.
System initialized with compositional variations fromtisermal GCE gradient calculation,
p = 380 bara, N= 5000.
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Figure 1.22: Gas-oil IFT profiles at different times durinf@ displacement by separator
gas, 100 days roughly corresponding to 0.1 HCPV injecteectign at depth of -3810 m.

System initialized with compositional variations fromtisermal GCE gradient calculation,
p =380 bara, N=5000.
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indicating a multi-contact near-miscible process. The G&Rormance reflected when

the oil bank was produced.
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Figure 1.25: Reservoir pressure, saturation pressure, C/\PMBfsus depth for CO2-

enriched SMS gas injection, and resulting dispersion-feeevery estimate versus pres-
sure for the system initialized with compositional vaatirom isothermal GCE gradient

calculation. The system MMP was estimated to be 340 bara.

1.6.3 CO-enriched Gas Injection at Top

Simulation results for C@enriched SMS gas injection in a 1D model is presented in this
subsection. The model was initialized with the entire fludduenn as shown in Figure
1.3 and the injection gas was injected at the reservoir tdA93n. The injection gas,
composition shown in Table 1.6, was enriched with,®9 15 mol-%, lowering methane-
nitrogen (GN,) content by the same amount based on the composition of the ¢id.
This gas was found to have a C/V MMP equal to the dewpoint (36&)lmdi the top reservoir
gas at-3719 m.

Figure 1.25 depicts the reservoir pressure, saturatiosspre, and MMP versus
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depth; it also shows the relationship between the dispeifse® recovery estimates and
the displacement pressure. The line with open squares sthendMP versus depth for
the injection gas. Only the C/V mechanism existed throughwiteservoir and the lowest
C/V MMP being 320 bara was found for a reservoir gas located ddpah of -3795 m,
slightly above the undersaturated GOC.

The line with open circles in Figure 1.25 shows the disperéiee oil recovery
estimate at 1.2 HCPV injected versus the displacement peeskinear extrapolation for
dispersion-free recovery estimates was based on simutateeries using 500, 1000,
and 5000 grid cells. The system MMP appeared to be 340 bathifoinjection gas, the
breakover point at 100% recovery. This pressure was betitee@/V MMP at the point
of injection and the minimum C/V MMP for a fluid at -3795 m.

The reason why the system MMP was between the first C/V MMP achthimum
MMP of the entire fluid system is not clear. We suspect thatdiservoir gas at the depth
of injection might be too lean and the oil saturation mighttbe low to develop the oil
bank at its C/V MMP. At somewhat lower pressures, the reseyases at some depth
below the injection point might be rich enough to allow thehank to develop and thus
the development of miscibility. Further discussion on tiffeat of oil saturation on the

development of miscibility is presented in Chapter 2.

1.6.4 Separator Gas Injection at Top

This subsection presents 1D simulation results for theragpagas injection at the top.
The model was initialized with composition variations walipth of the entire fluid system
as shown in Figure 1.3. The separator gas was injected inrthgffid cell at an equivalent
depth of -3719 m, the top of the reservoir. Different relagpermeability treatments were
applied as a two-phase region evidenced in the reservaoir.

Figure 1.26 shows the simulation results for the separasrigjection. The line
with open circles represents a horizontal displacemertt WAT-corrected relative perme-

ability (RP) curves. The system MMP was about 359 bara, closeet C/V MMP of the
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Figure 1.26: Dispersion-free 1D recovery estimate versessure for separator gas injec-
tion using different relative permeability treatmentssteyn initialized with compositional
variations with depth from isothermal GCE gradient calcalzd.

GOC fluid with the injection gas. The line with open trianglesrigure 1.26 represent
a horizontal displacement with rock relative permeabitityves — i.e. no IFT correction.
The system MMP was close to 380 bara, the shallowest C/V MMReatépth of -3810

m. The IFT correction has two effects on relative permefgbilistraightening the curves
and reducing the residual oil saturation, both leading tprowed oil recoveries. These
effects were significant when the displacement was neatilolesand negligible when the
displacement was immiscible.

Figure 1.27 shows oil saturation snapshots taken at diffen@mes (with 100 days
corresponding to 0.1 HCPV injected) for a run using 5000 geitat the pressure of 380
bara. A clear development of an oil bank can be seen after &g af gas injection. The
oil bank also grew in size as displacement proceeded.

Figure 1.28 shows the oil recovery and producing GOR versLiBWinjected. The
oil recovery curve tended to flatten out and GOR tended tohrgaanaximum at about
1.25 HCPV gas injected. The first sharp increase in GOR at O@GB\Hinjected resulted
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Figure 1.27: Oil saturation snapshots for a run using rockecand N = 5000. Displace-
ment pressure was 380 bara, and system initialized with ositipnal variations with
depth from isothermal GCE gradient calculations. 100 daysesponding to 0.1 HCPV
injected.
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Figure 1.28: Recovery and GOR performance for a run using cocke and N = 5000.
Displacement pressure was 380 bara, and system initiagbccompositional variations
with depth from isothermal GCE gradient calculations.
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from the arrival of the two-phase front at the producer. Diro@OR at about 0.8 HCPV
injected was due to the production of the developed C/V oikbémcrease in GOR slowed
down at 1.1 HCPV injected when the secondary oil bank was mextitand was followed
by sharp increase in GOR because of the massive breakthodtigé injection gas at 1.25
HCPV injected.

Using the same number of grid blocks at the same pressureQob@&, injecting
the separator gas from the top (-3719 m) resulted in 2 — 3%rlogg®very for runs using
5000 and 50,000 grid cells. Compared with the case of injediothe shallowest C/V
MMP depth (Figures 1.23 and 1.24), the displacement wasléisgent.

The gases from -3719 to -3810 m should be miscibly displat88@&bara because
this pressure exceeded their dewpoint pressures. Theetiffe resulted in the change in
compositions of the oil at -3810 m of which the saturatiorspuge was 380 bara. As the
displacement proceeded, the oil was vaporized by contsmaontact with non-equilibrium
reservoir gases passing over it. When the injection gaseakrithe residual oil at this
depth had become slightly heavier than originally foundhat tlepth, thus resulting in less
efficient displacement and 100% recoveries.

It might be expected that the system MMP could be somewhéaehithan the shal-
lowest C/V MMP as the composition of the oil at -3810 m could énéeen altered in
composition to some extent by the upstream flowing gases. idoeh the system MMP
will increase with respect to the original value of the shakst C/V MMP depends on how
much the oil at -3810 m has changed in composition.

When the displacement pressures were further reduced, thecovery curves
showed several “regions” before it finally flattened out aiwthl.6 HCPV injected, shown
in Figures 1.29 and 1.30. The performance of producing GQReak pressures shows the
same characteristics as described for the run at the peess@80 bara shown in Figure
1.28, but the oil banks were produced at delayed times. Qraydasplacement pressure of
389 bara, which was the critical pressure of the GOC mixtdiek the oil recovery curve

flatten out at 100% at about 1 HCPV injected, shown in Figuré&.1This resulted in a
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Figure 1.29: Recovery and GOR performance for a run using cacke and N = 5000.
Displacement pressure was 365 bara, and system initiagaccompositional variations
with depth from isothermal GCE gradient calculations.
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Figure 1.30: Recovery and GOR performance for a run using cacke and N = 5000.
Displacement pressure was 359 bara, and system initiaidaccompositional variations
with depth from isothermal GCE gradient calculations.
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Figure 1.31: Recovery and GOR performance for a run using cocke and N = 5000.
Displacement pressure is 389 bara, and system initializéd s@mpositional variations
with depth from isothermal GCE gradient calculations.

first-contact miscible displacement.

When the reservoir pressure is less than the maximum satgaessure, two equi-
librium phases will develop in parts of the reservoir beftire injection gas front arrives.
As reservoir gases flow over the deeper equilibrium oilssehals will change in compo-
sition prior to the arrival of the injection gas front and bew heavier due to vaporization
effect. Consequently, the C/V MMP values for these oils wslaihcrease.

We studied the change in oil composition at the GOC depth fdisplacement at
359 bara. Figure 1.32 shows that the oil compositions cléhngéy marginally until the
separator gas front arrived. After the separator gas fradtnrived, the oil quickly became
heavier and stabilized as a heavy residual oil at low oilrsditons.

We also studied the change in C/V MMP of the oil at the initial G@osition with
the injection gas before the arrival of the injection gasfrd-igure 1.33 shows that as a
consequence of the change in oil composition, the C/V MMP @bihalso increased from
the initial value of 359 bara to about 385 bara beforeitiection gas contacted the oil at
the initial GOC depth. This might partly explain why the dsgion-free recovery estimate

at the displacement pressure of 359 bara was fairly low inpasson with the miscible
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Figure 1.32: Composition and saturation change of the dxjifn oil at the initial GOC
depth for a 1D displacement at p = 359 bara by the separatonjgation. System initial-
ized with compositional variations with depth from isottmedt GCE gradient calculations.
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Figure 1.33: Change in C/V MMP of the oil at the initial GOC ldoatwith time for a
1D displacement at p = 359 bara by the separator gas injec8gatem initialized with
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recovery, shown in Figure 1.26.
It might be expected that the C/V MMP of the oil just before thiection gas arrival

will increase to a higher value if the gas zone is bigger.
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Figure 1.34: Oil composition change versus time at the C/¥tfduring a 1D displacement
at p = 359 bara by separator gas injection. System initidhzigh compositional variations
with depth from isothermal GCE gradient calculations; N =&00

Figure 1.34 shows the oil compositions at the moving C/V f{open symbols) for
the same run. The composition was quite similar to the calg®OC equilibrium oll at
359 bara (dash and dotted lines), though it slowly becameéreand slightly less critical.

Figure 1.35 shows the development of oil saturation wittetfor a displacement at
pressure of 359 bara. After 400 days, an oil bank developgddpwnstream to the near-
miscible C/V front (marked with open circles); the front wasided by a clear minimum in
gas-oil IFT shown in Figure 1.36. The leading-edge (reativthe position of the miscible
front) oil bank grew significantly as the displacement moirgd the oil zone below the
original GOC. A smaller but still-significant secondary agrik developed upstream to the
C/V front. This bank also increased in size during the diggriaent, and resulted in a “late”
recovery after the gas breakthrough, indicated by the mioduGOR development shown
in Figure 1.30.
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Figure 1.35: Snapshot of oil saturation profile change witiet C/V oil bank has devel-
oped just before 400 days. System initialized with compmsat variations from isother-
mal GCE gradient calculation, p = 359 bara, N = 5000, sepaga®injection.
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Figure 1.36: Gas-oil IFT profiles at different times durind@ displacement with sepa-
rator gas. System initialized with compositional variagdrom isothermal GCE gradient
calculation, p = 359 bara, N = 5000.
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Vertical Displacement

The line with open diamonds in Figure 1.26 shows the simufatesults from a 1D verti-
cal displacement with IFT-corrected relative permeabdit TheapparentMMP was about
330 bara, lower than any initial local MMP of the fluid syste@ravity effect for vertical
displacement yields a much more favorable fractional floweso that oil recoveries can
be high even atimmiscible conditions. Therefore, we felt thwas not appropriate to eval-
uate thermodynamic system miscibility conditions usingigal displacements, though in
reality fluid compositions vary with depth.

It was observed that an oil bank still will develop at immidei conditions if the
C/V mechanism exists, but at a reduced size. The magnitudéhansize of the C/V oll
bank is closely related to the displacement pressure. Wadfthis is general for enriched

gas injection when C/V mechanism exists.
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Figure 1.37: Snapshots of phase saturation (left) and tiengright) at 300 days (0.3
HCPV injected) for a 1D horizontal displacement at an imnhilscdisplacement pressure
of 310 bara by separator gas injection, N = 1000.

Figure 1.37 shows the development of the oil bank for a 1Dzootal flow sim-

ulated with 1000 grid cells at pressure of 310 bara. The rdiffee in phase densities re-
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Figure 1.38: Snapshots of oil saturation at different tirfldSPVs) for a 1D vertical dis-
placement at an immiscible displacement pressure of 31®Utpaseparator gas injection,
N =1000. The first line to the left represents the initial st saturation distribution at the
displacement pressure; the rest lines represent satuciange at 0.1 HCPV increment.
The thicker lines are snapshots at 1.0 and 1.2 HCPV injected.
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Figure 1.39: Snapshots of phase densities at differentstifd€PVs) for a 1D vertical
displacement at an immiscible displacement pressure ab8dby separator gas injection,
N = 1000. The first line to the left represents the initial staf phase densities at the
displacement pressure; the rest lines represent changasities at 0.1 HCPV increment.
The thicker lines are snapshots at 1.0 and 1.2 HCPV injected.
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mained large but the oil bank still developed at 300 days. déonparison, Figures 1.38
and 1.39 show the change in oil saturation and phase densggpectively for a 1D ver-
tical displacement simulated with 1000 grid cells at the sqmessure. The displacement
also remained immiscible but the oil saturation close topteelucer was much higher in

this case due to gravity segregation effect.
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Figure 1.40: Comparison of oil recoveries of a 1D horizontapkhcement with a 1D

vertical displacement at the same immiscible pressure aad the same number of grid
cells (N = 1000). System initialized with compositional izions from isothermal GCE

gradient calculation.

