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ABSTRACT

Simulation Study to Investigate the Effect of NatUfractures on the Performance of
Surfactant-Polymer Flood in Carbonate Reservoiksg(ist 2010)
Nawaf Ibrahim A. Sayedakram, B.S., Montana Techversity

Chair of Advisory Committee: Dr. Daulat D. Mamora

This thesis presents a comprehensive simulatiodystun the impact of natural
fractures on the performance of surfactant polyfimwd in a field scale surfactant-
polymer flood. The simulation model utilized foretlstudy is a dual porosity dual
permeability model representing 1/8 of a 20-acspét pattern. The model parameters
studied include wettability alteration, IFT changesd mobility reduction effect. The
results of this study clearly indicate the impodamf reservoir description and fracture
modeling for a successful surfactant-polymer flood.

Naturally fractured carbonate reservoirs are ugualharacterized by mixed
wettablility and low matrix permeability which lemdo low oil recovery and high
remaining oil saturation. Enhanced oil recovery hmds such as surfactant-polymer
flood (SPF) enhance the recovery by increasingsgi@ntaneous imbibitions either by
lowering the interfacial tension or altering thettability. However, one of the main
reasons for failed surfactant-polymer floods is emelstimating the importance of the

reservoir especially the description of naturattuaes and their effect on recovery.



Sensitivity runs were made to compare oil recowapillary force, buoyancy force
and viscous force. The simulation study indicakes tritical water saturation should be
reached before the start of surfactant-polymerditmomaximize oil recovery and utilize
the capillary force. Also, when a surfactant altidms rock wettability, an optimum IFT
should be identified for faster and higher imbiis. The study shows that a contrast in
permeability between that of the fracture and tifathe matrix will result in a slightly
lower oil recovery. Having the fracture perpendaub the injector producer will result
in a higher areal sweep and lower residual oll.

A sensitivity study on the effect of the size offaatant polymer slug was not
conclusive. Maximum adsorption capacity was reachkith was one of the causes of
low imbibitions rate. Following the surfactant-poigr with water flood was able to
reverse the adsorption and restore some of the Ioh®wdl. The results show that if the
enhanced fluid that alter the wettability, imbibedhe matrix, injecting high IFT brine
will increase the rate of imbibition. The study Isafor further investigation of this
phenomenon through research using a scaled labpnaiodel to verify the simulation

results.
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1. INTRODUCTION

About 40-60% of the original oil-in-place (OOIP) lieservoirs is left behind after
secondary recovery. Over 60% of the remaining wilthe world can be found in
carbonate reservoirs, which makes it a big aremtefest for Enhance Oil Recovery
(EOR) methods especially with the current oil pracel increasing demand. Carbonate
reservoirs can be fractured or non-fractured, @t-ar mixed-wet (Mohan, 2009). The
main characteristics of fractured reservoirs aeeghrmeability enhancement provided
by the fractures. In tight matrix blocks, fractuese the only means of fluid flow into a
production well. However, the heterogeneity betwé&actures and matrix blocks can
result in by-passed oil.

In fractured reservoirs, most of the oil is locatedhe matrix porosity. In general,
the oil is expelled into the fractures by spontarsemnbibition which is a phenomenon
that enables water to imbibe into the matrix blofthsn the fractures and expel oil into
the fractures. However, this phenomenon is mastqunced when the matrix is more
water-wet (Salehi, 2009). A survey done by Allard &un on hundreds of fractured
reservoirs shows that the range of oil recoveryofacalues was very wide, from O to
70% OOIP, and the distribution peaks between 20 20 OOIP. The reservoirs
studied were Type Il fractured reservoirs, whicte @oth characterized by low-

permeability matrix. The study also showed thatigh matrix porosity reservoir (Type

The thesis follows the style &bciety of Petroleum Engineers Journal.



1), oil recovery factor for all well-fractured wer-wet reservoirs ranges between 25 to
45% OOIP, and between 5 to 25% OOIP for the otltwservoirs (Bourbiaux, 2009).

The percentage of oil recovery in fractured resesvoan be affected by several
factors, such as matrix permeability, matrix bldekght, wettability, fracture density,
fluid properties (Adibhatla and Mohanty, 2005), erfiacial tension IFT and
heterogeneity of the rock (existing of fracturesgy, impermeable layers, etc.) (Salehi,
2009). Many studies in the petroleum industry hibeen conducted focusing on how to
reduce the residual oil saturation to get the marmrecovery from these reservoirs.
Most of the studies fall under Enhance Oil recou&®R) which usually follows water
flooding. Thus, it can also be referred to as aeytirecovery. EOR methods can be
classified under three main categories: chemiteimal and miscible methods. All
these methods are intended to either increase iipdadement efficiency from areas
previously swept by water flood or increase theepvefficiency by reaching areas that
was not swept by water flood.

Performance prediction of chemical EOR - such afastant-polymer flooding -
in naturally fractured reservoirs is essential gdot testing, field wide implementation
and reservoir management. Generally, recovery giiedi continues to be a challenging
topic in fractured reservoirs. Not having a goadwdation model that can capture all the
interaction of the additives injected in the resarthat describes the existing fractures

can lead to a faulty estimation of field performarme wrong pilot design.



1.1 Surfactant-polymer flooding

Surfactant polymer flooding is part of chemical EQFhemical EOR is becoming
more attractive with the current economics esplgcitdr water flooded reservoirs.
Chemical EOR utilizes surfactant, polymers, alkalegents or combination of these
chemicals (Thomas, 2006). The use of the surfacdagither to:

e lower the interfacial tension between the hydrooarand the injected fluid,
e create macro or micro-emulsions with oil and wdlet leads to improved sweep
efficiency,
e change wettability to water wet through adsorptiothe rock formation, or
e combination of the above.
A polymer is usually added to the injected wateretthance sweep efficiency by
decreasing the mobility or increasing viscosityre displacing fluid.

IFT reduction plays a significant role in reducitige residual oil saturation {%
Taber (1969¥ound that, in order for a water flood to have effen S, reduction from
the reservoir, interfacial tension must be lowelbgda factor of 1,000 or more. IFT is
generally hard to be measured in the field dueh® High sensitivity to temperature,
pressure and presence of contaminants (Stegen8iéd).1The use of surfactant to
reduce the IFT will diminish the capillary force wh is the main driving force for
spontaneous imbibitions in water wet conditionswideer, spontaneous imbibitions will
still occur by buoyancy force which becomes the thamt force of displacement even in
oil wet conditionsFig.1.1 illustrates the spontaneous imbibition caused unyyhncy in

a fractured system (Hirasaki and Zhang, 2004).
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Fig. 1.1 Spontaneous imbibition through buoyancjorce (Hirasaki and Zhang, 2004).

