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ABSTRACT

Currently, the application of nanoparticles has attracted much attention due to the
potential of nanotechnology to lead to evolutionary changes in the petroleum industry.
The literature contains numerous references to the possible use of this technology for
enhanced oil recovery, nano-scale sensors and subsurface mapping. Little work has been
conducted to establish numerical models to investigate nanoparticle transport in
reservoirs, and particularly much less for shale reservoirs. Unlike conventional
reservoirs, shale formations are usually made up of four pores systems: inorganic matter,
organic matter dominated by hydrocarbon wettability, natural fractures and hydraulic
fractures. Concurrently, hydraulic fractures and the associated stimulated reservoir
volume (SRV) from induced fractures play a critical role in significantly increasing well
productivity.

In this project, a mathematical model for simulating nanoparticle transport in
shale reservoirs was developed. The simulator includes contributions from Darcy
flow, Brownian diffusion, gas diffusion and desorption, slippage flow, and capillary
effects based on the extremely low permeability and micro- to nano-scale of the pores.
Moreover, these diverse mechanisms are separately applied to different portions of the
reservoir due to the variation in media properties. Applications of the model include
numerical examples from two-dimensional micro models to macro models, both with
organic matter randomly distributed within the inorganic matrix. The effects of

varying water saturation, grid pressure, and mass concentration of nanoparticles are



shown graphically in these numerical examples. The main conclusion from these
models is that, as expected, nanoparticles can only easily flow along with the aqueous
phase into the fractures, but their transport into the shale matrix is quite limited, with
little transport shown into the organic matter. In addition, based on the magnetic
properties of synthesized magnetic carbon-coated iron-oxide nanoparticles, the
distribution of the volumetric magnetic susceptibility and the magnetization of
reservoir including SRV are simulated and displayed in the numerical cases with and
without magnetic nanoparticles. The numerical results demonstrate that magnetic
nanoparticles can effectively increase the magnetic susceptibility and the
magnetization of reservoir thus producing enhanced signals from well logging devices
such as NMR and leading to improved reservoir and fracture characterization. This
simulator can provide the benefits of both numerically simulating the transport and
distribution of nanoparticles in hydraulically fractured shale formations and supplying
helpful guidelines of nanoparticles injection plans to enhance well logging signals.
Furthermore, this model can also allow us to mimic the tracer transport flow in

unconventional reservoirs.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Problem Statement

Due to the advance revolution and potential advantages of nanotechnology,
magnetic nanoparticles have been investigated to enhance signals from well logging
such as NMR and improve reservoir and fracture characterization. The study of
nanoparticle transport in porous media is a critical issue for both reservoir applications
and environmental concerns. Little work has been performed with nanoparticles
transport in unconventional reservoirs, such as shales. Taking into account of various
components of shale reservoirs and complex flow mechanisms in different pores
systems, a solid mathematic model looking at two-phase flow carrying nanoparticles is
required for better understanding the transport process of nanoparticles in shale
reservoirs. In addition, this simulator should be also capable of achieving these functions
as following:

(1) Due to the existence of kerogen matter and micro-scale and nano-scale pores
in shale reservoirs, the simulator should incorporate and consider various flow
mechanisms such as Darcy flow, Brownian diffusion, gas diffusion and desorption,
slippage flow, and capillary pressure effects for different pore systems.

(2) Except for the changing trend of pressure, water saturation, and nanoparticles

concentration, this simulator should also be capable of showing the distribution of



volumetric magnetic susceptibility and magnetization of the reservoir and then validate
the goal of enhancing logging signals by comparing with the experimental results.

(3) This simulator is also supposed to perform sensitivity analysis, find the
influence of various parameters such as organic matter, Brownian diffusion, the size and
magnetism of nanoparticles and fractures patterns, and obtain the optimal condition for

our purposes at diverse reservoir situation.

1.2 Background and Literature Review

The total volume of fossil fuel reserves worldwide was believed to be on the
decline due to the reduced incidence of significant discoveries of oil & gas reservoirs
worldwide. In addition, the continuously decrease of easily recoverable oil and gas
reserves and the complicated political relationship in those critical oil supplying
countries, to economically and effectively explore unconventional reservoirs become
more and more important and urgent. The Annual Energy Outlook 2013 (AEO) from the
U.S. Dept. of Energy’s Energy Information Administrations has already highlighted the
importance of unconventional shale gas and shale oil production in the U.S. domestic oil
and gas production. Unconventional reservoirs are hydrocarbon reservoirs that have low
permeability and porosity, such as shale gas reservoirs, bed methane reservoirs, and tight
gas reservoirs. Based on the significant technical breakthroughs including horizontal
drilling and hydraulic fracturing, matrix permeability of reservoirs becomes available

and commercial from millidarcies in conventional reservoirs to microdarcies in tight gas
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reservoirs down to nanodarcies in shale gas reservoirs (Kundert et al. 2009 and
Arogundade et al. 2012). As suggested by Energy Information Administration (Figure
1), the shale gas will take up nearly half of the traditional gas supply by 2040. With the
huge available resources and growing energy demand, Shale reservoir has recently
received significant interest and investigations. To optimize the recovery of
unconventional reservoirs, further technology advancement is needed to face and deal
with some technical challenges from the pore scale to the field scale, such as deep water,

high temperature and high pressure, and complicated reservoir conditions.

35 History 2011 Projections

Tef

Nonassociated offshore

1990 2000 2010 2020 2030 2040
Year

Figure 1: U.S. dry natural gas production (Tcf/year, EIA: Annual Energy Outlook
2013).



Existing technologies are unable to provide accurate results locating and
characterizing the hydrocarbon in place for these reservoir conditions mentioned above.
The oil industry still relies on downhole electrical and electromagnetic imaging methods
to improve the characterization and understanding of reservoirs, while conventional
electrical sensors and measuring may not work well in high temperature and high
pressure conditions. Also chemical EOR process including polymer or surfactant
flooding and alkaline injection are limited by high costs, potential corrosion and fluid
loss (Kong and Ohadi, 2010). Currently, Development of nanotechnology has successful
offered technically and economically feasible alternatives for materials and technologies
in many industries. Introduced by Feynman in 1959, nanotechnology was a great idea to
exactly manipulate atoms and molecules and to create nanoscale machines at one
dimension size from 1 to 100 nanometers. To give a better visualization about nano
scale, Figure 2 shows the length scale from millimeter to nanometer. Because of tiny
size of nanoparticles, gravity becomes negligible while both wan der Waals attraction
and surface tension become important. With those advance revolution and potential
advantages, application of nanoparticles have also attracted much attention and
displayed numerous potential to lead evolutionary changes in petroleum industry, such
as enhanced oil recovery, nano- scale sensors, improving downhole separation, aiding in
the development of non-corrosive materials, improving the drilling and completion
process, and so on. For instance, nanotubes could be applied to create lighter, stronger,
and more corrosion-resistant structural materials in platforms for offshore drilling

(Esmaeili, 2009). In a word, numerous areas about nanotechnology could contribute to

4



more-efficient, less expensive, and more-environmentally sound technologies in oil &

gas industry (Matteo et al. 2012).

How Small Is Small?
Water Glucose Antibody Virus Bacterium Cancer cell A period Tennis ball

1 1 10 102 10° 104 10

10° . 10°¢ 107 10°

Nanometers

Figure 2: Length scale from millimeter to nanometer (Davis, 2009).

Nuclear Magnetic resonance (NMR) is widely used in petroleum industry for
petrophysical laboratory research and subsequently developed downhole logging tool for
in-situ reservoir evaluation. Nuclear magnetic resonance (NMR) logging is a type of
well logging that uses the NMR response of a formation to directly determine its
porosity and permeability, and provide a continuous record along the length of the
borehole. Because NMR logging measures the induced magnet moment of hydrogen
nuclei (protons) which are contained in the fluid-filled pore space of porous media, it
could effectively responds to the volume, composition, viscosity, and distribution of
these fluids.

Atomic nuclei spin and this angular moment produces a magnetic moment. The
NMR measures the magnetic signal which is emitted by spinning hydrogen nuclei as
they return to their original state following stimulation by an applied magnetic field and

pulsed radio frequency energy (Petrowiki, NMR). NMR devices apply strong magnets
5



to create a static magnetic field which could aligns the protons in the pore fluid from
their random state to the direction of the imposed magnetic field. The hydrogen nuclei
behave as though they are tiny bar magnets aligned with the spin axes of the nuclei
because of their inherent nuclear magnetism on Figure 3. In the absence of an external
magnetic field, the nuclear magnetic axes are randomly aligned. Therefore, the NMR
signal amplitude is proportional to the quantity of hydrogen nuclei present in the

formation and external magnetic matter.

