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Abstract

Currently, the application of nanoparticles has attracted much attention due to the potential of nanotech-
nology to lead to revolutionary 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 even less for shale reservoirs. Unlike conventional reservoirs,
shale formations usually contain four pore 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 signifi-
cantly increasing well productivity.

In this paper, 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 measured 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 results demonstrate that magnetic nanoparticles can effectively enlarge the magnetic
susceptibility and the magnetization of reservoir thus producing enhanced signals from well logging
devices such as Nuclear magnetic resonance (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
for nanoparticles injection plans to enhance well logging signals. Furthermore, this model can also allow
us to mimic the tracer transport flow in unconventional reservoirs.



Introduction
Shale reservoir is referred to as extraordinarily fine grained sediments with low porosity and extremely
low permeability (Javadpour, 2009). As stated by Energy Information Administration, the shale gas will
take up nearly half of the tradition gas supply by 2040. With the huge available resources and growing
energy demand, shale reservoir has recently received significant interest and investigations. Hydraulic
fracturing and horizontal drilling are two available necessary technologies which make shale gas become
commercial producing. Wang and Reed (2009) proposed that the organic-rich shale reservoirs contains
four pore systems: inorganic matter, organic matters with dominantly hydrocarbon wet, natural fractures
and hydraulic fractures. 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 and Shabro et al. 2012). Yan et al.
(2013) established 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.

Currently, Development of nanotechnology has successfully offered technically and economically
feasible alternatives for materials and technologies in many industries. Magnetic nanoparticles are a class
of nanoparticles which could be manipulated using magnetic field and commonly consist of iron and their
chemical compounds. With those advance revolution and potential advantages, application of nanopar-
ticles have also attracted much attention and displayed numerous potential to lead evolutionary changes
in petroleum industry, such as enhanced oil recovery, nano- scale sensors, drilling and completion.
Typically, multiple transverse hydraulic fractures are created if the wellbore is design and drilled in the
direction of minimum horizontal stress. Maximizing the total simulated reservoir volume (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. In addition, modeling the
gas flow process from the ultra-low permeability rock to the complex fracture network should be
considered and conducted to effectively evaluate the stimulation design and completion strategies.

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 always one
critical issue for both reservoir application and environmental concern. 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) established a mathematical model of nanoparticles transport in two-phase flow
in porous media based on the formulation of fine particles transport. El-Amin et al. (2012) also introduced
a reservoir model to simulate the nanoparticles transport in porous media where mixed relative perme-
ability, mixed-wet system and variations of both porosity and permeability are considered. Besides, Zhang
(2012) has performed some core-flooding experiments and numerical simulation and compared this two
results. However, to our knowledge, little work has been conducted with the nanoparticles transport in
unconventional reservoirs such as shale reservoirs. The nanoparticles diameters are normally from 1 to
500 nm, which means Brownian diffusion need to be considered in the model. Moreover, various
components of shale reservoir and complicated local flow mechanism make the model looking at the
nanoparticles transport in shale reservoir more challenging. Therefore, an accurate mathematic model is
required to be developed for better interpreting the transport process of particles based on the various flow
physics and the interaction among different porous media.
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This work is to develop a reservoir model for simulating the nanoparticles transport in water-gas flow
in shale porous media. With dissimilar pore size, different flow physics including gas diffusion,
desorption, slippage flow and Brownian diffusion are separately applied for the nonorganic matter, the
organic matter and the fractures. Also the different connections between various pore media would be
considered. For the nanoparticles flow, convection flow and Brownian diffusion are the dominant physics
in fractures and matrix, where nanoparticle is only limited to flow within the water phase. Carbon-coated
magnetic nanoparticles are chosen as model particles in our work because they have the great potential
to enhance the logging signal and also possess remarkable future applications in magnetics, electronics,
composite polymeric materials, and alternative energy. The work is mainly motivated by the application
that the magnetic carbon nanoparticles could enhance the well logging signal by pumping them along with
proppants into the fractures and reservoirs. To evaluate the connections between various porous media and
clearly present the process of the nanoparticles transport, several numerical models are performed and
shown as follows: 2D micro model with and without the organic matter, 2D macro model with and without
the organic matter, and large reservoir model including stimulated reservoir volume. In addition, based on
the measured properties of synthesized magnetic carbon-coated iron-oxide nanoparticles, the distribution
of the volumetric magnetic susceptibility and magnetization of reservoir are computed and graphically
displayed in the numerical cases with and without magnetic nanoparticles. The results demonstrate that
magnetic nanoparticles could effectively enlarge the magnetic susceptibility and the magnetization of
reservoir thus producing enhanced signals from well logging devices such as Nuclear magnetic Resonance
(NMR), which leads to improved reservoir and fracture characterization. Moreover, these numerical
results will be compared with some experimental data to validate the availability and effectiveness of this
simulator.