Wettability alteration has been a proven methodrisance spontaneous imbibitions.
In a mixed wet or oil wet rock, buoyancy drivenvilavill be resisted. In other words,
reducing IFT to even ultra low will not recover tbe adhered to the rock surface. The
surfactant should be designed depending on thealigietting phase (Najafabadi et al.,
2008).Fig.1.2shows the affect of water flood based on wettgbili

Schecter et al. (1991) have studied capillary ®raad gravity forces impact on

imbibition. The scale of contribution of each folisggiven by the inverse bond number,

N;' (Eq.1.1):



where C is a constant for capillary tube models interfacial tensior¢ is the porosity
k is the permeabilityAp is the density differencem/L®), g is the gravitational ace
eration, and H is the hight of the matrix blc

Schechteret al. (1994 found that the imbibitiorat high values ofN;'(>5) is
dominated by capillary forcewhich increase by the current and cou-current of

wetting phase and nometting phase. Whi at low valuesN;" graity force is the

dominant onewith vertical flon. At intermediate values oN;', recovery of the non

wetting phase was much fastean in each dominant force alordejain, 1999).
When designing a chemical EOR flood, one shouldysall the interaction of th
surfactant that might occur during the process Wwhincludes watesurfactant
compatibility, adsorption in the formation and IFdduction. After finding the desire
surfactat concentration, the data can be used in simuldto performance predictic

of the surfactant flooding before carrying a field pilot test.

WATER WER WATER WATER WATER waTLR

W waree B OL  EZR00K GRANS Bl waren EBROL €23 R00K ORAN

Fig. 1.2 Wettability effect on water flooding (A) water-wet (B) oil wet Saleh, 2009).



2. RESEARCH OBJECTIVES

The main objective of this research is to study effect of natural fractures on
surfactant polymer flood (SPF) performance on ll feeale using a dual-porosity dual-
permeability (DPDP) simulation model. The paransetir be studied will include:
fracture permeability, spacing and orientation, rmgbermeability and wettability, and
the use of low interfacial tension versus capillangssure for recovery. The main
performance measurements used in this study areeodvery with respect to the

original oil-in-place (OOIP) and oil production eat



3. METHODOLOGY

To achieve the research objective a hypotheticalrally fractured reservoir model

has been built. A commercial simulator, CMG Stassion 2009.1, has been utilized

which has the capability simulate chemical EOR esses. The study involved the

following steps.

Build a 1/8 model of an inverted 5-spot patternsimulate a surfactant-polymer
flood in a carbonate light oil reservoir (black-mibdel).

Include dual-permeability dual-porosity (DPDP) mbde capture the effect of
fracture system in the field.

Add rock and fluid parameters based on published taat represent a common
carbonate reservoir from permeability and porositywettability conditions and
capillary pressure.

Assume that surfactant used has impact on bothalikty alteration and IFT
reduction while the polymer changes viscosity @ ithjected fluid.

Run a sensitivity study on fracture spacing, petmiigyg flow direction, and matrix
permeability.

Run sensitivity study on surfactant polymer floag{itPF) performance in terms of

the start of the process and the length of theiige through the life of the field.



4. LITERATURE REVIEW

The section is divided into three main parts: fueetparameters, dual porosity
modeling, and simulation studies in fractured resies. The literature review has helped
narrow down the parameters selected for the semgistudy of my work and to build a

simulation model that describes a fractured cartsoreservoir.

4.1 Basic parameter fractures

Fracture parameters are usually different from ¢hok the main rock (matrix).
Fractures are defined as a surface where losshefsgan occurs (Van Golf-Racht, 1982).
The study of a fracture system in a reservoir Mbdeéd into two categories: single-

fracture parameters and multi-fracture parameters.

4.1.1Single fracture parameters

Single-fracture parameter defines the fracturelfitsach as width, size, and
orientation. Fracture width (opening) is the disgretween the fracture walls which
varies between 10-200 microns but statistics haegvs that the range 10 — 40 micron is
more typical. Fracture size is the length of trectfure with respect to layer thickness.

Fracture orientation is critical when looking a¢ tinacture with respect to a reservoir.



4.1.2Multi- fracture parameters

Multi-fracture paramets define the group of fractures whicbsults in creatir
matrix blocks. Suclparameters a distribution, intensity, density. Bontinuou fracture
system affectthe size, aniconnectivity of trappedhatrix blocks within the systerThe
matrix blocks usuallyhave irregular shapeHowever for simplificationof the volume
calculations, several models of regular block skdpes been proposed to describe
matrix blocksall of which assumean orthogonal fracture systefiihe shape of th
matrix block depeds on the ratio betwedinear fracture density in the vertical secti
and horizontal sectiorrig.4.1 showsthe different block shapes of matrix caused

different fracture systeman Golf-Racht, 1982).
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Fig. 4.1 Simplified matrix block of different fracture system (van GolfRacht, 1982).
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4.2 Petrophysical parameters

The difference between the fracture properties amatrix property creates
heterogeneity in the flow system. Some fracturesldack the flow (i.e., faults) while
other fractures enhances the flow (i.e. joins). i@ important properties in the fracture
are permeability and porosity.

Fracture permeability might be referred to as snffacture permeability or
network permeability. Depending on the orientatafrthe fracture, the permeability is
calculated. However, knowing the total permeabilityatrix permeability + fracture
permeability) in a fractured system is very difficdue to the big difference between the
matrix permeability and the fracture permeability.

The fracture porosity, also called secondary ptypss significantly lower than
matrix porosity (primary porosity). Therefore, fraee porosity is not important in terms
of storage. However, it is critical in terms ofrtsgent flow (Tarahhom et al., 2008). Due
to the heterogeneity in the fracture system, sévacalels have been made to have a
gualitative representation of the entire systemdpyesenting idealization of the fracture
system. Depending on which model is chosen, thesttygr and permeability of the

fractures and matrix blocks are determined.