Figure 3: The distribution of hydrogen nuclei with and without an external
magnetic field (PetroWiki).

Shale reservoirs are fine grained sediments with low porosity and extremely low

permeability, which are both the source rock and the reservoirs (Javadpour, 2009).
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Hydraulic fracturing and horizontal drilling are two necessary technologies to make
shale gas becomes commercial producing. The success of the Barnett shale has proved
that gas could be economically produced from source rock, not reservoir rock. This
revelation has resulted in the exploration and development of many other shale gas
reservoirs, such as the Woodford, Fayetteville, Marcellus, and the Haynesyille on the
Figure 4. Wang and Reed (2009) and Sondergeld et al. (2010) proposed that the organic-
rich shale reservoirs contains four pore systems: hydrophobic pores in the organics
matter, pores of indeterminate wettability in the non-organic part of matrix, natural
fractures most likely dominantly water wet, and stimulation produced fractures that
possibly have fractional wettability. Dark objects are kerogen and the smaller darker
objects within the kerogen are pores on the Figure 5. Larger silt grains are mixed in the
flow structures in the upper portion of the Figure 5. Due to the organics can store
methane as adsorbed gas and absorbed gas, shale gas is usually considered to exist in
three forms: compressed gas in pores and fissures, adsorbed gas in the organic and
inorganic matter, and dissolved gas in the kerogen (Javadpour 2009; Zhang et al. 2012).

Meanwhile, taking into account of extremely low permeability and the micro and nano-



scale of pore, some non-Darican mechanisms including gas diffusion, desorption and
slippage flow have been considered to better explain the gas transport in shale reservoirs
(Civan et al. 2011; Shabro et al. 2012; Cipolla et al. 2009; Swami 2012; Swami and

Settari 2012).

[0 current plays
[ Prospective plays
Stacked plays.
b = Shallowest/ youngest
‘ 7 b Intermediate depth/ age
4 —— Deepest/ oldest

Source: Energy Information Administration based on data from various published studies.
Updated: May 9, 2011

Figure 4: Lower 48 Shale gas plays (Energy Information Administration, 2011).



Figure 5: SEM image of an ion-milled Barnett shale sample including kerogen,
pores space and clay platelets (Sondergeld et al., 2010).

Due to various flow mechanism, many innovative methods have been proposed
to describe the flow process in tight formations. The Dual-Mechanism Approach, Darcy
flow and Fickian diffusion occur parallel in matrix, was introduced to characterize the
gas flow in coal or shale formations through the dynamic gas slippage factor (Clarkson,
et al., 2010). The apparent permeability considering Knudsen diffusion, slippage flow
and advection flow was brought forward for the pore scale modeling by Javadpour
(2009). Based on the unified Hagen-Poiseuille-type formula, Civan et al. (2010)
proposed a technique to calculate apparent permeability through the flow condition
function and the intrinsic permeability of porous medium. However, these models don

9



not provide clear and proper connectivity between different pore systems. Yan et al.
(2013a and 2013b) and Alfi et al. (2014) have established a micro scale multiple porosity
model for fluid flow in shale reservoirs, which divides the reservoirs into three separate
porosity systems: organic matter, inorganic matter, and natural fractures. They have also
built up a two phase micro model in where mixed wettability, high capillary pressure and
the kerogen randomly distributed are brought in to interpret the dynamic of gas and
water flow at this micro scale level (Yan et al. 2013c).

Fracture direction is most influenced by the formation stresses, while it could be
also be modified by the fracture design, such as the treatment pressure and volume.
Typically, multiple transverse hydraulic fractures are created if the wellbore is design
and drilled in the direction of minimum horizontal stress (Bartko et al. 2013). Hydraulic
fracture is one of necessary techniques to produce oil & gas from extra-low permeability
reservoir. In conventional reservoirs and tight gas sands, single plane fracture half-length
and conductivity are the key parameters to describe stimulation performance. However,
Fisher et al. (2002) stated microseismic images from the Barnett shale showed
significantly more complex network structures than typical patterns in tight gas sands, so
the concepts of single-fracture half-length and conductivity are insufficient to describe
stimulation performance. The concept of stimulated reservoir volume (SRV) was
developed by Fisher at al. (2004) to provide some quantitative measure of stimulation
effectiveness in the Barnett shale based on the size of the microseismic images
(Mayerhofer et al. 2010). Their work also presented that production is related directly to

the reservoir volume stimulated during the fracture treatments. Various types of fracture
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growth including simple fractures and complex fracture network are display in Figure 6.
Secondary fractures are often generated along with the changed condition of the fracture
design, which in return increases the area of the flow path and fracture conductivity.
Moreover, some secondary fractures have been found in micro-seismic events and
outcrops. King et al. (2008) presented a good example in Figure 7, which is the micro-
seismic captured from simultaneously fractured well. Complex-fracture networks could
improve the fracture surface contact area with the shale through both size and fracture
space.

SRV derived from microseismic data could assistant reservoir modeling with
fractures and supply a measure of overall hydraulic fracture performance. Maximizing
the total SRV plays a critical role in the successful economical production from the
unconventional gas reservoirs, because it could increase the fractures conductivity and
speed up the gas and liquid flow (Yu and Sepehrnoori 2013). In addition, the gas flow
process from the ultralow permeability rock to the complex fracture network should be
modeled to effectively evaluate stimulation design and completion strategies.
Consequently, the complex fracture network and primary hydraulic fracture would be

better discretely characterized to achieve the modeling results mentioned above.
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Magnetic nanoparticles are a class of nanoparticles which could be manipulated
using magnetic field and commonly consist of iron and their chemical compounds.
Magnetic nanoparticles are of great interest of researchers from a wide range of
disciplines including magnetic fluids, catalysis, biotechnology or biomedicine, magnetic
resonance imaging, data storage, and environmental remediation. The physical and
chemical properties of magnetic nanoparticles largely depend on the synthesis method
and chemical structure. In most case, the particles range from 1 to 100 nm in size and
may present some superparamagnetism. Ferrite nanoparticles are the most explored
magnetic nanoparticles. Ferrite particles smaller than 128 nm become
superparamagnetic, which prevents self-agglomeration since they exhibit their magnetic
behavior only when an external magnetic field is applied.

In spite of many applications of nanoparticles accomplished in petroleum
industry, complex reservoir conditions such as high salinity, low permeability and
porosity, and heterogeneous rock properties, still make nanotechnology challenging. The
study of nanoparticles transport in porous medium is one critical issue for both
environmental concern and reservoir application (Wu and Pruess 2000; Yu et al. 2010).
Few works have been completed to address the issue related to mathematical and
numerical modeling of nanoparticles transport in porous medium. Ju et al. (2009) and
Shai et al. (2011) established a mathematical model of nanoparticles transport in two-
phase flow in porous media based on the formulation of fine particles transport. EI-Amin
et al. (2012) also introduced a reservoir model to simulate the nanoparticles transport in

porous media where mixed relative permeability, mixed-wet system and variations of
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both porosity and permeability are considered and contained. Yu (2012) conducted many
core-flooding experiments to test the distribution of nanoparticles in cores samples and
also obtained the quantitative measurement looking at the mechanism of nanoparticles
transport in porous media. Zhang (2012) performed numerical simulations to compare
results with the results from core-flooding experiments, and also discussed and analyzed
the interactions between particles and rock surface. Kai et al. (2014) built a two-phase
fluid flow simulator for transport of injected nanoparticles in homogenous and
heterogeneous rock, and also compared their numerous results with the results from their
core-flooding experiments.

To our knowledge, little work has been conducted of the nanoparticle transport in
unconventional reservoirs such as shales. The nanoparticle diameters are normally 1 to
500 nm, which means Brownian diffusion must be considered in the model. Moreover,
various components of shale and complicated local flow mechanisms make modeling
nanoparticles transport in shale reservoir more challenging. Therefore, an accurate
mathematic model is required for better interpreting the transport process of particles

based on the various flow physics and the interactions among different porous media.
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1.3 Objective and Procedures

The objective of this research was to build a mathematical model for simulating
the nanoparticle transport in shale reservoirs, where the dynamic flow of water and gas
could be clearly characterized. Darcy flow, Brownian diffusion, gas diffusion and
desorption, slippage flow, and Capillary effect were incorporated in this simulator.
Moreover, these diverse mechanisms mentioned above are separately applied to different
media because of various media properties. In addition, the water saturation, mass
concentration of nanoparticles, grid pressure, and the magnetization of reservoir could be
computed and displayed for both micro and macro models including reservoir stimulated
volume. The sensitivity analysis could be also conducted to investigate the effect of
nanoparticles size, strength of magnetism of nanoparticles, Darcy flow, Brownian
diffusion, capillary pressure, and SRV patterns on the results.