Mathematical Modeling Description
In this paper, a mathematical model has been developed to describe the nanoparticles transport in
two-phase (aqueous and gaseous) in shale reservoirs. The aqueous phase contains water and nanoparticles
and the gaseous phase only includes natural gas methane. 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’s law, 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 consider strong Brownian motion, convection flow and
Brownian diffusion are two major contributor for its transport. In order to study and investigate the
transport mechanism of nanoparticles in fractured tight reservoirs, some assumptions are proposed to
simplify and assist in the understanding of the complicated flow in shale reservoirs. Nanoparticles only
transport in the aqueous phase, which means it cannot flow into the gaseous phase. Additionally, the
interaction between nanoparticles and reservoir matrix is ignored, and nanoparticle deposition is not
significant.

Three main mass balance equations about water, gas and nanoparticles, are applied to solve the
unknown variables with the effective Newton-Raphson iteration in this mathematical model as below.
These continuum equations are also discretized in space using the integral finite difference method. All
the numerical cases are performed under isothermal environment in this paper, so the heat transfer and loss
are neglected.

(1)

(2)

Where l denotes the index of component, water or gas, Ml indicates the mass accumulation of
component I, Fl represents the flux of component I, Ql stands for source or sink of component I, C denotes
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concentration of nanoparticles, QNano indicates the
source or sink of nanoparticles, De represents the
diffusion coefficient of nanoparticles which is ob-
tained from the modification of stokes-Einstein’s
Equation (6) (Millington and Quirk 1961). To better
explain these mass balance equations above, more
equations from (3) to (6) with more detail are pre-
sented.

(3)

(4)

(5)

(6)

Where � denotes the index of fluid phase (A is
aqueous phase and G is gaseous phase), � indicates
the porosity of porous media, S� represents the
saturation of phase �, p� stands for the density of
phase �, denotes the mass fraction of component
l in the phase �, k indicates the absolute permeabil-
ity of porous media, kr� represents the relative per-
meability of phase �, �� stands for the viscosity of
phase �, Pc denotes the capillary pressure, b indi-
cates the Klinkenberg factor accounting for gas slip-
page effects, KB represents the Boltzman constant, T
stands for the absolute temperature, �w denotes
water viscosity, dp indicates the diameter of nano-
particles.

Substituting the equations above into the govern-
ing Equation (1), a set of first order ordinary differ-
ential equations in time is obtained as Equation (7). 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. Each gird block includes three equations in this paper, so that for a mesh discretized into N grid
blocks, Equation (8) represents a total of 3 � N coupled non-linear equations. To solve them, Newton
Raphson iteration is computed and continued until the residuals is smaller than a present conver-
gence tolerance. If convergence cannot be achieved within a certain number of iterations, the time step
size �t will be reduced and a new iteration process is started.

(7)

(8)

Where denotes residuals, superscript k indicates component index (water, gas, and nanoparticle),
superscript t represents the previous time step, Vn denotes volume of grid n, Anm indicates interface
between grid n and m, t � 1 stands for the current time step.

Figure 1—Local pore distribution in kerogen, smaller pores reside on
the wall of large pores (Curtis et al. 2010).