4.3 Modeling fracture reservoir
Simulation of chemical flooding in a fractured negsr is either modeled as single
porosity with discretized fractures or continuunclsas multi-component dual porosity

model with multiphase capability (Aldejain, 1999elBhad et al. 2009). Both methods
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have their limitation. Discrete model is more diethiin representing fracture direction
and flow behavior for each fracture property ireaarvoir. However, in a well-fractured
reservoir, discretization requires a huge compaali demand which is considered one
of its disadvantages. The dual porosity systemsbase limitation pertaining to fracture
spacing, length, orientation and matrix flow camition in extreme heterogeneous
systems. However, dual porosity systems have beelwezl through the years and are
still considered the best way and are widely useéédnvmodeling a naturally fractured

reservoir (Tarahhom et al., 2009).

4.4 Dual porosity properties

Dual porosity conceptual model was introduced te petroleum industry by
Warren and Root (1962) to enhance the simulatiamatiirally fractured reservoirs. The
model was only introduced then as an analyticalitsm for unsteady-state flow in
naturally fractured reservoirs with no simulatiororw done. The concept of dual
porosity is based on the existence of two porasit@imary and secondary, in each

block with the following assumptions:

All of the primary porosity (matrix porosity) is hwgenous, isotropic and

identically shaped.

e All of the secondary porosity (fracture porositg)surrounding the primary porosity
as orthogonal system of continuous fractures.

e The fractures that are normal to each other have $eacture spacing and width.

e There is matrix-fracture flow, fracture-fracturew.
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e There is no matrixmatrix flow.

The fluid transferbetweencomponents is governed by the differenpaéssure, fluid
viscosity, matrix permeability, ara geometric factor called the shape factor which
function of the matrix block dimensioi Fig. 4.2 illustratesthe conceptual model of du

porosity modelThe shape factor prosed by warren and Root was:

o =W ............................................................................ (4.1)

where n is the number of normal fractures, L isdharacteristic leng that is calculate:

based on the dimension of the matrix bl

I I | -

Actual Reservoir Model Reservoir

Fig. 4.2 Idealization of dual porosity reservoir (Warren and Root, 1963

Kazemi et al.(1976 have extended the Warren and Rouidel to muli-phase
reservoir simulation by applying the dual porosioncept to each gr-block. Each gric
block has its own properties and values associatiéid both fractures and matri

Kazemi et al.’anodel differs from Warren and Root’s modelincluding:
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1. Heterogeneous reservoir with three-dimensional flinough defining local
properties.

2. Two-phase or single-phase flow by defining relatmebilities as functions of
saturation.

3. The effect of gravity in the fractures.

4. The effect of imbibitions through modeling capillgpressure as a function of
saturation.

5. Numerically solved flow equations.

6. New shape factor.

The shape factor presented by Kazemi is as follows,

1 1 1
G:{I—Z+|—2+l—2:| ..................................................................... (42)
X y z

2
I;

where |2, If, are the dimensions of the fracture bounded byiratocks. Later,

Gillman and Kazemi (1983) included polymer floodiramd tracer transport by
modifying the flow equations of Kazemi et al. (1978he modified flow equations
include weight fractions of chemicals in the fraetmetwork matrix blocks. The model
was capable of increasing water viscosity as thinper concentration increased
(Aldejain, 1999).

Guzman and Aziz (1992) have developed a capillamber to illustrate their
work on the effect of fracture relative permeapjlimatrix capillary pressure, and
matrix/fracture capillary pressure on oil recovereir capillary number }pis defined

as follows,
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N _ ch(Scw )X (43)

CAD e nnrennnarsesaaiEreassairireeeeaaes

qQu
where Qyis critical water saturation and X is fracture spgcTheir study was indicates
that at high to moderatec\ fracture relative permeability has very small effen oil
recovery. However, fracture relative permeabilifg la bigger impact on recovery at low
Ncap This high impact of relative permeability wasinetl at Napequal to 20.

Several studies have been done to improve the mgdef dual porosity system
dealing with the matrix-fracture transfer flow. Ttransient flow has been characterized
by three flow regimes. First flow regime is beftaeakthrough of water at the producer
where few imbibitions of injected water occur. Seg¢dlow regime is the transient flow
inside the matrix block where the most imbibiticoecur. Third flow regime is when
fracture and matrix flow approaches a pseudo-stégmy behavior. Rates and water cut
in matrix-fracture transient flow is characterizég two dimensionless parameters
similar to the pressure transient analysis paramethich are called global time scale

ratio (N) and storativity ratioc) (Chen, 1995).

4.4.1Dual-porosity dual-permeability (DPDP)

As a dual porosity model does not allow fluid tovdamatrix to matrix flow, dual
permeability model should be used especially wallatively high matrix permeability.
The dual permeability model will account for matmatrix flow as the pressure
gradient increase in the matrix increases (Aldejdi®99). With matrix-matrix flow

included the gravity drainage is represented bedtten in a dual porosity model.
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However, it isnot fully capturec Fig. 4.3shows the fluid flow connectivity concept

DPDP model.

block boundary

\ matrix

fracture ———

Fig. 4.3 Dual-porosity dual-permeabiity fluid comunication.

4.5 Chemical EOR simulation studies in fractured reservoirs

Adibhatla et al. (2005) developed a 3D flexibledgfinite volume simulator thé
can account dr wettability and IFT alteration. Surfactais modele’ under the
assumption that surfactant can existhe aqueous or tha@l phase and be adsorbed o
the rock. Assuming that mic-emulsion phase is so Ipwhe model was onlconsiders
two phases: oil phasend aqueous phase. The simulation results first matched witt
imbibitions experiments performed on fractured dogéore any scale up. Some of tr
conclusions emphasizezh the importance of capillary pressure prior tavdang the

interfacial tension to avoid unter-current imbibitions. Anncrease in matrix bloc
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height, or decrease in the degree of wettabilitieration, or decrease in matrix

permeability can decrease the oil production rate.

Adibhatia and Mohanty (2007) have carried out tiielys of Adibhatla et al. (2005)
by running additional sensitivity studies on thensadeveloped simulator. The study was
focused on the effect on rate of recovery by IFduation, wettability alteration, and
matrix permeability. A summary of their study camibns is as follows.

e Surfactants that alter the wettability recoverabif higher rate in higher IFT system.

e Surfactant that does not alter wettability recowelst a higher rate in low IFT (>0.1
mN/m).

e In low permeability reservoir, wettability alterati has a big affect in recovery rate
when IFT is high. However, the affect is less digant in high permeability
reservoir.

