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ABSTRACT

MODELING AND SIMULATION OF THE FLUID FLOW IN
ARTIFICIALLY FRACTURED AND GEL TREATED CORE PLUGS

Kaya, Onur Alp
Master of Science, Petroleum and Natural Gas Engineering
Supervisor : Asst.Prof. Dr. Ismail Durgut

September 2021, 137 pages

The dynamics of fluid flow in the matrix and in the fractures are significantly
different from each other. Fractures are highly permeable flow pathways and are
generally considered as the main flow unit. On the other hand, the matrix occupies
most of the porous medium’s volume and is considered as the main storage unit. The
main objective of this thesis is numerical modeling of water flooding experiments in

artificially fractured and gel-treated core plugs.

MATLAB Reservoir Simulation Toolbox (MRST) is used to create the numerical
models. Three main cases, namely non-fractured core plug, fractured core plug, and
polymer gel treated core plugs, were created by using MRST. 2 PV water injection
into these core samples simulated by using MRST. Additional 2 PV water was
injected after polymer gel treatment operation for artificially fractured core plugs.
Hydrocarbon recovery vs. time plots, as well as 3-dimensional fluid saturation
profiles, are obtained. Standard Buckley-Leveret solution is used to validate the
model, and Embedded Discrete Fracture Network (EDFM) was used to model the

fractures.



Results of the numerical models were compared with the results of core flooding
experiments. During the experiments, results are obtained and recorded after 2 PV
water injections, and for the polymer gel treated core plugs, 2 PV additional water
was injected after the operation, and results were recorded again. Models and
simulations are done to represent the core flooding experiments described. The non-
fractured core plug oil recovery after 2 PV water injections was found to be 42.5%
and 42.8% experimentally and with an MRST solution. For the artificially fractured
core plugs, oil recovery was increased from 28.87% to 42.85% in experiments and
from 28.87% to 40.83% in MRST solution after polymer gel operation. Similarly, in
experiments, 8.16% and in MRST model 7.07% increase in the mean water
saturation observed after polymer gel treatment. Additional oil recovery was
observed in both experiments and in the MRST model after the polymer gel

operation.

In addition, how fracture permeability and aperture affect recovery was also
investigated. When the fracture permeability is constant, fracture aperture directly
affects the hydrocarbon recovery for the low aperture values. Similarly, when the
fracture aperture is constant, fracture permeability directly affects recovery for the

high values.

Keywords: Fluid flow, Fractures, Reservoir modelling, Polymer gel
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0z

YAPAY OLARAK KIRILMIS VE JEL ISLEMI GORMUS KAROTLARDA
AKISKAN AKISININ MODELLENMESI VE SIMULASYONU

Kaya, Onur Alp
Yuksek Lisans, Petrol ve Dogal gaz Miithendisligi
Tez Yoneticisi: Dr.Ogr. ismail Durgut

Eylil 2021, 137 sayfa

Matristeki ve kiriklardaki sivi akisiin dinamikleri birbirinden 6nemli 6l¢lide
farklidir. Kiriklar oldukga gegirgen akis yollaridir ve genellikle ana akis birimi olarak
kabul edilir. Ote yandan matris, gdzenekli ortamin hacminin ¢ogunu kaplar ve ana
depolama birimi olarak kabul edilir. Bu tezin temel amaci, yapay olarak kirilmis ve
polimer jel uygulanmis karotlarda su enjeksiyonu deneylerinin sayisal olarak

modellenmesidir.

MATLAB Rezervuar Simiilasyon Ara¢ Kutusu (MRST) sayisal modeller
olusturmak icin kullanilir. MRST kullanilarak 3 ana durumu gdsteren kirilmamas,
yapay olarak catlatilmis ve polimer jel uygulanmis karot 6rnekleri olusturulmustur.
MRST kullanilarak modellenen karot 6rnekleri,2 bosluk hacmi kadar su enjeksiyonu
ile simiile edilmistir. Yapay olarak kirilmis karotlarda polimer jel uygulamasindan
sonra 2 bosluk hacmi kadar daha su enjekte edildi. Zamana karsilik hidrokarbon
kurtarimi grafiginin yaninda 3 boyutlu s1vi doygunluk profilleri de MRST ile elde
edilmistir. Modeli dogrulamak i¢in standart Buckley-Leveret ¢coziimii ve kiriklari

modellemek i¢in Embedded Discrete Fracture Model (EDFM) kullanilda.

Sayisal modellerin sonuglari, deneylerinin sonuglariyla karsilagtirilmistir. Deneyler

sirasinda, 2 bosluk hacmi su enjeksiyonundan sonra sonuclar elde edilmis ve
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kaydedilmistir ve polimer jel uygulanmis karot Ornekleri i¢in islemden sonra 2
bosluk hacmi daha su enjekte edilmis ve sonuglar tekrar kaydedilmistir. Olusturulan
niimerik model ve yapilan simiilasyonlar bu deneyleri temsil edecek sekilde
olusturulmustur. 2 bosluk hacmi su enjeksiyonundan sonra kirilmamis karot
orneginde hidrokarbon kurtarimi deneysel olarak %42.5 ve MRST ile %42.8 olarak
bulunmustur. Yapay olarak kirilmis karot i¢in, polimer jel uygulamasindan sonra
hidrokarbon kurtarimi1 deneylerde %28.87'den %42.85'e ve MRST modelinde
%28.87'den %40.83'e yiikselmistir. Benzer sekilde, deneylerde, polimer jel
operasyonundan sonra gdzlemlenen ortalama su doygunlugunda %8.16 ve MRST
modelinde %7.07 artis gozlemlenmistir. Polimer jel operasyonu sonrasinda hem

deneylerde hem de MRST modelinde ilave hidrokarbon kullanimi gézlemlendi.

Ayrica catlak gecirgenligi ve agikligin hidrokarbon kurtarimini nasil etkiledigi de
arastirllmistir. Catlak gecirgenligi sabit oldugunda, c¢atlak aciklig1 diisiik aciklik
degerleri i¢in hidrokarbon kurtarimint dogrudan etkiledigi goriilmiistiir. Benzer
sekilde, catlak aciklig1 sabit oldugunda, catlak gecirgenliginin, yliksek degerler icin

hidrokarbon kurtarimini dogrudan etkiledigi gozlenmistir.

Anahtar Kelimeler: Akiskan akisi, Catlak, Rezervuar modelleme, Polimer jel.
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CHAPTER 1

INTRODUCTION

Hydrocarbon production from the reservoirs is based on the fluid flow in the porous
medium. Modeling of the fluid flow in porous media can be challenging due to the
heterogeneities involved. Natural or artificial fractures are one of these
heterogeneities.

Fractures are long wide flow channels in the reservoirs. The physical structure of
fractures is significantly different than the matrix. Thus, their existence has a strong
influence on reservoir flow dynamics. Therefore, understanding the effects of

fractures on hydrocarbon production from underground is crucial.

Fluid flow in the fracture is significantly different from the matrix. The matrix
occupies the most volume of the porous media; therefore, the matrix is considered
the main storage unit, and fractures are considered the main flow channels. Flow
dynamics in the matrix and fracture is different, so it is crucial to create a model that
accurately represents both the fracture and matrix of the porous medium. Various
models like continuum model, dual-porosity model, dual-porosity dual-permeability
model, discrete fracture model (DFM), and embedded discrete fracture model

(EDFM) are available with different advantages and disadvantages.

This study focuses on the effects of fractures and polymer gel treatment on the
hydrocarbon recovery in the core scale. Experimentally obtained recovery values for
different conditions are compared with the results of the mathematical model.
Experimental data was obtained from the Ph.D dissertation of Dr.Serhat Canbolat.
In addition, publicly available data in two papers written by him and Dr. Mahmut

Parlaktuna were used.



Experimental and numerical results of oil recovery for normal, naturally fractured,
artificially fractured and polymer gel treated core samples are compared. In addition,
the effects of fracture permeability and aperture on the recovery are investigated.
Mathematical modeling and simulations are done by using MATLAB Reservoir
Simulation Toolbox (MRST), which is open-source software for reservoir modeling

and simulation.
The structure of the thesis is as follows.

Chapter 2: This chapter provides theoretical information about the main reservoir
rock properties. Properties mentioned in this chapter greatly impact modeling the
core plug and oil recovery from it. In addition to core plug studies, wettability,
capillary pressure, and relative permeability and their effect on the modeling are

briefly explained.

Chapter 3: In this chapter, the main equations of fluid flow in porous medium and
fractured porous medium are described. Different fracture models with their upsides
and downsides are explained, and finally, the effect of the polymer gel treatment on
the reservoir rock properties and hydrocarbon production is presented.

Chapter 4: Waterflooding experiments are explained in this chapter. Initially, basic
information related to core plugs that are used in the experiments were given. Then,
how the experiments are conducted explained and finally results of the experiments

provided in this chapter.
Chapter 5: The statement of the problem is explained in this section.

Chapter 6: After providing necessary theoretical background information about the
modeling of fluid flow in porous and fractured medium, 3D modeling of the problem
in MRST is explained. In this chapter. Initially, theoretical information about MRST
and the boundary conditions, and the mathematical principle of the used functions
are explained. Procedure for the physical modeling of fractured and non-fractured

core plugs explained step by step.



Chapter 7. In this chapter, validation of the MRST model is done. Initially,
theoretical information about the analytical Buckley-Leveret solution as wells as the
general solution procedure is explained. Then a base model is solved both by MRST
and Buckley-Leveret solution and obtained results of the numerical model, and the

analytical solution is compared to validate the model.

Chapter 8: In this chapter, waterflooding to all core plug models created, are
simulated by MRST. Experimental and model results are compared for fractured and
gel-treated cases. In addition, the effects of the fracture aperture and fracture
permeability on hydrocarbon recovery are investigated. Obtained results are

discussed and compared with the literature.

Chapter 9: In this chapter, the work done is concluded, and final ideas are provided.

In addition, possible future work is mentioned.






CHAPTER 2

RESERVOIR ROCK STUDIES AND PROPERTIES

2.1  Core Plug Studies

Core plug studies are one of the most fundamental studies in petroleum and natural
gas engineering. Since it is impossible to work with wholly known reservoirs, small
representative specimens from the reservoirs are needed to obtain data. These
samples are known as core plugs. It is possible to obtain various information about
reservoir properties by conducting necessary experiments on core plugs.
Fundamental properties like porosity, permeability, and fluid saturation of the rock
and relative permeability, capillary pressure, secondary and enhanced oil recovery
studies (waterflooding, CO> injection, thermal recovery) are all can be conducted in
these core plugs. Data obtained from core plugs are used to accurately model the

reservoir and run some simulations for the possible activities.

2.2 Wettability

An important reservoir rock property for oil recovery is the wettability of the
reservoir. Wettability can be defined as the rock's preference to be in contact with a
specific fluid (AlSofi & Yousef, 2013). In oil-wet reservoirs, pore surfaces are in
contact with petroleum. Similarly, water is the covering phase for water-wet
reservoirs. Since oil is covering the rock surface, expected oil recovery is lower in
oil-wet systems. It is possible to have mixed-wet reservoir rocks where both oil and
water cover the rock surface, and they are both placed in the center of the pores at
the same time. Figure 1 shows all three cases of wettability.



Water-Wet Mixed-Wet

1 0il [ Brine (water) B8 Rock grains

Figure 1: Wettability(Abdallah et al., n.d.)

Generally, reservoir rocks were water-wet before the migration of oil. Due to this
migration, a gradual saturation change is expected in a reservoir from the free water
level at the bottom to the irreducible water saturation at the top (Chen et al., 2018).
This fluid saturation change along the reservoir leads to a pressure difference
between the wetting and non-wetting phase, and this pressure difference is known as

the capillary pressure.

2.3 Capillary Pressure

Capillary pressure is another critical term for two-phase flow in porous media. When
two immiscible fluids exist across an interface, pressure discontinuity happens. This
discontinuity in the pressure is called capillary pressure (Iglauer, 2017). Another
definition of capillary pressure is the pressure difference between the non-wetting
phase and the wetting phase.

B, =P, — By (21)

Physical expression of the capillary pressure is as following:

P. = 290wCos (6) (2.2)

r



Where g,,, is the interfacial tension between oil and water and cos (8) is the wetting

degree angle and r is the effective radius interface (radius of capillarity).

The only way to obtain capillary pressure data for a medium is through laboratory
studies (Morrow, 1962; Nojabaei et al., 2013). Different models are available to
generalize capillary pressure data. Capillary pressure directly affects fluid flow by
controlling the direction and movements of the reservoir liquids. Therefore, the free
water level of the reservoir, threshold pressure required to mobilize water, immobile
water saturation can be seen in the capillary pressure curve. Figure 2 shows a sample

capillary pressure curve.

Reservoir at Swc

Capillary
Pressure (Pc)
in height

Mobe: Gas/Water
Water Transition
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+——— Gas Water Contact (GWC)

- } +—— Free Water Level (FWL),
7% T WWLeE Sonamon ' Capillary Zero Capillary Pressure
Irreducible Water rise height
(Swec) {Hcap)

Figure 2: Typical capillary pressure curve (Malik, 2017)

2.4 Relative Permeability

Permeability of a rock can be defined as the rock's ability to permit fluid flow. The
distribution of the pores, pore throats can affect the permeability of the rock.
Absolute permeability is a rock property, and it is a constant value. However,
effective permeability depends on the types of fluids. Having two different phases
simultaneously in the same medium affects the permeability of those two phases.

Water flow along the medium in the presence of oil, cannot be the same as the case



of only water-saturated medium. The relative permeability concept explains this
phenomenon. Relative permeability can be obtained by dividing the effective
permeability of one phase by the absolute permeability of the same phase. The
relative permeability of a phase is always between 0 and 1.

ke
Krer = L (2:3)

Kabs

For reservoir engineering purposes, like waterflooding of the reservoir, or CO;
injection, relative permeability of phases has crucial importance on the efficiency of
these applications (Johnson et al., 1959). Endpoints of the relative permeability
curves show theoretical maximum and minimum phase saturations in the rock.
Although knowing relative permeability curves is essential, it is not always possible.
There are some models available for estimating the relative permeability curves
(Bryant & Blunt, 1992). Corey's model is one of the most used and common one.

Typical Corey model relative permeability curves can be seen in figure 3.

Corey Relative Permeability Curves
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Figure 3: Corey type relative permeability curves



As it can be seen in figure 3 for typical and standard relative permeability curves, oil
is the only movable fluid at the low water saturation, and similarly, at high water

saturation, oil is no longer movable, and only water flows across the reservoir rock.

Corey type relative permeabilities are obtained by using the endpoints of the
saturation curves together with the power law. Basically, endpoints are connected
with a polynomial function, degree of the polynomial is represented with N value,
which determines the shape and curvature of the relative permeability curves
(COREY & T., 1954).