Figure 2—3D SEM segmentation showing kerogen network, yellow
outlines the kerogen network (Ambrose et al. 2010).
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Micro Model Description and Results Analysis
With the advantages of advanced analytical tools, such as scanning electron microscope (SEM), kerogen
matter has been found to be widely scattered in many shale reservoirs, 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. 2012 and Ambrose et al. 2010). Fig. 1 shows large and small pores in kerogen
matter, and Fig. 2 presents the kerogen network in the 3D SEM image. As we discussed above, the shale
reservoirs usually contain organic matter, inorganic matter, and fractures, so subdividing the shale matrix
into the inorganic matter and the organic matter with different pore geometries could better describe and
explain the diverse connections between them 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 and 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 (9) (Yan et
al. 2013). The inorganic matter is regarded as water-wet while the kerogen matter is considered to be
hydrocarbon-wet in our models, which could produce some differences about capillary pressure and
relative permeability on various pore medium. For example, the mobile water pressure is smaller to its grid
pressure in the inorganic matter because of capillary pressure effect, while it is equal to its grid pressure
in the kerogen matter grids.

(9)

Where pkrg denotes the density of the kerogen matter, Nkrg means the number of kerogen grids in the
mesh, �krg indicates the porosity of the kerogen matter in the shale matrix, pinorg stands for the density
of the inorganic matter, Ninorg represents the number of inorganic grids in the mesh, �inorg denotes the
porosity of the inorganic matter in the shale matrix.

In our numerical simulator, two phase flow carrying nanoparticles will be modeled in different pores
systems. As the mean free path of gas molecules become small enough, the interaction between molecules
and rock surface will play an important effect in addition to the viscous flow. Therefore, diffusive flow
has to be considered based on the micro-scale and nano-scale pores size. Different with conventional gas
reservoirs, the gas storage mechanism is involved with compressed gas and adsorbed gas. As pressure
decreases, adsorbed gas in the kerogen will be gradually desorbed as free gas, which actually increase the
gas accumulation and production in organic shale reservoirs. In this paper, the Brooks and Corey
formulations are applied for capillary pressure calculations, and Fig. 3 shows the two-phase relative
permeability curves along with the changing of wetting phase saturation.

In this section, the 2D micro models are built and performed to mimic the dynamic flow of water,
nanoparticles, and gas in shale matrix and fractures. The 2D micro models include 12 � 12 grids and the
size of each grid for X, Y, and Z are 1 � 10�5 m,1 � 10�5 m, and 1 � 10�5 m. The shale matrix contains
10 � 10 grids, which is surrounded by the fractures. To investigate the influence of the kerogen matter
on the nanoparticles transport, two different 2D micro models are conducted and compared: one contains
the kerogen matter and the other one does not. In the Fig. 4, the left graph only contains the inorganic
matter and fractures, where the blue color grids represent the inorganic matter and the red color of outside
surrounding grids stand for the fracture media. The right graph of Fig. 4 includes inorganic matter, organic
matter, and fractures. The light green grids represent the organic matter, where 15% organic matter (15
grids) are randomly distributed among the shale matrix. One random function program is used to achieve
the goal of random distribution of organic matter.

The main media parameters for the 2D micro models are shown in Table 1. The fracture media has
higher pressure, higher porosity and permeability, and higher nanoparticles concentration than the
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inorganic matter and organic matter. We focus on large pore space in the kerogen, and diffusivity is only
considered in the organic matter. 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. Mass concentration of nanoparticles are used as indicator to show the changing trend
of nanoparticles, which is computed as below.

(10)

Where mNPs denotes the mass of nanoparticles, Ci represents the concentration of nanoparticles, �i

indicates the porosity of the pore media, Sw stands for the water saturation, Voli denotes the volume of the
grid.

In this 2D micro model, water is flowing from the fractures into the matrix and gas is drained out from
the matrix, because the fracture grids hold the higher pressure and water saturation than the matrix. In the
Fig. 5 and 6, the changing trend of water saturation and mass concentration of nanoparticles is displayed
in a time sequence, from the early time to the final time. In the micro model with only non-organic matter,

Figure 3—Capillary pressure vs. wetting phase saturation for Inorganic matter and Kerogen matter.

Figure 4—The distribution of nonorganic, organic matter and fracture in 2D micro shale matrix.
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nanoparticles are flowing into the shale matrix along with water phase and obviously they (water and
nanoparticle) have the similar varying pattern in the Fig. 5. The numbers of X and Y axes on the Fig. 5
and 6 represent the grid number, from first grid to twelfth grid. Actually most nanoparticles entered the
matrix at only about 2.4 seconds because of micro size scale, while it takes about 1.29 � 102 seconds to
achieve the steady status. The pressure finally reaches equal between the fracture grids and middle matrix
grids. The water saturation and nanoparticles concentration also reach equal and stable at the final time
stages, which means the water and nanoparticles enter all the matrix.