A method for up-scaling laboratory imbibitions expeent was presented by Stoll
et al. (2008). The model used is a 1D model to Etewvettability modification then the
time scale equation is used for upscaling in otdexbtain the same recovery fraction of
OOIP from the core plug. The time scale equatia@dus as follows,

2
plug

where L represent the matrix block length scaleeyTboncluded that imbibitions and

diffusion is much slower and limited once the wiaility is altered. Also, in carbonate

rock that is oil-wet and fractured, wettability extition is not economically feasible.
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However, the study of buoyancy and viscous force m@& made to complete the support
this conclusion.

Najafabadi et al. (2008) have made several seitgitstudies on chemical
injection, including alkaline-surfactant flood (ABFon a fractured carbonate lab
experiment. The laboratory experiment that was Eted includes 9 cores arranges
together and assuming the spacing between the amrdsactures. The cores had mixed
wettability and were flooded with a sequence ofewmaslkaline, then surfactant. Even
after chemical flood, the cumulative oil recovemesia percentage of OOIP was 36%.
The results from the sensitivity studies are aev.

e Grid refinement sensitivity analysis shows negligitifferent in oil recovery.

Fracture permeability study showed that increasdracture permeability with

constant matrix permeability will cause the perfane of injection to decrease.

e Molecular diffusion coefficient on surfactant anldaedi shows very small effect on
the oil recovery.

e Injection rate only affected the rate of recoveoy the total recovery. The higher the

injection rate the faster the oil recovery achieved

Injection of alkaline and surfactant showed thatqgening ASF from the beginning
results in more recovery than the base case.

The study concluded that the main recovery mechaneare wettability alteration, IFT
reduction, emulsification, and oil mobilization. &hchemical injection should be
performed before critical water saturation is rethnd the viscous forces are balance

with negative capillary forces.
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Delshad et al. (2009) has modeled wettability atien in fractured reservoirs
using the UTChem simulator. They used severaltivelgpermeability curves and
capillary pressure that correspond to the wettglalbndition. The wettability model that
was implemented in the simulator was validated wattorted laboratory experiment on
surfactant imbibitions. The study was done in as@iyle porosity model with discrete
fractures and hypothetical reservoir data, varyheyvalue of the parameter studied for
each run. The model assumes fracture network cteshé¢o a producer and another
connected to the injector dividing the matrix blsaqually into three groups of matrix
blocks. The study demonstrated the importanceetfability alteration from mixed-wet
to water-wet on increasing production rate. Théhast have mentioned that dynamic
laboratory experiments are required and the imbibitell experiments are not
representative of field scale measurements begtdses not take into account viscous
and buoyancy forces.

Tarahhom et al. (2009) have developed a compoaitionemical dual porosity
model with full permeability tensor. The model whsilt to simulate large-scale
chemical flooding process. It was validated agalW§CHEM simulator for chemical
flooding. The permeability tensor was validatednwiracMan software that showed a
good match for tracer flood simulation. The permiggitensor showed importance of

off-diagonal permeability in unparallel fracturesssm.
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5. SIMULATION MODEL SETUP

This section describes construction of the simoigtthe parameters and properties
used in the base case model. The simulation stualy done using a commercial
simulator, CMG STARS 2009. The simulator is capablesimulating the viscous,
capillary, gravity and diffusive effects in a fraotd reservoir. The data used are based
on the information gained from the literature amevpus CMG simulation work. After
building the base case model, several sensitiviiglies were conducted using the

model. The results are discussed in the “Resutidistussion” section.

5.1 Model construction

A 16 x 31 x 5 Cartesian grid model has been usedpesent a 1/8 of a 20-acre 5-
spot pattern. The distance between the injectottlEm@roducer is 633ft. The grid blocks
are constructed so that the grid blocks sides itliereparallel or normal to the injector-
producer directionFig. 5.1is a schematic diagram showing the 1/8 of 5-spttem in
plan view and 3D view. A 1/8 symmetry element of fhattern is used (instead of the
typical 1/4) to reduce the number of grid blocksl &ence cut down on the simulation
run time. The production rate was set at a maxintiD00 bbl/day (total oil and water)
while the injection rate is constrained based omaaimum injector bottom hole pressure

of 2500 psi which is the initial reservoir pressure
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Fig. 5.1 Plan view and 3D view of the simulation odel representing 1/8 of a 20-ac 5-spot

pattern.

5.1.1Dual porosity dual permeability model (DPDP)

The reservoir is assumed to be a fractured carborestervoir characterized by
high fracture flow and low matrix flow. Because mratto matrix flow was not
neglected, Dual Porosity Dual Permeability (DPDR)3del was used to capture this flow
behavior. Using DPDP model will add matrix-matribovi term to the matrix mass
balance and the total energy balance equationsiost@ dual porosity model, where
this term is considered zero in the DP modgdpendix A includes the governing
equations used in stars simulator in the DPDP mdsiéihan and Kazemi shape factor

was used in the model,
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where L is the fracture spacing in X, y and z direction,; I§ the effective matrix
permeability in all directions andy\s a block volume. The shape factor is used in the
transmissibility function in the fracture-matrixuitl flow. Table 5.1 lists the basic

parameter for fracture and matrix blocks used itdng this model.

Table 5.1 Base case basic simulation data

grid block size | 30x30x10  ft?
number of grid blocks | 16x31x5
injector-producer distance 9334 ft
reservoir depth 5000 ft
reservoir pressure 2500 psi
Matrix properties:

horizontal perm. (kh) 50 md

vertical perm. (kv) 5 md

initial oil saturation (Se;) 0.81
matrix porosity () 0.2
connate water saturation (Swc) 0.19

Fracture properties:
permeability (ks) 1000 md
porosity (bs) 0.01

fracture spacing 10 ft
initial oil saturation (Se;) 0.99

5.2 Injection sequences
In experimental core floods it is common to continsly inject chemically

enhanced brine from initial oil saturation untitiolate recovery. However, in field
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application, the chemical injection period is mustiorter, i.e. they are injected only in
slugs. One of the factors affecting the injectidrcloemicals is the cost compared with
the oil price. Therefore, to have a sensible sertgistudy on a field scale, | will use an
injection period and sequence based on the publighlet trial on Big Muddy field
(Saad and Sepehrnoori, 1989). In this study thiastant polymer flooding (SPF) will
consist of:

e One year injection of surfactant-polymer

e Two years injection of polymer slug

e One year of polymer taper (lower concentration).