Figures 1.40 and 1.41 compare the performance of oil reg@rat producing GOR
for the 1D horizontal and vertical displacements. The abkery at 1.2 HCPV for the ver-
tical displacement was 12% higher than that for the horaldifdw. The combined effects
of gravity segregation and the developed C/V oil bank werebetl to be responsible for
the high oil recoveries for the vertical displacement at fjpessure immiscible conditions.
The producing GOR performance also is significantly difféise

The combined effects of the developed oil bank and gravighiniind general ap-
plications to depleted reservoirs (oil and gas condensatenriched gas injection. At low

pressures, the injection gas still will develop a C/V oil bahknmiscible conditions. With
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Figure 1.41: Comparison of GOR of a 1D horizontal displacamgth a 1D vertical
displacement at the same immiscible pressure and usedrtireersamber of grid cells (N
=1000). System initialized with compositional variationsm isothermal GCE gradient
calculation.

the help of gravity, the oil saturation might build up and tikemobility might increase.
The oil could thus be mobilized and recovered. In this precése developed oil bank
could function as an injected LNG slug, but developed at fovests.

For a saturated gas-oil system, £@ight be an ideal injection gas for this process
as it can develop C/V mechanism at low pressures and its giaagiigh. If an oil bank
is created in the gas cap, it will grow due to gravity and ntiscdisplace down-structure
oil in the oil zone. Therefore, the combined effects of the GiNank and gravity might
represent a great potential for improved oil recoveriesdeervoirs where the injection gas

(continuous or gas slug) can develop C/V mechanism in thegyaatcsome low pressures.

1.6.5 Slug Injection

As is already shown in Section 1.5 that dry gas injection aphstor gas injection give
the same recovery for full pressure maintenance. In thisesttton, we show that slug
injection of enriched gas might still be an alternative tataauous gas injection for partial

pressure maintenance. We recommend that it always be eddeswiability with respect
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Figure 1.42: Recovery factors for cases with different siagsof separator gas injection.
p = 359 bara, N = 1000, and liner relative permeability cunwith S,., = 0. 100 days
roughly corresponding 0.1 HCPV injected. System initiaizéth compositional varia-
tions from isothermal GCE gradient calculation.
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Figure 1.43: Development of producing GOR for cases wittetkht slug sizes of separator
gas injection. p = 359 bara, N = 1000, and liner relative peiiigy curves with §,, = 0.
System initialized with compositional variations fromtisermal GCE gradient calculation.
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to continuous injection. We also are aware that multi-disn@mal (2D and 3D) simulation
models should be used to rigorously determine the size ajdkeslug.

Figures 1.42 and 1.43 show comparison of performance otodveries and pro-
ducing GOR for four 1D horizontal simulation runs at a disglaent pressure of 359 bara.
All the parameters of these runs were the same except thatjdation gases were dif-
ferent at different times. Simulation run with 0.2 HCPV sejtar injection gas driven by
dry gas achieved effectively the same recovery as for cootia separator gas injection.
For practical purpose, 0.1 — 0.2 HCPV of separator gas slugmtdy the dry injection
gas would result in the same oil recovery for this 1D fluid egst GOR development also
showed that smaller slug size resulted in a slightly eabdreakthrough of dry gas, but it

happened after 1.0 HCPV (1000 days of the simulation timepefigjected.

1.7 System MMP

The maximum saturation pressure of the fluid system modsgled sothermal GCE model
defines the upper bound pressure for the system MMP. At tesspre, a predominant first-
contact miscible displacement can be expected and theionegas composition has no
impact on oil recoveries for a 1D flow. This pressure can igdi determined by a PVT
simulator without the involvement of numerical reservamglations. The calculation of
saturation pressure variations with depth (saturatiosgue map) is suffice to define the
upper bound pressure for the system MMP of the fluid system.

The relationship between MMP and depth (MMP-depth curvehefinitial reser-
voir fluids calculated by a PVT program also defines the loveemil for the system MMP
— the Shallowest C/V MMP if the C/V mechanism exists. This puesss a function of
the injection gas composition for a specified fluid system. by the VGD mechanism
exists for the entire fluid system, the lower bound and thesujpound pressures for the
system MMP collapse at the maximum saturation pressurehieecritical pressure of the
GOC fluid.
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MMP of a depth-specific fluid, dictated by the equilibrium edmposition shown
in Chapter 2, tends to increase as the oil becomes heaviepdoetphase mass transfer
with the upstream non-equilibrium gases passing over i& fgnitude of the increase in
MMP will be affected by the amount of the non-equilibrium gasTherefore, it is difficult
(if possible) to determine a definite MMP for the entire systanly based on the calculated
MMP by the PVT program . To capture the dynamic change in MM& @etermine the
MMP for the system as a whole, one must resort to numericalves simulation.

If the reservoir only contains compositionally gradingsaind the C/V mechanism
exists for these oils, the system MMP is the C/V MMP of the oth&t top, also the lowest
C/V MMP found on the initial C/V MMP-depth curve. The presentaaritical (or near-
critical) mixture at the undersaturated GOC offers the rfegirable situation for miscible
displacement by enriched gas injection, as this mixturett@sninimum C/V MMP with
the injection gas, defining the system MMP for the gradingeskrvoir .

If the compositionally grading gas-oil system has a smadl ane and a large oll
zone, as the fluid system used in this study, the system MMRBtrh&gapproximated by the
shallowest C/V MMP. On the other hand, if the reservoir haggelgas cap and small oil
rim, we suspect that the system MMP will increase toward thgeu bound pressure (i.e.
the maximum saturation pressure of the fluid system). Howinthe system MMP will
increase will depend on the size of the gas zone where the Ctianesm does not exist

and the reservoir pressure.

1.8 2D Cross-Section Modeling

The 1D models were intended to investigate the system MMRiscibility mechanisms
and the microscopic recovery efficiencies. However, nolisigatube type reservoir exists
in reality. Geological features also must be incorporated multi-dimensional model to
reflect heterogeneities for field studies. Layering witlosty permeability contrast and

effect of gravity are important factors to be taken into actto
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In this Section, we present simulation results for 2D x-zssrsectional models
exhibiting strong permeability contrast. A two-geoloditayer conceptual model and a
more detailed eight-geological-layer model initializedhathe compositional grading flu-
ids shown in Figure 1.3 were constructed to study the effécfravity segregation and
volumetric sweep. These two models had a formation dip aofge8°.

All the simulation runs were performed at the reservoir pues of 393 bara, a few
bar higher than the maximum saturation pressure of themalifjuid system and for 18250
days (50 years). One year of gas injection in model was rqugdpiivalent to 0.03 HCPV

of gas injected.

1.8.1 Two-Geological-Layer Model

A two-geological-layer x-z cross section model (1000 x 6.)6was built with each geo-
logic layer 3.28 m thick, one layer with 50 md permeabilitydahe other with 500 md.
Vertical permeabilities were set to one-tenth of the valugooizontal permeabilities. Both
layers were fully perforated at the injector and the produdes expected, the reservoir
performance was dominated by the high permeability layen@imodel. Vertical grid re-
finement from 500x1x2 to 500x1x8 were simulated. The impaeedical grid refinement
on oil recovery was found to be negligible. Various casesewan to study the order of

permeability distribution and the degree of vertical commation between these layers.

High-Permeability-Layer Order

The location of high permeability (high-k) layer was fourtdide important for the two-
geological-layer model. Results of two simulation casespaesented to show the effect
of the order of the high permeability layer. In one case, tigh Ipermeability layer was
placed at the top; in the other case, the high permeabilgrlaas located at the bottom.
Full pressure communication between the two geologicarkawas enabled.

Figure 1.44 shows the oil recovery and the GOR developmerihése two cases.

Efficient gravity segregation resulted for the high-perbiks layer at the bottom, with

53



100 T T 7000
%0 F |=—High k Layer at Bottom 1
o High k Layer at Top 6000
80 ]
R 70 5000 5
S [ ] mE
S 601 ] 1)
ks i 14000 %
- ¥
g 0% ] 3
8 4ot 3000 2
o F (3}
o F ] S
5 a0 1 1, 38
o : 12000 &
20 ]
. 1 1000
10 ¢ ]
0 T T T O
0 5000 10000 15000 20000

Time, days

Figure 1.44: Recovery and GOR performance for runs with hegimgability layer located
at top and bottom. p = 393 bara, SMS gas injection, and 3658 dagresponding to
approximately 0.3 HCPV injected.

the ultimate oil recovery 13% higher than with the high-kdagt the top. The GOR
development also was substantially different, with a pngkxd lower GOR period for high-
k layer at the bottom. Drop in GOR after 5000 days for the ra kigh permeability layer
was placed at bottom indicated that the oil in the upper lommgability layer segregated
to the lower high permeability layer due to gravity effect.

Figures 1.45 to 1.48 show oil saturation distributions #edent times for the run
where high permeability layer was located at bottom. At 108%s, shown in Figure 1.45,
no significant segregation of the oil from the upper layew thie bottom layer was observed
because the difference in phase densities was not larggkendu 1460, 1825 and 2190
days, the oil in the upper layer segregated into the bottyerland the distance between
the two moving fronts in these layers tended to decrease.

In contrast, Figures 1.49 to 1.52 show oil saturation maplsefun where the high-
k layer was located at the top. No gravity effect was obseridis is consistent with the

performance of producing GOR as shown in Figure 1.44.
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Figure 1.45: Oil saturation map at 1095 days of the run whigyie permeability layer was
located at bottom. p = 393 bara, SMS gas injection.
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Figure 1.46: Oil saturation map at 1460 days of the run whige permeability layer was
located at bottom. p = 393 bara, SMS gas injection.
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Figure 1.47: Oil saturation map at 1825 days of the run whigyie permeability layer was
located at bottom. p = 393 bara, SMS gas injection.
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Figure 1.48: Oil saturation map at 2190 days of the run whigie permeability layer was
located at bottom. p = 393 bara, SMS gas injection.
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Figure 1.49: Oil saturation map at 1095 days of the run whige permeability layer was
located at top. p = 393 bara, SMS gas injection.
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Figure 1.50: Oil saturation map at 1460 days of the run whigie permeability layer was
located at top. p = 393 bara, SMS gas injection.
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Figure 1.51: Oil saturation map at 1825 days of the run whigyie permeability layer was
located at top. p = 393 bara, SMS gas injection.
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Figure 1.52: Oil saturation map at 2190 days of the run whigyie permeability layer was
located at top. p = 393 bara, SMS gas injection.
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Figure 1.53: Comparison of oil recovery performance for raith different degrees of
vertical communication between the two layers. High petoiigalayer was located at the

bottom. p = 393 bara, SMS gas injection, and 3650 days carnekipg to approximately
0.3 HCPV injected.
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Figure 1.54: Comparison of producing GOR performance fos mith different degrees
of vertical communication between the two layers. High psahility layer at the bottom.

p =393 bara, SMS gas injection, and 3650 days corresponaisygroximately 0.3 HCPV
injected.
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Vertical Communication

We also introduced partial barriers between the two geodddayers by modifying z-
direction transmissibilities (TZ). We found that vertic@mmunication between these two
layers showed different sensitivities for different modehfigurations.

Figure 1.53 shows oil recovery performance for runs havirfigrént degrees of
vertical communication between the two layers for the makat the high permeability
layer was located at the bottom. With increased degree titaecommunication, the oil
recovery also increased. It also is observed that the uimarecovery was more sensitive
to the existence of vertical communication rather than tgrele of vertical communica-
tion. For example, when there was no vertical communicatio@ ultimate oil recovery
was 65%. When the degree of vertical communication was iseceanly by 5%, the
ultimate oil recovery increased by 14%. Further increasthéndegree of vertical com-
munication did not result in that significant increase in tiftenate oil recoveries. When
vertical communication was fully enabled, the ultimateredovery reached 87.5%.

Producing GOR development is shown in Figure 1.54 for theessimulation runs
as presented in Figure 1.53. It may be expected that GORrpafwe of the model was
dominated by the high permeability layer as the flow capdgity of the layer is ten times
higher than that of the other layer. Drop in producing GORIltesl from the production
of low GOR oils that had been pushed down from the upper lay¢he lower layer as
gas segregated. With no vertical communication, GOR pedoce changed the character
dramatically.

Figures 1.55 and 1.56 show the impact of layer communicdtiothe model that
the high permeability layer was located at top. Less impaeedical communication on
oil recoveries and producing GOR performance was found. ekample, drop in GOR
in Figure 1.54 for the cases that the high permeability ldgeated at bottom was not
observed for these cases. Even with only 5% vertical comaation, oil recovery and
GOR performance was almost identical to the case of 100%cakdommunication. As

expected, performance was identical for the non-commtinitaases, regardless the high
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Figure 1.55: Comparison of oil recovery performance for nuitls different degrees of ver-
tical communication. High permeability layer at the top. B33 bara, SMS gas injection.
3650 days corresponding to approximately 0.3 HCPV injected.
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Figure 1.56: Comparison of producing GOR performance fos mith different degrees
of vertical communication. High permeability layer at tlopt p = 393 bara, SMS gas
injection. 3650 days corresponding to approximately 0.3 M@ifected.
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permeability layer was located at top or at bottom.

1.8.2 Eight-Geological-Layer Model

This subsection presents simulation results for an eigbtegyical-layer x-z cross-sectional
model (3000 x 52 m). Layer properties such as permeabititgkbess, and porosity were
assigned based on the Smorbukk South field data and giverbie Ta7. The first four
geological layers represented the Garn formation unit 2r{aand the last four layers
represent the Garn formation unit 1 (Garnl). Vertical pexiiléies were 0.7 times of
horizontal permeabilities for all the layers. Note thatdayNo. 5 had the highest flow
capacity.

Though this model was still over-simplified compared withuat geological de-
scription and the heterogeneities of the field, it did captunportant features of layer
permeability distribution and communication between the Garn units. All cases shown
here maintained the reservoir pressure at 393 bara, a felwidpaer than the maximum
GOC saturation pressure of 389 bara. Most simulations udsgfiDa1x8 grid. Little in-
crease (by about 3%) in the ultimate oil recovery was foundmthe model was simulated

using a 500x1x80 grid.