CHAPTER 3

FRACTURED POROUS MEDIA

3.1 Darcy’s Law

Darcy’s law is the most fundamental equation that explains the fluid flow in the
porous media. Henry Darcy propose this law after conducting water flow in sands.
Water injected from the top to the bottom of the sand-filled vertical tank in Darcy’s
experiments (Brown, 2003; Lie, 2019). Figure 4 shows the scheme of the

experiments.

Q
<ﬁ
[
L ]]
A ]l:-.
Q

Figure 4: lllustration of the Darcy Experiment (Lie, 2019)

As a result of his experiments, Darcy discovered that volumetric flow rate through

a cylinder is inversely proportional to the distance (L) between the measurement
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locations and proportional to the difference in hydraulic head (h; and h;) and

cross-sectional area (A).

General form of the Darcy’s law is as following.

Q=AxKx (3.1)

Q _ he—hyp
Z =KX _L (32)

Where Q is the discharge, K is the hydraulic conductivity, A is the cross-sectional
area, h values are hydraulic head for given elevations, k is the permeability, g is the

gravitational acceleration and u and p are the viscosity and density of the fluid.

Assuming constant permeability in every direction, then generally hydraulic

conductivity becomes a tensor which is represented as
K=k x p X % (3.3)

Where q is the fluid flux vector and Vh is the gradient for the hydraulic head.

Representing the hydraulic head at a point as

_r
h = otz (3.4)

where z is the elevation relative to a defined datum.

Representing the equation 3.1 in a differential form by using equations 3.3 and 3.4

leads to:
v=—KVh= —%k(Vp —pgVz) (3.5

Equation 3.5 is generally considered as the modern form of the Darcy equation. v

is the volumetric flux called Darcy velocity.
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3.2 Fluid Flow in Fractures

Fractures are long flow paths in the matrix with a certain width. Fluid flow in the
fractures can be similar to the fluid flow in the two smooth parallel plates. Figure 5
illustrates the laminar fluid flow between two parallel plates.

p>

S

Y
; L
9] é’ b P

Figure 5: Fluid flow between two parallel plates

Cubic law is the most common way to express the fluid flow under mentioned
circumstances. To obtain the well-known cubic law, the Navier-Stokes equation for

incompressible flow given below needs to be solved
p (g—f + ﬁVﬁ) =—-Vp+uvv (3.6)

Assuming steady-state conditions, no-slip conditions at the top and bottom, as well
as ignoring gravity, introducing constant fracture aperture b, and finally assuming
constant pressure at the boundaries, inlet pressure p; is greater or equal to outlet
pressure p,, equation 3.6 becomes

- %v
PP 2 =0 (3.7)

In parallel plate assumption, flow only happens in y direction, and it is equal to zero
for the other directions. Integrating equation twice, and imposing the boundary
conditions, will lead to velocity field

13



vy(2) = & B2 [((g)z - z2>] (3.8)

and using the velocity field it is possible to find average velocity

. 1 (b/2
b=> 4 oIy vy (2)dydz (3.9)
_ 1 pi-pz (b/2 ((P\? _
_211_b_L f—b/Z ((E) Z >dZ (310)
_b_zpl—Pz
T 12u L (3.11)

The final version of the average velocity equation is similar to Darcy’s law. When
the permeability of the rock, k=b? /12 average velocity equation is entirely the same
with Darcy’s law. Therefore, volumetric flux,

b3 py—
G =T (3.12)

As the volumetric flux depends on the third degree of the fracture aperture, the
equation 3.12 is known as the cubic law (Zimmerman & Bodvarsson, 1996). As the
derivation of the cubic law shows, fracture wall roughness and the anisotropy of the
fractures are ignored to simplify the problem. In addition, natural fractures are not
parallel plates in reality. To overcome this issue, the friction factor f term was

introduced to the cubic law equation.
3, —
g, == PPz (3.13)

It is important to mention that EDFM module of the MRST does not use cubic law
for flow modelling along fracture. Cubic law is a general concept that describes flow

in fractures.
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3.3 Fractures and Fracture Modelling

Fractures are high permeability flow channels that can exist in reservoirs. There can
be km long, and significantly wide with a complex structure for a reservoir, or a
single, few cm long in a core sample. However, existence of a fracture completely
changes the flow patterns regardless of its physical properties. In the presence of a
fracture, the matrix rock acts as a storage unit, and the main fluid flow happens in
the fractures. Flow dynamics of these two units are different from each other, and
fluid flow between the fracture and rock is commonly observed (Nazridoust et al.,
2006; Ranjith et al., 2006). Fluid interactions between these two different units are
also different from matrix-matrix and fracture-fracture interaction. That is why
fractures create heterogeneities that makes reservoir modeling more complex and
demanding. Knowing the exact locations and properties of these fractures are

essential to get valid results for the simulations.

Fracture modeling is different than regular matrix modeling as fractures and matrix
has different features. Representation of fractures in a model is crucial to get a
accurate results (R. Liu et al., 2016). There are several difficulties to model natural
fractures properly. As natural fractures occur under the in-situ pressure at the
reservoir, breakage and fragmentation can occur at any stage and level of reservoir.
Direction, distance, aperture, etc.. of the fractures are hard to detect for this reason.
Significant effort and expensive methods (like 3D borehole imaging) are required to
overcome this problem (Lei et al., 2017). Figure 6 shows the representation of the

model with and without fractures.
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Figure 6: Effect of fractures on the modelling (Lei et al., 2017)

Different methods and models are available to represent complex fractures in the
reservoirs of these, continuum models define the reservoir as a continuous medium,
using elementary volumes which have uniform properties. Different volumes can
have different properties. Fractures are not described separately in this model.
Continuum models are ideal for modeling poorly fractured rocks where fractures are

not dominating the overall volume of the flow process. (Ouenes & Hartley, 2000).

The dual-porosity model is one of the most popular and used models in the industry.
As the porosity, permeability, and aperture of fractures are significantly higher than
the matrix, representation of both matrix and fracture as a single unit is not correct.
Matrix occupies more space in the reservoir; however, its rock properties, as
mentioned before, are lower. Thus, fluid flow in these two different mediums is not
the same. In the dual-porosity approach, the main idea is to differentiate fluid flows
in fractures and the matrix and use a transfer function to separately model the fluid
flow between the matrix and the fractures. Simply, the matrix is used as a feeding
unit as the flow from the matrix only to fractures (Jiang & Younis, 2015; J. Liu et
al., 2019). The downside of the dual-porosity models is it does not represent the inter-
block matrix-matrix fluid flow (Douglas & Arbogast, 1989). Matrix-matrix
connection is not possible in this model since fractures isolate the matrix. Although
this is not a problem for large-scale flow, sometimes it is required to include in the
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model. In addition, the matrix is assumed to have constant properties, which is not

the case most of the time.

The dual-porosity dual- permeability model overcomes this problem and can be used
in required cases. As matrix-matrix connections are possible, isolation of a matrix
block is no longer an issue. Furthermore, all blocks can contribute to the overall fluid
flow. The dual porosity dual- permeability model can be used to model gravity-
driven reservoirs and phase segregation (Warren & Root, 1963). Figure 7 shows the

dual-permeability, dual-porosity model.

\ O
Vugs Matrix Fracture Matrix Fractures

Figure 7: Dual-porosity, dual-permeability model(Warren & Root, 1963)

The discrete Fracture Model (DFM) is another method used for the modeling of the
fractures. DFM enables explicit representation of the fractures in the overall reservoir
model. Fracture properties like size, location, shape, permeability, porosity, and
aperture can be defined individually for the fractures (Lei et al., 2017). Individual
representation of the fractures increases the accuracy of the models. It is possible to
separately model the fracture and the matrix keeping their properties. Explicit
modeling of the fracture and matrix leads to correctly modeling fluid flow between
fractures, in the matrix, and between fracture and matrix without using any transfer

function. High computational power is required for the DFM’s as the fractures are
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represented and detailed and separately (Lei et al., 2015). For the modeling of

heterogeneous, complex fracture systems, DFM is preferred. Figure 8 illustrates the
DFM.

Figure 8: Discrete Fracture Model (DFM)

Different fractures can have properties significantly different than the rest of the
fractures in the same reservoir. The aperture, size, permeability, orientation thickness
and etc., of the fractures, can vary significantly. This means that there is an extremely
high variation in the fracture characteristics. Therefore, an increase in the complexity
of the reservoir model. Most of the fracture characteristics are obtained during the
exploration and production phases of the field. Fracture networks are created by
using the statistical distributions of the fracture characteristics

Fractures are assumed as straight lines for 2D and assumed as polygons for 3D in
general stochastic DFN models. Depending on the frequency of the fractures,
fracture spacing can obey negative exponential, lognormal or normal distributions.
Generally lognormal or power law distributions are used for fracture aperture
(Garipov et al., 2016). For the stochastic DFN fractures are randomly located and
their properties are determined by using related distribution functions. Figure 9
shows the 2D and 3D DFN models for the Poisson distribution.
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Figure 9: 2D and 3D Poisson DFN models (Lei et al., 2017)

Embedded Discrete Fracture Model (EDFM) is a method proposed by Li and Lee
(2008) by combining continuum model and DFM. Initially, a cartesian grid is
introduced for the discretization of the overall reservoir. Extra cells are used to model
the fractures separately (Shakiba et al., 2018; Tene et al., 2017). Fracture properties
are defined for these cells only, meaning that it is possible to keep the fracture
properties. Since fracture and matrix are defined in different cells, fluid flow is also
separately modeled. Non-neighbor connections (NNC) are separately defined in this
model for flow between different units (Dachanuwattana et al., 2018). Since
structured grids are used in the EDFM, the computational power required is
significantly less than in the unstructured grid case. Figure 10 shows the matrix grid

and the fracture grid sample for the EDFM.

(a) Matrix grid (b) Fracture grid

Figure 10: Embedded Discrete Fracture Model (EDFM) (Tene et al., 2017)
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3.4  Types of Statistical Distributions

Depending on data type, different distributions were used. For instance, scalar

distributions are used for the fracture size. The following equation shows the gamma

function:
I'(a] = foooz"(a —1Dxe?dz a>0 (3.14)
f(x) = r(al)Bax(“-l) e/ x>0;,a>0;B>0 (3.15)
Assuming that a=1
f(x) =<e™F x>0,B>0 (3.16)

which is an exponential distribution. The normal distribution often referred as the
gaussian distribution uses the below given equation:
f(x) = — -G 3.17
X) = \/Zn'ae 4 ( ) )
Log-normal distribution is a probability distribution obtained for a random variable
after variables logarithm is normally distributed.

Power law shows a functional relationship between two variables, where a change
in variable leads to a proportional relative change in the other variable. The below

given equation shows a typical power law relationship:
f(x) = ax* (3.18)

Weibull distribution of a random variable x has the following probability density

function:

fesAk) =2 (f)k_1 G x>0 (3.19)

20



Poisson distribution can be defined as the probability distributions of events that

occur randomly, in a given space and can be expressed by the following equation:

f(x) = e AL x=0123 (3.20)

x!

The below given figure 11 shows the probability distribution functions for different

distribution types.
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Figure 11: PDF’s for different distribution methods (Shiriyev, 2013)

Hydrocarbon production rate decreases, and water production rate increases with
time. Poor sweep efficiency is a major and common problem for fractured reservoirs.
Injected water flows along the fracture, and hydrocarbons remain untouched in the
matrix. This phenomenon decreases economically valuable oil rate and increases
water production rate. It is important to prevent fluid flow in these highly conductive

channels to overcome this issue. Polymer gel treatment is a way to isolate the
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fractures from the matrix blocks. In this way, it is possible to divert the injected water
into the poorly swept regions of the reservoir to increase the oil recovery. When
polymer gel is applied to a fracture, fracture permeability decreases significantly,
meaning that fractures are no longer highly permeable channels. Injected water
cannot flow along with the fractures and moves to the matrix and reaches the
production zones by pushing the hydrocarbons in the poorly swept regions (Brattekas
& Seright, 2018; Canbolat & Parlaktuna, 2019; Sydansk, 1988).

The efficiency of polymer gel treatment is proven by laboratory and field studies
(Herbas et al., 2004). Polymer gel treatment is generally conducted via preparing a
solution that contains the required chemical components. This solution is not the
final version of the gel, and it is called gellant. Under the temperature and pressure
conditions of the reservoir, the gellant becomes the gel after the gelation time passed.
Low resistance to the flow of the fracture and chemical structure of the gellant does
not permit the gellant to enter the small pores of the matrix, and gellant stays in the
large volume fracture aperture initially. However, in time a polymer concentration
difference between the fracture and matrix occurs. Due to this concentration
difference, the polymer tends to enter the rock matrix. Gel’s tendency to enter the
rock matrix is known as the leak off. Figure 12 illustrates the flow of the gel along
the fracture and leak off to the matrix. Once the gelation happens in the fracture, gel
resides in the fracture by forming gel clusters and plugs the fracture in this way
(Zhang et al., 2020).
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Figure 12: Polymer gel treatment (Zhang et al., 2020)
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CHAPTER 4

WATER FLOODING EXPERIMENTS

4.1 Core Plug Experiments

The water flooding experiments were conducted by using five different core plugs.
Three main cases, namely non-fractured, fractured, and polymer-gel treated core
plugs, were represented by these five different core plugs. Initially, two 2 PV water
was injected into all core samples. Polymer gel treatment was applied for the
artificially fractured core samples, and another 2 PV water was injected. A similar
approach was used for the non-fractured core plug to investigate the effects of

polymer gel treatment on the matrix. Table 1 summarizes core plugs.

Table 1: General structure of core plugs

Core Plug Fracture Polymer Gel Treatment
Core Plug#2 Naturally fractured Not applied

Core Plug#3 Artificially fractured Applied to fracture

Core Plug#5 Non-fractured Applied to matrix

Core Plug#7 Artificially fractured Applied to fracture

Core Plug#8 Non-fractured Not applied

Core plug#8 was a non-fractured core plug and was selected as the base case for the
numerical modeling. Similarly, core plug#2 was a naturally fractured core plug. Core
plug#3 and#7 were the artificially fractured core plugs. The fracturing of these core
plugs was done by separating them into two half in the vertical direction. Polymer-
gel treatment was applied to these core plugs. Final core plug#5 was a non-fractured

core plug; however, polymer gel treatment to the matrix was applied for this core

plug.
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Permeability and porosity values of these core plugs were obtained by conducting
experiments. In addition, CT scans of core plugs were available for the different
stages. Core plugs were divided into 16 layers, and layer by layer CT scan data was
recorded. Therefore, layer by layer porosity values as well as saturation values at
different stages was available. All core plugs were scanned initially, after 2 PV water
injections, and after another 2 PV injections for polymer gel treated core plugs For
the polymer gel treated and fractured core plugs fracture aperture was determined by
using available CT scan data. Figure 13 shows the CT scans.