The base case will include one year of water flbetbre the chemical injection, and
continuous water flood after the chemical injectmeriod until the end of the assigned
time of the simulationFig.5.2 illustrates the injection profile in the base casedel.
The chemical process in this simulation was base@revious work done by CMG on
surfactant-polymer flood pilot test on Big Muddyelfi. The fluid properties of the

injected fluid can be found ihable 5.2
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Fig. 5.2Injection profile of base case modishowing sequesnce of liquids injectic.

Table 5.2 Fluid properties used in simulation

water polymer surfactant oil
Phase agueous  aqueous agueous oleic
Mass density, Ib/ft3 62.97 62.97 62.97 58.2
Mol Weight 18 100000 548 100
liquid compressibility, 1/psi 3.00E-06 3.00E-06 3.00E-06 1.00E-05
liquid expansion coefficient, 1/F | 0.00E+00 0.00E+00 0.00E+00 -5.88E-04
Viscosity, cp 0.6 70 0.6 3.2
Phase concentration, (wt %) 0.91 0.00075 0.09 0.00

5.3 Wettability modeling

The wettabilityof the matrix in the base ci was assumed to be mi>-wet. The
alteration in wettallity affects the relative permeabiliicurvesand capillary pressui

As for the fracture system, a strai-line relative permeability and zero capille
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pressure were assumed. These fracture properties waédated in previous literature
(Chen, 1995).

The modeling of the wettability alteration is béga an interpolation between the
interfacial tension (IFT) and the capillary numiérich leads to calculating the relative
permeability and capillary pressure at dimensiantese. There are two sets of relative
permeability curves and capillary pressure thatimpet parameters; one set represents
the rock conditions with no surfactant, and thesotet represents the rock condition at
maximum surfactant concentratioifig.5.3 and Fig.5.4 show the relative permeability
curves before and after surfactant effect. Thaainrelative permeability curves and
capillary number behavior were selected based enaterage curves of different
trapping numbers presented by Delshad et al. (2009)

There are two sets of correlation that leads terpulate between the relative
permeability and capillary pressure curves befoigk &fter chemical injections. The first
set of correlations is the IFT alterations basethendissolved oil in the water caused by

surfactant at each grid block. The second set oEtiions is the capillary number (Nc
Sh/ad ) which requires the interpolation of IFT firsh order to calculate the capillary
o

number. Capillary number is presented in the sitoulas the logy(Nc) and called the
trapping number (DTRAP). There are two trapping hamfor each interpolation set:
one set for the wetting phase (DTRAPw) and the rofbe the non-wetting phase
(DTRAPN).

The relative permeability curves for matrix blocksr each phase are then

calculated from the following equations:
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Kot = Keli * (LA01)F Kt *0] e ev et e e e e e e e e e e e (5.2)
and,

Pe=Peir (1-0pc) + OpcPef vovvvniiiiii (5.3)
where k is the relative permeability of phakei is the initial condition, f is for final
condition or at maximum surfactant affect, i® the capillary pressure, and is the
interpolation factor which is calculated from thaerpolation equations of DTRAP
number.opc is the interpolation factor for the capillary pgase which is the average of
the interpolation factor of each phase. Both irg&pon factors are calculated as
follows:

. = 109,,(Nc)- DTRAR
'~ DTRAP -DTRAP

OPC = (011 Oater)]2 o en e e et et e e e e e (5.5)
In base case model, the maximum amount of oil tisgloin water is set at 0.03 wit%
which will result in IFT of 1¢ dyne/cm. The DTRAP numbers at initial and final
condition for oil are, -4 and -3 and for water aseand -1.5 respectively. These values
are used to represent the change from mix-wet toekater wet rock at high surfactant

concentration.
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5.4 Adsorption

The simulator has the capability to model additdsorptions in the rock and add

the adsorption tern_g,[wdsop_ ], in the flow equations (presented in Appendix ).
t

order to simulate this phenomenon, temperatureteffeck density, porosity, and fluid
composition have to be known. Also the rate of ease of adsorption with fluid
composition should be known as well as the maxinadsorption capacity. All these
parameters are needed for the Langmuir isotherneletion.

Adsorption modeling is essential when chemical ipretion is formed. It
simulates the amount of blockage in the pores &atiges the local permeability of the
rock. The adsorptions can be expressed in massmterolume or mole fraction per unit
volume.

A hypothetical adsorption behavior was added inrtfuelel, based on previously
built-in CMG model, for the completeness of thefactant polymer flooding process
and flow equations. A maximum adsorption capacitypd336 Ib-mole/ft surfactant
and 0.28 Ib-mole/ftpolymer was set for the matrix blocksg.5.5andFig.5.6 show the
adsorption of polymer and surfactant in the base gaodel run receptivityrig. 5.7

shows the calculated IFT that correspond to thiastant effect.

5.5 Validation runs
To validate the effect of the chemicals injecté, base case model (SPF) was run
against water flooding, surfactant flood, and patyrflood. The properties used for the

surfactant and polymer properties are taken diydotim the simulator sample models.
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No lab work has been accomplished during this stodgvaluate the potential effect of
such a process. Also, there was no fully publishettl case pilot on a fractured
reservoir. The results of the validation runs amesented in the “Results and

Discussion” section.
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Fig. 5.5 Adsorption of polymer in the matrix blocks at different injection times.
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6. RESULTS AND DISCUSSION

The base case was used to run several sensitivitycase scenarios for different
parameter that might affect the performance of #astant-polymer flood. The
parameters include injection strategy, permeabiityfractures and matrix, fracture
spacing, and fracture orientation. This sectiodivéded according to the parameter used
in the sensitivity study.

This study was done to illustrate the surfactarjaper performance on different
fracture system. The work was not intended forrapete optimization of the surfactant
polymer process. Before making any conclusion, sihraild make an in-depth screening
of surfactant and polymer that best suit the resefuid and rock properties. Then a
comprehensive sensitivity study can result in atintipation of such a process. Most of
the data used to calculate the effect of such gfiee. adsorption, IFT, wettability) are
extremely sensitive to reservoir conditions anéedifrom rock type to another.