Table 1.7:LAYER PROPERTIES OF THE EIGHIAYER MODEL.

Layer k, Thickness porosity

# md m %

1 60 5.2 0.12
2 65 5.2 0.12
3 65 5.2 0.12
4 65 52 0.11
5 500 5.2 0.14
6 165 5.2 0.14
7 80 9.1 0.12
8 30 12.2 0.12
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Figure 1.57: Oil recovery and GOR performance for the elgier dipping reservoir with
varying permeabilities and degree of vertical communaatp = 393 bara, N = 500. SMS
gas injection, and 3650 days corresponding to approximat8IHCPV injected.
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Layer Communication

Figure 1.57 shows the recovery and GOR performance for gie-&yer model for varying
degrees of vertical communication between the layers 4 ghdtaveen Garnl and Garn2).
Recovery was accelerated with increasing degree of vedaamunication, though the
ultimate recoveries were not significantly affected. Gamakthrough also was delayed
when the degree of communication was increased.

Figure 1.58 shows a snapshot of oil saturation distribuftiothe case of full vertical
communication after 10 years production when recoveryfastis about 43%. Gas had
yet to break through at the producer. In this case, the é&yet- model might be perceived
as atwo-layer model with the highest kh layer (layer 5) safrag the two ‘apparent’ layers.
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Figure 1.59: Oil saturation map at 10 years for the eighéfajpping reservoir with vary-
ing permeabilities and partial vertical communication, 833 bara, N = 500, SMS gas
injection.

Partial vertical communication between layers of Garn tirahd 2 was introduced
by zeroing out 70% of TZ values of layer 4. This was supportethe geological feature
of the Smorbukk South field, which a potentially partly opéals barrier exists between

Garnl and Garn2 due to the presence of faults. The first 35deglls close to the injector

had no communication, followed by 15% being open, followg®B56% being closed, and
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Figure 1.60: Oil saturation map at 10 years for the eighédaypping reservoir with vary-
ing permeabilities and no vertical communication, p = 39@&b& = 500, SMS gas injec-
tion.

followed by the last 15% being open. Figure 1.59 shows a $mdjod oil saturation for the
case of partial communication after 10 years productionnuieeovery factor was about
38%. Gas had already broken through at the producer and G@&ased slowly.

For comparison, Figure 1.60 shows the oil saturation thstion for the case of
no vertical communication between Garnl and Garn2 aftereldsyproduction. In this
case, the eight-layer model might be regarded as a three#aydel. Layers on top of the
highest kh layer (layer 5) might be seen as one ‘apparengrjdgyers below the highest
kh layer might be roughly regarded as another ‘apparenértagnd the highest kh layer
itself might be considered as one ‘apparent’ layer.

2D simulations showed that gravity segregation was an efffigiecovery process.
GOR performance showed a strong link to the degree of védaramunication between
Garn units 1 and 2, higher degree of vertical communicatsulting in later increase in
GOR. This might be used as a key history matching parameteelhdcale simulation

studies.
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Figure 1.61: Comparison of oil recovery and GOR performaacdifferent injection gases
for the eight-layer dipping reservoir with varying permaiébs, p = 393 bara, N = 500.
3650 days corresponding to approximately 0.3 HCPV injected.

Injection Gas Composition

Slug injection also was simulated for the eight-layer modélis subsection presents the
simulation results for slug injection for full pressure manance. Full vertical communi-
cation between Garnl and Garn2 was allowed.

Three cases were simulated to compare recovery efficiencies
1. 2.0 HCPV continuous SMS gas injection;
2. 0.4 HCPV SMS gas injection followed by 1.6 HCPV dry gas ing@tt
3. 2.0 HCPV continuous dry gas injection.

Figure 1.61 shows the oil recovery and GOR performance &gdltases. Continu-
ous SMS gas injection resulted in the ultimate oil recovdry&7%, 6% higher than that
for continuous dry gas injection and 2% higher than for SM&gag injection. Increase in

GOR occurred slightly earlier for continuous dry gas injact Little difference was found
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between the continuous SMS gas injection and the 0.4 HCPV SAd4Sdjlowed by 1.6
HCPV dry gas injection.

From 1D simulations, we would expect no difference in perfance for these cases
as the reservoir pressure was higher than the saturatissyyeeof the GOC mixture and
any gas would have a system MMP equal to the maximum satarptessure of the fluid
system for 1D flow. The results shown here were clearly a#fibi the flow path caused by
layer permeability distribution and the effect of graviggsegation. Vertical flow among
the layers altered the first-contact miscible nature in tloeleh and was believed to be
responsible for the difference in performance for theseedhnjection cases. In addition,
sweep efficiency could also be affected by the density diffees between the injection

gases and the reservoir fluids.
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Figure 1.62: IFT effect on relative permeability and impawtoil recovery and GOR per-
formance using SMS gas injection in the eight-layer model 393 bara, N = 500.

Relative Permeability Treatment

All the 2D simulation results presented thus far have usedrut rock curves without al-
ternation of relative permeability due to reduced gas#6ll. [The 3D full-field model (not

presented here) showed significant difference in GOR aréoilvery from different treat-
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ments of the relative permeabilities. Comparison was madthéoeffect of IFT reduction
on oil recoveries for the 2D model and shown in Figure 1.6&hUkitions were run at 393
bara using a 500x1x8 grid.

Gas breakthrough was delayed slightly for IFT-correctéatiree permeability curves,
resulting in an increase in recoveries of about 2% after 30 of production. This dif-
ference increased only slightly during the next 15 yeaes;iieng a maximum difference of
only 3%. It is clear that introducing IFT dependent relappegmeability curves in the 2D

model did not affect oil recovery significantly.

1.9 Conclusions

This section summarizes this chapter, presenting the mgsirtant conclusions from the
study. We believe that the conclusions from 1D simulatiowlgiare general and applicable
to any undersaturated gas-oil system for 1D flow. Contrilmstiand recommendations for

future research also are given in each subsection.

1.9.1 Conclusions

This study has led to the following conclusions:

1. The system MMP for an undersaturated gas-oil system waslfto be in the limited
range between the shallowest C/V MMP and the maximum satarptessure of the
fluid system, if C/V mechanism exists for an injection gas.nliyo/GD mechanism
exists, the system MMP is defined by the maximum saturatieagure, which is the

upper bound pressure for the system MMP.

2. When the reservoir pressure is maintained at/above themuaxsaturation pressure
in a 1D displacemengny injection gas will lead to system miscibility (near-100%
oil recoveries at all depths). The main miscibility meclsamiis first-contact mis-

cible. Multi-contact miscibility might only be excepted tite point of injection.
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Furthermore, oil recovery is independent of reservoir fation dip angles. There-
fore, the optimal injection gas for full pressure mainteseis always the cheapest

gas available for injection.

. It is possible to achieve miscibility under partial prggsmaintenance by enriched
gas injection. The miscibility mechanism is predominatiélg multi-contact con-

densing/vaporizing mechanism.

. The system MMP might be approximated by the shallowest CMRVior an un-

dersaturated gas-oil system where the gas zone is relatin@ll, such as the fluid
system used in this study. For an undersaturated gas-odrayshere the gas zone
is large and the VGD mechanism exists in the upper part oféisezgne, the system
MMP tends to approach the maximum saturation pressure dtilkde system, which

is the upper bound pressure for the system MMP. How muchliingiease depends
on the size of the gas zone where the VGD mechanism existhislcdse, the ben-
efit of enriched gas injection might be very limited. Cheapwsilable injection gas

operated at the upper bound for the system MMP might be margoacically viable.

. For an undersaturated gas-oil system, if the main regdeeget is the grading oll

zone, enriched gas injection at the undersaturated GOCtimégtonsidered.

. For any 1D flow path (e.g. a streamline), once an injectias develops multi-
contact miscibility with a reservoir fluid and a leading-edgjl bank, this oil bank
will first-contact miscibly displace any downstream oil -d@pendent of whether the
downstream oil is miscible or not with the injection gas. Aadeg-edge oil bank
miscible displacement can result from either the VGD meigmarof gas displacing

oil, or C/V mechanism (gas displacing reservoir gas or oil).

. It was found that an oil bank still will develop at immislglzonditions if the C/V
mechanism exists, but at a reduced size. The combined £fiéthe development

of the C/V oil bank and gravity might represent a potential ifaproving (accel-
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erating) oil recoveries for two-phase reservoirs at lowspoees by enriched gas or
CO; injection, preferentially for high vertical permeabiligynd high structural relief

reservoirs.

8. 2D cross-section studies showed that gravity segregatia be a very efficient re-

covery process in the development of undersaturated dasservoirs.

1.9.2 Summary of Contributions

1. We have demonstrated that it is possible to develop a Inésdisplacement by en-
riched gas injection for an undersaturated gas-oil systepnegsures lower than its

maximum saturation pressure.

2. Two pressure bounds for the system MMP have been identifieith can be cal-
culated by a PVT simulator with an MMP option. We also have desirated the
dynamic nature of the system MMP for an undersaturated gyasservoir, which

should be captured by numerical simulations.

3. Another contribution has been the finding that once arciige gas develops C/V
mechanism and a leading-edge oil bank, the developed o Wahmiscibly dis-

place any downstream oil.

1.9.3 Recommendation for Future Research

The reason why the system MMP was somewhat lower than thioslest C/V MMP for
CO,-enriched gas injection is not clear. It could be becauseittsaturation was too low to
develop miscibility at the shallowest C/V MMP. At somewhat& pressure, oil saturation
increased for the downstream fluids. The downstream fluidaha/V MMP equal to the
reservoir pressure and thus developed miscibility. In Girahtwe show that some level of
oil saturation prior to gas injection is required for the densing/vaporizing mechanism to

develop.
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Another potential research topic following this work coddd to investigate the

immiscible recovery efficiency and the feasibility by €@r other enriched gases injection

in depleted oil and gas condensate reservoirs where Veftbeais expected to be strong

(e.g. high vertical permeability and high structural reteservoirs).

1.10 Nomenclature

AF
C/VMMP
kh

K

PCHOR

acentric factor of component

condensing/vaporizing minimum miscibility pressureseba
flow capacity, product of layer thickness and permeabititymd
horizontal permeability, md

molecular weight of component, kg/kmol

name of component

reservoir pressure, bara

critical pressure of component, bara

parachor of component

saturation pressure, bara

recovery factor, percent

critical pressure of component, K

critical Z-factor of component

grid cell size in x-direction
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Chapter 2

Modeling Physical Dispersion of 1D

Multi-Contact Miscible Processes

2.1 Introduction

Physical dispersivity represents one of the major condernsgscible gas injection, chem-
ical flooding and tracer test applications. Physical disjp@rresults in dilution of injectant
concentrations and even the loss of designed miscibititys potentially leading to failure
of the project. For oil reservoirs on field-scale, physidapdrsion may not be important
as the mixing zone is small relative to the distance betwkennjector and the producer
and the oil saturations prior to gas injection usually aghhiFor lab-scale experiments,
however, the effect of physical dispersivity can be crucial

Physical dispersivity is a rock property that reflects plese! irregularities of the
porous media. Lab measurements reveal that physical digjpgis in the order of 0.30 cm
for consolidated rocks. Perkins and Johnston [1] reviewssigal dispersion for porous
media and gave correlations for quantifying physical dispéy.

For decades, many in the petroleum industry have mixed phlydispersivity with
reservoir heterogeneity and too high (orders of magnitagbgarent dispersivities have

been used and reported in the literature. Recently, Coats[&} pbinted out that the
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reported large apparent dispersivity is a reflection of meseconformance, not the true
physical dispersivity of the rock. Under the assumptionsienia their simulation study,
they demonstrated that heterogeneities alone cause nognixi

In reservoir modeling, the general approach to modelingsiglay dispersivity is
to emulate it by numerical dispersivity in finite-differenaumerical simulation models.
Some reservoir simulators also allow direct input of phgktispersivity.

The first objective of this study was to develop an equatiorcédculating the op-
timum! number of grid cells to accurately emulate physical dispars reservoir simu-
lations for 1D first-contact miscible processes. The dgedomethod should be used for
simulation models that use single-point upstream mobagyghting and IMPES (implicit
in pressure and explicit in saturation) numerical formolat The method is based on: (1)
the analysis of Lantz’s equation for numerical dispersiamé finite-difference numerical
simulator, and (2) the number of timesteps required for dejithe mixing zone where the
injectant concentrations ranging from 0.1 to 0.9 at one poheme (PV) injection. Notes
on dispersion in 2004 by Coats [3] provides a starting pointtis work.

This chapter first presents the proposed method for detergiihe optimum num-
ber of grid blocks and the verifications of the method by find gumerical simulations
and analytical calculations.

The second objective of this study was to investigate theceff oil saturation
prior to gas injection on the development of multi-contamhaensing/vaporizing misci-
bility when physical dispersion was included. Under theu@fice of physical dispersion,
the minimum miscibility pressure (MMP) is no longer a purertnodynamic property of
the reservoir oil for the injection gas at the reservoir temagure. In addition, it will be
affected by flow parameters such as phase mobilities. To aktant the minimum mis-
cibility conditions are affected by current oil saturatiorthe presence of dispersion is an
open question and has not been addressed in the literatheeeffiect may be important

for designing miscible gas floods for gas condensate resefaod for oil reservoirs at the

10Optimum means that the minimum number of grid cells to be irsasimulations still yielding accurate
simulation results.
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tertiary development phase, where the oil saturationsliysar@ low prior to gas injection.
The equation for selecting grid block sizA{ ) and timestep sizet ) intended

for first-contact miscible displacement was extended formdlti-contact miscible gas
injection processes. A complication encountered has Beemstability in the calculated
oil production performance when the timestep size was togela Therefore, a second
equation for determining the number of grid cells was givasdal on a smaller value of the
ratio of the product of timestep size and pore velocity (gy)m grid block size — CFL [4,5]
number (CFL = At;‘). We found that CFL = 0.1 generally avoided numerical ingitgifor

multi-contact displacement calculations in this study.e TFL number may vary from
problem to problem. In this method, the number of grid cedlsalculated based on the
pre-selected CFL number, and the timestep size is then asdclibased on th&x and the
CFL number.