Figure 13: CT Scans

4.2  Water Flooding Experiments

The previously conducted core flooding experiments' main objective was to increase
hydrocarbon recovery from artificially fractured core samples. Core samples are
vertically located in the core holder. Rubber sleeve covers the core plugs, and
confining pressure was applied from the sides during the flooding using the nitrogen
cylinder. Pressures at the top and bottom of the core plug are measured by using the
pressure transducers. Using the ISCO pump, water is injected from the bottom part
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of the core plug, and water together with hydrocarbons is produced from the top

section. Figure 14 shows the experimental set-up.
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Figure 14:Experimental set-up of

Boundary condtions of the numerical model has a vital importance on the problem
definition. Lack or boundary conditions can lead to ill definition of the problem,
therfore negativly effecting results accuracy. The following boundary condtions

were selected according to explained system geomerty

e Constant flow rate at the bottom
e Constant pressure at the top

e No flow boundaries at the sides

Although the measured pressure at the sample outlet varies with time, a mean and
constant value is used in MRST. Since time-dependent boundary conditions
significantly increase the model's complexity, a fixed mean value is used when a
boundary condition is imposed on the model. Figure 16 shows outlet pressure profile
of core plug#2 during the experiemtnts. According to figure 15 0.07 bar-g was

selected for the MRST model as the constant pressure boundary.

27



Outlet Pressure Profile of Core#2 During Experiments
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Figure 15: Outlet pressure profile of core plug#2

The constant flow rate is found by dividing the total injection volume, which is 2 PV
for all plugs, by the total injection time. pside and fluxside functions of MRST is
used to impose the top and bottom boundary conditions, and for the periphery, the

model automatically uses no-flow boundary conditions.
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4.3  Results of the Experiments

Mean water saturation, layer by layer water saturation, and overall hydrocarbon
recovery values are obtained as a result of the experiments. Figures 16 to 20 shows
the layer by layer water saturation profiles of different core samples at different

Experimental Water Saturation Profile of Core Plug#2
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Figure 16: Experimental water saturation profile of core plug#2
Experimental Water Saturation Profile of Core Plug#3
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Figure 17: Experimental water saturation profile of core plug#3
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Figure 18:Experimental water saturation profile of core plug#5
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Figure 19:Experimental water saturation profile of core plug#7
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Experimental Water Saturation Profile of Core Plugt8
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Figure 20:Experimental water saturation profile of core plug#8

Obtained results show that water saturation increases after water flooding and
increases further after polymer gel treatment, as expected. A general trend was
observed in all core plugs. For the bottom layers, water saturation is higher and
decreases as moving up along the core sample. Gravity and injection from the bottom
of the core sample lead to having this trend in all core samples. Figures 21 and 22

show the recovery from the core samples with respect to injected volume and time.
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Recovery from Core Samples
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Figure 21:Recovery vs Time plot of core samples
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Figure 22:Recovery vs PV Injected plot of core samples
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A nearly linear recovery profile was observed in all core plugs in the early stages of
injections. Linear recovery profile in the early stages might show that core plugs are
at the irreducible water saturation or close to it. Once the waterfront reaches the
production end of the core plug piston-like movement of the recovery reaches an
end. Recovery does not increase significantly after some point as expected. The
effects of polymer gel treatment on hydrocarbon recovery can be clearly seen in core

plugs#3, #5, and #7. Recovery profile is similar to early stages of injection.
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CHAPTER 5

STATEMENT OF PROBLEM

The main objective of this thesis is numerically model water flooding experiments
in artificially fractured and gel-treated core plugs. A numerical model of the core
plugs was created using MRST, and validation of the MRST model is done using the
standard Buckley-Leveret method. Once the model is validated, non-fractured,
fractured, and polymer gel treated core plugs were modeled. EDFM was used to
introduce fractures into the model. Water injection into these core plug models was
simulated by using MRST, and obtained results were compared with the
experimental results. The effects of the polymer gel treatment of matrix and fractures
on the oil recovery were investigated. 3D fluid saturation profiles of the core samples
during the injection as well as final oil recovery vs. time plots are obtained with
MRST. Obtained oil recovery and mean water saturation values are compared with
the results of the experiments. Moreover, additional simulations were completed to

investigate how oil recovery changes with the fracture permeability and aperture.
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CHAPTER 6

NUMERICAL MODELLING

6.1 MATLAB Reservoir Simulation Toolbox (MRST)

MRST is an open-source code library for MATLAB that is introduced and developed
mainly by the SINTEF Technology and Society, a Norwegian research institute.
MRST can be used to create reservoir models and to simulate those models for
different cases. MRST consists of various modules from the basic reservoir
description to the fluid flow modeling in porous media. The following figure 23
illustrates the basic modules, and their interactions for object-oriented automatic
differentiation with the MRST.

‘ MRST core

Basic functions/data structures:
grid, petrophysics, wells, boundary
conditions, 1/0. grid processing,
AD library, plotting, ...

ad-core
General simulation framework:

abstract model classes, time-step

and iteration control, linearizations,

linear solvers, hooks for I/O and
plotting, ...

blackoil-sequential
Sequential implicit solvers for the
black-oil equations, solving flow
and transport in separate steps

mrst-gui

Graphical interfaces for interactive

visualization of reservoir states and
petrophysical data

ad-blackoil

General 3-phase black-oil simulator

with dissolution and vaporization,
specialized 1- and 2-phase models,
CPR preconditioning

ad-eor
Fully implicit simulators for water-
based EOR methods: polymer and
surfactant

[ deckformat

Input of ECLIPSE simulation
decks: read, convert to SI units,
and construct MRST objects for
grids, fluid and rock properties,
wells and simulation schedules

ad-props

Initialization of fluid models from
ECLIPSE input decks

core functionality
utility module

AD-OO module

Figure 23: General framework of MRST (Lie, 2019)

In this study, MRST will be the primary tool for modeling and simulating. This thesis
aims to create a core plug model, and simulate it for different fracture cases, and

compare obtained oil recovery results with actual experimental results.
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6.2 MRST Tools

6.2.1 Automatic Differentiation (AD)

The main idea of automatic differentiation (AD) is implementing basic operations
in a numerical model. AD uses fundamental derivative rules and evaluates and

stores the function and its derivative simultaneously.

In MRST, the object-oriented automatic differentiation (AD-OQ) framework is
introduced. In this framework, implementation of the fundamental components like
physical models, discrete operators, time-stepping are separated. This enables,
implementation of new models that can work with the existing solvers in the
MRST. This procedure is suitable for complex features like multi-phase flow, as it

makes simulations less complex.

Below given example provides a better explanation of the AD in MRST.
flx,y) =10x — 2y — 25

Derivative of the f function is stored as

V() = [10,-2) = [, 2
Setting x= 5 and y=2 automatic differentiation of the f function is as following
val = 21
jac = {[10][-2]}

Finally, the below given figure explains a single nonlinear solve for a timestep in

the automatic differentiation.
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Figure 24: Mini-step solution procedure of AD (Lie, 2019)
6.2.2 Two Point Flux Approximation

Two-point flux approximation (TPFA) is a method used by MRST in order to
approximate the flux between the two cells. The main idea behind the TPFA is the

conservation of the quantities over the cells. Figure 25 illustrates TPFA.

Figure 25: Schematic visualization of TPFA
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Simplified flow equation for a single phase is given below

<

Vv =q (6.1)

v =—KVp (6.2)
The main goal here is the discretization of equation ... for a finite-volume scheme.
The integral form of this equation for a single cell

J3p ViMds = [, qdx (6.3)

This equation is a simpler form of the conservation of the material over boundaries

which is given below

ad s —_ — -
= J,ppdi+ [, pv.nds = [ pqdx (6.4)

Since density and porosity does not depend on the time therefore, they do not have
an effect on the discretization and eliminated. Computing the flux for each face of a

cell by using the Darcy’s law leads to

v =) vV.nds (6.5)

Tik

T; 1 1S the half faces for grid cell Qi. By using the mid-point rule, approximation of

the integral over the cells face and expressing the flux by using Darcy’s law leads to

Vik = —Ajr (KVDp)(xy5) Ny (6.6)

Centroids of the half faces are denoted with the x’. Next step is the one-side finite
difference method to shows the pressure change between the face centroid and a
random point in cell. A linear pressure profile is needed and assumed since cell
averaged pressure inside the cell is available in finite-volume method. A linear
pressure profile inside a cell means that pressure at the cell center is equal to the

average pressure and the following equation is obtained
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(Pi-Tik)Cok ——s
Vik = A Ki ——5 |7;<’|2 Y = Ti(pi — mik) (6.7)
L

One-sided transmissibilities are introduced with T which is related with a one cell.
This transmissibility provides a flux relationship between a face centroid and cell,
Therefore, they are associated with a half face meaning that it is possible to refer
them as half-transmissibilities. Finally, imposing the face pressure and flux

continuity and eliminating interface pressure lead to

_ P
Vi = [Tid + Ti | i — i) = T (pi — Pi) (6.8)

Which is the two-point flux approximation structure that is used in MRST. In
summary TPFA, uses cell average pressures p; and p;, to approximate the fluid flux
between Qiand Q. Figure 16 illustrates the TPFA.

6.3  Modelling the Non-Fractured/Non-Gel Treated Core Plug#8

It is required to convert the physical core plug into a set of points that describes the
geometry of the core plug. This can be done by gridding. Type of grid selection is
crucial, and grid type determines functions that can be used, heterogeneities need to
be shown, etc. Although unstructured grids are more successful in representing
geometry, they cause more errors in discretization. Therefore, in this study Cartesian
grid is used to define and model the medium geometry.

Initially, a 3D rectangular grid was defined using the cartGrid (x,y,z) function.50-
50-16 layers defined in x,y,z coordinates respectfully, in total 40000 cells defined
to as the base of the core plug model. Figure 26 shows the initial approximation for

the core plug.
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Base of Core#8

Figure 26: Base grid structure of core plug#8

Removal of edge cells to obtain a cylindrical shape is the next step. As the core plugs
are all cylindrically shaped, and the based model is a rectangular prism, the radius of
the core plug (1.85 cm) is defined in the center of the base model, and the cells whose
centroid is not within the radius are removed. The figure 27 shows the actual grid

that is used to represent core#8.
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Grid Structure of Core#8
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Figure 27: Grid structure of core plug#8

After removing the edges, the total number of cells in the grid reduced to 31616. In
each layer, there are 1976 cells, and there are 16 layers in total. 16 layers in z

direction selected according to the CT scans.

The next step of the model definition is populating the model with the porosity and
permeability values. Permeability of the core plug is experimentally obtained as 74.5
md. In order the create different sets of permeability values for different cells, a
distribution function is used. Figure 28 shows the permeability distribution of core
plug#8. Distribution functions are used to define the range of the rock properties. For
the core plug#8 permeability values of the cells are in between 70 and 80 md. Models
standard input (0.65) was used for the standard deviation. Average permeability of

the numerical model was found 74.91 md.
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Permeability Distribution(md) of Core#8
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Figure 28: Permeability distribution of core plug#8

The porosity of the core plugs is obtained both experimentally and after a CT scan.
Experimental measurements lead to a mean porosity value for the core sample,
whereas CT scan provides layer-by-layer porosity values and a mean value. 32%
porosity was found experimentally and 32.52% after CT scan. Since CT scan
provides a mean porosity value for all layers, CT scan values are used to populate
the MRST model. The Gaussian distribution function is used to create random values
for each layer. Layer by layer minimum and maximum porosity values as well as
standard deviation used in the porosity distribution can be seen in the Appendix
section. Figure 29 shows the porosity distribution of core plug#8
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Figure 29: Porosity distribution of core plug#8

Once the physical gridding of the core plug is completed, then fluid properties are
defined in the model. Water and oil are the defined fluids with the 1013 kg/m3 and
730 kg/m3 densities, respectfully. Viscosities of these fluids are defined as 0.89 and
0.86 cP as it can be seen in the table 2. .

Table 2: Fluid properties

Phase Density (kg/m?) Viscosity (cP)
Oil 730 0.83
Water 1013 0.89

As mentioned before, the relative permeabilities of the existed fluids are a crucial
parameter. Relative permeability of the fluids used as a match parameter for the
recovery and water saturation. Figure 30 shows relative permeability curve provides
the match for the core plug#8 and small changes were made to match other core
plugs. However, end points of the relative permeability curve kept constant for all
plugs except core plug#5. Since it was not possible to reach experimentally obtained

saturation values using given relative permeability curve endpoints.
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Relative Permeability Curves
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Figure 30: Relative permeability curves for the core plug#8

At this stage, reservoir rock and fluid properties and the fluid itself are defined in the
MRST model. Now, it is possible to specify the initial conditions and the boundary
conditions of the model. Fluid saturations from CT scans are used to populate the
cells. Random values are assigned by using gaussian distribution. Figure 31 shows

the initial oil and water saturations of MRST modeled the core plug#8.

Initial Oil Saturation(%) of Core#8 Initial Water Saturation(%) of Core#8
0.6 0.6
0.55 0.55
0.5 0.5
0.45 0.45
0.4 0.4

Figure 31: Initial oil and water saturation distributions for core plug#8
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Table 3: Comparison of selected values for MRST model and actual case

Parameter Actual Values MRST Model Values
Porosity (%) 32.5 32.06
Permeability(md) 74.5 74.91
Sw (%) 47.82 47.85
Por Volume(cc) 25.8 25.99
Initial Oil Volume(cc) 13 13.52
Volume(cc) 79.525 80.08

As shown in Table 3, all the essential variables are in the acceptable error margin;

therefore, the model is physically ready.

6.4  Modelling of Fractured and Gel Treated Core Plugs

In this section, the general procedure for the fractured and gel-treated core modeling
in MRST is explained.

EDFM method is used to create the fractures. Initially, like a non-fractured model,
gridding of the core plug and assigning porosity and permeabilities of the rock is
completed. After that, the fracture is defined as a plane, including its location and
orientation. Once a single fracture plane is created, then the porosity, permeability,
and aperture of the fractures are defined. Figure 32 shows the facture plane defined

in the core plug.
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Introducing Fracture Plane into the Core Plug

Figure 32: Fracture plane

Gridding of the fracture plane is the next step for fracture modeling in MRST.
Fracture cells are created after the fracture gridding operation. The matrix grid is
used to determine the locations of the fracture grid cells. Figure 33 shows the fracture
grid.

Fracture Grid
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Figure 33: Fracture grid
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The final step of the fracture modeling in MRST is the non-Neighboring connections.
This step is vital as the transmissibility between the fractures and the matrix is
defined in this step. Figure 34 shows the matrix-fracture nnc’s. As the new cells are
introduced with the fracture modeling, initial saturation values are specified in the

model after fracture modeling is completed.
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Figure 34: Matrix-fracture NNC's

For the modeling of gel-treated core plugs in MRST a similar procedure is followed.
Once the water injection into a fractured core plug is completed, polymer gel
treatment is applied to the core plug. This operation reduced the fracture aperture
and permeability. Gel was not introduced into the model as a third phase therefore,
possible changes in the rock and fluid properties are ignored.