To validate the use of surfactant polymer flood{B&F) in fracture reservoir, the
base case model was compared with water floodtigy 6.1). Surfactant flooding (SF)
and polymer flooding (PF) was also compared agdiesbase case model to insure the
effect of each chemical in the base case mdeéig. 6.2. The results shows high oil
recovery in the base case model, around 15% inecr@ngain, compared to water
flooding, SF, or PF. Results also show that polyreoding (i.e. improving areal
sweep), results in higher and faster recovery thafactant flood. However, surfactant

flooding shows increased slope in the oil recovetyve toward the end of the
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simulation time. With polymer flood, the oil recayecurve start flattening which means
there is no increase after water breakthrough. iibeease in the surfactant flooding
shows the effect of wettability alteration whicliuees the increase in water cut.

The combined surfactant-polymer process, as setfreibase case, shows high oil
recovery due to the improved mobility that caudes surfactant to imbibe in more
matrix blocks and change the wettabiliBig. 6.3 shows the remaining oil saturation in
the matrix blocks for all four cases: water floaglisurfactant flooding (SF), polymer
flooding (PF), and surfactant-polymer flooding ($PHhe highest remaining oil
saturation in each case was less than 50%, ther#fercolor range is set from 0 to 0.5
to increases the color contrast. The surfactarddfloy case shows scattered matrix
blocks with very low oil saturation surrounded bigh oil saturation blocks. The
polymer flood shows good sweep but high remainihgaiuration.

The base case model was converted to a singleiporosdel (no fractures) to
compare the sweep efficiency. As expected, thelesipgrosity model showed much
higher level of areal sweep in both water floodecasd surfactant polymer flood (SPF)
case but with less oil recoverfyig. 6.4 shows the remaining oil saturation of the single

porosity model with 50 md rock recovery by wateofling and SPF.
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Fig. 6.4 Remaining oil saturation at end of simuligon in non fractured 1/8 model.
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6.1 Injection scenario

Having only one year of surfactant flood makesritical to decide at which oill
saturation should chemical injection process s&at.eral injection scenarios have been
simulated on the base case moé#el. 6.5shows the injection profile for each case. The
results of varying the start of the surfactant-pody flood (SPF) showed inconsistent
relationship with total recoverfFig. 6.6). It seems that there is a critical water satunatio
that affects the recovery as seen in the decreasiogvery as the water saturation
increase. On the other hand, starting the surfagalymer process with no pre water
injection resulted in less oil recovery when coneplatio the base case where there was a
pre water flood. This could be related to the atitowering of the capillary force by
reducing the IFT before the effect of wettabilitieaation occurs. Nevertheless, injection
of surfactant polymer as a secondary processostifierforms conventional water flood.
Fig.6.7 summarizes the total oil recovery of each run.

Additional sensitivity cases have been run to itigate the trend of surfactant
polymer performance with respect to different SR¥ftsg time and changing a second
property. The properties changed are: change atigwettability, fracture spacing, and

no fracture base case model.
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Fig. 6.7 Total oil recovery vs. start of surfactahpolymer flooding in base case.

6.1.1Water-wet case

Similar runs on injection scenarios have been numhe after changing the initial
wettability of the matrix to more water-wet. Theadlge has been done in the original
relative permeability curves, capillary pressurevey and capillary number. The
capillary pressure curve has increased to remoyadigative capillary pressure, ranges
from 10 to O psi. The results of this study showexilar trend as the mixed-wet case in
the change in oil recovery with respect to thetistgrtime of surfactant polymer
injection. Both sensitivity cases indicate thath@goil recovery is achieved in pre water

injection caseFig. 6.8shows the oil recovery for each run with respedirhe.
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The water-wet case results in much higher oil recpthan the mix wet case.. Due
to the higher rock wettability to water-wet, thehitition by capillary force is higher
which resulted in a higher recovery by water flodtde incremental recovery by SPF in
the water-wet cases was slightly less than incrémhegain in the mix-wet case.
However, the overall oil recovery in the water \B&tF case is highgfig. 6.9shows the

final oil recovery of each run in the water-wetisaeo.
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Fig. 6.8 Effect of SPF on a water-wet reservoir aifferent injection times.
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Fig. 6.9 Total oil recovery in water-wet case atitferent SPF starting times.

6.1.20il-wet case

Oil-wet rock is characterized by with the absenta positive capillary pressure
and the relative permeability curves intersecteasIthan 0.5 water saturation. Water
flooding in that case is not effective. The capyllpressure in this study ranges from 0 to
-10 psi. The surfactant polymer flood was ablentrease the oil recovery however,
total recovery being less than 35% OCHR). 6.10shows the oil recovery for each run
with respect to time. Due to the negative capilleffect, low capillary imbibition, the oil
recovery increases when surfactant polymer is fegeat the beginning of the flooding

processFig. 6.11shows the final recovery of each run in the oil-aeenario.
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Fig. 6.10 Effect of SPF on oil-wet reservoir casa different injection times.
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6.1.3Single porosity case

To investigate whether the importance of pre-watgyction is more critical to a
fractured reservoir, the base case model has lmerexted to a single porosity model,
removing all the fracture attributes. The singlegstty model has homogenous matrix
blocks with permeability of 50 md ang/k, of 0.1. Three runs have been made: (1) no
SPF, (2) SPF without a pre-water injection, and $®F with one year pre-water
injection (Fig.6.12) Unlike the fractured reservoir case, the differenc®il recovery
with or without pre-water injection was negligible.

Due to the low matrix permeability, the rate of mtovery in the two cases that
include SPF was less than the case with no SPFetAawthe total recovery at the end
of the simulation was higher in the SPF cases. Bugeneralized conclusion can be
drawn from this result. Different design of surtaut flood can outperform water flood

in rate of recovery.
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Fig. 6.12 Oil recovery for different water flood @ses for 50md single porosity model.

The three runs of single porosity model have bempeated after increasing the
matrix permeability to 500 mdkig. 6.13shows the recovery performance of these cases.
The cases with SPF have significantly outperfortiexino SPF case. Both SPF cases
have the same final recovery. The SPF with no patemflood has faster oil recovery

than the pre water flood case which contradictsrdiselt of the fractured reservoir base

case.
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Fig. 6.13 Qil recovery for different water flood @ses for 500md single porosity model.