However, the dynamic flow in the micro model including organic matter is different with the model
with only non-organic matter even though at the same initial condition. 15% of organic matter is randomly
distributed among the matrix as mentioned, some of which are connected with the surrounding fractures
and others are only connected with the non-organic grids, as in the right graphs of Fig. 4. Different from
the non-organic matter, gas is considered as wetting phase in the organic matter, so capillary pressure
effect only works on the gas phase in these organic grids. For these organic grids connected with the
fracture, the water phase pressure is keeping increasing because of the invasion of water from the fractures
and is eventually equivalent with the fractures pressure which means no more water flow in after that.
Furthermore, some gas could also flow out from these organic grids while not too much because of high
capillary pressure for gas phase. For these organic grids only connected with non-organic grids, water
could flow in from these non-organic grids with higher pressure and water saturation, while it is limited
because of high capillary pressure for water phase in the non-organic grids. For these non-organic grids
in matrix, water is flowing into and gas is flowing out in the similar way with the non-organic grids.
However, more water could flow into these non-organic grids from the fractures because its mobile water
pressure is reduced by high capillary effect. In other words, if water phase want flow out from the
non-organic grid, it has to overcome the capillary pressure. So the mobile water pressure of non-organic
gird is smaller than that of organic grids even though both grids pressure finally reach equal with the
pressure of fracture grids. Therefore, non-organic grids receive more water inflow than organic grids
connected with the fracture, and the organic grids connected with fractures obtain more water inflow than
these organic grids only connected with non-organic grids.

As seen from the early time to final time on the Fig. 6, water and nanoparticles are gradually flowing
into the matrix, and performing differently in non-organic and organic grids as we analyzed above. In the

Table 1—Main parameters for the pore media in the 2D micro models
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right graphs of Fig. 6, nanoparticle has a similar flow model with the water phase into the matrix, where
it is easily to flow into the non-organic grids while restricted for the organic grids. In spite of that, the
distribution of nanoparticle mass concentration is dissimilar with the distribution of water saturation. Due
to the porosity of organic matter is ten 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

Figure 5—The distribution of water saturation and nanoparticles concentration at different time steps in the 2D micro model without organic matter.
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the fracture grids, is bigger than that of non-organic grids although the non-organic grids contain higher
water saturation, as computed with Equation (10). However, as shown in the part (c) of Fig. 6, most
organic girds only connected with non-organic grids, merely obtain little improvement on water saturation

Figure 6—The distribution of water saturation and nanoparticles concentration at different time steps in the 2D micro model with organic matter.
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and mass of nanoparticles. For example, water saturation is improved from 0.01 to 0.02 in one organic
grid.

The plots about total nanoparticles mass along with time are shown for the micro modes without
organic matter in Fig. 7. After the nanoparticles mass in each grid was calculated by using Equation (10),
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 flowing 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 is how long the process takes. The curves show 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. To verify and confirm the results, we refined the shale matrix into
two times and four times, where two times refine means one grids is refined into four equal smaller grids.
As usually, the smaller gird and mesh could provide more accurate results. As shown on Fig. 7, the basic
matrix without refining and the refined matrix provide the almost same result for the variation of the total
nanoparticles mass along the time, which confirmed the numerical results we obtained from the basic
model. Of course, the refined mesh always needs more computation 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 nanoparticle
movement, we performed two micro models including organic matter with and without nanoparticle
diffusion. As the Fig. 8, the blue curve presents the model where diffusion of nanoparticles is considered
and the red curve does not take into account the diffusion. Clearly the blue curve has large total mass of
nanoparticles invaded into the matrix 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, we found the Brownian diffusion contributes about 18% of
the entire transport of nanoparticles in Equation (11). In other words, the convection flow is the major flow
mechanism for nanoparticles.