In MRST model, after the water injection into a fractured core plug is completed and
results are obtained, permeability and aperture of the fracture are manually updated.
The final stage of the water injection into the fractured core plug is used as the first
step of the water injection into gel treated core plug. Figure 35 shows the steps for

the modeling of water injection into a gel-treated core plug.
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Create the model without any fractures, populate
it with matrix perm and poro

Create the fracture model in the matrix grid, assign
fracture aperature, permeability and porosity

Populate both the matrix and fracture grid with
the saturation values

Assign the boundary conditions, solvers and initial
conditions

Simulate the model with 2 PV water injection

Obtain the results

Model the gel treatment by changing fracture
properties

Simulate the updated model with 2 PV water
injection

| Obtain the results

Figure 35: Procedure for fractured and gel-treated core plug modelling

Table 4 to 8 shows the values of important physical parameters for both MRST

model and physical model. It can be clearly seen that there is a strong match nearly

in all physical parameters.

Table 4: Comparison of the important parameters for core plug#2

Parameter MRST Values Actual Values
Porosity (%) 34 33.97
Permeability (md) 207 210

Sw (%) 52.63 52.5

Pore Volume (cc) 27.05 27

Initial Oil Volume (cc) 12 12.78
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Table 5:Comparison of the important parameters for core plug#3

Parameter MRST Values Actual Values
Porosity (%) 34 33.57
Permeability (md) 81 80.53

Sw (%) 49.47 50.5

Pore Volume (cc) 24 24.14

Initial Oil Volume (cc) 15 15.78

Table 6:Comparison of the important parameters for core plug#5

Parameter MRST Values Actual Values
Porosity (%) 31 31
Permeability (md) 41 40.5

Sw (%) 43.04 41.54

Pore Volume (cc) 24.67 24.83

Initial Oil Volume (cc) 14 14.15

Table 7: Comparison of the important parameters for core plug#7

Parameter MRST Values Actual Values
Porosity (%) 31 32
Permeability (md) 116 114.96

Sw (%) 41 41.54

Pore Volume (cc) 25.45 23.54

Initial Oil Volume (cc) 14 13.91
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Table 8: Comparison of the important parameters for core plug#8

Parameter MRST Values Actual Values
Porosity (%0) 32.5 32.46
Permeability (md) 74.5 74.06
Sw (%) 47.82 47.85
Pore Volume (cc) 25.8 25.99
Initial Oil Volume (cc) 13 13.52

52



CHAPTER 7

VALIDATION OF MODEL

7.1  General Buckley-Leveret Solution

Buckley-Leveret solution is an analytical verification tool that is used in this thesis
to validate the model. Buckley-Leveret solution determines the distance of the high-
water saturation at any time for the water flooding applications. The main
assumptions of the Buckley-Leveret (Buckley & Leverett, 1942) solution is listed

below

e Water injection to an oil reservoir and flow is linear and horizontal

e Incompressible and immiscible fluids

e Neglected gravity

e Neglected capillary pressure effects
Darcy equation for the multiphase flow with the above listed assumptions is given
below for both oil and water phases.

_ kkypy AOP

Uw Ox (7 . 1)

Aw

_ kkpoAOP

qO Uo dx (7 . 2)

Defining the fractional flow for water as following

fi = —2 (7.3)

- qot+qw
Plugging go and qw and canceling out common terms leads to

krw

fw = @iuﬁ (7.4)

Ho Hw
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1
fW = M (75)

+1
krw ko

A standard fractional flow plot is given below in figure 36.

Typical fractional flow curve

Water saturation

Figure 36: Typical fractional flow curve

For a non-horizontal system gravity effect needs to be included the following form

of the fractional flow equation includes the gravity effect.

Kiero A
dlo
w =
1+kro Hw
krwio

1+ (apa%—Apgsina)

(7.6)

Mass balance of the frontal displacement for the water phase in general form can be

expressed as given below

[(quw)x - (quw)x+Ax]At = AAx¢[(Swpw)t+At - (Swpw)t] (7-7)

Neglecting the compressibility and converting this equation to continuity equation

by Ax,At - 0and q,, = f,, * q
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_ 0w _ AP ISw
ax  q ot (7.8)

since fractional flow is a function of water saturation

405, _ A0S,
ds, ox  gq ot (7.9)

Which is known as the Buckley-Leveret equation. It is possible to modify equation
6.9 and derive the frontal advance equation for the water injection. Since water
saturation along the core sample depends on the location and the time

asy, Sy,
dSW = de + ?dt (710)

Assuming that water saturation is constant at the front

Sy

Sy,
0= de + ot

dt (7.11)

Plugging equation 6.11 into the Buckley-Leveret equation and integration over time

leads to the following equation

X = % (%)f (7.12)

Which is generally referred as the frontal advance equation. Figure 37shows the

typical saturation distribution obtained using the frontal advance equation.
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Final water saturation profile

0.9 4
0.8 -
0.7

0.6 1

o.s
0.3

0.2 4

o.1

Figure 37: Typical frontal advance profile for waterflooding

7.2 Model Validation

A new simple grid structure was designed and created for the validation of the
solvers, models and assumptions used in the MRST model solution. A grid with the

following properties is created

e The reservoir is 1 meter wide, 1 meter thick and 100 meter long and 100%
oil saturated

e 1 cell used to represent wide and thickness of the model and 4000 cells used
to represent length

e Rock porosity and permeability is constant and assumed as 0.2 and 100 md
respectively

e Continuous water injection from the injection end (left) of the model

e Production occurs only in the production end (right) of the reservoir and other

boundaries are assumed as no flow boundaries

e Total injection volume of water is 0.5 pore volume and total injection time is
1000 seconds

e 1013 and 730 kg/m® densities with 0.89 and 0.86 cp viscosities used for water

and oil phases respectively
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Analytical solution of the model is done by using general Buckley-Leveret solution
for water injection. Location of the waterfront is directly calculated using equation
6.12. The results of the MRST solution are compared with the analytical solution.
Figure 38 shows the fractional flow vs water saturation plot obtained by using
equation 6.6.

Fractional Flow vs Water Saturation
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Figure 38: Water saturation vs fractional flow

Once the fractional flow term is calculated now the derivative of the fractional curve
with respect to water saturation is needed to determine the frontal advance. Figure

39 shows the water saturation vs derivative term plot.

. dffdS vs Water Saturation
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Figure 39: Derivative term vs water saturation
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Analytical solution for the water saturation along the core sample when 0.5 PV water

injected is given in figure 40.
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Figure 40:Analytical solution of the waterfront location

Comparing the results for the analytical solution and MRST model solution for 0.5

PV water injection is given in figure 41.

Waterfront Location

Analytical Solution
MRST Model Solution

0.9

Water Saturation

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless Distance

Figure 41: Comparison of the analytical and MRST model solution
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It can be clearly seen that the solution of both methods leads to a very similar water
saturation profile along the synthetic model. The location of the waterfront is the
same, and water saturation distribution is the same, for the most part. Investigating
the waterfront advance in the same reservoir during 1 PV water injection is the next
step for model validation. The following figure 42 shows the waterfront movement
for both analytical and MRST solution during 1 PV water injection into the same
reservoir. It can be clearly seen that waterfront advance is significantly similar for
both analytical and MRST solutions.

Waterfront Advance

SRR

Figure 42: Overall comparison of analytical and MRST solution for the waterfront
advance

7.3 Effect of Cell Number and Other Solution Methods

Different solution methods are available for our case. In addition to the MRST model
solution that is used and explained, two additional solution methods are also used for

the comparison namely implicit and explicit solution.

The first one is the implicit solution. The fractional flow concept is used.
Discretization of the transport equation is done implicitly. First-order mobility-

weighted discretization in the space and backward Euler discretization in the time
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used. Transport equation is solved for defined time interval. Explicit discretization

of the transport equation leads to the explicit solution.

Lie (2019) stated that using explicit solution provides a clear advantage to “maximize
accuracy versus computational cost”. Figure 43 compares results of explicit transport

solver and implicit transport solver for different time  steps.
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Figure 43: Approximate solutions computed by the explicit transport solver and the
implicit transport solver with n time steps

Not only different solution methods but also the effect of the cell number of each
solution method is investigated. Explicit, implicit, and MRST model solutions are
solved for the same reservoir with different cell numbers. 4000, 2000, 1000, 400,
and 100 cells were used for the gridding of the reservoir. Figures 44,45,46,47, and
48 shows the waterfront location determined explicitly, implicitly, analytically, and
by MRST solution when 0.25 PV water was injected for 4000, 2000,1000,400 and

100 cell cases.
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Waterfront Location for 4000 Cells
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Figure 44:Waterfront location for different solution methods (4000 cells)
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Figure 45:Waterfront location for different solution methods (2000 cells)
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Waterfront Location for 1000 Cells
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Figure 46:Waterfront location for different solution methods (1000 cells)
Waterfront Location for 400 Cells
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Figure 47:Waterfront location for different solution methods (400 cells)
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Waterfront Location for 100 Cells
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Figure 48:Waterfront location for different solution methods (100 cells)

Figures 49,50 and 51 shows the waterfront location for different solution methods

and compares them with the analytical solution.
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Figure 49: Waterfront location for explicit solution vs analytical solution for
different cell numbers
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Waterfront Location for Implicit Solution
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Figure 50:Waterfront location for implicit solution vs analytical solution for
different cell numbers
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Figure 51:Waterfront location for MRST solution vs analytical solution for
different cell numbers
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Results obtained for the cell numbers show that when the cell number is high, all
solutions converge to the analytical solution and when the cell number decreases,
deviation from the analytical solution increases. This deviation is significantly high
in the implicit solution, and a minimum deviation occurs for the explicit solution.
Deviation for the MRST solution is in between these two methods. However, as the
MRST solution provides intermediate solutions, and computing intermediate
solutions with explicit solution requires high computational time and power, MRST

solution was used in this study.
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CHAPTER 8

RESULTS AND DISCUSSION

In this chapter, obtained results are presented. Initially, results of non-fractured and
polymer gel treated core plug#8 were given. Naturally fractured and non-gel
treated core plug#2 was second. The effect of fractures on fluid saturations and oil
recovery was observed by using the results of these two core plugs. Core plug#3
and #7 were both artificially fractured and polymer gel treated core plugs. Results
of these core plugs were given, and the effect of polymer gel treatment of fractures
on the oil recovery was observed. Finally, results of non-fractured but polymer gel
treated (matrix) were given, and the efficiency of polymer gel treatment of matrix

and hydrocarbon recovery was observed.

8.1  Core Plug#8

The total injection volume is 2 PV, and the total injection time is 21700 seconds. For
all core plugs, time discretization is done by using 100 timesteps, meaning that in
each timestep, 0.02 PV water is injected. Remembering that there are only water and
oil phases available, for each cell, summation of the saturations of oil and water will
be equal to 1; therefore, their saturations are inversely proportional to each other.
Figures 52 and 53 show the oil and water saturation distributions of core plug#8

during waterflooding for different times.
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Figure 52: Oil saturation distribution of core plug#8 (top left 0.2 PV, top middle 0.5
PV, top right 1 PV, bottom left 1.4 PV, bottom middle 1.7 PV and bottom right 2.0
PV)
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Figure 53:Water saturation distribution of core plug#8 (top left 0.2 PV, top middle
0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom middle 1.7 PV and bottom right
2.0 PV)
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Although MRST can easily obtain the fluid saturation for the core plugs for different
times, corresponding experimental results, are not available. An average saturation
for different layers is available. Therefore, final water saturation plots are compared.
Figure 54 shows the water saturations for each layer obtained experimentally and

with simulations.
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Figure 54: Water saturation profile of core plug#8

Considering the fact that core plug is modeled vertically, obtained trend (higher
water saturations at the bottom and lower water saturations in the upper layers) is
reasonable. In addition, gravity leads to higher water saturation in the bottom layers.
Experimentally, water saturation in the bottom layers (layers 2 and 3 is significantly
higher than the remaining layers, and for the top five layers, water saturation is
significantly low. Additionally, the mean water saturation of the core plug
experimentally determined as 0.694 and similarly 0.7026 was the result of the

simulations.

Another vital parameter to check experiment and simulation results is the recovery

of hydrocarbons. As waterflooding is done to increase recovery, it is crucial to have
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a similar recovery trend for both methods. Figure 55 shows the recovery vs. time plot

for core plug#8.
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Figure 55: Recovery vs Time plot of core plug#8

Simulations leads to 42.79% oil recovery after 2 PV water injection and similarly

experimental studies showed that oil recovery was 42.5%.

Finally, table 9 summarizes the key parameters for core plug#8 before and after

water injection both for experimental and MRST model.

Table 9: Summary of core plug#8

Parameters Experimental MRST Model
Initial Oil Volume(cc) 13 13.52
Initial Sw % 46.9 47.85
Porosity % 32 32.46
Permeability 74 73.98
Pore Volume (cc) 25.8 25.99
Remaining Oil Volume After 2 7.5 7.73

PV Water Injection (cc)

Oil Recovery After 2 PV Water 42.5 42.79
Injection
Mean Water Saturation After 2 69.4 70.2

PV Water Injection
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8.2  Core Plug#2

The total injection volume is 2 PV water from the bottom of the naturally fractured
core plug#2. Continuum model used for this core plug meaning that fracture was not
modelled separately. 100 timestep used for a total of 20200 seconds. 0.02 PV water
injected in each time step. Figures 56 and 57 show the water and oil saturation
distribution for different times. In addition, the recovery measured as 36.66% and
37.04% experimentally and with MRST respectively as it can be seen in the figure
58. Finally, mean water saturation values obtained 69.63% and 70.09% for core

plug#2.

Water Saturation Distribution of Core Plug#2 During 2 PV Water Injection Water Saturation Distribution of Core Plug#2 During 2 PV Water Injection  Water Saturation Distribution of Core Plug#2 During 2 PV Water injection
08 os — 08

i
i !

Figure 56: Water saturation distribution of core plug#2 (top left 0.2 PV, top middle
0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom middle 1.7 PV and bottom right
2.0PV)
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Figure 57: Water saturation distribution of core plug#2 (top left 0.2 PV, top middle
0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom middle 1.7 PV and bottom right
2.0 PV)
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Figure 58: Water saturation profile of core plug#2
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Recovery from Core Plug#2
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Figure 59: Recovery vs Time plot of core plug#2
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The main difference between core plug#2 and #8 is the natural fracture of core

plug#2. Nearly 6% less recovery from core plug#2 shows that fractures prevent

proper areal swept of the oil in the core. The below-given table 10 summarizes the

results obtained by using both methods for core plug#2.