Physical dispersivities were emulated using the secondteufor Az and At in
the simulation models for 1D multi-contact displacemertjcl enabled us to study the
impact of oil saturation on the development of miscibilityttwthe inclusion of physical
dispersion.

For a depleted petroleum reservoir where gas and oil coevesstudied the impact
of relative permeability on miscibility for the 1D near-roikle displacement.

Several authors [6, 7] have reported the development ofldank for gas conden-
sate reservoirs undergoing miscible or near-miscible ggstion, when C/V miscibility
mechanism [8] exists. As discussed in Chapter 1, we foundtkistis general for all
saturated gas-oil reservoirs undergoing enriched gastioje

As used for the study presented in Chapter 1, Sensor [9] alsased to perform
numerical simulations in this study. IMPES formulation vea¢ected.

Section 2.2 presents the proposed equation for determthm@ptimum number
of grid cells for 1D first-contact miscible displacementsl aerifications of the proposed
method by numerical simulations and analytical calcufegio

Section 2.3 presents the simulation results showing tleeedf oil saturation prior
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to gas injection on the development of miscibility for a 1D Ithoontact displacement.
First, the equation for calculating grid block and timessgges for representing physical
dispersivity is presented. Then, the simulation resuktspaesented for simulation models
initialized with different oil saturations at differentels of dispersivity.

Section 2.4 summarizes this chapter, presenting conclsisiad recommendation
from this study.

The derivations of the first proposed equation is given inéxupx B at the end of

the thesis.

2.2 First-Contact Miscible Displacement

This section presents the equation for calculating thevopti number of grid cells for sim-
ulating 1D first-contact miscible displacements. The psgabequation was then verified
by analytical calculations and fine grid simulations. Siatiain runs using different grid
cell and timestep sizes to represent the same value of @thgsspersivity were performed.
The produced tracer concentrations of the effluent were eoadand analyzed. Analytical

calculations also was conducted and the results were cethpath simulation results.

2.2.1 Governing Equations

This subsection reviews governing equations quantifyungerical dispersion in numerical
reservoir simulations using single-point upstream mgbilieighting and IMPES formula-
tion. We considered 1D unit-mobility single-phase displaents in this subsection. The
two fluids (displacing and displaced) had equal viscosity density and were assumed to

be incompressible. Lantz [10] gives the following equafimnnumerical dispersion:
D,, = 0.5u(Az — uAt), (2.1)

where D, stands for numerical dispersion coefficient.
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Numerical dispersivityy (= %) is defined by the following equation:
a = 0.5(Ax — uAt). (2.2)
To ensure a positive timestep size, the following equatiostrbe satisfied:
Az > 2a. (2.3)

It is clear that, to obtain a dispersion-free displacentietfimestep\t must equal

From Eq. (2.2), for a given pore velocity u and dispersivitytimestep sizeé\t can

be calculated by the following equation:

_A:z:—Qa
— - )

At (2.4)

Conveniently, a dimensionless Peclet number often is usegptesent dispersivity

for a porous medium. Neglecting molecular diffusion, thelPenumber is defined as:
Ny = —, (2.5)

whereN,. denotes Peclet number and L is the characteristic lengtheopdrous medium
— the distance from the injector to the producer.

From Eqgs. (2.3) and (2.5), it follows that the upper limit e humber of grid cells
Npe

5
Sensor allows an input of CFL number for timesteping. Underabksumptions

Niaz = (26)

made in this subsection, the CFL can be expressed by:

CFL — uAt _ Ax—204.

2.7
Ax Ax (2.7)

CFL number should not exceed unity because 0 and CFL = 1 results in zero numerical

dispersion.
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The length of the mixing zone where injectant concentratiamge from 0.1 to 0.9
is denoted by |,,. Itis a function of the core length L, the Peclet number ane polumes
(PVs) injected [11]:

PV
L,, = 3.625L . 2.8
. 28)

pe

2.2.2 Optimum Number of Grid Blocks

Eq. (2.2) implies that the grid block size could be choseitranidy for an injection rate
and an emulated dispersivity, and the timestep size canlbelai@d by this equation. In
fact, if the grid block is too large, the timestep size musbdle large based on Eq. (2.4).
This may result in too few timesteps to properly describedecentration profifg and
the resulting concentration curve may not be physicallyemr On the other hand, if the
grid block size is chosen too small, the simulation will requoo many timesteps that are
unnecessary, and the computing resource will be wasted.

To properly predict the concentration curve of the produngattant, it is important
to allow a certain level of resolution of data points, esgalkbgifor the dispersive front of the
curve. Our method of obtaining the resolution is to requesttin number of timesteps for
the mixing zone where the injectant concentrations rargya 1.1 to 0.9 abnePV injected.
As long as this portion of the curve is well-defined, a smgotdntinuous concentration
curve is guaranteed.

For a given n and a Peclet number, the number of grid cells Nbeacalculated

using the following equation; the derivations of the equatire given in Appendix B.

N = ! (2.9)

)
3.625, / —
2 Npe

Npe n

2The curve of the produced injectant concentrations verstes ywlume injected.
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where n denotes the number of timesteps for defining the gizone where injectant
concentrations range from 0.1 to 0.9 at one PV injected. Nuwewhen n approaches
infinity, N approaches the upper limit,[y..

Az is then calculated by: .

Ar = —. 2.10
r= (2.10)

The constant timestep siz&f is determined by Eq. (2.4).

This approach finds the optimum number of grid blocks andstepesize for the
simulation model, ensuring the desired resolution for dedinthe injectant concentration
curve and optimal computing costs.

1

—N=180, n=154
— N=99, n=30

0.9

0.8 —N=77,n=20
——N=47,n=10
0.7 o Analytical

0.6

0.5
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0.3

Tracer Concentration, fraction

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
Pore Volume Injected

Figure 2.1: Comparison of the produced tracer concentsiajrthe runs emulating a

physical dispersivity of 0.20 cm for a core of 90 cm long,{N 450), 100% saturated with
water, and undergoing water plus tracer injection.

2.2.3 \Verification of the Proposed Equation

Analytical calculation and numerical simulation for a ssrruns for a core plug were per-

formed to verify the proposed method. The simulated corgallyi was 100% saturated
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Table 2.1:GRID BLOCK AND TIMESTEP SIZES AND CPU COMPARISON

N n Ar At CFL CPU
cm  days second
180 154 0.50 0.0328 0.20 0.95
99 30 0.91 0.0167 0.56 0.16
77 20 1.17 0.0252 0.66 0.12
47 10 1.91 0.0497 0.79 0.08

with water undergoing water (with tracer) injection. Thet&ravas assumed to be incom-
pressible. The length of the core was 90 oy = Az = 30.48 cm, porosityy = 0.35,
physical dispersivityr = 0.20 cm, and [\l = 450. The pore velocity was set to 30.5 cm/d.
The core was simulated using different numbers of grid caltging from 47 to 180, and
the produced tracer concentration curves were comparedraaigzed.

Analytical equation for calculating tracer concentrasi@s a function of pore vol-
umes injected for such a system also exists, Coats et al [2Jus&d Eq. (4) in that paper
for the analytical calculations. The equation is:

1 1-P
- 1=V (2.11)

where C refers to concentration, normalized to 1.0 forahitijected tracer concentration.
Figure 2.1 shows the tracer concentration curves of sesanailation runs and the
analytical results. The run with 99 grid cells generatediB@s$teps for concentrations
from 0.1 to 0.9 at one pore volume injection. The run with 7Ifsqarovided 20 timesteps
for concentrations from 0.1 to 0.9 at one pore volume inggctiThe run using 47 cells re-
sulted in 10 timesteps for tracer concentrations rangioigp 0.1 to 0.9 at one pore volumes
injected. These runs reproduced the results of the analytaiculations and the predic-
tions of the fine-grid run using 180 grid cells, correspogdio 154 timesteps describing
the mixing zone. The figure indicates that it is sufficientse 47 grid cells (n = 10) in the
simulation model for this problem. The CPU time of this run wess than one-tenth of

that of the fine-grid run (using 180 grid cells) in this study,shown in Table 2.1.
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Figure 2.2: Performance of oil rate for the runs using deferCFL numbers. Different
CFL numbers imply different numbers of grid cells and difféaremestep sizes for a con-
stant dispersivity of 0.3 cm.
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constant dispersivity of 0.3 cm.

2.3 Multi-Contact Miscible Displacement

This section presents the equations for representing qddydispersion and simulation
results for 1D multi-contact miscible displacement. Fatfrontact miscible displacement,
equations Egs. (2.9), (2.10), and (2.4) provide a basisrf@caurate representation of the
physical dispersivity through numerical simulations. Banulti-contact miscible process
where a two-phase region exists, e.g. multi-contact opldsement by gas, we assume
that these equations still provide reasonable approxamatf dispersivity as the two-
phase region usually is limited in size compared with théadise between the injector and
producer.

For multi-contact miscible processes, when CFL = 0.39 (d¢aled bases on the
equation for first-contact miscible for n = 200 and= 0.3 cm, NV, = 300) was used for

the same core discussed in Subsection 2.3.2, but initthizth 100% oil undergoing gas

3To our knowledge, no accurate method exists for quantifyiviyphase flow dispersivity. It therefore is
impossible to verify the accuracy of the approximation.
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injection, it was found that the performance of oil prodantrate and the producing gas-oil
ratio were erratic, as shown in Figures 2.2 and 2.3. Figutes2ows that the oil recoveries
were not influenced.

To achieve a stable and smooth production performance,wtied in the CFL
number was required. We found that CFL = 0.1 normally resulienbon-erratic perfor-
mance for the problem studied. In this study, we therefoesl @sconstant CFL number of
0.1 for simulating the multi-contact process. We also ararawhat this number may be

problem dependent. Some investigators [12] have used a @&l05 in their studies.

2.3.1 Determination of Grid and Timestep Sizes

Again, starting with Eq. (2.2), if we divide the equation Ay: and multiply it by L on both

sides, we will get the following equation after some simpknipulation:

N = 2@(1 — CFL). (2.12)

CFL remains the same definition as defined in Eq. (2.7). Thestiepesize is calcu-
lated based on the pre-selected CFL number by:

_Ax

u

At CFL. (2.13)

2.3.2 Description of Simulation Models

Tests on a 1D multi-contact miscible gas-oil displacemestensimulated for a 15.24 m
long slimtube. The reservoir fluid was characterized by a®ymonent SRK [13] equation
of state (EOS) model. Viscosities were calculated by LBC {Agidosity correlation. Tables
1.1 to 1.3 give parameters of the EOS model and the viscositglation coefficients. The
four-stage separator conditions are given in Table 1.5.

An oil was chosen such that its bubblepoint pressure eqgisatésipersion-free con-

densing/vaporizing minimum miscibility pressure (C/V MMR®ith the injection gas at the
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Table 2.2:COMPOSITION OF THE RESERVOIR OIL AND INJECTION GAS

N, Oil SepGas
mol-fraction mol-fraction
COo, 0.03239 0.03956
CiN, 0.58706 0.73799
C, 0.085194 0.10375

CsCy 0.082157 0.08911
C;Cs 0.028004 0.01509
C.;Cy 0.055141 0.01294
CioCiz  0.037048 0.00147
CiuCy  0.069985 0.00009
Csos 0.023012 0.00000
Sum 1.0 1.0

reservoir temperature of 14C. The dispersion-free C/V MMP was 381.3 bara at the reser-
voir temperature, calculated by a PVT program based on a-oelltalgorithm — Phaze-
Comp [15]. Hoier [16] confirmed that this program is capablecalculating unbiased
dispersion-free MMPs, provided that the EOS model dessriay compositional effect
properly. Composition of the reservoir oil is given in Tabl@,2ogether with the compo-
sition of the injection gas (SepGas). The reservoir pressaas kept at the dispersion-free
C/V MMP during displacement.

Note that the dispersion-free C/V MMP istleermodynami@roperty of the reser-
voir oil and independent of flow parameters such as relagvepability or fluid mobilities.
However, when dispersion is included, we found that the atiation prior to gas injec-
tion affects the development of miscibility. In this stueye focused on the impact of oil
saturation prior to gas injection on the developed misitybivith the presence of physical
dispersivity.

Different values of dispersivity were assumed ranging fidn?® to 0.03 cm and em-
ulated in the numerical simulations. The number of gridscaiid the size of the timesteps
calculated by Egs. (2.12) and (2.13) are given in Table 2.3.

The simulation models were initialized with different vatuof oil saturation and

equilibrium gas prior to gas injection; no water was presettiese models. Different rel-
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Table 2.3:GRID AND TIMESTEP SIZES USED IN THE SIMULATIONS

o Npe N Az At CFL
cm cm days

15.24 100 45 33.87 1.11e-3 0.1
3.00 500 225 6.77 0.22e-3 0.1
1.50 1000 450 3.39 0.11e-3 0.1
0.30 5000 2250 0.68 0.022e-3 0.1
0.15 10000 4500 0.34 0.011e-3 0.1
0.11 13333 6000 0.25 0.083e-3 0.1
0.03 50000 22500 0.07 0.002e-3 0.1
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Figure 2.5: Gas-oil relative permeability curves.
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ative permeability curves were used to evaluate the oil hipleiffect on the development
of miscibility. Fluid pore velocity was assumed to be 30.4&lincorresponding to 1 PV
injection at 0.5 days.