6.1.4Fracture spacing

The fracture spacing in DPDP base case model hexs ddeanged to: 5ft and 20ft
spacing to change the fracture density. Two rune h@en completed with each fracture
spacing to compare the affect of pre-water injecta surfactant polymer flooding and
verify the cases run in the base cd3g.6.14 and Fig 6.15how the oil recovery in 20ft
and 5 ft fracture spacing respectively. The resstisw that the pre flush out performs
the no pre-water injection case. Also, as the ractiensity increases, the effect of pre-

water injection increases.
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6.2 Permeability contrast

Several simulation runs have been made with diftefecture permeability and
different matrix permeability. As expected, thefeliénce between fracture and matrix
permeability increases the performance of enhafia&blinjection will decrease. This is
due to the increase in residence time of the iagechemicals which will increase its
effect. However, the presence of polymer has redlibe impact of the permeability
variation. Fig. 6.16 and Fig.6.17 show the recovery for different fracture permeapili

and matrix permeability respectively.

80 H H
B i
o Ll s ——
a
o
o
2
EAIO— B L R D R
[
>
(=]
o
<@
[
o
L e o
—— k=100md: FRMLA_5002
————-— k=75md: FRMLA_5004
—m— == k=50md: FRMLA_5001
———— k=30md: FRMLA_5003
0 1 f f i i
0 1,000 2,000 3.000 4,000 5.000 6,000
Time (day)

Fig. 6.16 Sensitivity of oil production to matrixpermeability in SPF.
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Fig. 6.17 Sensitivity of oil production to fracture permeability in SPF.

6.3 Fracture spacing

The base case run has been repeated with diffeeentire spacing (5ft, 10ft, and
20 ft). The spacing of the fracture in the DPD&del affect the width of the fracture as
well as the matrix blocks size and thus, affecesdbmmunication between the matrix
and fractures. The results show that as the fraddpacing decreases, the oil recovery
increases as seen kg 6.18 The results show the more fracture there is, sm#ile

matrix block; this results in faster imbibitionstiwveen matrix blocks and fractures.
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Fig. 6.18 Sensitivity of oil recovery to fracturespacing.

6.4 Fracture orientation

Another parameter that affects the recovery in nadljsfractured reservoirs is

fracture orientation. Using DPDP model alone wilit ive enough representation of
such a parameter. In the constructed grid bloaketlare only two cases of fracture flow

direction (parallel or normal) with respect to thgector producer direction. In each case

| assumed 1000 md for fracture orientation and 5@mndhe opposite direction which is

equal to matrix permeability. SPF injection seq@ewas similar to the base case model.

Fig.6.19 shows the oil recovery comparison between SPFveat@r flooding in the

parallel fractures orientatiofig.6.20 shows the oil recovery comparison between SPF

and water flooding in fractures normal to the ingegoroducer direction.
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There was a delay of the chemical response in ¢hmal fracture case due to the
higher viscosity fluid which makes the less viscaaer flood case recover oil earlier.
However after water has imbibed in the SPF casevatdr start injected back, the oil
recovery was much faster and resulted in 20% O@dRemental gain.

The water was moving faster through the matrix fxadture in the parallel case
resulting in large volumes of bypassed oil and ewatapped areas. The SPF has helped
improved the areal sweep as well as reduce oiraaba. It is worth mentioning that
fractures parallel to injector producer directi@taver less than when fractures are at
normal direction. The normal direction case alonthwhe mobility control fluid has
created more residence time for the surfactant gligh resulted in more imbibition
and thus displacement of oil from the matrixig.6.21 shows the remaining oll
saturation after SPF in both fracture cases. Theair@ng oil saturation shows a high
areal sweep and low oil saturation in the normattiire case compared to the parallel

case.
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Fig. 6.19 Oil recovery comparison in fractures paallel to injector-producer direction.
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Fraction of oil saturation at end of simulation

Parallel Fracture normal Fracture

Fig. 6.21 Remaining oil saturation distibution atthe end of SPF case for different fracture

orientation.

6.5 Surfactant polymer slug size

The amount of surfactant-polymer used in SPF igtea issue when it comes to
cost of the chemical used per incremental oil reced. This part of the study will focus
on the effect of increasing the amount of surfaepaymer during the life of the field
and how it impacts the oil recovery. The sengitigtudy has been done by comparing
only surfactant polymer flood (SPF). All runs dotritave polymer flood after the
surfactant polymer injection. All cases includere gyear pre water injection. The SPF
injection period has been increased from 1 ye&;, ® 4, 6 and 9 yearBig.6.22shows
the injection sequence of each case. The totalntted was around 1.4 in all cases.
Fig.6.23 shows the oil recovery profiles for the sensijivitins. The results indicate
there is an optimum volume of of surfactant polynmected. Before that, the more

surfactant is injected, the higher the oil recova8gyond the optimum length, the oil



50

production rate starts to decline as well as tke twl recovery. It was noticed that in all

cases the total production rate was not changinighMmdicate only the water cut is

changing. This behavior is not observed in a sipgl®sity rock where any resistance or
blockage in matrix will result in a drop in the d&bfluid produced. This is an essential
knowledge in optimizing the use of surfactant patyrflooding in a fractured reservoir

in order to maximize the recovery and reduce cost.

The drop in production can be related to severdbfa. One important factor is the
fluid adsorption which reduces the relative pernilégland my cause some blockage in
the pores. There is a water-cut increase afterhimegcthe maximum adsorption of
surfactant. In other words, the injected fluid vafintinue to flow through the fractures
with lower fluid imbibitions to matrix which explaithe constant fluid production rate
when switching back to water flood more fluid iméibat a higher rate due to the
reversibility character of the adsorption modelethis study.

Another possible reason of the slight increaseilimate is that the high IFT fluid
injected will imbibe faster in the altered watertweck with higher capillary pressure
which will cause faster oil recover. This phenomermomplements the study done by
Gupta et al. (2009) which concluded that recovalynorease in water-wet rock is at
higher IFT. The study was done in an imbibitionl @{periment. In our case the
mobility is adding more force not only in delayitige recovery but rather, decrease the

recovery since the oil rate was dropping as morastant slug is injected.
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Fig. 6.22 Injection profile for each case in surfatant-polymer injection length study.
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Additional run has been made with no pre waterctnpa to the 4 year surfactant
polymer flood Fig. 6.24. The results agree with the injections scenagitsgivity study

that indicates a pre-water injection case perfobetter than the case with no pre-water

injection.
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Fig. 6.24 Oil recovery in four years of SPF with ad without pre-water injection.