Table 10: Summary of core plug#2

Parameter Experimental MRST Model
Initial Oil Volume(cc) 12 12.78
Initial Sw % 52.63 52.5
Porosity % 34 33.97
Permeability 207 210
Pore Volume (cc) 27.05 27
Remaining Oil Volume After 2 PV Water 7.5 8.05
Injection (cc)
Oil Recovery After 2 PV Water Injection 36.66 37.04
Mean Water Saturation After 2 PV Water 69.63 70.09

Injection
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8.3  Core Plug#3

Core plug#3 is an artificially fractured core plug. The matrix and fracture properties
of the core plug were defined separately using EDFM. 2000 md fracture
permeability, 0.2 mm fracture aperture, and 100% porosity were introduced for the
fractures. Initially experimentally available fracture permeability and aperture was
introduced to model. During the simulations fracture aperture and permeability data
used as a match parameter. Once the physical modeling is completed, 2 PV water
injected simulated by using 100 timesteps with a total injection time of 12300
seconds. 0.02 PV water injected in each time step, and the figures 60 and 61 show
the saturation distribution of fluid during water injection in each time step. As it can
be clearly seen, the water saturation of the fracture increases earlier, and it is around
70% during the injection. However, the matrix water saturation does not increase as
fast as fractures. It can be seen that fractures decrease the sweep efficiency during

water injection.

Water Saturation Distribution of Core Plugsd Water Saturation Distribution of Core Plug#3 Water Saturation Distribution of Core Plug#3
During 2 PV Water Injection (Boforo Gel Treatment) During 2 PV Water Injection (Before Gel Treatment) During 2 PV Water Injection (Before Gel Treatment)
Lo .

Wator Saturation Distribution of Core Plug#3

SVater S storation Dist R of Core PIGORS During 2 PV Water Injection (Before Gel Treatmoent)

During 2 PV Water Injection (Before Gel Treatment)

Water Saturation Distribution of Core Plugh3
During 2 PV Water Injection (Before Gel Treatment)
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Figure 60: Water saturation distribution of core plug#3 before polymer gel
treatment (top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV,
bottom middle 1.7 PV and bottom right 2.0 PV)
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Figure 61: Oil saturation distribution of core plug#3 before polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom
middle 1.7 PV and bottom right 2.0 PV)

Figure 62 shows the water saturation along the core sample#3. The green line shows
the fracture water saturation, which is significantly higher than the matrix (red) and
overall (blue) core plug water saturation. Overall, core water saturation is higher than
matrix water saturation since it includes the fracture. However, as fracture volume is
significantly less than the matrix volume, the deviation from the matrix water

saturation is not significant for the overall core sample.
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Figure 62: Water saturation profile of core plug#3 before polymer gel treatment

Figure 63 shows the experimental and simulation recovery for core plug#3 before
polymer gel treatment operation. Final recovery was determined as 34.74 and 33.33

% for core plug#3 with the model and experiments, respectively.
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Figure 63: Recovery vs Time plot of core plug#3 before polymer gel treatment
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Polymer gel operation is done to isolate the fracture. Once the fracture is isolated,
injected fluid is diverted to the matrix and pushes the oil left in it. In the MRST
model, fracture permeability and aperture were changed to model the polymer gel
operation. Fracture permeability decreased to 10 md, and aperture reduced to 0.04
mm. Once the fracture properties are rearranged, 2 PV more water is injected into
core plug#3 using 100 timesteps. 7400 seconds was the total injection time for the
second 2 PV water injection. Figures 64 and 65 show the fluid distributions during

2 PV water injected after polymer gel operation.

Water Saturation Distribution of Core Plugh3
During 2 PV Water Injection (After Gel Treatment)
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Figure 64: Water saturation distribution of core plug#3 after polymer gel treatment
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Figure 65: Oil saturation distribution of core plug#3 after polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom
middle 1.7 PV and bottom right 2.0 PV)

Figures 54 and 55 show that there is a uniform saturation distribution after polymer

gel operation. Uniform hydrocarbon sweep has occurred.

Figure 66 shows the water saturation along with the core plug#3 after polymer gel
operation. 72.61% mean water saturation was determined with the MRST model,
and experimentally measured mean water saturation was recorded as 71.78%. Again,
the MRST model successfully determined mean water saturation. However, layer by
layer water saturation values are different for the two methods.
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Final Water Saturation Profile of Core Plug3
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Figure 66: Final water saturation profile of core plug#3 after polymer gel treatment

Figure 67 shows the recovery vs. time plot for core plug#3. The straight line in the
middle part of the plot shows the polymer gel operation. Water injections were
stopped during operation; therefore, a straight line occurred in the recovery plot.
Overall recovery from the core plug was determined as 44.60% numerically and

46.66% experimentally.
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Figure 67: Overall Recovery vs Time plot of core plug#3
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Finally, table 11 summarizes and compares obtained results for numerical and

experimental method for all stages of core plug#3.

Table 11: Summary of core plug#3

Parameter Experimental MRST Model
Initial Oil Volume(cc) 15 15.78
Initial Sw % 49.47 50.5
Porosity % 34 33.57
Permeability 81 80.53
Pore Volume (cc) 24 24.14
Remaining Oil Volume After 2 PV Water 10 10.3
Injection (cc)
Oil Recovery (%) After 2 PV Water 33.33 34.15
Injection
Mean Sw(%) After 2 PV Water Injection 63.87 65.33
Polymer Gel Treatment
Remaining Oil Volume After Polymer Gel 7 8.78
Treatment and 2 PV more Water Injection
(cc)
Oil Recovery (%) After Polymer Gel 46.66 44.47
Treatment and 2 PV more Water Injection
Mean Sw (%) After Polymer Gel 71.1 72.53

Treatment and 2 PV more Water Injection

8.4  Core Plug#7

Core plug#7 is another artificially fracture core plug. The modeling and simulation
procedures of core plug#3 and #7 are the same. 10500 seconds is the total injection
time, fracture permeability is 1500 md, and fracture aperture is 0.1 mm before
polymer gel operation. Again experimental values are used for modelling the

injection time and fracture properties.

Figures 68 and 69 show the saturation distribution of core plug#7 during 2 PV water

injection before polymer gel treatment.
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Figure 68: Water saturation distribution of core plug#7 before polymer gel
treatment (top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV,
bottom middle 1.7 PV and bottom right 2.0 PV)
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Figure 69: Oil saturation distribution of core plug#3 before polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom
middle 1.7 PV and bottom right 2.0 PV)
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Figure 70 show the water saturation profile of core plug#7 along the core sample and

figure 71 shows the recovery vs time plot.
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Figure 70: Water saturation profile of core plug#7 before polymer gel treatment
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Figure 71: Recovery vs Time plot of core plug#7 before polymer gel treatment
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Both figure 70 and 71 are a good match between the numerical and experimental
results. Early time data for figure 61 is different and this difference can be explained
by the initial and irreducible conditions. Overall, the final recovery was 28.88% for
the MRST model and 28.57 for experiments before polymer gel injection. Similarly,
58.25% and 58.30% mean water saturations were obtained for core plug#7 before

polymer gel operation numerically and experimentally.

Permeability of the fracture was assigned as 10 md and fracture aperture assigned as
0.025 mm after the polymer gel operation. The total injection time was 6600 for 2
PV water. Figures 72 and 73 show the saturation profile of core plug#7 during

waterflooding after polymer gel operation.
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Figure 72: Water saturation distribution of core plug#7 after polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom
middle 1.7 PV and bottom right 2.0 PV)
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Figure 73: Oil saturation distribution of core plug#7 after polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom
middle 1.7 PV and bottom right 2.0 PV)

Figure 74 shows the water saturation change along the core sample.
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Figure 74: Water saturation profile of core plug#7 after polymer gel treatment
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It can be clearly seen in figures 72,73, and 74 that there is a uniform water flooding
in core sample#7 after polymer gel treatment. Water saturation is significantly higher
for the bottom layers and decreases as going up along the sample. This trend was
observed in both experimental and numerical studies. 65.45 % mean water saturation
was determined with the MRST model, and similarly, 66.5% was determined

experimentally. Figure75 shows the recovery vs. time plot of core plug#7.
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Figure 75: Overall recovery vs time plot of core plug#7

Final recovery determined as 42.5% and 40.83% with experimental and MRST
model respectively. Finally, the below given table 12 summarizes and compares

obtained results for the core plug#7.
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Table 12: Summary of core plug#7

Parameter Experimental MRST Model
Initial Oil Volume(cc) 14 13.91
Initial Sw % 41.7 41.54
Porosity % 32 32
Permeability 116 114.9678
Pore Volume (cc) 25.45 23.54
Remaining Oil Volume After 2 PV Water 10 9.89
Injection (cc)
Oil Recovery(%) After 2 PV Water Injection 28.57 28.87
Mean Sw(%) After 2 PV Water Injection 58.34 58.38
Polymer Gel Treatment
Remaining Oil Volume After Polymer Gel 8 8.23
Treatment and 2 PV more Water Injection (cc)
Oil Recovery (%) Polymer Gel Treatment and 2 42.85 40.83
PV more Water Injection
Mean Sw(%) Polymer Gel Treatment and 2 PV 66.5 65.45

more Water Injection

85  Core Plug#5

Core plug#5 does not feature any natural or artificial fracture. However, to determine

the effects of the polymer gel treatment on the matrix, core plug#5 was used. Initial

permeability measured as 41 md and MRST model has a mean permeability of 40.5
md. 2 PV water injected in 6100 seconds with 100 time step. Once the 2 PV water

injection is completed, a polymer gel treatment is applied to the matrix of core

sample#5. Permeability was reduced to 4 md. Another 2 PV water was injected into

the core plug after the polymer gel operation. Figures 76 and 77 show the saturation

distributions of core plug#5 during the first 2 PV water injection.
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Figure 76: Water saturation distribution of core plug#5 before polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom middle
1.7 PV and bottom right 2.0 PV)
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Figure 77: Oil saturation distribution of core plug#5 before polymer gel treatment
(top left 0.2 PV, top middle 0.5 PV, top right 1 PV, bottom left 1.4 PV, bottom middle
1.7 PV and bottom right 2.0 PV)

87



Movement of the waterfront can clearly be seen in the above given figures. Figure

78 shows the water saturation profile of core plug#5.
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Figure 78: Water saturation profile of core plug#5 before polymer gel treatment

Mean water saturation was measured as 72.00% experimentally and 72.72% with the
MRST model. High water saturations at the bottom layers and lower saturation
values at the top layers observed in both study. Figure79 shows the recovery vs time

plot of.
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Recovery from Core Plugh5 Before Polymer Gel Operation
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Figure 79: Recovery vs time plot of core plug#7 before polymer gel operation

Oil recovery was determined as 52.14% with the MRST model and 50%
experimentally. Polymer gel operation is applied to matrix and this was modelled
with a permeability change. Figures 80 and 81 shows the saturation profile during
the second 2 PV water injection.
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Figure 81: Oil saturation distribution of core plug#5 after polymer gel treatment (top
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1.7 PV and bottom right 2.0 PV)
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A uniform movement of the waterfront as well as a high uniform water saturation

distribution can be seen in the figures. Figure 82 shows the final water saturation

profile of core plug#5.
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Figure 82: Final water saturation profile of core plug#5

Mean final water saturation was measured as 78.04% and 76.00% with MRST model

and experimentally respectively. Finally, figure 83 shows the overall recovery vs

time plot.
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Figure 83: Overall recovery vs time plot of core plug#7
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Final oil recovery measured as 61.58% with MRST and 64.28% experimentally.

Table 13 summarizes the results obtained.

Table 13: Summary of core plug#5

Parameter Experimental MRST Model
Initial Oil Volume(cc) 14 14.15
Initial Sw % 43.04 41.54
Porosity % 31 31
Permeability 41 40.5
Pore Volume (cc) 24.66 24.83
Remaining Oil Volume After 2 PV 7 6.92
Water Injection (cc)
Oil Recovery(%) After 2 PV Water 50 52.14
Injection
Mean Sw(%) After 2 PV Water 72 72.72
Injection
Polymer Gel Treatment
Remaining Oil Volume After Polymer 5 5.44
Gel Treatment and 2 PV more Water
Injection (cc)
Oil Recovery(%) Polymer Gel 64.28 61.56
Treatment and 2 PV more Water
Injection
Mean Sw(%) Polymer Gel Treatment 76 78.09

and 2 PV more Water Injection

8.6  Fracture Permeability and Aperture

A final study has been made to investigate to effects of fracture permeability and

fracture aperture on oil recovery. Simulations made on core plug#3 and again 2 PV

water injected into artificially fractured core sample. Fracture permeability held

constant and different values were used for the fracture aperture to investigate how

hydrocarbon recovery changes with a change in the fracture aperture. Secondly,

fracture aperture held constant, and different fracture permeability values were used.
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Experimental recovery of core plug#3 was 33.33%. Figures 84 and 85 shows the

fracture aperture vs. recovery and fracture permeability vs. recovery plots for core

sample#3.
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Figure 84: Change in oil recovery for different fracture aperture values when fracture
permeability is constant
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Figure 85: Change in oil recovery for different fracture permeability values when
fracture aperture is constant

Obtained results showed that for a constant fracture permeability fracture aperture

determines the recovery for small values. However, as the fracture aperture
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increases, recovery remains constant. Similarly, fracture permeability increases leads
to a decrease in the oil recovery for large permeability values. For lower
permeability, recovery does not change significantly when the fracture aperture is

constant.
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CHAPTER 9

CONCLUSION

Lorem This research provides a modeling solution to experimental study. MRST was
used to obtain similar results of the experimental core flooding study. In particular,
different core plugs were modeled by using MRST, and fractures and gel treatment
were introduced to create models to represent the experiment. The non-fractured core
plug model, fractured core plug model, and fractured and gel-treated core plug model
were the three main models created by MRST. Results of the experimental study and

simulations were compared.

Initially, validation of the MRST code is done using the Buckley-Leveret analytical
solution. Comparison of the analytical solution, implicit solution, explicit solution,
and MRST model solution for different cell numbers validated the MRST model

used.