The permeability of the slimtube was 10 Darcy, resultingegligible pressure drop
over the slimtube. The porosity of the slimtube was assumée 0.2. A set of Corey [17]
type relative permeabilities (rock curves) was used with ghturation exponents for oil
and gas of 3 and unity endpoint relative permeabilities.ufgdg.5 shows these relative
permeability curves for gas-oil displacement. All the siation runs used a residual oll
saturation of 0.2 except otherwise stated. The criticakgaigration was assumed to be 0.1.

The gas injector was completed in the first grid cell (1, 1,rd the producer was
put in the last grid cell (N, 1, 1). A fixed injection rate wasdsand the producer was put
on bottom-hole flowing pressure (BHFP) control, so that a t@oriseservoir pressure was

always maintained.
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Figure 2.6: Simulated oil recovery factors at 1.2 PV of safmrgas injected. Rock curves
with S,,, = 0.2 were used in the simulations. For the correspondintePeembers, refer
to Table 2.3.
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2.3.3 Effect of Oil Saturation on Developed Miscibility

This subsection presents simulation results for models aifferent initiaf* oil saturations
at different levels of dispersion.

Figure 2.6 shows the oil recovery factors at 1.2 PV injectmmmodels initialized
with S,; =1.0, 0.7, 0.5 and 0.3. These initializations represefemint degrees of mobility
for the liquid phase. The figure shows a common feature, llehecurves are upward-
concave. Meaningful linear extrapolation should startrfrid = 2250 (\}—N = 0.021) for
these initializations. Then a near-100% dispersion-fieeeoovery can be obtained at the
thermodynamic C/V MMP for all these cases, regardless theeva initial oil saturation.
This figure also shows that linear extrapolation based oovextes of runs with too high
(e.g.a>0.30 cm,iN > 0.021) dispersivity can easily lead to an overestimate ofiMM

The oil recoveries of the runs N 2250 % > 0.021) and § = 0.3 are higher
than those of the runs,S> 0.3 are simply because the oil recovery from the vapor phase

dominated when an immiscible displacement was predicted.
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Figure 2.7: Simulated oil recovery factors versus pore was injected. $ = 1.0; rock

curves with §,, = 0.2 were used in the simulations. For the number of grideeed, refer

to Table 2.3.

4Initial in this chapter refers to oil saturation prior to gagction.
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Figure 2.7 shows the simulated oil recoveries versus pdienes injected for the
model initialized with 100% oil. The oil recovery increaseish increasing Peclet number
or decreasing dispersivity. In the lab, for a 100% oil-sateld slimtube with a realistic
level of physical dispersivity of 0.30 cm or,N= 5000, the expected recovery at 1.2 pore
volumes injected will be about 93% at the thermodynamic MMP.

Figure 2.8 shows simulated oil recoveries at 1.0 and 1.2 PYasfinjected for
a slimtube having a physical dispersivity of 0.3 cm and atited with 100% oil. The
number of grid cells used was 2250. Oil recoveries contiou@drease at displacement
pressures higher than the dispersion-free C/V MMP.

Figure 2.9 shows the simulated oil recoveries at 1.2 PV ofigjasted of the runs
initialized with §,; = 0.2, equal to the residual oil saturation of the gas-oitre¢ per-
meability curves. It indicates that the starting point fanaaningful linear extrapolation
may be N = 6000&% = 0.013 andx = 0.11 cm) for this system. Then the extrapolated
dispersion-free recovery will be 100% at the C/V MMP. In thie, laowever, for a slimtube
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experiment with a physical dispersivity ef 0.30 cm, the expected oil recovery at 1.2 PV
would only be 92.5%. Figure 2.10 shows the simulated oil vedes versus PV injected
for these initializations. Even for the run with,N= 50000, the recovery curve has yet to
flatten out at 1.2 PV injected.

For the model initialized with 5% oil saturation, i.e,; S S,,,, the overall oil re-
coveries of all the simulation runs were close to 100% evéght dispersivity levels. The
curve (recovery versu% curve) did not show the upward-concave feature. Oil recov-
eries from the vapor phase dominated the behavior of theveeg@urve. However, the
near-100% overall recovery did not imply a miscible displaent of oil by injection gas
in these cases.

Due to the fact that the simulated oil recoveries were olvezabveries from both
liquid and vapor phases, the overall oil recovery at 1.2 H&cted might not be a clear in-
dication of developed miscibility between the injectiors gend reservoir oil. Difference in
densities of liquid and vapor at reservoir conditions miggimore indicative for assessing

miscibility.
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Figure 2.11: Snapshot of phase densities at different paltenes injected for the run,S
=1.0 and N = 2250. Rock curves with,5= 0.2 were used in the simulations.
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For a fixed level of dispersion, e.g.,N= 5000 ¢ = 0.30 cm and N = 2250), runs
initialized with different oil saturations showed diffettecloseness to miscibility during the
displacement. Figure 2.11 shows the snapshots of phasgieleasdifferent pore volumes
of gas injected for the case that the initial oil saturaticmswinity. The snapshots were
taken at every 0.04 PV injected. The thick lines represeaseldensities at 1.0 and 1.2
PVs. Phase densities tended to converge during the first\0ifj€cted and then stayed

more-or-less constant.
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Figure 2.12: Snapshot of phase densities at different parenes injected for the run,S
= 0.5, N =2250. Rock curves with,§ = 0.2 were used in the simulations.

Figures 2.12 to 2.14 show the density snapshots for the nitrdized with 0.5, 0.3
and 0.2 oil saturations, respectively. The closeness toililisy for the runs with §; = 1.0
and down to § = 0.3 was quite similar though the difference in phase dessimcreased
slightly for the run with §; = 0.3. For the run initialized with $= 0.2, shown in Figure
2.14, the difference in phase densities was clearly grelager those of the above cases,
indicating a less miscible displacement.

When we further reduced the oil saturation prior to gas imgedb 5% in the model,

immiscible displacement resulted at the same dispersia. [Eigure 2.15 shows that the

94



800

—Oil
----Gas
700+ B
«_ 600
S
=
(=)
=
> SRR S W W VN W N N W
2 500 VNN AKX XD XX
[
A 480 E
o 460 i
& 4401 B
= 420 mleN e R It e e
. ~L N AN AN AN PN T NN AT TN s E
4001 PPN Sy N I\‘I \\; \‘:l \)l S /( NN LA /\\Jl\\ s NN /,\‘sl\\v' ’0'7
Piial '’ - et ey -l P et sy -
T S R L L A S R
1 1 f ) ! . 1 ¥ ' B II h . , ’ 7 , ’ ’ , , , ,I R ,
Vol Y o) / S S S S I/ S8
! oy I L .y LA A 4 oy v, e,
[ B, ,' L N L P I A I A P A
300+ et """f"""/'ﬁ":'"_l"'""’ AR A Y P PP 4;— eid
bt ,’ ;o " ! ,I ,' [ " ,I .ot ,' ,' ,' .o ,' )
! ! ! L U
_"-.-g-"--.ﬁ‘{--—h-'--'---‘-'---n-ﬁ-'--’-----‘-'—----n-ﬁ-ﬁ-’--'—-’
200 i i i i i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Length from Injection Point

Figure 2.13: Snapshot of phase densities at different paltenes injected for the run,S
= 0.3, N =2250. Rock curves with,§ = 0.2 were used in the simulations.
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Figure 2.14: Snapshot of phase densities at different patenes injected for the run,S
=0.2, N =2250. Rock curves with,§ = 0.2 were used in the simulations.

95



800 :
—Oil
----Gas Hf
700 N
., 600 .
€
=
(=]
X
>
=
(%2}
c 5001 i
[}
o
[0}
(2]
©
T
4001 : ; : 2
£TTT 7 v - v 777 7 e A
: , , II ]l '/ P I/ S Sy // J K ; 2 K AR 7
f 1 ' ] n ’ e . 1
] ] ] ] ‘ ! 12 ! ' ’ 2 ']
1 1 ! I ’ / U ’ ’
! ll ! ! ! ! l’ 1’ ! ! I’ II ! /I ! ! I, ! /I ’/ 4 ;o ! l'
1 [l U i ’ ’ / , ’ ’
1 I 1 ! 1 ! N ’ ‘ / 4 ’ N
300 i " 1 I' i ,‘ ,l oy ,/ S S/ St S s , o7
’
1 | 1 ' " ' ] 'y I' ., , I' Y A oy 7 l’ o7, 'o ’
S U I A P A P S e g ./
A A e A R Y T T Y L A L L L R AL L A
200 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Length from Injection Point

Figure 2.15: Snapshot of phase densities at different partenes injected for the run,S
=0.05, N = 2250. Rock curves with,$ = 0.2 were used in the simulations.

difference in densities remained the same as the initidlibgum phase density difference.

This also was observed for all the initializations at higlels of dispersivity. For example,

Whena = 15.24 cm and 45 grid cellsjgﬁ = 0.149) were used, all the runs initialized with
different oil saturations indicated an immiscible disglaent. The difference in phase
densities remained the same as that between the initialil@gun phases. This also is

indicated on the recovery curve in Figure 2.6.

The above figures of snapshots may only provide qualitativetiation on changes
in phase densities along the slimtube during the displanerrégure 2.16 shows the mini-
mum difference in phase densities at 0.44 PV injected foruhs initialized with different
values of oil saturations and gridded with different nunsbefr grid cells. The minimum
difference in phase densities increased with increasisygedsivity for a fixed oil saturation
prior to gas injection. For a fixed level of dispersivity, tmenimum value of phase den-

sity difference decreased with increasing oil saturatipmou0.3. When the model initially
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Figure 2.16: Minimum difference in phase densities at 0.M4rifected for the runs initial-
ized with different values of oil saturation and at differeispersivity levels. Rock curves
with S,,, = 0.2 were used in the simulations.

contained more than 30% oil prior to gas injection, the mimnndifference in phase den-
sities tended to be constant for a value of dispersivity. citity becomes insensitive to

oil saturation prior to gas injection.

2.3.4 Dispersion Effect on the Development of Oil Bank

A persistent feature for miscible gas injection in 1D mod#lgas condensate reservoirs
is that an oil bank will build up during the displacement. Thagnitude of the oil bank is
greatly influenced by dispersion involved.

We show simulation results of cases that were initializeth\20% oil saturation
and the oil initially had no mobility. These may be simulgtiaa depleted gas condensate
reservoir undergoing miscible or near-miscible gas impectFigures 2.17 and 2.18 show
the developed oil bank and the difference in phase denddiefour runs at dispersion

levels of 1.52, 0.30, 0.11, and 0.03 cm. At lower level of digion, the oil bank was more
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developed in size and the difference in densities was siiallso is observed that the oil

bank developed earlier. Oil recoveries also were highemvdigpersivity was smaller.

2.4 Conclusions and Recommendation

To summarize, this study has led to the following conclusion

1. A method for the optimum number of grid cells and timestze $or numerical
simulation models has been proposed and verified for 1Ddastact miscible dis-
placements. It ensures a smooth curve of recovery versasvotumes injected at

minimum computing cost.

2. For a 1D multi-contact displacement of oil by enriched gagre C/V mechanism

exists:

¢ Liquid phase composition dictates the C/V MMP. As long as thmially has
certain mobility, initializations with different oil satations should result in the
same dispersion-free thermodynamic C/V MMP, provided tiagixtrapolation

of recovery versusjW is conducted properly.

e Initializations with different oil saturations might reige: different starting points
for a meaningful linear extrapolation for an estimate opdision-free recovery
for defining an unbiased MMP on the recovery-pressure curge! initial oil
saturation cases require low degree of dispersion as angtaaint for linear

extrapolation.

e For a multi-contact miscible displacement to develop, stewel of initial oil
saturation and mobility might be required. Miscibility magver develop if

initial oil saturation is too low even at very low dispersies.

3. For the readiness of defining C/V MMP for gas condensateveise undergoing
miscible gas injection, we recommend that the reservoiniialized with 100% oil.

This might involve least work for a proper estimate of a dispn-free C/V MMP.
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2.5

2= =S r D

=

Nomenclature

numerical dispersion coefficient

relative permeability to gas, fraction

relative permeability to oil, fraction

distance from the injector to the producer, m
number of grid cells

name of component

maximum number of grid cells

Peclet number, dimensionless

pore volume, dimensionless

oil saturation prior to gas injection, fraction
residual oil saturation to gas, fraction

pore velocity, m/day

superficial velocity or Darcy velocity, v=y m/day
dispersivity, cm

timestep size, days

porosity, fraction

grid block size in x direction, m

grid block size in y direction, m

grid block size in z direction, m
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Summary

This paper discusses miscible gas injection in reservoir fluid
systems exhibiting compositional variation with depth
characterized by an undersaturated "critical" transition from
gas to oil, where all fluid properties exhibit a continuous
variation with depth.

In an undersaturated gas-oil fluid system all fluids
throughout the reservoir are initially first-contact miscible
with their neighboring fluids. This implies that full-pressure
maintenance, gravity-stable updip gas injection will lead to
miscible displacement throughout the reservoir, even for
down-dip fluids which are not miscible with the injection gas.
The pressure maintenance required is to avoid depletion below
initial saturation pressure throughout the reservoir, i.e.
maintaining a single-phase fluid system. Compositional
reservoir simulation studies have been used to verify this
behavior for one-dimensional (1D) flow.

Similar results were originally suggested by Hoier and
Whitson'. In this paper we study the same mechanism for non-
ideal reservoir systems characterized by (1) partial pressure
maintenance where reservoir pressures locally drop below
initial saturation pressure and two phases form prior to
injection gas arrival; and (2) two-dimensional (2D) flow in
reservoirs with heterogeneities and strong layer-property
contrasts. Both situations may have a negative impact on oil
recovery compared with full-pressure maintenance and
gravity-stable miscible displacement with expected near-100%
recovery.