To achieve the above objective and obtain the expected results, we built a
reservoir model looking at nanoparticles transport in water-gas phase in shale porous
medium. Six main tasks were performed.

Task 1: Build a mathematic model to mimic nanoparticle transport in hydraulic
fractures and natural fractures where convection flow and Brownian diffusion physics
are considered. Three mass balance equations for water, gas and nanoparticles are
applied to solve the unknown variables by using Newton-Raphson iteration.

Task 2: Develop a micro model looking at nanoparticles’ transport in water-gas
phases in shale matrix containing inorganic matter and organic matter. Organic matter is

randomly distributed among the matrix and acts as hydrocarbon-wet phase. The water
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flow is mainly governed by the Darcy law while the gas flow behaves differently
because of extremely low permeability and micro and nano-scale of pores. Besides,
nanoparticles only transport in the aqueous phase which means it cannot flow into the
gaseous phase. The interaction between colloids and reservoir matrix is ignored.

Task 3: Perform the simulator for the 1D micro model, 2D micro and macro
models, and 3D reservoir models. The 1D micro model could clearly show how does
water phase flow into the matrix and the change trend of water saturation and
concentration of nanoparticles. The 2D micro models include 12 x 12 grids and the size
of each grid for X, Y,and Zare 1 x 107> m, 1 X 10> m,and 1 x 10~5 m. The
distribution of water saturation and nanoparticles concentrations at different time steps in
the 2D micro and macro models with and without organic matter are displayed. The 3D
reservoir mode is one good numerical case to show the dynamic flow in three
dimensions, just like the real reservoirs. In addition, to obtain the more accurate results
and validate them, we refine the mesh grids and perform the simulator again for the 2D
models. The results will be compared with that of previous non-refine models.

Task 4: Conduct the simulator for the 2D reservoir models including various
SRV patterns and compute and obtain the distribution of nanoparticles concentration and
magnetization of reservoirs. A stimulated reservoir area has been selected to represent
the fractured shale reservoir in our model. Since the partial objectives of this research is
to verify the magnetic nanoparticles could effectively enhance signals from well logging
devices, the total magnetization of reservoir is computed and presented. We will check

and compare the signal from the numerical cases with and without the magnetic
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nanoparticles. Cheng et al. (2014) have conducted some magnetic susceptibility
experiments to investigate the influences of magnetic nanoparticles, so our numerous
results will be also compared with their experiment data.

Task 5: The effects of nanoparticles size, strength of magnetism of nanoparticles,
Darcy flow, Brownian diffusion, capillary pressure, and SRV patterns are separately
analyzed for better understanding the function of these corresponding parameters.
Firstly, the base numerous case is conducted to acquire the results. Secondly, the
compared cases where only the sensitized factor varies and all other inputs keep the
same, are performed at the same initial condition. Lastly, the two results are compared
and analyzed to explain how these factors affect the flow process and distribution of
magnetization.

Task 6: Perform numerical simulations to match logging results if some field
data are available, update flow mechanism and some corresponding parameters and

determine model predictability.
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1.4 Organization of Thesis
As the same with table of content, this thesis is mainly divided into four chapters,
which are organized and described as below:

1) Chapter I firstly brings out the research questions and then introduces the
background and some literature review about this research topic. Next the objective
of this research and some main procedures are shown.

2) Chapter Il focuses on the models description, which include the mathematical model,
1D micro model, 2D micro and macro models, and large reservoir model. Moreover,
the magnetism analysis is also introduced and explained.

3) Chapter 111 mainly shows, explains and discusses the numerical results from these
models above. In addition, the results from the magnetism analysis are also displayed
to validate the accuracy of this simulator.

4) Chapter IV sums up all the data and results and presents some major significant

conclusions.
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CHAPTER II

MODELS DESCRIPTION

2.1 Introduction

In this chapter, firstly a mathematical model has been introduced and developed
to describe the nanoparticles transport in two phases (aqueous and gaseous) in shale
reservoirs. The aqueous phase contains water and nanoparticles and the gaseous phase
includes natural gas methane. Secondly, various numerical models including 1D model,
2D micro and macro modes, 3D model are built and described, where inorganic matter,
organic matter, and fractures are different separate media to analyze. Thirdly, a large
reservoir model including reservoir stimulating volume and wellbore has been
developed, which could fully model how does nanoparticles flow from the wellbore to
the fractures and matrix.

With the advantages of advanced analytical tools, such as SEM, kerogen matter
has been found to be widely scattered in many shale matrix, such as Eagle Ford,
Woodland, and Bakken. Moreover, the presence of kerogen could provide more
available hydrocarbon sources, improve matrix porosity, alter grain density and
wettability, and bring in various flow mechanisms in shale reservoirs (Curtis et al. 2010
and Ambrose et al. 2010). Figure 8 displays smaller pores reside on the wall of large
pores in kerogen, and Figure 9 shows the kerogen network in the 3D SEM images. As
we discussed above, the shale reservoirs usually contain organic matter, inorganic

matter, and fractures, so to subdivide the shale matrix into the inorganic matrix and the
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organic matrix with different pore geometries could better describe and explain the
diverse connections and capture different flow mechanisms between various pore
systems. Characterized as high permeability, natural fractures act as pathways to connect
shale matrix blocks with the induced fractures network or the well bore. Besides, for all
the numerical models in this paper, the kerogen matter is randomly distributed in the
matrix and their abundance is directly related to the properties of each medium and the
Total Organic Carbon (TOC) content in the Equation (1) (Yan et al. 2013). The
inorganic matter is water-wet while the kerogen matter is considered to be hydrocarbon-
wet, which could produce a difference of capillary pressure and relative permeability on
various pore medium. For example, the water mobile pressure is smaller to its grid
pressure in the inorganic matter because of capillary pressure, while it is equal to its grid

pressure in the kerogen matter.

TOC = PiergNierg(1-Skrg) x 100 wt% (1)

PkrgNkrg(1_¢krg)+pinorgNinorg(1_¢inorg)

Where py,., denotes the density of the kerogen matter, Ny,., denotes the number of
kerogen grids in the mesh, ¢y, denotes the porosity of the kerogen matter in the shale
matrix, pinorg denotes the density of the inorganic matter, N;,,,, denotes the number of
inorganic grids in the mesh, ¢;,,,4 denotes the porosity of the inorganic matter in the

shale matrix.
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Figure 8: Local pore distribution in kerogen, smaller pores reside on the wall of
large pores (Curtis et al. 2010).

Figure 9: 3D SEM segmentation showing kerogen network, yellow outlines the
kerogen network (Ambrose et al. 2010).
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In our numerical simulator, two phases flow carrying nanoparticles will be
modeled in different pores systems. As the mean free path of gas molecules becomes
enough small, the interaction between molecules and rock surface will play a very
important effect in addition to the viscous flow. Diffusive flow has to be considered
based on the micro-scale and nano-scale pore size. Bird et al. (2007) stated the gas
transport mechanisms in fine porous media are made up with Knudsen diffusion, viscous
convection, and slip flow. Figure 10 presents the flow mechanisms of gas flow in the
nano pores of shale strata. Red molecules represent Knudsen diffusion, deep green
molecules stand for slip flow, and deep orange molecules represent viscous flow.
Different with conventional gas reservoirs, the gas storage mechanism is involved with
compressed gas and adsorbed gas. As reservoir pressure decreases, adsorbed gas in the
kerogen will be gradually desorbed as free gas which will flow out into the fractures.

The gas desorption actually increases the gas accumulation in kerogen matter.

..............

r—l

Nano pore

Figure 10: Gas flow mechanisms in matrix nano pores. (Guo et al. 2014).
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In addition to gas storage mechanisms and fluid flow, capillary pressure, relative
permeability and wettability in the organic shale reservoirs are more complicated than
typical conventional reservoirs. Capillary pressure effect will become significant for the
tiny pore size in the shale matrix. Since kerogen matters are considered to be gas wet and
inorganic matters are regarded as water wet in our models, water could be layered on the
grain surface in the inorganic matter and gas could flow in a continuous phase. Based on
the similarities in mineralogy and petrophysical properties of the shale and sand type
reservoirs, the Brooks and Corey formulation is applied for capillary pressure
calculations as following (Brook and Corey, 1964). Based on the formulations, Figure 11
shows the capillary pressure curves used in our numerical models. Figure 12 presents

two phases’ relative permeability curves along with the changing of wetting phase

saturation.
2
P
Se=(3) )
Sw_Swr
Se = 1—Syr (3)

Where S, is effective water saturation, P, is the capillary entry pressure, P. is the
capillary pressure at a wetting phase saturation S,,,, and S, is the residual wetting phase

saturation.
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Figure 12: Relative permeability curves applied for our numerical models.
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Since we are cooperating this project with Dr. Zoya Heidari’s petrophysical
group, so the nanoparticles we used in our model is almost same with their experiments.
As Cheng et al. (2014) stated that, the iron oxide nanoparticles are produced by the
reaction of hydrogen peroxide with ferrocene dissolved in acetone with the solvothermal
chemical approach. In addition, with the negative charged, these nanoparticles are

capable of electrostatic repulsion to prevent the deposition in the pore space.