Figure 7—Total nanoparticles mass along with time in the micro models without organic matter.
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(11)

Overall, based on the results from the micro models with and without organic matter, we could found
that water and nanoparticles can quickly flow into the non-organic grids, while it is hard and restricted to
flow into the organic matter if they are not connected with the fracture grids. In other words, it is limited
to flow from the non-organic matter or organic matter to the organic matter in our models. Moreover, the
major invasion of water phase and nanoparticles into the matrix could be completed in an extremely short
time. The Brownian diffusion mechanism contributes about 18% to the entire transport of nanoparticle in
the models.

Macro Model Description and Results Analysis
In the 2D micro models, the water and nanoparticles could flow into all the matrix 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. Same with micro model, the mesh of macro model contains identical 12
� 12 � 1 girds which include inorganic matter, organic matter, and the fracture. The grid size of X, Y
and Z are enlarged from 1 � 10�5 m of micro size to 1 � 10�1 m of macro size, while all the other
reservoir properties and grids structure keep the same, just the same with the Table 1. With the large grid
size, flowing through one grid will take longer time and the mass of nanoparticle in grid will also rise
because of large grid volume. 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 concentration of nanoparticles computed by Equation (10)
is still used as indicator to show 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 nanoparticle concentration gradient between surrounding fractures and middle
matrix. As shown from the early time to final time in the Fig. 9, water phase and nanoparticles are

Figure 8—Total mass of nanoparticles for 2D micro models including organic matter with and without nanoparticles diffusion.
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Figure 9—The distribution of water saturation and nanoparticles concentration at different time steps in the 2D MACRO model without organic
matter.
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gradually flow into the matrix and they have the similar changing trend. However, the water and
nanoparticles could only invade two grid blocks into the matrix, about 20 centimeters distance, before the
simulator reaches convergence and stable. In other words, the nanoparticles cannot flow into the matrix
any further.

If we do not count the fracture grids and only count matrix grids from outside to inside, the water
saturation of first surrounding matrix grids reaches about 0.84 and its pressure is even bigger than the
fractures pressure at the final time stage. All the pressure in this paper means the wetting phase pressure
of the grid. Since water is wetting phase in non-organic grids and a big capillary pressure effect on the
water movement, the fracture grids and the first surrounding matrix grids could still have equal water
mobile pressure, even though the first surrounding matrix grids have higher pressure than the fractures.
In addition, gas phase has a very low relative permeability when the water saturation (wetting phase) is
bigger than 0.8, so basically the left gas phase of the grids cannot flow out. For the second surrounding
matrix grids, some water and nanoparticles are flowing from the first surrounding matrix grids into them
to increase its water saturation and nanoparticles. At the final time stage, 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 mass concentration is very similar with water saturation. As the right
graphs of Fig. 9, the nanoparticle could only enter the matrix about two grid blocks. The second
surrounding matrix grids did not even reach a high nanoparticles mass concentration like the first
surrounding matrix grids, and the third surrounding matrix grids only increased a little on the mass
concentration of nanoparticle.

Looking into the 2D macro model with organic matter, the changing trend of water saturation and
nanoparticles concentration is shown in Fig. 10. From the early time to final time in Fig. 10, water phase
are easy to flow into the non-organic grids while experiencing difficulty to enter all organic grids. Besides,
these organic grids connected with the fractures have higher water saturation than other organic grids.
Same with previous macro model without organic matter, the water and nanoparticles could only invade
about two grid blocks into the matrix, about 20 centimeters distance. Even though little water and
nanoparticles also flowed into the third surrounding matrix grids, there is an obvious gradient for water
saturation and nanoparticle concentration. In addition, these organic grids connected with the fractures
contain more nanoparticles than the non-organic grids, because their grids volume is much bigger as we
explained in the micro model. But to be clear, the mass nanoparticles of non-organic grids is larger than
most organic girds, as presented in the last time of Fig. 10.

The most important information we could obtain from macro models is that water phase and
nanoparticles could only flow into shale matrix with very limited distance. Besides, compared to the long
time to reach the convergent and stable status for the simulator, the majority invasion of water and
nanoparticle could be completed in a short time.