Results of the MRST model showed that having natural fractures decreases oil
recovery. Polymer gel treatment increases the hydrocarbon recovery by reducing the
fracture aperture and permeability. Experimental results and simulation results were
significantly close for the recovery. Mean water saturation was also in an acceptable
error margin. However, layer by layer water saturations were significantly different
for experimental and MRST model results. A single rock and fluid model was
imposed in the MRST model, meaning that minimum and maximum fluid saturations
are the same in each layer. However, experimental results show that different min
and max values are possible for different layers. Therefore, some deviations occurred
from the experiments in the MRST model. In addition, water saturation values had a
common trend along the z-axis for the results of experiments and simulations.
Finally, the effects of the fracture aperture and fracture permeability on the recovery

were investigated. Fracture aperture directly impacts the recovery for the low
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aperture values when the permeability is constant. Similarly, permeability directly

affects recovery for high values when the aperture is constant.
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APPENDICES

A. MATLAB CODES

Core Plug#2

clc

clear all

close all

%% Load necessary modules
mrstModule add hfm;

module

mrstModule add coarsegrid;
coarse grids

mrstModule add ad-core;
coarse grids

mrstModule add msrsb;
mrstModule add mrst-gui;
mrstModule add incomp;
fluid models

mrstModule add ad-blackoil;
solver

mrstModule add ad-core;
mrstModule add ad-props;

% Set up a matrix grid

% First set a rectangular (3D) grid and remove cells
to obtain an

[

% a grid that represents the core plug in 3D

o\°

hybrid fracture

o

functionality for

o°

NNC support for

o\

MsRSB solvers
plotting routines
Incompressible

o\

o\

o

AD blackoil

o\°

AD core module
AD properties

o

o®

celldim = [40, 40, 16]; S%number of cellls in x-y-z
directions
physdim = [0.037 0.037 0.074]; % physical

dimesions of the core plug
G = cartGrid(celldim, physdim); %creating the 3D
grid

figure;
plotGrid (G) ;%visualization
axis tight equal

view (30,45);
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G = computeGeometry(G); % geometry computation of
the grid block

x0=0.0185;% x and y coordinates of the circle
y0=0.0185;

radius=0.0185; %radius of circle

c=G.cells.centroids; % Cells centroids in x-y plane
r = (c(:,1)-x0)."2 + (c(:,2)-y0)."2; Sdefining core
boundary

r=abs (r);
r=sqrt(r);
G = removeCells (G, (r>radius)); Sremoving cells
G = computeGeometry (G); Scomputing the geometry
again

figure; %Svisualization

plotGrid(G) ;

view (30, 45);

axis tight equal

% next step is populating the grid with poro and
perm values
por=0.3332*ones (1,G.cells.num); %poro array
per=143*ones (1,G.cells.num); S%Sperm array

o\°

for 1i=1:(G.cells.num/16)

% porslicel (i) = 0.3332 + +0.005*randn () ; Stop
layer for matlab

% porslice2 (i) = 0.3107 + +0.005*randn() ; %
second layer for matlab value= 15th layer in thesis
% porslice3 (i) = 0.3200 + +0.005*randn ()

% porsliced (i) = 0.3312 + +0.005*randn ()

% porsliceb (i) = 0.3344 + 4+0.005*randn () ;

% porsliceb (i) = 0.3365 + 4+0.005*randn () ;

% porslice’7 (i) = 0.3293 + 4+0.005*randn () ;

% porslice8 (i) = 0.3416 + 4+0.005*randn () ;

% porslice9 (i) = 0.3355 + 4+0.005*randn () ;

% porslicelO (1) = 0.3490 + 4+0.005*randn () ;

% porslicell (i) = 0.3372 + 4+0.005*randn () ;

% porslicel2 (i) = 0.3472 + 4+0.005*randn () ;

% porslicel3 (i) = 0.3378 4+ 4+0.005*randn () ;

% porsliceld (i) = 0.3298 + 4+0.005*randn () ;

% porslicelb5 (i) = 0.3250 + 4+0.005*randn () ;
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% porslicel6(i) = 0.3332 + +0.005*randn () ;%
bottom layer for matlab
end
for i=1:numel (per)
per (1)=207+5* (-10+rand () *20) ;

o® o° o°

o®

end
por=gaussianField(G.cells.num, [0.33 0.35],[5 3
11,0.01);

per=gaussianField(G.cells.num, [190 230],[1 3
11,5)7

$por=[porslicel porslice2 porslice3 porsliced
porsliceb5 porslice6 porslice’7 porslice8 porslice9
porslicelO porslicell porslicel2 porslicel3
porsliceld porslicelb5 porslicelb ];

% G.rock=makeRock (G,per(:)*milli*darcy,por(:));
%assigning per and por values to the grid
G.rock=makeRock (G, per(:)*milli*darcy,por(:));

G = computeGeometry (G) ;

figure; %Svisualization of poro and perm
distribution
plotCellData (G, convertTo(G.rock.perm,milli*darcy), '
EdgeColor', 'k");

colorbar('horiz'); axis equal tight; view(3):;

figure
plotCellData (G,G.rock.poro, "EdgeColor', "k");
colorbar ('horiz'); axis equal tight; view(3);
%% defining fluid model and relative permeability
curves

%defining fluid model and relative permeability
curves

swater oil

fluid = initSimpleFluid/( 'mu' , [0.89,
0.86] *centi*poise,
'rho', [1013,
730] *kilogram/meter”3) ;
% table interperataion method is used first
begining and the end of the table is defined

% later polyfit function is used to determine
middle wvalues (3th order
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o\

polyfit) finally table interperetation function

is used to linearly

% interpolate between table defined values

% Sw krw

tablebegwat = [
0 0
0.05 0
0.1 0
0.15 0
0.2 0
0.25 0
0.30 0
0.35 0
0.40 0
17
tableendwat=]|

0.75 0.8
0.77 0.8
0.8 0.8
0.85 0.8
0.9 0.8
0.95 0.8
1 0.8

17

xx=[0.7499 0.7490 0.40001 0.40007 1, Swater
saturation

zz=[0.7999 0.7990 0.00001 0.00002 ]; S%Swater
relative perm

z=polyfit(xx,zz,3); S%Sfunction to get wat relative
perm

x1=1linspace(0.40001, 0.7499,100);
zl=polyval(z,x1l); %getting wat rel perm points for
linearly spaced Sw

tablemid(:,1)=x1; %definig middle table wat sat
points

tablemid(:,2)=z1; %definig middle table krw
table=[tablebegwat; tablemid; tableendwat];
tmerging table
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fluid.krW = @(S) interpTable (table(:, 1), table(:,
2), S); %linear interpolation and combining fluid
object

% So kro

tablebegoil = [
0 0
0.05 0
0.1 0
0.15 0
0.2 0
0.25 0
17

tableendoil=]|
0.60 0.14
0.65 0.14
0.70 0.14
0.75 0.14
0.8 0.14
0.85 0.14
0.9 0.14
0.95 0.14
1 0.14

1;

xxx=[0.5999 0.5990 0.25001 0.25007 ]; Swater
saturation

zzz=[0.1399 0.1390 0.00001 0.00002 ]; %oil rel perm
y=polyfit(xxx,zzz,3); Sfunction to get wat
relative perm

yl=linspace (0.25001, 0.5999,100);

zzl=polyval (y,yl); %Sgetting wat rel perm points for
linearly spaced Sw

tablemidoil (:,1)=yl; %definig middle table wat sat
points

tablemidoil (:,2)=zz1l; %definig middle table krw
tableoil=[tablebegoil; tablemidoil; tableendoil];
tmerging table

fluid.krO = @(S) interpTable (tableocil(:, 1),
tableoil(:, 2), S); %linear interpolation and
combining fluid object

107



SSw Pc

table2= [
0.27 20
0.2725 18
0.275 14
0.28 8
0.29 4.04
0.31 3.76
0.33 3.69
0.35 3.62
0.37 3.55
0.39 3.48
0.41 3.41
0.43 3.34
0.45 3.27
0.47 S
0.49 3.13
0.51 3.06
0.53 2.99
0.55 2.92
0.57 2.85
0.59 2.78
0.601 2.71
0.63 2.64
0.65 2.57
0.67 2.5
0.69 2.43
0.71 2.25
0.7225 0.20
0.725 0.15
0.7275 0.10
0.73 0.05

I

$fluid.pcOW= @ (S)
0.00075*barsa* (interpTable (table2(:,1),table2(:,2),
S))s

$fluid.pcOwW= @(S) O;

$plotting rel perm curves

s=linspace(0,1,100);
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wat=fluid.krW(
oil=fluid.krO(

s)
s)

spc = fluid.pcOW(s);

figure

plot (s,wat)
hold on
plot(l-s,0il)
$figure
$ plot (s, pc):;

o
o

o\°

% swaterslicel

gaussianField (G.

11,0.01) ;%53

Q

% swaterslice?

gaussianField (G.

1],0.01) ;%46

Q

% swaterslice3

gaussianField (G.

1]1,0.01) ;%61

Q

% swatersliced

gaussianField (G.

11,0.01) ;%62
% swatersliceb

gaussianField (G.

11,0.01) ;%55

[

% swatersliceb6

gaussianField(G.

11,0.01) ;%47

[

% swaterslice7

gaussianField (G.

11,0.01) ;%51
% swatersliceS8

gaussianField (G.

11,0.01) ;%45

[

% swaterslice?9

gaussianField (G.

11,0.01) ;%54
% swaterslicel
gaussianField (G

1],0.01) ;%56

legend('P c(S)");

cells

cells

cells

cells

cells

cells

cells

cells

cells

O p—
.cells

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.

.num/16, [0.
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45

60

61

54

46

50

44

53

55

.541, [1

471,11

.6271,[1

.631, [1

.56]1, 11

.4871, 11

.921, (1

L4671, 11

.557, 11

571,11



% swaterslicell =

gaussianField (G.cells.num/16, [0.52 0.54],[1 1
1],0.01) ;%53

% swaterslicel? =
gaussianField(G.cells.num/16, [0.50 0.52],[1 1
1],0.01) ;%51

% swaterslicel3 =
gaussianField(G.cells.num/16, [0.45 0.47],[1 1
1],0.01) ;%46

% swatersliceld =
gaussianField(G.cells.num/16, [0.47 0.49],[1 1
11,0.01) ;%48

% swaterslicelb =
gaussianField(G.cells.num/16, [0.60 0.62],[1 1
11,0.01); %6l

% swaterslicelo6 =
gaussianField(G.cells.num/16, [0.52 0.54],[1 1

11,0.01); %53

% Sw=[swaterslicel swaterslice2? swaterslice3
swatersliced4d swatersliceb swaterslice6 swaterslice?
swaterslice8 swaterslice9 swaterslicelO
swaterslicell swaterslicel? swaterslicel3
swatersliceld swaterslicelb swaterslicelo ];

% Sw=0.5362*ones (1,G.cells.num) ;

Sw = gaussianField(G.cells.num, [0.52 0.53],[1 1
1]1,0.01),; %53

So=1-Sw; %01l saturation
$Sw= O0*ones(l,G.cells.num);
%$So=1-Sw; %o0il saturation

sO = [Sw', So']; %Scombining saturation arrays
gravity on %$gravity effect

model = TwoPhaseOilWaterModel (G, G.rock, fluid);
gmodel definitation

smodel .operators = TPFAoperators; %model operators
state0 = initResSol (G, O*barsa, s0); %Sphase 1 water

2 ol1l initial state
pv = sum(poreVolume (G, G.rock)); S%Spore volume of
rock
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initialoilvolume=sum (poreVolume (G,G.rock) .*stateO.s
(:,2)):

injRate=pv*2/20200; %injection rate m"3/sec
%boundary conditions
bc = fluxside([], G, 'BOTTOM', injRate, 'sat', [1,
0]); %constant flow boundary at the bottom
bc = pside (bc, G, 'TOP', 0.l*barsa, 'sat', [0, 11);
sconstant pressure boundary at the top
n = 100; S%step
dT = (20200/n);
states = cell(n+1, 1);
states{1l} = stateO;
solver.verbose = true;
%% simulation and plotting
schedule = simpleSchedule (repmat (dT,1,n), 'bc',
bc);
[~,sstates] = simulateScheduleAD (statel0, model,
schedule) ;
figure
plotToolbar (G, sstates, 'field',
's:1'",'"lockCaxis', true, "'EdgeColor', 'k"),
colorbar ('horiz")
view (30,45);
axis tight equal off
title ('Water Saturation Distribution of Core
Plug#2 During 2 PV Water Injection')
caxis([0.20 0.8]);

figure
plotToolbar (G, sstates, 'field',
's:2'","'"lockCaxis', true, 'EdgeColor', 'k"),
colorbar ('horiz')
view (30,45);

axis tight equal off

title('0il Saturation Distribution of Core Plug#2
During 2 PV Water Injection')

caxis([0.20 0.871);

%% Comparing Exp and Sim Results for Sw
steps=numel (sstates) ;
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finalwatsat=sstates{steps,1l}.s(:,1);
finalwatsat=reshape (finalwatsat,G.cells.num/celldim
(3),01):
$finalwatsatperslice(l) =
mean (finalwatsat (1:numel (porslicel)));
for i=1:16
finalwatsatperslice (i) =
mean (finalwatsat (:,1))
end
finalwatsatperslice=fliplr (finalwatsatperslice);
mean (finalwatsatperslice)
finalwatsatperslice(1l)=[];
finalwatsatperslice (15)=[];
expxaxis=[ 2 3 45 6 7 8 9 10 11 12 13 14 15 1];
swaterexp=]|
0.80
.68
.60
.65
.66
.68
.66
.01
.01
.58
.60
.68
.73
.63
1
sswaterexp=fliplr (swaterexp) ;
figure
hold on
plot (expxaxis, finalwatsatperslice, "-r*', ...
'LineWidth', 1, ...
'MarkerSize',5)
ylim ([0, 1])
x1lim([1,16])
scatter (expxaxis, swaterexp, 'filled")
title ('Water Saturation Along the Core Sample')
legend ('Simulation Water Saturation', 'Experimental
Water Saturation')

O O OO OO IOOOOoo oo
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o\

% Comparing Exp and Sim Results for Recovery
$Comparing Exp and Sim Results for Recovery
voil=ones (1, steps);

vwater=ones (1, steps);
oilvolume=ones (1, steps)

for i=1:100

oilvolume (i)=sum(sstates{i,1l}.s(:,2).*poreVolume (G,

G.rock));

end

o9

[e X}

svoilin=sum(So*pv); %initial oil volume

oilvolume=[initialoilvolume oilvolume];
timee=linspace(0,5.62,numel (oilvolume)) ;
rec=(oillvolume (1) -oilvolume) /oilvolume (1) *100;
bu=linspace (0,20200,101) ;
injvol=injRate*bu;
oooo=(injvol/sum(pv)) ;

tme=[0.00

.03

.32

.54

.25

.42

.42

.40

.90

.45

.62

17

recovery =100*[ O

.01

.1

11

.17

21

.25

.28

.32

.3666

.3666

17

OO WP OO O

O O OO OO0 O oo
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figure
hold on
plot (timee,rec, '-r*', ...
'LineWidth', 1, ...
'"MarkerSize',5)
ylim ([0 1007])
scatter (tme, recovery, 'filled'")
yyaxis right
plot (timee, 0000, '-b*', ...
'"LineWidth', 1, ...
'MarkerSize',5)
title('Recovery vs Time and PV injected vs Time')
legend('Simulation Recovery', 'Experimental
Recovery')
max (rec)
figl = figure('Position',[100,100,1200,600])
figl.Color = 'w';
colormap('jet'");
for i=10: 10: 100
expxaxis=l:celldim(3) ;

o® o o©

o®

figure(figl)