2.2 Mathematical Model

A mathematical model looking at the nanoparticles transport in two phases is
introduced below. The water flow is mainly governed by the Darcy law, while the gas
flow behaves differently because of extremely low permeability and micro and nano-
scale of pores. Based on the Darcy equation, gas diffusion, gas desorption and slippage
flow are also considered to explain the gas transport in shale reservoirs. Since the
nanoparticles size used in this paper is about 30-80 nm which is small enough to perform
strong Brownian motion, convection flow and Brownian diffusion are two major
contributor for its transport. In order to study the transport mechanism of nanoparticles
in fractured tight reservoirs, some assumptions are proposed to simplify and assistant the

understanding of the complicated flow in shale reservoirs.

(1) Nanoparticles only transport in aqueous phase.
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(2) Nanoparticle deposition is not significant and the interaction between colloids

and matrix is ignored.

(3) Shale rock is comprised of inorganic matter, organic matter, inter/intra-

granular pore space, and natural fractures.

Three main mass balance equations for water, gas and nanoparticles, are applied
to solve the unknown variable with the effective Newton-Raphson iteration in this
simulator as below. All the numerical cases are performed in isothermal environment in

this paper, so the heat balance equation is neglected.

M =v-(F)+30 X
XD 4V (CTy) = V- (DYC) + 3 Qnano ©

Where [ is the index of component, water or gas, M is the mass accumulation of
component [, F is the flux of component [, Q is source/sink of component [, C is
concentration of nanoparticles, Qyqno 1S the source/sink of nanoparticles, D, is the
diffusion coefficient of nanoparticles which is obtained from the modification of stokes-

Einstein’s equation (Millington and Quirk 1961; Elimelech and O'Melia 1990).

To better explain these mass balance equation (4) and (5) above, another equations with

more detail are presented as below.

M'= Y5 pSpppXp (6)
F = —p kXA yp 4 P — p,3)X. 7
A = —Pa uA( + P — pag)Xp (7)
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— kr b -
Fg =—pck="2(1+ (VP + P = ps )X )

3 10

Sy 3 (9)

_ KpT
- 3mudy

e

Where B is the index of fluid phase (A is aqueous phase and G is gaseous phase), ¢ is
the porosity of porous media, Sg is the saturation of phase B, pg is the density of phase B,
X;g is the mass fraction of component [ in the phase B, k is the absolute permeability of
porous media, k4 is the relative permeability to the phase B, ug is the viscosity of phase
B, P. is the capillary pressure, b is the Klinkenberg factor accounting for gas slippage
effects, K, is the Boltzman constant, T is the absolute temperature, d,, is the diameter of

nanoparticles.

These continuum equations are discretized in space using the integral finite
difference method. On the Figure 13 below, two grid block m and n share with the
interface A,,,. V;, and V,, are the volume of grid m and n, and d,,, and d,, are the distance
from the center point to the interface, respectively. E,,, is the average value of normal

flux from grid m to grid n.
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Figure 13: Space discretization and geometry parameters in the integral finite
difference method (Kai et al. 2014).

After introducing appropriate volume averages, the accumulation term changed as
Equation (10), and the flux term also varied as Equation (11). The discretized flux could
be expressed in terms of averages over parameters for grids V,,, and V;,, so the Darcy flux

term could be also changed as Equation (12).

an M*av =V, M, (10)

f[‘n F¥ endl' = YmAnm Fnkm (11)
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Ky {Pn—Pm
Fnkm = —paknm ll_: (W + P - pAgnm) X,Zlc
ky b « (Pn—Ppm
_kanm ll_GG (1 + a) ( dnm + Pc - pngm) Xg (12)
Dpm = Dy, + Dy, (13)

Where M is a volume-normalized extensive quantity, and M,, is the average value of M

over V,, F,m is the average value of the inward normal component of F over the surface
segment A,,,, between volume grids 1}, and V;,, the subscripts (nm) denote a suitable
averaging at the interface between grid blocks m and n, g,,,,, is the component of
gravitational acceleration in the direction from m to n.

Substituting Equations (10), (11) and (12) into the governing Equation (1), a set
of first-order ordinary differential equations in time is obtained, as expressed on
Equation (14). Using the fully implicit, time is discretized as a first-order finite
difference and the flux and sink and source terms are evaluated at the new time level,

t + 1 =t + At. The time discretization results in a set of new coupled non-linear,

algebraic equations on Equation (15).

amf k k
Vn Tdr Zm Aannm + qn (14)
eri'tﬂ — Mrli,t+1 _ Mrllc,t _%(ZmAannkr’rf-H + anicl,t+1) =0 (15)
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where R’,i't“ is residuals, superscript k is component index (water, gas, or

nanoparticles), superscript t represents the previous time step, t + 1 stands for the
current time step.

For each volume element (grid block) V;,, we have N, equations. If the mesh
contains N gird blocks, Equation (15) stands for a total of N, X Ny coupled non-linear
equations. The unknown equations including N, X N independent primary variables are
solved by Newton Raphson iteration. The Taylor series of the residual is given as
Equation (16). Retaining only terms up to first order, the increments (x; ,+1 — X; )

could be computed from a set of N, X N linear equations as Equation (17).

kt+1
Rﬁ'Hl(xi,pH) = eri'Hl(xi,p) + ZiaRan_xi |(xi.p+1 - xi,p) t.=0 (16)
kt+1
—ZiaRanTi |(Xipe1 = Xip) = Ry (x1p) (17)

All terms dR,,/dx; in the Jacobian matrix are evaluated by numerical differentiation.

RE**1 are reduced below a present convergence

Iteration is continued until the residuals
tolerance, relative convergence criterion or absolute convergence criterion. If
convergence cannot be achieved within a certain number of iterations, the time step size
At will be reduced and a new iteration process is started. The space and time

discretization and the Newton Raphson Iteration techniques are referenced from Moridis

and Pruess (2008).

30



2.3 1D Micro Model

To clearly investigate and explain the flow process of nanoparticles carried by
water and gas phases, the easiest 1D micro model has been built. The 1D micro model
contains 20 grids: two sides of grids representing for natural fractures and the other
middle eighteen grids stand for non-organic matter. As the Figure 14 below, grids ‘I’ are
natural fractures grids representing inactive block, which means its pressure, water
saturation, and all others properties keep the same. The mesh for 1D model is 20 x 1 X
1 grids and the size of each grid for X, Y and Zare 1 X 1075m, 1 x 10™°m, 1 X 10~5m.
The main parameters for the fractures and non-organic matter are shown on the Table 1.
The fracture media has the higher permeability, higher water saturation and higher mass
concentration of nanoparticles than the middle non-organic grids. The porosity of
inorganic matter of shale matrix is very small, only 0.02, and we don’t consider the
diffusivity effect for the fracture and inorganic medium. Due to the left fracture grid has
higher pressure, 2.72 x 107 Pa than the middle grids, 1.72 x 107 Pa, and the middle
grids have larger pressure than the right fracture gird, 0.72 x 107 Pa, so the flow
direction is from left side to right side. In addition, the temperature will keep constant, so

the model will be performed under the isothermal status.

Figure 14: Mesh scheme for 1D model.
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Table 1: Main parameters of the pore medium for the 1D model

Pore Medium Fracture Inorganic
Density, kg/m3 -- 2.6 x 103
Porosity 1.0 0.02
Permeability 84 mD 50 nD
Diffusivity, m?/s -- --
Pressure, Pa 2.72 x 107,0.72 x 107 1.72 x 107
Water Saturation 0.99 0.21
NPs Concentration, kg/L 1.0 x 107%,1.0 x 10720 1.0 x 10720
Temperature, °C 100 100
5rid Pressure Distribution w10 Water Saturation Distribution
0.5 - - - 0.5
25
2
1 1
1.5
1
1.5 : : : 1.5
5 10 15 20

5

159 20

Figure 15: Initial condition of pressure and water saturation for 1D model.
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2.4 2D Micro and Macro Models

After we described and explained the dynamic flow process of 1D model, the 2D
micro and macro models are also built to show the water and gas phases flow in two
dimensions. We will firstly introduced the 2D micro model and then 2D macro model,
because the macro model has the same properties with the micro model except for larger
grid scale.