6.6 IFT effect

A sensitivity study of oil recovery to interfaci@nsion, IFT, has been done on the
base case model by keeping the concentration ofuhactant constant and changing
the IFT value that corresponds to that concenmatieour simulation runs have been

made with the final IFT value of 0.1, 0.01, 0.001d&.0001 dyne/cm. The wettability
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alteration was kept constant in all runs. The inpec of surfactant polymer was
continuous from day 1 until the end run. No preewanjection or polymer drive
following the SPFFig. 6.25shows the performance of continuous surfactangnpet
flooding with different IFT effectlt was clear from the result that when surfactant i
altering wettability in a fractured reservoir, aptimum IFT has to be achieved to
maximize oil recovery. In the case with the lowst, most of the injected fluid travel
in a very high velocity through the fractures, Uuttiere is a barrier so more imbibitions
will occur and increase the wettability alteratiarthe matrix.

The IFT sensitivity analysis shows that there isogtimum capillary number
between fracture and matrix. This capillary numlieraltered by IFT reduction,
wettability alteration, viscosity, or combinationsf these factors. The results
complement the work done by of Guzman and Aziz 2) @ injections rate in fractured
reservoirs and its affect on capillary number. Algos study shows that there is an
optimum inverse bond number ¢\ that result in not only faster oil recovery but a
much higher one. There is a need for further ingasbn and validation prior to making

such assumptions, thus the need for more experahamd simulation research.
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Fig. 6.25 Sensitivity of oil recovery to IFT in acontinuous surfactant polymer flooding.

Two additional runs have been made to combineffieeteof IFT with the effect of
pre water injection. A one year pre-water injectitas been added to the lowest IFT
cases (0.001 dyne/cm and 0.0001 dyne/dfig. 6.26 shows the results of both cases
along with original cases of no pre-water injectibnthe lowest IFT case, the pre water
injection was able to improve the oil recovery asrsin previous sensitivity analysis.
However, in the optimum IFT case for this studyOQl dyne/cm) the pre injection
lowered the oil recovery comparing to the perforosaof the continuous SPF without a
pre-water injection. These results support the iptevresults which indicated that the

optimum inverse bond number would yield maximunredovery.
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56

7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 Summary

A simulation study has been performed to evaluageeffect of natural fractures
on the performance of surfactant-polymer floodse $tudy utilized a 16x31x5 Cartesian
model that represents a 1/8 of a 20-ac 5-spotrpatt@t. Fractures were incorporated in
the CMG STARS with a dual-porosity dual-permeapifitodel. Simulation runs were
made in which the following parameters were modifieinjection scenarios, matrix

wettability, IFT, and fracture and matrix propestie

7.2 Conclusions
The following main conclusions may be drawn frorsulés of the simulation study
and results of studies by researchers as gleaaedliterature.

e When spontaneous imbibition is the main drive firdoiction from a reservoir, low
IFT surfactant polymer should be injected afterimaptn water saturation has been
reached by water flooding in order to utilize trepitlary force and maximize oll
recovery.

e Only in oil wet reservoir with no positive capillapressure, injecting enhanced brine
at initial water saturation will result in highell cecovery than if injected at higher
water saturation. A pre-flush injection has othendfits that such as reducing
salinity or ion exchange — this should be conside®to its effect on whether a pre-

water injection will yield faster oil recovery oon
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In the study of continuous injection or surfactpotymer flood, the result shows that
in wettability altering surfactant, an optimum IFShould be combined in the
surfactant effect. A change in the IFT effect frtme optimum value will result in
lower oil recovery.

The smaller the permeability contrast between fr@&st and matrix, the higher the oil
recovery. However, improved mobility will reducegleffect.

When blockage is formed in the matrix blocks dudigh chemical adsorption on
the matrix, the injected fluid channels through treetures, giving an increase in
water cut without decreasing the total liquid rate.

Injecting water after surfactant-polymer slug injee will enhance the imbibition of
water from the fractures into the matrix and remswme of the precipitate because
the matrix has been made more water-wet. Thesdtgaseed further evaluation
which was outside the scope of this study.

The higher the fracture density, the higher theilmtbbns rate which leads to a
higher oil recovery.

Performance of surfactant polymer flood can becié#i@ positively or negatively by
fracture orientation with respect to the injectoogucer direction. The design of
such EOR process should take into consideratianfitacture parameter.

Defining contribution of spontaneous imbibitions dme total recovery is an

important parameter for a successful chemical EQR. p
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7.3 Recommendations
Based on results obtained in this study, the fabgwecommendations for
research are made.
1. A validation of a field scale simulation is requrémbibition cell experiments
may not adequately represent field conditions dube lack of representation of
viscous force. Research using a scaled quartetsspbbphysical model containing
a fractured porous medium is recommended.
2. Using the physical model mentioned in item 1 abex@erimental research should
be conducted to investigate the effect of injechigh IFT brine after wettability

altering surfactant into the model.
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APPENDIX A

The following data are based on CMG STARTS usedegulrhe DPDP model
accounts for matrix fluid and heat transfer. matnatrix flow terms are added to the

governing equations in the DP model presentdedrA.1. The added terms are:

nph

matrix-matrix fluid flow =Y A[T oA Xon (AP+ APC, = 73 AZ)] v (A1)
ph-1
nph

matrix-matrix heat flow {:A[Tpph/ith on(Ap+APC,, — yphAz)]+ A[TAT] ... (A.2)

ph-1
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APPENDIX B

Additional data used in the simulation study afedtént cases:
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Fig. B.2 Relative permeability curves of the watewet case.
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APPENDIX C

NOMENCLATURE

Formation volume factor (resbbl/STB)
Barrels

Fluid gradient, psi/ft
Permeability

Relative permeability

Flow rate, bbl/d

Saturation

Stock tank barrel

Time, days

Time step size, days

Fluid transmissibility, STB/D.psi
Fluid viscosity, cp

density, Ibm/cu ft

Shape factor, ft

Porosity, fraction

Potential of phase, mL-1t-2

66



67

VITA
NAME: Nawaf Ibrahim A. Sayedakram
PERMANENT ADDRESS: Saudi ARAMCO

P.O. Box, 11746
Dhahran, 31311
Saudi Arabia

EDUCATION: B.S., Petroleum begring
(Sponsored by Saudi ARAMCO)
Montana Tech of The University
of Montana, May 2004

M.S., Petroleum Engineering
(Sponsored by Saudi ARAMCO)
Texas A&M University, August 2010