1D and 2D compositional simulations are used based on
the reservoir characteristics of a field with an undersaturated
gas-oil fluid system — Smorbukk South Field, located in the
Norwegian Sea. This field produces rich gas condensate and
volatile oil through an undersaturated gas-oil transition from
two main geological layers. We present five years of
production history with pressure maintenance by gas injection.

Introduction

A number of fields have been reported where the fluid column
grades from gas to oil, but where a saturated gas-oil contact
(GOC) does not exist. The transition from gas to oil occurs in
a smooth and continuous manner, with the mixture at the gas-
oil contact being neither gas nor oil, but a critical mixture. The
saturation pressure of the GOC mixture is a critical pressure at
the reservoir temperature. This critical pressure is the
maximum saturation pressure in the entire fluid column.
Reservoir pressure is greater than saturation pressure at all
depths, so formally the reservoir is undersaturated. We
therefore refer to this system as an undersaturated gas-oil
system, with an undersaturated gas-oil contact.

As pointed out by Schulte’, one characteristic of an
undersaturated gas-oil system is that each fluid is first-contact
miscible (FCM) with its neighboring fluids when reservoir
pressure is maintained above the GOC saturation pressure.

This paper looks at the possibility of developing a fully-
miscible gravity-stable displacement at pressures lower than
the GOC saturation pressure, and in particular when a
condensing/vaporizing (C/V) miscible process develops within
the gas cap.

We begin with a brief list of some published fields with a
reported undersaturated gas-oil system.

1. Brent field**, UK, Statfjord formation. Mainly oil.
2. Smorbukk field’, Norway, several formations. Mainly
gas condensate.

3. Smorbukk South field, Norway. Mainly oil.

4. Birba field®, Oman. Mainly oil.

5. Cusiana field’, Colombia. Mainly oil.

6. Anschutz field®, Overthrust belt, USA. Mainly rich
condensate with possible transition into oil.

7. Bundugq field’, UAE. Mainly oil.

8. Orocual field'’, Venezuela. Mainly condensate.

We are aware of a number of other such fields which have not
been reported in the literature, including fields in Norway,
Gulf of Mexico, Iran, Algeria, and Libyia. The list is probably
much longer than indicated here.

Miscibility in Compositionally-Grading Reservoirs

In this section we give a short description of concepts, as well
as 1D miscibility mechanisms and determination techniques,
connected to this specific class of compositional grading
Ieservoirs.
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Compositional Grading Systems.

Compositional variations with depth in reservoirs with near-
critical fluids can often be modeled relatively accurately by
the isothermal gravity/chemical equilibrium (GCE) model, i.e.
neglecting other potentially important effects such as thermal
diffusion or thermal convection®. Chaback'' argues that
thermal diffusion effects are small relative to gravity/chemical
effects in the vicinity of a critical point. For the near-critical
fluids in the Garn formation in the Smorbukk South field
(describled in a separate section), we find this simple 1D
isothermal GCE model to match measured variations with
depth reasonably well.

An undersaturated gas-oil system'> modeled by the
isothermal GCE is characterized by: (a) monotonic changes in
phase properties, (b) largest changes in properties at the depth
of the undersaturated GOC and (c¢) maximum saturation
pressure at the critical point, as shown in Figs. 1 and 2.
Composition is approximately linear with depth for reservoir
fluids with gas-oil ratios outside the range of about 300-800
Sm*/Sm®. Compositional gradients decrease with increasing
degree of undersaturation. Consequently, a near-critical
reservoir fluid system with a saturated GOC will have larger
compositional variations with depth in the vicinity of the gas-
oil contact than a near-critical undersaturated gas-oil system.

Condensing/Vaporising Mechansim.

Miscible displacement of oils and gas condensates can be
developed through the condensing/vaporizing (C/V)
mechanism'*'* far below saturation pressure if injection gases
are sufficiently rich in intermediate components15 or CO, ', If
the C/V mechanism exists, an oil bank develops, where at-
and-above the C/V minimum miscibility conditions oil
saturations behind this front approaches zero. The formation
and development of such oil banks has been discussed by
Hoier and Whitson', and later by Jessen and Orr'’,

In a depleted retrograde condensate system, the C/V
minimum miscibility pressure (MMP) is determined by the
compositions of the injection gas and the retrograde
condensate'. 1D numerical modeling shows that numerical
dispersion has a strong influence on the development of
miscibility by the C/V mechanism for gas condensates. For
such systems, a large number of grid cells are required to
provide recovery factors which can be reliably extrapolated to
a dispersion-free result. If the C/V mechanism does not
develop because of too few grid cells, MMP may be
erroneously overpredicted.

MMP Variation with Depth.

MMP variation with depth can be generated by combining (for
example) the isothermal gravity-chemical equilibrium gradient
calculation and a robust MMP-algorithm (e.g. the Zick
multicell-algorithm'®). For a given depth, the gradient
calculation provides an estimate of composition, reservoir
pressure, and saturation pressure. The MMP algorithm then
determines the MMP at this depth for a given injection gas.
These calculations can be repeated for a series of depths and

* Our experience has been that naturally fractured reservoirs have a much
greater tendency to experience thermally-induced convection than
conventional reservoirs.

injection gases, providing a simplified “map” of MMP
variation with depth.

This methodology gives MMP variation with depth for an
undersaturated gas-oil system shown in Fig. 2. For a lean
injection gas, miscibility is developed by a purely vaporizing
gas drive (VGD) mechanism at all depths. The VGD MMP
equals the dewpoint pressure variation in the entire gas cap
down to the undersaturated GOC, and is equal to or greater
than the bubblepoint pressure in the oil zone.

For a richer injection gas, the VGD miscibility mechanism
may be found only in the upper parts of the gas zone.
Approaching the undersaturated GOC the reservoir gases
become richer in intermediate and heavier components and the
C/V mechanism may develop, and the true MMP is below the
VGD MMP. For undersaturated gas-oil systems predicted with
the isothermal GCE model, we find this to be characteristic
behavior for the MMP variations with depth. If the C/V MMP
exists in parts of the gas cap, the minimum C/V MMP is
usually found close to (at or slightly above) the undersaturated
GOC!, as shown in Fig. 2. In the oil zone we find that MMP
increases monotonically with depth

If the injection gas is enriched further in C;-Cs or CO,,
both the depths where (1) the transition from VGD to C/V
MMP occurs, and (2) the minimum column MMP is found,
move upwards. For such enriched injection gases the C/V
mehansim may result in the entire fluid column, with MMP’s
that are lower than the dewpoint pressure at all depths in the
gas-zone.

Fluid System & Simulation Models

The EOS fluid characterization applied in this study is based
on a 15-component SRK EOS model describing the Smorbukk
South Garn formation. The 15-component EOS model was
pseudoized to 9 components following the techniques given by
Hearn and Whitson'’. The single 15-component EOS-model
was tuned to match key PVT data from more than 30 PVT
reports from the same field, ranging from measurements on
lean gas condensates, near-critical fluids to volatile oils.

PVT data was mainly from conventional depletion type
PVT experiments, such as CCE, DLE, CVD, and viscosity
measurements, but also included data from four multi-stage
separator experiments, one MMP experiment and one
revaporization experiment. The final regressed EOS
parameters are given in Table 1 and Table 2. The resulting 9-
component EOS gave a satisfactory description of all the
important PVT data, including the saturation type and
volumetric behavior in the near-critical region.

The initial vertical fluid variation with depth, shown in
Figs. 1 and 2, was calculated using the developed fluid
characterization model and the isothermal chemical/gravity
equilibrium (CGE) model, with reference conditions given in
Table 3. Four-stage separator conditions are also given in
Table 3.

Four injection gases were considered in this study; a dry
CN, gas and three richer gases shown in Table 4.

The Sensor” reservoir simulator has been used in this
study to model 1D slimtube-type flow, and 2D cross-sections.
The PhazeComp'® EOS-based PVT simulator has been used to
make compositional gradient and depth-specific minimum
miscibility calculations using a multi-cell method; earlier
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publications'>'? have verified the ability of the Zick multi-
cell method to accurately predict developed miscibility
conditions.

System Minimum Miscibility Condition

What is the system MMP of an undersaturated gas-oil system?
The initial “static” MMP is the minimum pressure required by
an injection gas to develop miscible recovery of the reservoir
fluid at a given depth. But what if vertical flow exists, and
particularly if vertical flow is dominant under gravity-stable
conditions? What happens if the reservoir pressure drops
below the initial saturation pressure at some or all depths?

To answer these questions we ran a series of 1D
simulations containing the initial fluid system given in Fig. 2.
Bottomhole pressure (BHP) constraint on the producer was
defined as the pressure at which the system would equalize
during the displacement; typically the pressure was reached
quickly in a time corresponding to about 0.001 HCPV
injected. The displacement was continued until at least 1.2
HCPV were injected; recovery factor (RF) was noted at this
time (RF;,). Similar displacements at the same pressure were
repeated at increasing numbers of grid cells, N, then RF; , was
plotted vs the inverse of square root of N, then extrapolated
linearly to an estimate of the dispersion-free recovery factor
corresponding to an infinite number of grid cells (RF.).

For some displacement pressures, some or all of the initial
fluids are below their initial saturation pressure and two
phases will form.

Full-Pressure Maintenance.

We first consider a system where the pressure is maintained
just high enough to guarantee the entire reservoir remains
single phase throughout the displacement. Figs. 3-4 show
results of these simulations. Fig. 3 shows RF vs HCPV
injected for a separator injection gas for horizontal, vertical,
and 45° dip flow. Displacement pressure is 393 bara, just 4 bar
higher than the maximum saturation pressure at the
undersaturated GOC. A total of 1000 grid cells were used.
Recovery and gas-oil ratio (GOR) performance was practically
identical using lean injection gas (CN,).

Fig. 4 shows several snapshots of the density variation
along the 1D model during the displacement with separator
injection gas. The density profiles at different times are
practically identical, just shifted along the distance axis.

In all of the simulations shown in Figs. 3-4 we have an
injection gas that develops multicontact miscibility through
vaporization with the first fluid contacted (top structure gas).
All other fluids downstream are displaced by neighbors in a
first-contact miscible displacement.

Lean Gas Injection (VGD Mechanism Only).
Using a lean gas (C;N,), multicontact VGD miscibility
develops at the point of injection. The developed miscible
fluid front displaces the downstream neighbor fluid; this fluid
miscibly displaces its downstream neighbor fluid, and so on.
Neighbor fluids displace neighbor fluids first-contact miscibly,
while the injection gas displaces (only) the first fluid by a
multicontact vaporization process.

From Fig. 5 we see that the system MMP equals the
saturation pressure (= VGD MMP) of the the GOC fluid, even

though the local VGD MMP is much higher for deeper oils.
Recall that the oils below the GOC are displaced by their
upstream oil neighbors, and noft the injection gas.

We might ask, why isn’t the system MMP equal to the
VGD MMP of the first-displaced reservoir gas? From Fig. 5
the system oil recovery is only about 80% for a pressure of
365 bara, the dewpoint (=VGD MMP) of the top-reservoir gas
(1" cell in the 1D model). Immscible recoveries for this
condition result because the downstream reservoir gases are
below their dewpoint, and retrograde condensate has
developed at the displacement pressure. When the injection
gas moves ahead it meets the (residual) retrograde condensate
with which it is not miscible. A two-phase immiscible region
existing downstream to the point of injection results in a
system recovery less than 100%.

Separator Gas Injection (C/V Mechanism Exists).

For injection gases containing intermediate C,-Cs components
(or CO,) in sufficient quantity, the C/V MMP can exist in
some regions or the entire reservoir. The C/V MMP may be
lower or higher than the saturation pressure; it is always lower
for a reservoir gas.

For the fluid system shown in Fig. 2, injecting separator
gas yields local C/V MMPs for the GOC gas and for shallower
gases up to a depth of about 3810 m. The C/V MMP exists for
all oils. The question now arises as to the system MMP — is it
still the maximum saturation pressure at the GOC?

Grading Fluid Initialization. Fig. 6 shows 1D simulation
results using separator gas. The open circles represent a
horizontal ~ displacement with  IFT-corrected relative
permeability (RP) curves. The system MMP is about 359 bara,
close to the MMP of the GOC fluid.

The open diamonds in Fig. 6 show results from vertical
displacements with [FT-corrected relative permeabilities. The
apparent MMP is about 330 bara, lower than any local MMP.

System recoveries with IFT-corrected relative permeability
curves are clearly affected by both thermodynamic and
Buckley-Leverett characteristics. The IFT correction has two
effects on relative permeability — straigtening the curves and
reducing the residual oil saturation to zero; the latter effect
may result in recoveries approaching 100% even if the
displacement is not miscible. The gravity effect in vertical
displacement yields a much more favorable fractional flow
curve so the approach to near-zero residual oil saturation may
occur just after breakthrough.

The open triangles in Fig. 6 represent a horizontal
displacement with rock relative permeability (RP) curves —i.e.
no IFT correction, and with S,,,=0.227 and S,=0.02. The
system MMP is 389 bara based on the standard analysis using
1.2 HCPV recoveries. However, the system MMP appears to
lie between 370 and 390 bara, depending on the interpretation
of recovery performance. For example, at pressures 370-
380(+) bara, the oil recovery has several “regions” before it
finally flattens at 1.6 HCPYV injected; only at 389 bara does the
recovery curve flatten to 100% at 1 HCPV injected (Fig. 7).