The 2D micro model includes 12 x 12 x 1 grids and the size of each grid for X,
YandZare 1 x 1075m,1 X 10™5m, 1 x 10~>m. The shale matrix contains 10 x 10
grids which are surrounded by natural fractures. To investigate the influence of kerogen
matter on the two phases flow and nanoparticles transport, two different 2D micro and
macro models are performed and compared as in Figure 16. One contains kerogen matter
and the other does not include. In the Figure 16, the left matrix only contains the
inorganic matter, where the blue color of inside grids represent the inorganic matter and
the red color of outside surrounding grids stand for the fracture media. The right matrix
of Figure 16 includes inorganic matter, organic matter, and fractures. The light green
grids represent the organic matter, where 15% organic matter (15 grids) is randomly
distributed among the shale matrix. One random function program is used to achieve the
goal of random distribution of organic matter.

The main medium parameters for the 2D micro with and without organic matter
are shown in Table 2. Same with 1D model, the fracture media has higher porosity and
permeability, higher pressure, and higher nanoparticles concentration than the inorganic

matter and organic matter. Since numerous adsorbed gas and free gas in kerogen matter
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and desorption and adsorption physics play an important role on the gas production,
diffusivity is considered in the organic matter for sure. Different with inorganic matter,
the initial water saturation of organic matter is only 0.01 because organic matter is
hydrocarbon-wet and no irreducible water saturation exists on the pore surface.
Additionally, the models are also conducted under isothermal condition, so no heat
transfer and loss need to be considered. Mass concentration of nanoparticles is used as

indicator to show the change trend of nanoparticles, which is computed as Equation (18).

myps = C; X ¢; X (S,,); X Vol; (18)
Where myp, is the mass of nanoparticles, C; is the concentration of nanoparticles, ¢; is
the porosity of the grid, S,, is the water saturation, Vol; is the volume of the grid.

In the 2D micro models, the water and nanoparticles could flow into all the
matrix without any problem because of tiny scale. To investigate how far these
nanoparticles could flow into the matrix on the same initial condition, the 2D macro
models have been built. The mesh contains identical 12 x 12 x 1 girds which include
inorganic matter, organic matter, and fracture media. The grid size of X, Y and Z for the
macro models are enlarged from 1 x 10> m of micro size to 1 x 10~ m of macro size,
and all the other reservoir properties and grids structure keep the same, just the same
with the Table 2. With the large mesh size, to flow through one grid will take longer
time and the total mass of nanoparticle in each grid will also increase because of larger
volume. Two macro models with and without organic matter are presented and the
change trend of water saturation and mass concentration of nanoparticles are also shown

in a time sequence. As the same with the micro models, 15% organic matter (15 grids) is
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randomly dispersed among the matrix on the macro matrix, and the mass concentration

of nanoparticles is still used as indicator to display the change of nanoparticles.

Matrix digtribution: non-organic and Faciures

Organic and Nonorganic Matter Distribution

2 4 B g

10 12

4 B

0 12

Figure 16: The distribution of nonorganic and organic matter in 2D micro matrix.

Table 2: Main parameters of the pore medium for the 2D micro and macro models

Pore Medium
Density, kg/m3
Porosity
Permeability
Diffusivity, m?/s
Pressure, Pa
Water Saturation
NPs Concentration, kg/L

Temperature, °C

Fracture

1.0

84 mD

2.72 x 107
0.99
1.0x 107°

100

Inorganic
2.6 X 103
0.02

50 nD

1.72 x 107
0.21
1.0 x 10720

100

Organic
1.35 x 103
0.2
50nD
8.21 x 107°
1.72 x 107
0.01
1.0 x 10720

100
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2.5 Reservoir Model

So far, we have built up and shown the 1D micro model, 2D micro and macro
models which could exactly display how does nanoparticles flow along with two phase
in shale reservoirs and the changing trend of water saturation and concentration of
nanoparticles. Since hydraulic fractures are one necessary and unavoidable part to make
ultra-low permeability shale rock economically producible, so the dynamic processes
looking at nanoparticles flowing from the wellbore to the fractures and then to the matrix
are required to modeled to evaluate stimulation designs and nanoparticles injection plan.
Taking into account that both the hydraulic fracture and complex fracture network need
to be characterized in our reservoir model, a stimulated reservoir area (SRV) has been
selected to represent the fractured shale reservoir in our model as Figure. 17. The SRV
contains four various pore systems, where blue grids stand for well bore, red grids
represent hydraulic fractures, light green stand for natural fractures, and the rest of white
girds are shale matrix. Based on the conclusion obtained from the 2D models that
nanoparticles and water are quite limited to flow into the organic matter, the matrix only
contains non-organic matter in this large reservoir model. Each of various grid has
different size in x and y axis, while they have same size in z axis, 0.01 m. The sizes of
matrix grids on x and y axes are 1.0 and 1.0 meter, and the size of natural fracture
grids on x and y axes are 0.01 and 0.01/1.0 meter, and the size of hydraulic fracture
girds on x and y axes are 0.05 and 1.0/0.01 meter, and the size of wellbore grids on x

and y axes are 1.0/0.01 and 1.0 meter.
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In our model, gas and water are only flowing into the wellbore through the
hydraulic fractures and no directly connections between shale matrixes and wellbore
exist. Shale matrix (non-organic matter grid) has directly connection with natural
fractures and hydraulic fractures, but water and gas have to flow into the natural
fractures and then into the hydraulic fractures in most non-organic grids. Moreover, the
well bore acting as the supplier of nanoparticles have higher water saturation and higher
concentration of nanoparticles, while the shale matrix and natural fractures hold higher
pressure than the hydraulic fractures and wellbore. Table 3 shows the main initial
parameters for the stimulated reservoir volume and wellbore used for the simulator. The
porosity of inorganic matter is only 0.02 and the all others medium have the porosity 1.0.
From the wellbore to hydraulic fracture to natural fracture to inorganic matter, the
permeability decreases. The water saturation of natural fracture is 0.4 which means lots
of gas exists. The water saturation of inorganic matter is 0.21, which is almost equal to
its irreducible water saturation. Same with previous numerical models, this large
reservoir model is also performed in isothermal condition, so we don’t need worry about

the heat and energy loss and transfer.
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Figure 17: A sketch of multiple hydraulic fractured horizontal shale gas well.

Table 3: Initial parameters of stimulated reservoir volume and Wellbore

Initial Parameters of Stimulated Reservoir Volume

Porosity Media

Inorganic

NF

HF

Wellbore

Size (m)
Porosity
Permeability
Pressure (MPa)
Sw
Concentration (Kg/L)

Temperature (F)

Size (m)

N[ < | x

1x1x0.1

0.02
50nD
27.2
0.21
1x10720
100
1.0
1.0
0.1

1x0.01x0.1

1.0

84 mD
27.2
0.4

1x 10720

100
0.01

1/0.01
0.1

1x0.05x0.1

1.0
420 mD
4.0
0.99
1x10720
100
0.05
1/0.01
0.1

1x1x0.1
1.0
8.4D
4.0
0.99
1x10°°
100
1/0.01
1.0
0.1
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2.6 Magnetism Analysis

In this project, synthesized Magnetic Carbon-Coated Iron-Oxide Nanoparticles is
applied as the model nanoparticle example. These super-paramagnetic iron oxide
nanoparticles are synthesized by the solvothermal chemical method (Lu et al. 2007).
Nuclear magnetic resonance (NMR) refers to the response of magnetic dipoles of
hydrogen nuclei in the presence of an applied magnetics field. The NMR technique can
capture the magnetic signal which is released by hydrogen nuclei when they are return to
their original state after an external magnetic field changed the position of atomic
nucleus. As the equation (19) shows, Magnetic susceptibility is the degree to which a
material can be magnetized in an external magnetic field. Since H is the applied external
field, the magnetization of material is up to how strong the volume magnetic

susceptibility is.

M=x,xXH (19)

Mtotar = (xmwater T Xmonetnane T xmnano) X H (20)
Where M is magnetization of the material, x,,, is volume magnetic susceptibility, H is
magnetic field strength, the applied external field. Therefore, the total magnetization at
the shale reservoir is mainly made up of water, methane and nanoparticles as the
equation (20).