SWF=reshape (sstates{i,1}.s(:,1),G.cells.num/celldim
(3),[1)s
%plot (expxaxis, swaterexp, 'LineWidth', 3.0)
$SWE (numel (SWF) /25*25:numel (SWF) )=[1];
for k=l:celldim(3)
oak (k) = mean(SWEF(:,k));
end
oak=fliplr (oak);
hold on
plot (expxaxis, oak,
'LineWidth',1.0, '"Color',rand(1,3));
set (gca, "FontSize',15);
xlabel ('x")
ylabel ('Swf [-]")
y1lim([0.0,1.07)
end

oe
o\

for i=1:numel (sstates)
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pressurebottom (i) =mean (sstates{i,1l}.pressure(l:G.ce

1lls.num/16)) /barsa;

pressuretop (i) =mean (sstates{i,1l}.pressure(G.cells.n

um/16*15:G.cells.num)) /barsa;

end

deltap=pressuretop-pressurebottom;
timee2=1linspace(0,5.62,numel (deltap))

figure
plot (timee2,deltap);
hold on

plot (timee2,ones (1, numel (timee2))*0.02) ;

Core Plug#7

clc

clear all

close all

%% Load necessary modules
mrstModule add hfm;

module

mrstModule add coarsegrid;
coarse grids

mrstModule add ad-core;
coarse grids

mrstModule add msrsb;
mrstModule add mrst-gui;
mrstModule add incomp;
fluid models

mrstModule add ad-blackoil;
solver

mrstModule add ad-core;
mrstModule add ad-props;
%% Set up a matrix grid

% First set a rectangular (3D)

to obtain an

[
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hybrid fracture
functionality for
NNC support for
MsRSB solvers
plotting routines
Incompressible

AD blackoil

AD core module
AD properties

grid and remove cells

% a grid that represents the core plug in 3D



celldim = [41, 41, 16]; %number of cellls in x-y-z
directions

physdim = [0.035 0.035 0.074]; % physical dimesions
of the core plug

G = cartGrid(celldim, physdim); %creating the 3D
grid

figure;
plotGrid (G, 'EdgeColor', 'k'); Svisualization
axis tight equal
view (3);
G = computeGeometry(G); % geometry computation of
the grid block
x0=0.0175;% x and y coordinates of the circle
y0=0.0175;
radius=0.0175;%radius of circle
c=G.cells.centroids; % Cells centroids in x-y plane
r = (c(:,1)-x0).%2 + (c(:,2)-y0).72; %defining core
boundary
r=abs (r) ;
r=sqgrt(r);
G = removeCells (G, (r>radius)); Sremoving cells
G = computeGeometry (G); Scomputing the geometry
again
figure; %visualization
plotGrid (G, "EdgeColor', 'k");
view (3);
axis tight equal
% next step is populating the grid with poro and
perm values
por=ones (1,G.cells.num); S%Sporo array
per=ones (1,G.cells.num); %Sperm array
% for i=1:(G.cells.num/16)

% porslicel (1) = 0.3214 + +0.005*randn () ; %top
layer for matlab

% porslice2 (1) = 0.3384 + +0.005*randn () ; %
second layer for matlab value= 15th layer in thesis
% porslice3 (1) = 0.3227 + +0.005*randn () ;

% porsliced (i) = 0.3200 + +0.005*randn ()

% porsliceb (i) = 0.3213 + 4+0.005*randn () ;

% porslice6 (1) = 0.3298 + 4+0.005*randn () ;
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% porslice’7 (i) 0.3269 + +0.005*randn () ;
% porslice8 (i) 0.3175 + +0.005*randn () ;
% porslice9 (i) = 0.3209 4+ 4+0.005*randn () ;
% porslicelO (1) = 0.3160 + 4+0.005*randn () ;
% porslicell (1) = 0.3109 + 4+0.005*randn () ;
% porslicel2 (i) = 0.3228 + 4+0.005*randn () ;
% porslicel3 (i) = 0.3240 + 4+0.005*randn () ;
% porsliceld (i) = 0.3209 + 4+0.005*randn () ;
% porslicelb5 (1) = 0.3145 + 4+0.005*randn () ;
% porslicel6 (i) 0.3214 + +0.005*randn () ;%

bottom layer for matlab
end
for i=1:numel (per)
per(i1)=116+5* (-10+rand () *20) ;

o® o° o°

o°

end

Spor=[porslicel porslice? porslice3 porsliced
porsliceb5 porslice6t porslice”7 porslice8 porslice9
porslicel0 porslicell porslicel? porslicel3
porsliceld porslicelb5 porslicel6 ];
$por=gaussianField(G.cells.num, [0.30 0.35], [5 3
1]1,0.01);

por=0.32*ones (1,G.cells.num,1);
per=gaussianField (G.cells.num, [110 1201, [1 3
51,1) 7
G.rock=makeRock (G,per (:)*milli*darcy,por(:));
%assigning per and por values to the grid

G = computeGeometry (G) ;

figure; S%Svisualization of poro and perm
distribution

plotCellData (G, convertTo (G.rock.perm,milli*darcy), '

EdgeColor', 'k'");
colorbar ('horiz'); axis equal tight; view(3);

figure
plotCellData (G, G.rock.poro, "EdgeColor', 'k'");
colorbar ('horiz'); axis equal tight; view(3);

Gs=G; %creating dublacated G matrix

Gs = computeGeometry(Gs); Scomputing the geometry
of Gs
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%% Set up fracture planes

% Fracture planes are set up by defining their
vertices. Additionally,

% the aperture, porosity and permeability of the
fractures are provided.

% Fracture planes 1 and 3 will be vertical while

fracture 2 is slanted.

% Fracture plane 1

fracplanes (1l) .points = [0.0175 0.035 O
0.0175 0 0
0.0175 0 0.074
0.0175 0.035 0.0747;

$fracplanes (1) .aperture = 20/10"4;

fracplanes (1) .aperture = 0.0001; % 0.1 mm

fracplanes (1) .poro=1;
$fracplanes (1) .perm=1000000*milli*darcy;
fracplanes(l) .perm=1500*milli*darcy;

%5 Plot fracture planes

figure;

plotfracongrid (G, fracplanes); % visualize to check
before pre-process

view (30,45)

%% Construct fracture grid

The fracture grid is constructed using the matrix
grid. The matrix grid

% will serve as a 'cookie cutter' to subdivide the
fracture planes.

% Parallel processing can be used to speed up this
process (Start a

¢

% parallel pool to do this).

o\°

tol=1e-8;
[G, fracplanes]=EDFMgrid (G, fracplanes, .
'"Tolerance', tol, 'fracturelist',1:1);

% Plot Fracture grid
figure;
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plotGrid(cartGrid([1 1 1],physdim), 'facealpha',0);
hold on;
plotGrid(G,G.Matrix.cells.num+1l:G.cells.num);

axis tight equal

title('Fracture Grid')

view (30,45);

%% Fracture-Matrix non-Neighbouring Connections
(NNC)

% This calculates the transmissibilities between
connected matrix and

% fracture grid blocks. Information is saved under
G.nnc.

tol=1e-8;
G=fracturematrixNNC3D (G, tol) ;

% Plot matrix gridblocks that have NNCs with
fractures

figure;

plotfracongrid(cartGrid ([l 1

1],physdim), fracplanes);

hold on;

plotGrid(G,G.nnc.cells(:,1), "facealpha',0, "edgealph
a'rl);

axis tight equal

title('Matrix-Fracture NNCs')

view (30,45);

TPFAoperators = setupEDFMOperatorsTPFA (G, G.rock,
tol);

%% Define fluid properties
%defining fluid model and relative permeability
curves
swater oil

fluid = initSimpleFluid/( 'mu' , [0.89,
0.86]*centi*poise,
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'rho', [1013,
730] *kilogram/meter”3) ;
% table interperataion method is used first
begining and the end of the table is defined
% later polyfit function is used to determine
middle wvalues (3th order

polyfit) finally table interperetation function

o\°

is used to linearly
% interpolate between table defined values
% Sw krw
tablebegwat = [
0 0
0.05 0
0.1 0
0.15 0
0.2 0
0.25 0
0.30 0
0.35 0
0.40 0
I
tableendwat=]|
0.75 0.8
0.77 0.8
0.8 0.8
0.85 0.8
0.9 0.8
0.95 0.8
1 0.8
17
xx=[0.7499 0.7490 0.40001 0.40007 ]1; Swater
saturation

zz=[0.7999 0.7990 0.00001 0.00002 ]; Swater
relative perm

z=polyfit(xx,zz,3); %function to get wat relative
perm

x1=1linspace(0.40001, 0.7499,100);
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zl=polyval (z,x1)
linearly spaced

tablemid(:,1)=x1;

points

tablemid(:,2)=z1;

; %getting wat rel perm points for

Sw

table=[tablebegwat;

tmerging table
fluid.krW = @(S)

object

o
o

tablebegoil =

tableendoil=]|

17

$definig middle table wat sat

$definig middle table krw
tablemid; tableendwat];

interpTable (table(:, 1), table(:,
2), S); %linear interpolation and combining fluid

So

NN B~ O
(€ o1

O O OO OO
ol

0.60
0.65
0.70
0.75
0.8

0.85
0.9

0.95

kro

O O O o oo

.09
.09
.09
.09
.09
.09
.09
.09
.09

O O OO OO o oo

xxx=[0.5999 0.5990 0.25001 0.25007 ]; Swater

saturation

zzz=[0.0899 0.0890 0.00001 0.00002 ]; %o0il rel perm

y=polyfit(xxx,zzz,3);

relative perm

yl=1linspace (0.25001,

zzl=polyval (y,vyl);

linearly spaced

Sw

sfunction to get wat

0.5999,100);

tgetting wat rel perm points for
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tablemidoil (:,1)=yl; %definig middle table wat sat
points

tablemidoil (:,2)=zz1; %definig middle table krw
tableocil=[tablebegoil; tablemidoil; tableendoil];
smerging table

fluid.krO = @(S) interpTable(tableocil(:, 1),
tableocil(:, 2), S); %linear interpolation and
combining fluid object

TSwW Pc
table2= |
0.27 20
0.2725 18
0.275 14
0.28 8
0.29 4.04
0.31 3.76
0.33 3.69
0.35 3.62
0.37 3.55
0.39 3.48
0.41 3.41
0.43 3.34
0.45 3.27
0.47 3.2
0.49 3.13
0.51 3.06
0.53 2.99
0.55 2.92
0.57 2.85
0.59 2.78
0.61 2.71
0.63 2.64
0.65 2.57
0.67 2.5
0.69 2.43
0.71 2.25
0.7225 0.20
0.725 0.15
0.7275 0.10
0.73 0.05
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17

$fluid.pcOwW= (@ (S)
0.00075*barsa* (interpTable (table2(:,1),table2(:,2),
S)) i

$fluid.pcOW= @ (S) 0;

$plotting rel perm curves

s=linspace(0,1,100);

wat=fluid.krW(s) ;
0oil=fluid.krO(s) ;

$pc = fluid.pcOW(s) ;

figure

plot (s,wat)

hold on

plot(l-s,01il)

$figure
% plot(s, pc); legend('P c(S)");

o\
o\°

% for i=1:(G.cells.num/16)

% swaterslicel(i)=0.41 + 0.005*randn(); %top layer
for matlab

% swaterslice2(i)=0.51 + 0.005*randn(); % second
layer for matlab value= 15th layer in thesis

% swaterslice3(i)=0.50 + 0.005*randn () ;

% swatersliced (i)=0.43 + 0.005*randn () ;
% swatersliceb5(i)=0.50 + 0.005*randn () ;
% swatersliceo(i)=0.51 + 0.005*randn () ;
% swaterslice7(i)=0.38 + 0.005*randn () ;
% swaterslice8(i)=0.40 + 0.005*randn () ;
% swaterslice9(i)=0.35 + 0.005*randn () ;

% swaterslicelO(i)=0.44 + 0.005*randn () ;
% swaterslicell (i)=0.39 + 0.005*randn () ;
% swaterslicel2 (i)=0.34 + 0.005*randn () ;
% swaterslicel3 (i)=0.38 + 0.005*randn () ;
% swatersliceld (i)=0.22 + 0.005*randn () ;
% swaterslicelb(i)=0.40 + 0.005*randn () ;
% swaterslicelo(i)= 0.41+ 0.005*randn();% bottom
layer for matlab

[e)

% end
$Sw=[swaterslicel swaterslice2? swaterslice3
swatersliced4 swatersliceb5 swaterslice6 swaterslice?
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swaterslice8 swaterslice9 swaterslicelO
swaterslicell swaterslicel? swaterslicel3
swatersliceld swatersliceldb swaterslicel6 ];
Sw= gaussianField(G.cells.num, [0.41 0.42],[1 3

11,0.001);
So=1-Sw; %o0il saturation
sO = [Sw', So']; %Scombining saturation arrays

%% Define three-phase compressible flow model

% We define a two-phase black-oil model without
dissolved gas or vaporized

% 01l. This 1is done by first instantiating the
blackoil model, and then

% manually passing in the internal
transmissibilities and the topological

¢}

% neighborship from the embedded fracture grid.

gravity on
model = TwoPhaseOilWaterModel (G, G.rock, fluid);

%$state0 = initResSol (G, O*barsa, [Swater, Soil]);
model.operators = TPFAoperators;

state0 = initResSol (G, O*barsa, s0);

figure

plotToolbar (G, statelO, 'field',

's:1', '"EdgeColor', 'k"),

view (30,45)

axis tight equal off

colorbar
initialoilvolume=sum (poreVolume (G,G.rock) .*statel.s

(:,2))

POREVOLUME=sum (poreVolume (G.Matrix, G.Matrix.rock))

spv = sum(poreVolume (G, G.rock)); %Spore volume of
rock

$injVol=pv*1.08;

$injRate=injVvol/11300;

injRate=POREVOLUME/10500; %injection rate m"3/sec
$injRate=0.2*1.667*10"-8;

%boundary conditions
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bc
01)7
bc = pside(bc, G, 'TOP', 0.06*barsa, 'sat', [0,
1]);

fluxside([], G, 'BOTTOM', injRate, 'sat', I[1,

n 100;

dT = (10500/n);

states = cell(n+1l, 1);
states{1l} = statel;
solver.verbose = true;

o°

% Repeat simulation with general solver

To use the general solver, we first need to set
up a schedule that

% describes the time steps and the drive mechanisms
(wells, boundary

% conditions, and source terms) that are active in
each time step. In

% addition, one can specify various forms of time-
step control. Here,

% however, we simply rely on the default setup
schedule = simpleSchedule (repmat (dT,1,n), 'bc',
bc) ;