The shallowest gas with a local C/V MMP was 380 bara at
3810 m. Whether the thermodynamic system MMP is 380 bara
or the GOC saturation pressure of 389 bara is not clear from
the results given in Fig. 8. It is somewhere between 370 and
389 bara.
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If the system MMP is less than the maximum saturation
pressure, two equilibrium phases will develop in parts of the
reservoir before the injection gas front arrives. As reservoir
gases flow over deeper equilibrium oils prior to injection gas
arrival, the equilibrium oils will change composition by
vaporization.

We studied the change in oil composition at the GOC
depth during the displacement at 359 bara. Fig. 9 shows that
the oil composition changes only marginally until the
separator gas front arrives. After the separator gas front
arrives, the oil quickly becomes heavier and stabilizes as a
heavy residual oil at low oil saturations.

Fig. 10 shows the development of oil saturation with time
for a displacement pressure of 359 bara. After 400 days, an oil
bank has developed just downstream to the near-miscible C/V
front (marked with open circles); the front is defined by a clear
minimum in gas-oil IFT as shown in Fig. 11. The oil bank
grows significantly as the displacement moves into the oil
zone below the original GOC. Note that a smaller but still-
significant oil bank develops upstream to the C/V front. This
bank also increases in size during the displacement, and it
results in a “late” recovery after gas breakthrough (see Fig. 7).

Fig. 12 shows the oil composition at the moving C/V front
(open symbols). The composition is quite similar to the
original GOC equilibrium oil at 359 bara (dash line and closed
symbols), though it slowly becomes heavier and slightly less
critical.

Injection at GOC. Another issue is whether a miscible oil
bank front will miscibly displace any downstream oil. To
study this effect we made a series of special 1D simulations to
verify that a C/V miscible displacement process initiated with
the GOC oil would then displace miscibly any lower oils
which themselves have much higher MMPs with the injection
gas. That is, the miscible oil bank developed with the GOC oil
would then first-contact miscibily displace all oils
downstream. A 1D model was initialized at 359 bara with the
first 20% of cells containing GOC fluid only (oil A); the
remaining cells were filled (to S,=100%) with equilibrium oils
resulting from a flash of the grading fluids from GCE
calculations shown in Figs. 1-2. Fig. 13 shows results of the
simulation, indicating a system MMP of 359 bara (open
circles).

A more-extreme test was then run. A 1D model was
initialized at 359 bara with the first 20% of cells containing
GOC fluid only (oil A); the remaining cells were filled
completely (to S,=100%) with the equilibrium oil (oil B) of
the GCE grading fluid at a depth of 4328 m having a local
MMP of 442 bara with the separator gas. Fig. 13 shows results
of the simulation, indicating a system MMP of 359 bara (open
squares). Running the same system with lean injection gas
resulted in a system MMP of 389 bara, the saturation pressure
of the GOC fluid (open triangles in Fig. 13).

Injection at Shallowest Depth with C/V MMP. Another
simulation was made with injection at the shallowest depth
(3810 m) where injection gas develops a C/V miscible
displacement with an initial reservoir fluid. We found that the
C/V miscible front forms, as expected, creating an oil bank
immediately. The oil bank builds in size and the C/V front
remains miscible throughout the displacement (with
increasingly low IFTs and K-values approaching 1), shown in

Fig. 14. System MMP < 380 bara (=dewpoint = C/V MMP of
the 3810-m gas). It appears clear that the C/V-developed oil
bank miscibly displaces all downstream oils.

At the same pressure of 380 bara, injecting separator gas
from the top (3719 m) results in 2-3% lower recovery for runs
using 5000 and 50,000 grid cells. Why? The gases from 3719
to 3810 m should be (gas-gas multicontact VGD) miscibily
displaced at 380 bara because this pressure exceeds their
dewpoint pressures. The difference lies in the oils formed
between 3810 and 3917 m where saturation pressure ps>380
bara. As the displacement proceeds, these oils are vaporized
by continuous contacts with non-equilibrium reservoir gases.
Once the injection gas arrives, the residual oil being displaced
in this depth interval is heavier than originally found at that
depth, resulting in <100% recoveries.

CO,-Enriched SMS Gas Injection (C/V Mechanism Only).
The SMS injection gas was enriched with CO, by 15 mol-%,
lowering methane (CIN2) content by the same amount, as
shown in Table 4. This injection gas has a C/V MMP equal to
the top reservoir gas dewpoint, 365 bara at 3719 m. Fig. 15
shows the MMP vs depth for the CO2-enriched gas. Only the
C/V mechanism exists throughout the reservoir; the minimum
MMP is 320 bara at a depth of 3795 m.

Fig. 15 also shows the estimated dispersion-free RF at 1.2
PV injected plotted versus pressure, with injection at the
reservoir top of 3719 m. The system MMP appears to be at
340 bara, the breakpoint at 100% recovery. This pressure lies
between the MMP at the point of injection and the minimum
MMP at 3795 m.

Summary of 1D Displacement Mechanisms.

Based on our understanding of results given above (Figs. 3-15)
we suggest that once an injection gas develops multicontact
miscibility with a reservoir fluid and the displacement front
has a leading-edge oil bank, this oil bank will first-contact
miscibly displace downstream oil — even if the downstream oil
is not miscible with the injection gas. A miscible displacement
with leading-edge oil bank can result either from a VGD
mechanism for an oil, or any C/V mechanism (gas displacing
reservoir gas or oil).

For an undersaturated gas-oil reservoir with initial
compositional gradient, a gravity-stable displacement of updip
fluids by any injection gas will lead to system miscibility (i.e.
near-100% oil recoveries exist at all depths) if the system
pressure is maintained above the maximum saturation pressure
of the GOC fluid.

It appears that a lower system MMP may exist if
miscibility anywhere in the gas cap develops by the C/V
mechanism. Miscibility seems to be guaranteed at all depths at
and below the point in the fluid column where the C/V
miscible mechanism is first encountered — if the reservoir
pressure is maintained at or above this C/V MMP. Miscible
recoveries will also exist for shallower gases where local VGD
MMP is lower than this first-encountered C/V MMP.

In conclusion, it appears that the system MMP can be
approximated by the C/V MMP at the shallowest depth in the
initial fluid column, if a miscible C/V mechanism develops
above the GOC; else, the GOC saturation pressure defines the
system MMP.
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Slug Injection.

Simulation runs with 20% separator injection gas driven by
dry gas achieved effectively the same recovery performance as
continuous separator gas injection when reservoir pressure is
359 bara. Another alternative for slug injection will be CO,.
This gas has two attributes for slug enrichment — (1)
significantly lowered MMPs in the lighter fluids upstructure,
and (2) increased density that more efficiently segregates the
injection gas from the lighter chase gas.

Effect of Layering and Segregation

To evaluate miscible displacement for a more-realistic
reservoir description it is necessary to include a geologic
description. We extracted average layer properties from the
Smorbukk South field model to build a series of 2D x-z cross-
section multi-layer models. For more generic studies, a simple
2-layer model was constructed.

All cases were simulated with one producer and one
injector, both completed in all geological zones. A main
uncertainty in the field is layer vertical communication for the
two Garn formation units: Garn [ and Garn 2.

The 2-layer and 8-layer cross-sectional models have
heterogeneity similar to Smorbukk South Garn, but several
key parameters which are different (thickness, length scale,
and rates). Consequently, our study is not directly applicable
to Smorbukk South field, but has behavior that is relevant to
the understanding of that field and others with similar fluid
and rock property variations.

Two Geological Layers.

A two-geological-layer x-z cross section (1000 x 6.6 m) with
dip angle 3.8° was built with each geologic layer 3.28 m thick,
one with 50 md and the other with 500 md. Various cases
were run to study order of permeabilities and degree of layer
communication. 500x1x8 and 500x1x2 grid geometries were
used, but grid refinement in the z-direction had little impact on
results.

High-Permeability-Layer Order. Fig. 16 shows the
recovery and GOR development for two cases, high
permeability layer at the top, and high permeability layer at
the bottom. Full communication between the two geological
layers existed. Efficient gravity segregation resulted for the
high-k layer at the bottom, with ultimate recovery 13% greater
than with the high-k layer on the top. The GOR development
was substantiall different also, with a prolonged lower GOR
for high-k at the bottom.

Layer Communication. We introduced partial barriers
between the two geological layers using z-direction
transmissibilities (TZ). For high-k on the bottom, Fig. 17
shows the recovery performance as a function of the
percentage of communication (non-zero TZ’s) between layers
1 and 2. GOR development is given in Fig. 18. The GOR drop
results from production of oil which has been pushed down
from the upper layer as gas segregates, this oil entering the
high-k lower layer. Significant reduction in layer
communication was necessary to impact (negatively) the
recovery and GOR performance. With only 20% layer
communication, recovery factor was reduced by only 3.7%;
with 5% layer communication, a reduction in RF of 8% was
found. With no layer communication the RF dropped from

87.5 to 64.5 % and GOR performance changed character
dramatically.

Figs. 19 and 20 show the impact of layer communication
for high-k on top. Less impact on RF and GOR performance
was found (e.g. the GOR drop in Fig. 18 was not observed for
high-k in the upper layer). Even with only 5% communication,
behavior was almost identical to 100% communication. The
zero communication behavior was the same for high-k layer
on top and high-k layer on bottom, as expected.

Eight Geological Layers.

An eight-geological-layer x-z cross section (3000 x 52 m) with
dip angle 3.8° was built to study more accurately the actual
performance of the Smorbukk South field. The top layers 1 to
4 represent Garn 2, all with a kh-product of about 335 md-m.
Layer 5 represents the high-permeable upper part of Garn 1
with a kh-product of about 2590 md-m, followed by 853 md-
m in layer 6, and finally 732 and 366 md-m in the thicker and
less permeable layer 7 and 8. Though this model is still over-
simplified compared with actual geological description and
heterogeneity, it does capture important features of layer
permeability distribution and degree of communication
between the two Garn zones 1 and 2. All cases shown here
maintain reservoir pressure at 393 bara, a few bar higher than
the maximum GOC saturation pressure of 389 bara. Most
simulations used a 500x1x8 grid; it was found that a change in
ultimate recovery of <3% resulted using a 500x1x80 grid.

Layer Communication. Fig. 21 shows the recovery and
GOR performance for the eight-layer model for varying
degree of vertical communication between layer 4 and 5.
Recovery is accelerated with increasing communication,
though ultimate recoveries are not significantly affected. Fig.
22 shows a snapshot of oil saturation after 10 years of
production for full communication where RF is about 43%.
Gas has yet to breakthrough at the producer.

Partial layer communication between Garn 1 and 2 was
introduced by zeroing out 70% of TZ values; the first 35%
along the x-direction had no communication, followed by 15%
being open, followed by 35% being closed, followed by the
final 15% being open. Fig. 23 shows a snapshop of oil
saturation after 10 years of production for partial
communication where RF is about 38%; gas has already
broken through and GOR is increasing slowly.

GOR development has a strong link to the degree of
Garnl-Garn2 communication and could be used as a key
history-matching parameter.

Injection Gas Composition. Comparison was made
between the actual Smorbukk South (SMS) injection gas
composition and lean gas injection. Fig. 24 shows the
recovery and GOR performance for 2.0 PV continuous SMS
gas injection; vs 2.0 PV continuous lean gas injection; vs a 0.4
PV injected of SMS gas followed by 1.6 PV injected of
continuous lean gas (C|N,).

From 1D analysis we would expect no difference in
performance for the three injection strategies; any gas would
have a (1D) system MMP equal to the maximum GOC
saturation pressure. The results shown here are clearly affected
by the flow path caused by layer permeability distribution and
resulting gravity segregation. Little difference is found
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between continuous SMS gas injection and the 0.4 PV SMS
gas followed by 1.6 PV lean gas injection.

We wonder whether the difference in recoveries for SMS
and lean gas injection is a (false) result of mixing and
miscibility breakdown caused by numerical dispersion. On the
other hand, sweep efficiciency may be affected by density
differences of lean and richer gases at reservoir conditions,
explaining the recovery differences.

Relative Permeability Treatment. The full-field model
(not presented here) showed significant performance character
of GOR and recovery for different treatment of the relative
permeabilities. All 2D simulation results presented thus far
have used input rock curves without alternation due to reduced
gas-oil IFT. Comparison was made for IFT reduction, as
shown in Fig. 25. Breakthrough is delayed slightly for IFT-
corrrected RP curves, resulting in a difference in recoveries of
about 2% after 5000 days of production. This difference
increases only slightly during the next 15 years reaching a
maximum difference of only 3%.

Summary of the 8 geological layers simulations. 2D
cross-section studies with layering similar to the Smorbukk
South field show that gravity segregation from high-
permeability layers results in a very efficient recovery process,
with a GOR characteristic of the layering and layer
communication. High pore-level recoveries are achieved by a
combination of miscible/near-miscible displacement and
efficient  vertical  gravity-dominated  Buckley-Leverett
displacement. We suspect that a sufficiently-gridded finite-
difference model of this process will yield similar results to a
compositional streamline simulator.

Smorbukk South Field Data

Smorbukk South is part of the Asgard Unit, which is one of
Norway’s largest offshore developments. The field is located
in the Norwegian Sea, about 200 kilometers west of mid-
Norway, and came on production in 1999. Smorbukk South is
a dome-shaped structure (Fig. 26), with fluids ranging from
gas condensate to volatile oil in three formations: Garn, Tilje
and Ile. The main “economic” formation is Garn 1-2 primarily
containing near-critical and volatile oils but transforming
upwards to a small gas cap through an undersaturated GOC.
During nearly five years of production only Garn 1-2 have so
far been developed, and it is this geologic unit we have used in
our study.

The initial reservoir pressure and temperature in Garn 1-2
is approximately 400 bara and 141 °C.