Fortunately, the magnetic susceptibility of water and methane can be obtained
from references (Arrighini et al. 1968). In our model, the value of magnetic
susceptibility of water we used is 9.035 x 107° at 20°C, and the value of magnetic
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susceptibility of methane is 9.13 x 1079 at 20°C. The magnetic susceptibility of
magnetic nanoparticles could be calculated by using the equation (22) and (23). Equation
(21) is regarded as Curie’s law, where susceptibility x,,, of paramagnetic materials is
inversely proportional to their temperature. However, our reservoir models are
performed in isothermal status, so we don’t consider the change of temperature. For a
paramagnetic ion with non-interacting magnetic moments with angular momentum J, the
Curie constant is related the individual ion’s magnetic moments in equation (22).
Therefore, based on the previous results of the distribution of water saturation and
nanoparticles concentration, the volume magnetic susceptibility could be easily

computed through these equations.

Xm =C/JT (21)
_Na o2 Na oz (kerr)?

C - 3kp H'Eff - 3kp ‘uB ( up ) (22)

Cvol =CXdX Si X Vgrid (23)

Where C is a material-specific Curie constant, T is absolute temperature in kelvins, Ny is
number of magnetic atoms per unit volume, kg is Boltzmann’s constant: 1.3806488 x
10723 J /K, peg is the effective magnetic moment per paramagnetic ion, pi is the Bohr
magneton: 9.27400968 x 10~2* J /T, C,,, is volume magnetic susceptibility, ¢ is
porosity of each grid, S; is saturation of water or gas in grid, V.4 is the grid volume
(BBI Solution, 2014; Wikipedia, 2014; SPE PetroWiki, 2014; The Engineering

ToolBox, 2004).
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Table 4: The value of Bohr magneton and effective magnetic moment

M, values for typical d’ and d°

transition metal complexes.”

The value of Bohr magneton Material s lle“/HB s
system of units value unit [Cr(NH,) JBr, 377
51" 0.27400068(20) x 1072 | J-1”" K,[Cr(CN) ] 3.87
ces? | 9.27400968(20) x10°2' |Erg-G™’ K5iMoCl ] 3.79
) ) K, [V(CN 378

eV 5.7883818066(38) x10™° eV-T' lV(CN)]
— - [Mn(NH,),ICl, 5.02
atomic units /2 none

(NH,),[Mn(S0,),]-6H,0 |5.92

NH,[Fe(S0,),]-12H,0 |5.89

Overall, based on these equations above and the results about the distribution of
water saturation and nanoparticles concentration from the previous models, the volume
magnetic susceptibility and total magnetization of reservoir could be computed and
presented. Two different reservoir modes with and without the magnetic nanoparticles
are conducted to investigate the influence of these magnetic nanoparticles on the results
of magnetism analysis. Moreover, the results we obtained from our numerical reservoir
models will be compared with some experimental data to validate the availability and

effectiveness of this simulator.
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CHAPTER IlI

RESULTS ANALYSIS

3.1 Results for 1D Model

Based on the pressure difference, the major flow direction will be from left side
to right side on the Figure 15. The distribution of pressure and concentration is presented
from early time to final time on Figure 18. The left graph is for the distribution of grid
pressure, where the numbers on x axis represents the grid numbers, from grid 1 to grid
20, and the y axis only has one grid, and the pressure range is from 1.72 x
107 to 3.20 x 107 pa. The right graph is for the distribution of water saturation, and the
value is from 0 to 1. Due to the pressure difference, water is imbibed into the middle
grids to increase their water saturation and pressure. Because the middle grids’ pressure
is smaller than the fracture gird, so the gas cannot flow out and is compressed in the grid.
More and more water and nanoparticles flow into the middle grid, and their pressure
keep gradually increasing. One special point is the middle gird pressure reaches equal to
the fracture pressure. However, due to water is wetting phase in non-organic matter and
its mobile water pressure is lower than its grid pressure, so the water continues to invade
from the fracture gird into the middle grids until both water mobile pressure achieves
equal. Besides, gas phase starts to flow from the non-organic gird out to the fracture grid
on this special point. Because the last right matrix grid pressure is larger than the right
fracture grid pressure, so the gas will flow out into the fracture and its pressure will drop.

When the last right matrix grid pressure decreases to equal with the fracture grid, the gas
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stops flowing out. Since that point, at the same time, water will flow from the right
fracture grid into the last right matrix grid because of the pressure difference of water
mobile phase. So you could find last right matrix grid have higher water saturation than
the middle matrix grid.

The normal pressure gradient should decrease from left to right, while the
capillary pressure effect leads to the difference that some non-organic girds pressure
became higher than the fracture pressure, in order to they have the same mobile pressure
of water phase. The gap between the first non-organic grid and the fracture gird is nearly
equal to the capillary pressure, which proves the theory mentioned above. Moreover, this
pressure gap almost keep the same when we changed the pressure distribution among the
fractures and non-organic grids, for example, we increase the pressure of left fracture
grid, because the capillary pressure is related to water saturation and rock properties, not
the given pressure value. A obvious concentration gradient can be found in Figure 18,
which shows nanoparticles is typically flowing from the injection grid (the fracture gird)
into the matrix, and the concentration of nanoparticles will keep dropping when it goes

far away from the nanoparticles source.
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Figure 18: The distribution of water saturation and nanoparticles concentration at
different time steps in the 1D model.
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3.2 Results for 2D Micro Models

In 2D micro models, water is flowing from the surrounding fractures into the
matrix and gas is drained out, because the fracture grids hold the higher pressure and
water saturation than the matrix. On the Figure 19 and 20, the changing trend of water
saturation and mass concentration of nanoparticles is displayed in a time sequence. In
the micro model with only non-organic matter, nanoparticles are flowing into the shale
matrix along with water phase and obviously they have similar varying pattern, as from
the early time stage to final time stage on the Figure 19. The numbers of X and Y axes
on the figures represent the grid number, from first grid to 12" grid. The value range for
water saturation is from zero to one, and the value range for nanoparticles concentration
is from 3.3 X 10731 to 2.0 x 1072° kg. Actually most nanoparticles entered the matrix
at only about 2.4 second because of micro size scale, while it achieves a steady status at
1.29 x 102 second. The pressure finally reaches equal between the fracture grids and
middle grids. Also the water saturation and nanoparticles concentration reach equal at
the final time stages, which means the water and nanoparticles enter all the matrix.

However, the dynamic flow in the micro model with organic matter is different
with that of only non-organic model even though at the same initial condition. 15%
organic matter is randomly distributed among the matrix, some of which are connected
with the surrounding fractures and others are only connected with the non-organic grids,
as on the right graph of Figure 20. Different with the non-organic matter, gas is wetting
phase in the organic matter, so no capillary pressure difference exists for the water phase

in organic grids. The mobile water pressure of organic grids is increasing along with the
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invasion of water from the fractures and it is eventually equivalent with the fractures
pressure which means no more water flow in. Besides, high capillary pressure prevents
gas phase outflow at the same time in organic grids. Conversely, more water could flow
into the non-organic grids because mobile water pressure is reduced by high capillary
pressure in non-organic grids. In other words, the mobile water pressure is not equal
between non-organic and organic grids even though the grid pressure finally arrive equal
with the fracture grids. As from the early time to final time on the Figure 20, water and
nanoparticles are gradually flowing into the matrix. Compared with the previous non-
organic model, the non-organic grids have the same flow phenomenon, while apparently
water phase experience some difficulty to flow into the organic girds. In addition, when
connected with the fracture grids with high permeability, the organic girds could reach at
a higher water saturation and mass of nanoparticles than these grids only connected with
non-organic grids. Due to the porosity of organic vugs (0.2) is 10 times larger than that
of the non-organic grids, the mass of nanoparticles in these organic grids which share the
high fracture permeability by directly connecting with the fracture grids, is bigger than
that of non-organic grids although the organic grids contain smaller water saturation.
However, as on the part (c) of Figure 20, most organic girds only get litter improvement

on water saturation and mass of nanoparticles such as from 0.01 to 0.02.
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Figure 19: The distribution of water saturation and nanoparticles concentration at
different time steps in the 2D micro model without organic matter.
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In addition, the plots about total nanoparticles mass along with time are shown
for the micro modes without organic matter on Figure 21. After the nanoparticles mass
in each grid was calculated by using Equation (18), we sum up all the matrix grids to get
the total mass of nanoparticles in matrix. As you could see, the total mass of
nanoparticles goes up along with time and reach stable status at the last stage. In other
words, the nanoparticles are gradually flow into the matrix until it cannot enter the
matrix any more. This plot could mainly tell two key information: one is how much
nanoparticles in total could flow into the matrix, other one is how long the process takes.
The plot shows all the nanoparticles enter the matrix in a very short time for the micro
model while it needs much longer to reach convergent status. Because of tiny grid scale,
this micro model took about one second to reach stable status, while it took about two
minutes for the simulator achieving convergent status.