[~,sstates] = simulateScheduleAD(state(0, model,
schedule) ;

oo
° 0

o°

figure
plotToolbar (G, sstates, 'field',
's:1','"lockCaxis', true, 'EdgeColor', 'k"),
caxis([0.2 0.87]);

title ({'Water Saturation Distribution of Core
Plug#7'; 'During 2 PV Water Injection (Before Gel
Treatment) '})
view (30,45);

axis tight equal

colorbar

figure
plotToolbar (G, sstates, 'field',
's:2',"'"lockCaxis"', true, 'EdgeColor', 'k"),
caxis([0.2 0.8]);
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title({'Water Saturation Distribution of Core
Plug#7'; 'During 2 PV Water Injection (Before Gel
Treatment) '})
view (30,45);

axis tight equal

colorbar

o o
©° o

steps=numel (sstates) ;
finalwatsat=sstates{steps,1l}.s(:,1);
finalwatsatmatrix=finalwatsat (l1:G.Matrix.cells.num)
FWSM=reshape (finalwatsatmatrix,G.Matrix.cells.num/c
elldim(3),[1]);
finalwatsatfracture=finalwatsat (1+G.Matrix.cells.nu
m:G.cells.num);
FWSF=reshape (finalwatsatfracture,G.FracGrid.Fracl.c
ells.num/celldim(3),[]);
sfinalwatsatperslice(l) =
mean (finalwatsat (1:numel (por) /16)) ;
for i=1l:celldim(3)
sfinalwatsatperslice (i) =
mean (finalwatsat (numel (por) /16* (i-
1) :i*numel (por) /16));
finalwatsatperslice(i)= mean (FWSM(:,1))
fracfinalwatsatperslice (i)=mean (FWSF(:,1));
corefinalwatsat=[FWSM(:,1i)" FWSF(:,1) '],
finalwatsatcore (i) =mean (corefinalwatsat);
end
finalwatsatperslice=fliplr (finalwatsatperslice);
fracfinalwatsatperslice=fliplr (fracfinalwatsatpersl
ice);
finalwatsatcore=fliplr (finalwatsatcore);

[eJe)

°70

finalwatsatperslice (1)
finalwatsatperslice (15
finalwatsatcore(l)=[1];
finalwatsatcore (15)=I[];
fracfinalwatsatperslice(l)=
fracfinalwatsatperslice (15)
expxaxis=[ 2 3 4 5 6 7 8 9

mean (finalwatsatperslice)
=
):

[1;
=[]
10

11 12 13 14 15];
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swaterexp=[ 1.00
0.74

.62

.88

.64

.48

.46

.70

.30

.44

.50

.45

.44

0.45];

figure

hold on

plot (expxaxis, finalwatsatperslice, '-rv*', ...
'LineWidth', 1, ...
'MarkerSize',5)

ylim([0.,1])

plot (expxaxis, finalwatsatcore, "-b*', ...
'LineWidth', 1, ...
'MarkerSize',5)

plot (expxaxis, fracfinalwatsatperslice, '-g*', ...
'LineWidth', 1, ...
'MarkerSize',5)

scatter (expxaxis, swaterexp, 'filled")

title('Water Saturation Along the Core Sample')

legend ('Matrix Water Saturation', 'Overalll Core

Water Saturation', 'Fracture Water Saturation', 'Exp

Water Saturation')

ylim([0,1])

x1lim([1l,16])

O O OO OO0 OoooOo

o\°
o\°

$%Comparing Exp and Sim Results for Recovery
voil=ones (1, steps);

vwater=ones (1, steps) ;
%oilvolume=ones (1, steps);

for i=1:100
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oilvolume (i)=sum(sstates{i,1l}.s(:,2).*poreVolume (G,
G.rock));

end

oillvolume=[initialoilvolume oilvolume];
timee=linspace (0,2.92,numel (oilvolume)) ;
rec=(oilvolume (1) -oilvolume) /oilvolume (1) *100;
bu=linspace (0,10500,101);

injvol=injRate*bu;

o®
o\

=10
.33
.5

.7

o
3
O

.25
.33
.5

.78

.33
.53
.63
.75
.92
17
recovery =][
0

7

9.5
14

18

21

23

23
25.5
26
27.5
28
28.57

NN R R R RO OO
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28.57
28.57
17
figure
hold on
plot (timee,rec, '-r*', ...
'LineWidth', 1, ...
'MarkerSize',5)
ylim ([0 1007])
scatter (tme, recovery, 'filled")
yyaxis right
plot (timee, coo00, "-b*', ...
'"LineWidth', 1, ...
'MarkerSize',Dbh)
title('Recovery vs Time and PV injected vs Time')
legend ('Simulation Recovery', 'Experimental
Recovery')
max (rec)
figl = figure('Position',[100,100,1200,600])
figl.Color = 'w';
colormap('jet');
eexpxaxis=l:celldim(3) ;
swin=0.27*ones (1,16) ;
swmax=0.73*ones (1,16);
plot (expxaxis,swin) ;
hold on
plot (expxaxis, swmax) ;
for i=1 :10 : 100
figure (figl)
hold on
$SWF=reshape (sstates{i,1}.s(:,1),G.cells.num/celldi
m(3),[]);
finalwatsat=sstates{i,1l}.s(:,1);

o® o° o°

o°

o® o o° o°

o\°

finalwatsatmatrix=finalwatsat (l1:G.Matrix.cells.num)

.
4

FWSM=reshape (finalwatsatmatrix,G.Matrix.cells.num/c
elldim(3),[]);
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finalwatsatfracture=finalwatsat (1+G.Matrix.cells.nu
m:G.cells.num);

FWSF=reshape (finalwatsatfracture,G.FracGrid.Fracl.c
ells.num/celldim(3),[1);
for k=l:celldim(3)
matrixsat (k) = mean(FWSM(:,k));
fracturesat (k) = mean (FWSF (:,k));
end
eexpxaxis=(l:celldim(3))
matrixsat=fliplr (matrixsat);
fracturesat=fliplr (fracturesat);
plot (eexpxaxis,matrixsat,
'"LineWidth',1.0, "Color',rand(1l,3));
set (gca, '"FontSize',16);
xlabel ('x")
ylabel ("Swf [-]")
title('Water Saturation of Matrix')
ylim ([0, 1])

end
fig2 = figure('Position',[100,100,1200,60071)
fig2.Color = 'w';

colormap ('jet");

for i=1 :10 : 100

figure (fig2)

hold on

$SWF=reshape (sstates{i,1}.s(:,1),G.cells.num/celldi

m(3),[]);
finalwatsat=sstates{i,1l}.s(:,1);

finalwatsatmatrix=finalwatsat (l1:G.Matrix.cells.num)

.
14

FWSM=reshape (finalwatsatmatrix,G.Matrix.cells.num/c
elldim(3),[]);

finalwatsatfracture=finalwatsat (1+G.Matrix.cells.nu
m:G.cells.num);
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FWSF=reshape (finalwatsatfracture,G.FracGrid.Fracl.c
ells.num/celldim(3),[1);
for k=l:celldim(3)
matrixsat (k) = mean (FWSM(:,k));
fracturesat (k) = mean (FWSF (:,k));
end
eexpxaxis=(l:celldim(3))
matrixsat=fliplr (matrixsat);
fracturesat=fliplr (fracturesat);
plot (eexpxaxis, fracturesat,
'"LineWidth',1.0, "Color',rand(1,3));
set (gca, 'FontSize',16);
xlabel ('x")
ylabel ("Swf [-]")
title('Water Saturation of Fracture')
ylim([0,1])

end
fig3 = figure('Position',[100,100,1200,600])
fig3.Color = 'w';
colormap ('jet');
for i=1 :10 : 100
figure (£ig3)
hold on
$SWF=reshape (sstates{i,1}.s(:,1),G.cells.num/celldi
m(3),[1);
finalwatsat=sstates{i,1l}.s(:,1);

finalwatsatmatrix=finalwatsat (1:G.Matrix.cells.num)

.
14

FWSM=reshape (finalwatsatmatrix,G.Matrix.cells.num/c
elldim(3),[]);

finalwatsatfracture=finalwatsat (1+G.Matrix.cells.nu
m:G.cells.num);

FWSF=reshape (finalwatsatfracture,G.FracGrid.Fracl.c

ells.num/celldim(3),[1)
for i=l:celldim(3)
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FWSC(:,1i)= [FWSM(:,i)'",FWSF(:,1)"'];
end
for k=l:celldim(3)
matrixsat (k) = mean(FWSM(:,k));
fracturesat (k) = mean (FWSF (:,k));
coresat (k) =mean (FWSC(:, k));
end

eexpxaxis=(l:celldim(3));

matrixsat=fliplr (matrixsat);

fracturesat=fliplr (fracturesat);

coresat=fliplr (coresat);

plot (eexpxaxis, coresat,
'LineWidth',1.0, "Color', rand (1, 3));

set (gca, 'FontSize',16);

xlabel ('x")

ylabel ("Swf [-]")

title('Water Saturation of Combined Core')

ylim ([0, 1])

oe
o\°

fracplane (1) .points = [0.0175 0.035 O
0.0175 O 0
0.0175 O 0.074
0.0175 0.035 0.0747];

fracplane (1) .aperture = 0.0000250; % 0.25 mm

fracplane(l) .poro=1;

fracplane(l) .perm=10*milli*darcy;

[Gs, fracplane]=EDFMgrid (Gs, fracplane, ...
'"Tolerance', tol, '"fracturelist',1:1);

Gs=fracturematrixNNC3D (Gs, tol) ;

TPFAoperators = setupEDFMOperatorsTPFA (Gs, Gs.rock,

tol);

% fluid = initSimpleFluid/( 'mu' , [0.89,
0.86] *centi*poise,
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o\

'rho', [1013,
860]*kilogram/meter”3,
$ 'n', [4, 6.3]);
gravity on

model = TwoPhaseOilWaterModel (Gs, Gs.rock, fluid);
tmodel = OilWaterPolymerModel (Gs, Gs.rock, fluid);

$state0 = initResSol (G, O*barsa, [Swater, Soil]);
model.operators = TPFAoperators;

state0 = sstates{100,1};

%$injRate=0.4*1.6667*10"-8;
injRate=2*POREVOLUME/6600;

bc = fluxside([], Gs, 'BOTTOM', injRate, 'sat', I[1,
01)

” ~e

bc pside (bc, Gs, 'TOP', 4*barsa, 'sat', [0, 11);
n = 100;
dT = (9600/n);

states = cell(n+1l, 1);
states{1l} = stateO;
solver.verbose = true;

schedule = simpleSchedule (repmat (dT,1,n), 'bc',
bc);

[~,sstates] = simulateScheduleAD(state(, model,
schedule) ;

o O

figure
plotToolbar (Gs, sstates, 'field',
's:1','"lockCaxis', true, 'EdgeColor', 'k'"),
view (30,45);

axis tight equal

caxis([0.2 0.871);
title ({'Water Saturation Distribution of Core
Plug#7'; 'During 2 PV Water Injection (After Gel
Treatment) '})

colorbar

figure
plotToolbar (Gs, sstates, 'field',
's:2'","'"lockCaxis', true, 'EdgeColor', k"),
view (30,45);

axis tight equal
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caxis([0.2 0.81);
title({'0Oil Saturation Distribution of Core
Plug#7'; 'During 2 PV Water Injection (After Gel
Treatment) '})

colorbar

steps=numel (sstates);
finalwatsat=sstates{steps,l}.s(:,1);
finalwatsatmatrix=finalwatsat (l:G.Matrix.cells.num)
FWSM=reshape (finalwatsatmatrix,G.Matrix.cells.num/c
elldim(3),[1);

finalwatsatfracture=finalwatsat (1+G.Matrix.cells.nu
m:G.cells.num);
FWSF=reshape (finalwatsatfracture,G.FracGrid.Fracl.c
ells.num/celldim(3), 1)

o O

%finalwatsatperslice(l) =
mean (finalwatsat (1:numel ( )y /16)
for i=1l:celldim(3)
%finalwatsatperslice (i) =
mean (finalwatsat (numel (por) /16* (i-
1) :i*numel (por) /16)) ;
finalwatsatperslice(i)= mean (FWSM(:,1i))
fracfinalwatsatperslice (i)=mean (FWSF (:,1));
corefinalwatsat=[FWSM(:,1i)" FWSF(:,1) '],
finalwatsatcore (i)=mean (corefinalwatsat);
end
finalwatsatperslice=fliplr (finalwatsatperslice);
fracfinalwatsatperslice=fliplr (fracfinalwatsatpersl
ice);
finalwatsatcore=fliplr (finalwatsatcore);
mean (finalwatsatperslice)
finalwatsatperslice(l)=[];
finalwatsatperslice (15)=[];
finalwatsatcore(1l)=[];
finalwatsatcore (15)=[];
fracfinalwatsatperslice(l)=
fracfinalwatsatperslice (15)

(17
=[]

o0
o\°

expxaxis=[ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ];
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swaterexp=| 1.00

0.95
.89
.86
.87
.65
.73
.65
.73
.70
.52
.52
.45

0.60];
figure
hold on
plot (expxaxis, finalwatsatperslice, '-rv*', ...

'LineWidth', 1, ...
'"MarkerSize',5)

ylim([0,1])
x1lim([1,16])
scatter (expxaxis, swaterexp, 'filled")
title ('Water Saturation Along the Core Sample')
legend('Simulation Water Saturation', 'Experimental
Water Saturation')

O O OO OO0 OoooOo

o®
o\

%voil=ones (1, steps);

svwater=ones (1, steps) ;
%soilvolume=ones (1, steps);
%$oilvolume=[initialoilvolume oilvolume];
Stimee=linspace(4.33,6.5,numel (oilvolume)) ;
$rec=(oilvolume (1l)-oilvolume) /oilvolume (1) *100;
$bu=linspace (0,23400,101);

¥injvol=injRate*bu;

% for 1=1:100

o°

oilvolume?2 (i)=sum(sstates{i,1l}.s(:,2).*poreVolume (G
,G.rock));
% end

tme=[0

135
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7
9.
14
18
21
23
23

25.

26

27 .

28

28.
28.
28.

.25
.33
.5

.78

.33
.53
.63
.75
.92
.71
.88
.13
.41
.53
.7

.03
.36
.63
.91
.08
.13
] .

recovery =|

4

5

5
5
57

57
57
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28.57
32
35
40
41
42 .85
42 .85
42 .85
42 .85
42 .85
42 .85

o°
00
~

for 1i=1:100

% vwateri (i)=

sum(sstates{i,1l}.s(:,1) .*poreVolume (G,G.rock));
%voili (i)=sum(sstates{i,1l}.s(:,2).*porevVolume(G,G.r

ock)) ;

oilvolume?2 (i)=sum(sstates{i,1l}.s(:,2).*poreVolume (G
,G.rock));
end
oilvolume=[oilvolume oilvolume?2];
timeee=linspace(4.71,7.23,numel (oilvolume?2)) ;
timee=[timee timeee];
rec=(oilvolume (1) -oilvolume) /oilvolume (1) *100;
figure
hold on
plot (timee, rec, '-r*', ...

'LineWidth', 1, ...

'MarkerSize',5)
ylim ([0 100])
scatter (tme, recovery, 'filled")
title ('Recovery vs Time')
legend ('Simulation Recovery', 'Experimental
Recovery')
max (rec)
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