Eight production wells (seven horizontal and one vertical)
are located in a circle around the flank of the field, close to the
water-oil contact. Gas is injected in three injection wells on
the crest of the structure, and the strategy has been to maintain
reservoir pressure by full voidage replacement with injection
gas in Garn 1-2. Geological faults and sub-seismic fault
barriers result in limited pressure support to the flank
producers and to two producers in the southern part of the
field.

Fluid Variations with Depth.

Fluid variations with depth in the full-field model is based on
a combination of linear interpolations of measured
compositional variations with depth and predictions with the

isothermal GCE model. Fig. 27 shows the resulting multi-
stage GOR variation with depth for Garn 1-2, compared with
measured data. As shown, the Garn 1-2 formation contains
rich gas-condensates to volatile oils in the range 300-800
Sm’/Sm’.

Isothermal GCE calculations based on seven valid PVT
samples taken at different depths in Garn all predict
undersaturated GOC’s, although some of the results are close
to a saturated GOC prediction. Calculations based on three
near-critical samples are in excellent agreement with measured
fluid variation with depth for the entire column.” However, the
compositional variation with depth based on three oil samples
and one lean gas sample yield gradients smaller than the
observed trends.

Field Experience.

After nearly five years of production, no massive gas
breaktrough has been observed in the Smorbukk South wells.
Figs. 28 and 29 show historical field rate and field GOR
performance. The field GOR has been slowly increasing from
around 330 Sm*/Sm’ to 1300 Sm*/Sm® in May 2004. Both the
black oil and compositional full field models predict the field
GOR variation with time reasonably well.

To better understand the reservoir communication and
flow patterns, a tracer program was started in November 2002.
Gas tracers were injected in the Smorbukk South injectors and
gas samples from the production wells were regularly
analyzed to measure the tracer response. After about 14
months, the first detection of tracers was made in one
producer. These initial results indicate gravity-assisted
displacement, but more data will need to be measured before a
general conclusion can be drawn.

Example Well Data. The two producers Well A and Well
B are wells with very good pressure support. Figs. 30 and 31
show production data from these wells. In both wells a high
initial production potential of about 5000 Sm’/d was
maintained until an increase in GOR slowly started to reduce
the oil rates. These wells show no massive gas breakthrough.
Well C is an example of wells with limited pressure support
resulting in a decrease in reservoir pressure down to about 300
bara, shown in Fig. 32. Production rates are lower than Well A
and Well B. Due to two-phase flow and gravity segregation,
Well C so far shows lower GORs than the wells with full
pressure maintenance.

The GOR performances of Well A and Well C, both put on
production initially (1999), show periods of constant GOR
before gradual GOR increases. Well B came on production
only in late 2001, showing a continuously increasing GOR
from the start of production; the rate of increase is higher than
either of the other two example wells and higher than the
field-average GOR rate of increase.

Conclusions
The simulation studies presented in this paper lead to the
following conclusions.

b One of these three near-critical samples (given in Table 3) was used in the
1D and 2D simulations.
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For an undersaturated gas-oil reservoir with initial
compositional  gradient, an updip gravity-stable
displacement by any injection gas will lead to system
miscibility (i.e. near-100% oil recoveries at all depths) if
the system pressure is maintained above the maximum
saturation pressure of the GOC fluid. This is shown
conclusively for 1D displacements.

Based on an initial compositional gradient, the local MMP
versus depth for a given injection gas can be calculated
with depth. This local MMP gradient together with the
mechanism of developed miscibility (vaporizing gas
drive, VGD, or condensing/vaporizing gas drive, C/V)
can be used to determine whether the system MMP may
be lower than the GOC saturation pressure.

In general, for any 1D flow path (e.g. a streamline), once
an injection gas develops multicontact miscibility with a
reservoir fluid and the displacement front has a leading-
edge oil bank, this oil bank will first-contact miscibly
displace any downstream oils — independent of whether
the downstream oils are miscible or not with the injection
gas. A leading-edge oil bank miscible displacement can
result from either the VGD mechanism of gas displacing
oil, or any C/V mechanism (gas displacing reservoir gas
or oil).

If a local miscible C/V mechanism develops above the
GOC, it appears that the system MMP is given by the C/V
MMP at the shallowest depth in the initial fluid column.
This observation is a result of the conclusion (3).

If gas injection is updip and reservoir pressure has locally
dropped below initial saturation pressure, reservoir gases
may change the composition of oil downstream before
injection gas arrival and consequently change MMP of
downstram oils. “Point” injection at the shallowest C/V
MMP depth or the depth of the minimum column C/V
MMP may be considered a preferred IOR strategy.

The general conclusion (3) should also apply in complex
flow systems where gas underrides oil due to
heterogeneities and layering. This is difficult to show
conclusively using a finite-difference model because of
numerical  dispersion. ~ Compositional  streamline
simulation should be used to verify this hypothesis.
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Table 1 - NINE-COMPONENT SRK EOS FLUID CHARACTERIZATION

Component| Pc Tc MW Z. AF |V-SHIFT|PCHOR| OMEGA | OMEGB
bara °K
CO, 73.74| 304.12 44.01| 0.27433|0.2250| 0.2175| 70.00|0.427480| 0.08664
C4N, 4580 189.54 16.15| 0.28615|0.0114| -0.0929| 76.67|0.430146| 0.08649
C, 48.72| 305.32 30.07| 0.27924(0.0990| -0.0473| 108.00(0.427480( 0.08664
C3Cy 40.38| 390.88 49.08| 0.27847|0.1704| 0.0989| 163.46|0.416082| 0.08579
CsCs 33.76| 488.34 76.69| 0.27011(0.2403| 0.1221| 247.40|0.425933| 0.08568
C,Cy 32.99| 553.69| 105.88| 0.26700(0.2589| 0.0116| 328.73|0.427480| 0.08664
C1oC13 25.92| 636.75| 151.74| 0.26000|0.3782| 0.0517| 450.87|0.427480| 0.08664
C14Co 19.55| 739.70| 247.89| 0.28594(0.5734| 0.0095| 672.77(0.422410( 0.08607
Csos 10.16] 918.17| 483.14| 0.35542(1.1570| 0.2299| 1058.41(0.427480( 0.08664
Table 2 - BIPS OF NINE-COMPONENT SRK EOS FLUID CHARACTERIZATION
CO, CiN, C, CiCy CsCq CsCq | C10Cy3 | C1aCoo Csos
CO, 0.00000( 0.11810| 0.15000( 0.15000( 0.15000| 0.15000| 0.15000| 0.15000| 0.15000
C4Ny 0.11810( 0.00000( -0.00152( -0.00947 | -0.02057| 0.00150| 0.00160| 0.00173| 0.03551
C, 0.15000( -0.00152| 0.00000( 0.00000{ 0.00000| 0.00000| 0.00000| 0.00000| 0.12766
CsCy 0.15000( -0.00947| 0.00000{ 0.00000{ 0.00000| 0.00000| 0.00000| 0.00000| 0.09202
CsCs 0.15000( -0.02057| 0.00000( 0.00000{ 0.00000| 0.00000| 0.00000| 0.00000| 0.06236
C;Co 0.15000( 0.00150( 0.00000( 0.00000( 0.00000| 0.00000| 0.00000| 0.00000| 0.05223
C4Cy3 |0.15000| 0.00160| 0.00000| 0.00000| 0.00000| 0.00000| 0.00000| 0.00000| 0.04350
C14Cp |0.15000( 0.00173| 0.00000| 0.00000| 0.00000| 0.00000| 0.00000( 0.00000| -0.03296
Caos 0.15000( 0.03551| 0.12766| 0.09202( 0.06236| 0.05223| 0.04350] -0.03296| 0.00000

Table 3 - CONDITIONS OF REFERENCE OIL SAMPLE USED IN ISOTHERMAL
GRADIENT CALCULATION AND SEPARATOR CONDITIONS.

Component Composition

mol-fraction
CO, 0.033518|
C4N, 0.624082
C, 0.088604
C3Cy 0.082830
CsCo 0.026788
C7Cq 0.050294
C10C13 0.032021
C14Ca0 0.050599
Cao+ 0.011263|
Depth, m 3894.1
Pressure, bara 402.1
Temperature, °C 141.0

Separator Conditions
Stage| pressure| Temperature
bara °C
1 86.2 90.6
2 241 98.9
3 24 711
4 1.0 15.6

Table 4 - MOLAR COMPOSITION OF INJECTION GASES

Component Molar Composition, fraction
SepGas SMS Gas CO,-Enriched SMS
CO, 0.03956 0.04599 0.19599
CiN, 0.73799 0.75696 0.60696
C, 0.10375 0.10041 0.10041
CsCy 0.08911 0.08484 0.08484
CsCq 0.01509 0.01095 0.01095
C,Cq 0.01294 0.00085 0.00085
C4oCi3 0.00147 0.00000 0.00000
C44Cy 0.00009 0.00000 0.00000
Cso+ 0.00000 0.00000 0.00000
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Fig. 1 — Variation of C;; and C,N; with depth. Isothermal GCE
calculations with 9-component EOS and based on reference conditions

given in Table 3.
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based on isothermal GCE calculations as given in Fig. 1. EOS-calculated

minimum miscibility pressures (VGD and C/V) for two injection gases.
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Fig. 5 — Dispersion-free 1D recovery estimate vs pressure indicating a
system MMP of 389 bara for C;N; gas injection. System initialized with
compositional variation from isothermal GCE gradient calculation.
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Fig. 6 — Dispersion-free 1D recovery estimate vs pressure for separator
gas injection using different relative permeability treatments. System
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calculation.
100 T 5000
80 -+ 4000
=R
5 ~
S 60 4 + 3000
w
2 —
3
é 401 ——p=389 bara T 2000
3 — p=379 bara
——p=365 bara
20 - — p=359 bara - 1000
—p=359 bara
0 T T t 0
0 05 1 1.5 2 25

HCPV Gas Injected

Producing GOR, Sm*/Sm®

Fig. 7 — Recovery factor and GOR performance vs HCPV of separator
gas injected for a series of pressures less than or equal to the GOC
saturation pressure, N = 5000. System initialized with compositional
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Fig. 9 — Composition and saturation change of equilibrium oil at initial
GOC depth for a 1D displacement at p = 359 bara, separator gas
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Fig. 11 — Gas-oil IFT profiles at different times during a 1D displacement
with separator gas. System initialized with compositional variation from
isothermal GCE gradient calculation, p = 359 bara, N=5000.

—2—C30+

- CT7+

- &- C30+ of Original GOC Fluid, Eq. Oil
—e— C7+ of Original GOC Fluid, Eq. Oil

0.1+

Oil Phase Mole Fraction

0.01 T T T T T
400 500 600 700 800 900 1000
Simulation Time, days

Fig. 12 — Oil phase composition change vs time at the C/V front during a
1D process at 359 bara with separator gas. System initialized with
compositional variation from isothermal GCE gradient calculation, N =
5000.
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Fig. 15 — C/V MMP vs depth for CO2-enriched SMS gas and resulting

Fig. 18 — GOR performance for a two-layer dipping reservoir with high
dispersion-free estimeate RF vs pressure for updip gas injection.

permeability at the bottom, with varying degree of vertical
communication, p = 393 bara, NX = 500, SMS gas injection.
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Fig. 16 — Effect of permeability ordering in a two-layer dipping reservoir, Fig. 19— Oil recovery performance for a two-layer dipping reservoir with
p =393 bara, Gridding in x-direction NX = 500, SMS gas injection. high permeability at the top, with varying degree of vertical

communication, p = 393 bara, NX = 500, SMS gas injection.
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Fig. 20 — GOR performance for a two-layer dipping reservoir with high
permeability at the top, with varying degree of vertical communication, p
=393 bara, NX = 500, SMS gas injection.
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Fig. 21 — Oil recovery and GOR performance for an eight-layer dipping
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Fig. 22 — Oil saturation map at 10 years for an eight-layer dipping reservoir with varying permeabilities and complete (100%) vertical communication, p =

393 bara, NX =500, SMS gas injection.
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Fig. 23 — Oil saturation map at 10 years for an eight-layer dipping reservoir with varying permeabilities and partial vertical communication, p = 393 bara, NX

=500, SMS gas injection.
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Fig. 24 — Comparison of oil recovery and GOR performance for different

injection gases for the 8-layer system, p = 393 bara, NX = 500.
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Fig. 25 — IFT effect on relative permeability and impact on oil recovery
and GOR performance using SMS gas injection in an eight-layer dipping
reservoir, p = 393, NX = 500.
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Fig. 27 — EOS calculated GOR vs depth for Smorbukk South fluid system
of Garn 1-2 formation. Four-stage separator conditions, given in Table 3.

Fig. 26 — Top view of Smorbukk South Garn 2 formation.
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Fig. 28 — Smorbukk South field oil rate and cumulative oil production
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Fig. 29 — Smorbukk South field GOR historical data. Fig. 32 —Oil rate, GOR, and pressure historical data for Well C of
Smorbukk South field.
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Fig. 30 —Oil rate, GOR, and pressure historical data for Well A of
Smorbukk South field.
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Fig. 31 -Oil rate, GOR, and pressure historical data for Well B of
Smorbukk South field.
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Appendix B: Derivation of Equation 2.9 for Optimum Num-

ber of Grid Cells
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Based on Eq. 2.8, length of mixing zone in which injectant emtiations range

from 0.1 to 0.9 at one PV injected:

1
Lt = 3.625Ly |5 (B-1)

pe

It can also be expressed as:
lm1 = nuAt = n(Azx — 2a). (B-2)

Combining equations Eq. (B-1) and Eq. (B-2) and divided by L othistdes,

1 Axr 2« 1 2

3.625 Npe = n(T — f) = H(N — Npe). (B'?))
Solving for N, we will get the final equation:
N = 1 : (B-4)