Moreover, to verify and confirm the numerical results, we refine the shale mesh
into two times and four times, where two times refine means one grid is refined into four
equal smaller grids, two in one dimension. With the same initial reservoir condition, we
performed the 2D micro model on different mesh grids. As usually, the smaller girds or
more fine mesh could provide more accurate results. As shown on Figure 21, we plot the
results from different mesh and compare them with each other. The blue curve is for the
mesh without any refine, and the red curve is for the two times refined mesh, and the
green yellow is for the four times refined mesh where one grid is refined into 16 equal
smaller grids, four in one dimension. The basic matrix without refine and the refined

matrixes have the almost the same results about total mass of nanoparticles, and also
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provide same curves for the variation of the total nanoparticles mass along the time.
Therefore, the results we obtained is correct. Of course, the refine mesh always need
more computation ability and takes longer time to perform.

Brownian diffusion and convection flow are two flow mechanisms for the
transport of nanoparticles. To investigate the effect of nanoparticles diffusion and how
much it contributes to the total movement, we performed two micro models including
organic matter with and without Nanoparticle diffusion and compare their results. As the
Figure 22, the blue curve presents the model where diffusion of nanoparticles is
considered and the red curve did not take into account the diffusions mechanism. Clearly
the blue curve has larger total mass of nanoparticles than the red curve because it has
two flow contributions. In the both models, the total mass of nanoparticles are rapidly
increasing along the time and reach stable status at the later stage. After comparing this
two models and computing in the equation (24) below, we found the Brownian diffusion
contributes about 18% of the transport of nanoparticles. In other words, the convection

flow is the major flow mechanism for nanoparticles.

With_Dif f-Without Dif f _ 2.148x1078-1.766x1078
With_Dif f - 2.148x10~8

= 18% (24)
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Figure 21: Total nanoparticles mass along with time in the micro models without
organic matter.
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Overall, based on the results from the micro model with and without organic
matter, we could found that water and nanoparticles can quickly flow into the non-
organic grids for the micro models, while it is limited to flow into the organic matter if
they are not connected with the fracture grids. In other words, it is very limited and
difficult to flow from the non-organic matter or organic matter into the organic matter.
The major invasion of water phase and nanoparticles could be completed in an extremely
short time. Moreover, the Brownian diffusion mechanism contributes about 18% to the

entire transport of nanoparticle movement.

3.3 Results for 2D Macro Models

In the 2D micro models, the water and nanoparticles could flow into all the
matrix because of tiny scale size. The 2D macro models are introduced as following to
present how far these nanoparticles can really flow into the shale matrix with the same
initial reservoir condition. The grid size of x, y and z are enlarged from 1 x 1075 m of
micro size to 1 x 10~ m of macro size, while all the other reservoir properties and grids
structure keep the same, just the same with the Table 2. Also to investigate the influence
of organic matter, two macro models with and without organic matter are displayed and
the distribution trend of water saturation and mass concentration of nanoparticles are
also shown in a time sequence. As the same with micro models, 15% organic matter (15

grids) is randomly dispersed among the matrix on the macro model, and the mass
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concentration of nanoparticles is still used as indicator to display the changes of
nanoparticles.

In the 2D macro model without organic matter, the water is flowing into the
matrix and gas is drained out due to the pressure and concentration difference between
surrounding fractures and middle matrix. As from the early time to final time on the
Figure 23, water phase and nanoparticles are gradually flow into the matrix and they
have the similar change trend. However, the nanoparticles could only invade two grid
blocks, about 20 centimeters, before the simulator reaches convergence. In other words,
the nanoparticles cannot flow into the matrix any further. If we do not consider the
outside surrounding fracture grids, the water saturation of first outside surround matrix
grids reach about 0.84 while its pressure is even bigger than the fractures pressure. The
pressure in this thesis means wetting phase pressure of the grid. Because water is wetting
phase in non-organic matter, and there is a big capillary pressure effect on water
movement. The fracture grids and first outside surrounding matrix grids could still have
equal water pressure, even though the matrix girds have higher pressure. Therefore, they
could reach the stable status. The water saturation of second surrounding grids arrive at
about 0.38 and water saturation of the rest of matrix grids increased a little bit. The
distribution of nanoparticles is similar with water saturation. As the Figure 23, the
nanoparticles could also only flow about 2 grids distance into the matrix. The second
surrounding grids did not even reach the high nanoparticle concentration, and the third

surrounding grids did increase a litter on the concentration of nanoparticles.
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Looking into the 2D macro model with organic matter on Figure 24, the
changing trend of water saturation and nanoparticles is quite similar with the micro
models. From the early time to final time on Figure 24, water and nanoparticles are easy
to flow into the non-organic grids while experiencing difficulty to enter these organic
grids except for the grids directly connected with the fractures. For these grid connected
to the fractures, the reason they have large mass concentration of nanoparticles is they
have bigger porosity as mentioned above.

The most important information we could obtain from macro models is that
water phase and nanoparticles could only flow into shale matrix with limited distance.
Besides, compared to the long time to reach the final stable status, the majority invasion

of water and nanoparticles could be completed in a short time.
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Figure 23: The distribution of water saturation and nanoparticles concentration at
different time steps in the 2D MACRO model without organic matter.
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Figure 24: The distribution of water saturation and nanoparticles concentration at
different time steps in the 2D MACRO model with organic matter.
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3.4 Results for Large Reservoir Model

As the Table 3 and Figure 17 show, the shale matrix includes the inorganic
matter and natural fractures, hydraulic fractures, and wellbore system. Figure 25 shows
the distribution of pressure and water saturation at the initial condition. On the left
graph, the horizontal red grids represent wellbore, and the four vertical grids stand for
hydraulic fractures, and the rest of grids are shale matrix including inorganic matter and
natural fractures. The numbers on the x and y axes are the grid numbers: x axis is from
grid one to grid forty seven, and y axis is from grid one to grid thirty nine. The pressure
range for the initial reservoir is from 4.0 x 106 to 2.72 x 107 Pa. The right graph of
Figure 25 is the water saturation distribution for the entire reservoir, where you could see
the inorganic matter is just like small islands separately isolated among the natural and
hydraulic fractures because this is stimulated reservoir volume. The matrix including
inorganic matter and natural fractures has a higher initial pressure than the hydraulic
fractures and well bore, which will result in gas flowing out from the shale matrix into
the hydraulic fractures. Meanwhile, water is acting as wetting phase in the inorganic
matter, which leads to a lower flowing pressure of water phase in inorganic matter
because of high capillary pressures. The Figure 11 indicates a capillary pressure curve at
various water saturation, where the capillary pressure is very high when the water
saturation is only 0.21.

What should be pointed out on Figure 17 is that one pore system has connections
with more than one another pore systems, which will be explained as below. Most

inorganic matter are only connected with natural fracture grids, while some are also
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connected with hydraulic fracture grids at the same time. For the natural fracture grids,
they have connection with inorganic matter, natural fractures, and hydraulic fractures.
Based on the difference of permeability, grid pressure, and other properties of these pore
systems, these different connections would bring various flow results. On the Figure 26
below, the distribution of water saturation and nanoparticles mass are displayed at three
different time steps: early, middle and final stages, where the exact time is also shown.

For the inorganic matter, gas is flowing out from the inorganic matter into the
hydraulic fractures, and water is flowing from the hydraulic fractures and natural
fractures into the inorganic matter. Due to water is wetting phase and a high capillary
pressure exists for water phase in inorganic matter, so the natural fracture girds have a
higher mobile water pressure than the inorganic grids. As a consequence, the pressure of
inorganic matter decreases and its water saturation goes up.

For the natural fracture grids without connection with hydraulic fractures, water
is flowing out from the natural fracture grids into the inorganic grid while gas is flowing
form the inorganic matter into the natural fracture grids. For the natural fracture grids
with connection with hydraulic fractures, water is flowing out from the natural fracture
grids into the hydraulic fractures because of high pressure gradient. As a results, the grid
pressure rises and the water saturation decline for all the natural fracture grids.

For the hydraulic fracture grids, there are two different type of reaction and
change of pressure and water saturation. For the hydraulic fracture grids connected with
inorganic matter, numerous gas is flowing from the inorganic grids into the hydraulic

fracture grids and water is flowing in the inverse direction, which results in that the grid
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pressure keeps going up and water saturation keeps dropping in these hydraulic fracture
grids. However, for these hydraulic fracture grids only connected with natural fractures,
both of gas and water are flowing from the natural fracture grids into the hydraulic
fractures, because capillary pressure effect is not considered in the natural fracture grids.
So the grid pressure and water saturation of these hydraulic fractures keep increasing.

Figure 26 (a) displays the distribution results about water saturation and
nanoparticles concentration after 50.2 seconds. Due to wellbore acts as nanoparticles
source, the water and nanoparticles start to flow from the hydraulic fractures into the
inorganic matter grids. Because of pressure difference, gas would flow out from the
hydraulic fractures into the wellbore and be produced, and the water phase including
magnetic nanoparticles are gradually imbibed into the hydraulic fracture grids. You
could clearly see the exact same invasion phenomenon in the right graph of Figure 26
(a).

Figure 26 (b) shows the dynamic process after the early stage, where more gas
will flow out from the inorganic matter into the hydraulic fractures and well bore, and
more and more nanoparticles and water are imbibed into the hydraulic fractures.
Moreover, the nanoparticles could also flow into the inorganic matter and natural
fracture girds along the water phase further and further.

Figure 26 (c) presents the final time step of the simulation after 2.5 x 10°
second. The nanoparticles spread into everywhere of the matrix and reach to a high level
value. The pressure at the hydraulic fractures everywhere is about the same while the

water saturation varies depending on its location. The grids directly connected with the

59



natural fractures keep a high value of water saturation, while the grids connected with
the inorganic matter have a low value, which confirms what is discussed above. On the
right graph of Figure 26 (c), the reason why the mass of nanoparticles is not equal
everywhere is that the grid volume is different even though the nanoparticles
concentration is very close. As the Table 2, the inorganic grids is much larger than the
hydraulic fracture grids, and the hydraulic fracture girds is five times bigger than the
natural fracture girds. Consequently, the total mass are dissimilar after multiplying the
different grid volume. In additional, the nanoparticles mass of well bore is assumed to

biggest and constant, so their value and color are never changed in the Figure 26.
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Figure 25: The distribution of grid pressure and water saturation at the initial
condition.
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As the same with previous 2D models, the total mass of nanoparticles
representing all the nanoparticles in the entire matrix is displayed along the time step on
the Figure 27. The nanoparticles mass could be computed by using equation (25), and
the nanoparticles mass of all the matrix grids are summed up to obtain the total mass of
nanoparticles. As the equation (25), the nanoparticles mass is related with nanoparticles
concentration, grid porosity, water saturation, and grid volume.

At the early stage, the total mass of nanoparticles don’t rise too much, because
the water and nanoparticles just started to flow from the wellbore into the hydraulic
fractures. When the time reach about 1.2 x 10° second, the growth rate significantly
improves. After the time reaches about 1.0 x 102 second, the value of total nanoparticles
approaches stable and keep almost the same, which proves no more nanoparticles could
flow into the reservoir matrix. Two important points could be obtained from this curve.
One is when does the nanoparticles flow reach stable, and the other one is how much the
nanoparticles can flow into the reservoir matrix. In this reservoir model, about 4.72 x
107> kilogram enter the stimulated reservoir volume. Of course, the total value will be
absolutely up to many different parameter, such as nanoparticles size and concentration,

fractures pattern, and fracture conductivity.

M, =%, Ci X ¢; X (Sy); X VOL; (25)
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Figure 27: Total mass of nanoparticles at different time steps for reservoir model.
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3.5 Results for Magnetism Analysis

Based on the magnetic theory and the equations above, the distribution of
magnetic susceptibility in the shale reservoir could be computed. As the same reservoir
matrix and the same mesh with the Figure 17, two numerical cases are performed and
the results about the distribution of magnetic susceptibility are also shown in Figure 28
and 29 below: one is without magnetic nanoparticles in the wellbore and the other one
consider the magnetic nanoparticles in the shale reservoir.

As we known, the magnetic nanoparticles are supposed to provide more source
for the volume magnetic susceptibility. As proved in the figure 28 and 29, even though
both graphs look almost the same, while they have different value range. The numerical
case with magnetic nanoparticles clearly possesses higher value of magnetic
susceptibility among the entire fractured reservoir than the model without magnetic
nanoparticles, which supports and proves the potential of magnetic nanoparticle
enhancing the NMR logging signal.

In the Figure 28 and 29 the value of magnetic susceptibility of natural fracture
grids is less than that of inorganic grids, because the inorganic grids have much bigger
volume than the natural fracture grids even though the natural fractures have higher
water saturation. However, the volume magnetic susceptibility of natural and hydraulic
fractures grids are much bigger, because their volume is far smaller than the volume of
inorganic grids, as the equation (25). In other words, the final magnetization of fractures

would be definitely large than the inorganic matter grids.
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Figure 28: The distribution of magnetic susceptibility without magnetic
nanoparticles for the reservoir model.
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To specific explore the influence of magnetic nanoparticles on the distribution of
magnetic susceptibility, the fifth layer of SRV as Figure 17 is chosen to show the change
trend of total magnetic susceptibility in various medium. Two numerical cases with and
without magnetic nanoparticles injected into stimulated reservoir volume are performed
and compared to look into the results of magnetic susceptibility in the entire reservoir.
The first case does not contain magnetic nanoparticles and the total volume magnetic
susceptibility are comprised of water and methane. The second case includes the
magnetic nanoparticles, so magnetic nanoparticles, water, and methane are the three

contributor to the total volume magnetic susceptibility.
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Figure 30: Magnetic susceptibility with and without Nanoparticles in fifth layer of
reservoir model.
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In the Figure 30 above, the magnetic susceptibility of the case with nanoparticles
is obviously larger than the case without nanoparticles, which clearly proves
nanoparticles can enhance the magnetic susceptibility of shale reservoirs. The red curve
represents the case with nanoparticles and the blue curve stands for the case without
nanoparticles. As the same in both two cases, the value of magnetic susceptibility is
biggest for the hydraulic fracture grids and lowest in these natural fracture grids, because
the hydraulic fracture grids contain bigger grid volume and more magnetic nanoparticles
and water, while the volume of natural fracture girds are smallest.

Cheng et al. (2014) have conducted some experiments about measuring magnetic
susceptibility to investigate the influences of magnetic nanoparticles. As in the Figure 31
below, several small liquid holders are built and placed, where simple water and the
water with nanoparticles are alternately stored into the separate liquid holder. The value
of magnetic susceptibility of each holder is measured and plotted in Figure 32, where
two different run case are performed. In the both two run cases, the liquid holder
containing magnetic nanoparticles obvious has higher NSL unit or magnetic
susceptibility than that of holder without magnetic nanoparticles. In addition, the ratio of
the case with magnetic nanoparticles to the case without nanoparticles is similar with the
results of numerical reservoir model above. Based on the similar results, the experiment
results confirm the results of numerical models and validate the accuracy and availability

of the simulator we used.
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Magnetic Susceptibility Experiment

Figure 31: Magnetic susceptibility experiment (Cheng et al. 2014).
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Figure 32: Magnetic susceptibility value along the distance (Cheng et al. 2014).

68



CHAPTER IV

CONCLUSIONS

This project has developed a mathematical model to investigate the nanoparticle
transport in shale reservoirs; the modeling divides the reservoir into inorganic matter,
organic matter, and fractures. It considers various flow mechanisms including Brownian
diffusion, gas diffusion and desorption, Darcy flow, slippage flow, and capillary effects
and their application to specific sub-media. This stimulator provides a solid description
for modeling dynamic flow of gas, water and nanoparticles. 2D micro models was built
to present the process of water and nanoparticles flowing into the matrix; then 2D macro
models was created to display how far these particles could flow in the shale matrix. A
reservoir model containing reservoir stimulating area was subsequently built to show the
changing trend of water saturation and nanoparticle concentration at reservoir scale.
Based on the diverse sources of magnetism, the distribution of volumetric magnetic
susceptibility and magnetization of reservoir was computed and presented. Similar
results were also obtained and compared on the same large reservoir models with and
without magnetic nanoparticles. In addition, the results of the distribution of magnetic
susceptibility were compared with the experimental data to validate the model’s

accuracy and predictability. Overall, Seven main conclusions are shown as following:
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The mathematic model including sub-divided pores medium, various flow
mechanisms, and mixed wettability was developed to describe the nanoparticles

transport carried by a two-phase flow in shale reservoirs.

Nanoparticles could easily flow along fractures, whereas their transport into shale
matrix is quite limited, only about 20 centimeters on our models, especially

restricted for organic matter.

Brownian diffusion could contribute about 18% of the transport of nanoparticles,

which means convection flow is the major flow contributor.

Refining the mesh offers the nearly same results for mass accumulation of

nanoparticles which confirms the computation and accuracy of the models.

The magnitude of magnetic susceptibility is related to the permeability, water

saturation and porous volume.

Magnetic nanoparticles can effectively increase the magnetic susceptibility and

magnetization of shale reservoir.

The numerical results are compared with and also confirmed by the experimental
results, which provides more confidence for applying magnetic nanoparticles to

enhance signals to NMR logging devices.
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