Reservoir Model Description and Results Analysis
Horizontal drilling and hydraulic fracturing are two necessary techniques to economically produce oil &
gas from extra-low permeability reservoir. 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 could be created if the wellbore is design and drilled in
the direction of minimum horizontal stress. Complex-fracture networks could improve the fracture surface
contact area with the shale through both size and fracture space. 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. Various types of fracture
growth including simple fractures and complex fracture network are display in Fig. 11. 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
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Figure 10—The distribution of water saturation and nanoparticles concentration at different time steps in the 2D MACRO model with organic
matter.
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been found in micro-seismic events and outcrops.
King et al. (2008) have presented a good example of
fracturing events in Fig. 12, which is the micro-
seismic captured from simultaneously fractured
well. Simulated reservoir volume (SRV) derived
from microseismic data could be a great view to
assistant reservoir modeling including fractures and
supply a good evaluation on the fractures perfor-
mance.

So far, we have built the 2D micro and macro
models to exactly show how does nanoparticle flow
along with two phase into shale reservoir and the
changing trend of water saturation and mass con-
centration of nanoparticles. 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 Fig. 13. The SRV contains four various pore systems, where blue grids stand for well bore,
red grids represent hydraulic fractures, light green denotes natural fractures, and the rest of white girds are
shale matrix. Based on the conclusion obtained from the previous 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. In our model, gas and water are only flowing into the wellbore through the hydraulic
fractures and no direct connections between shale matrix and wellbore exist. Shale matrix (non-organic
matter) has directly connections with natural fractures and hydraulic fractures, but water and gas have to
flow into the natural fractures firstly and then enter the hydraulic fractures for most non-organic grids.
Moreover, the well bore acting as the supplier of nanoparticles has higher water saturation and higher
concentration of nanoparticles, while the shale matrix including natural fractures hold higher pressure than
the hydraulic fractures and wellbore.

Table 2 shows the main initial parameters of the stimulated reservoir volume used in this simulator.
Each of various grid has different size in X and Y axis, while they have same size in Z axis, 0.01 m. For
example, the size of natural fracture grids on X and Y axes are 0.01 and 0.01/1.0 m. The porosity of
inorganic matter is only 0.02 and the all others media have the porosity 1.0. From the wellbore to
hydraulic fracture to natural fracture to inorganic matter, the permeability of these media 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.

As the Table 2 and Fig. 13 show, the reservoir model includes the inorganic matter and natural
fractures, hydraulic fractures, and wellbore system, and each media has different properties and parameter
value at the initial condition. Fig. 14 shows the distribution of grid pressure and water saturation at the
initial condition. On the left graph of Fig. 14, 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. Based on the Table 2, the right graph of
Fig. 14 displays the distribution of water saturation for the entire reservoir, where you could see the
inorganic grids (maroon color) are just like small islands separately isolated among the natural and
hydraulic fractures in the stimulated reservoir zone.

Figure 11—Types of fractures growth (Warpinski et al. 2008).
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The shale matrix including the non-organic grids and natural fractures has a higher initial pressure than
the hydraulic fractures and well bore, which can results in the gas will flow out from the matrix into the
hydraulic fractures. Meanwhile, water is acting as wetting phase in the non-organic matter, which leads
to a lower flowing pressure of water phase because of capillary pressure effect. As the Fig. 3 shown, the
capillary pressure is very high for water phase when the water saturation is about 0.21. What should be
pointed out in Fig. 13 is that one pore media has more than one connections with another pore system,
which will be explained as following. Most inorganic (non-organic matter) are only connected with
natural fracture grids, while some are also directly connected with hydraulic fracture grids at the same
time. For the natural fracture grids, they have connection with inorganic matter, natural fractures, and

Figure 12—Microseismic record of fracturing events (King et al. 2008).

Figure 13—A sketch of multiple hydraulic fractured horizontal shale gas well.
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themselves. Based on the difference of permeability, grid pressure, and other properties of these various
pore systems, these different connections would bring various flow results. In the Fig. 15 below, the
distributions of water saturation and nanoparticles mass are displayed at three different time steps: early,
middle and final stages, where the exact time is also presented.

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 them into the inorganic grid while gas is

Table 2—Initial parameters for stimulated reservoir volume

Figure 14—The distribution of pressure and water saturation at the initial condition.
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flowing from the inorganic matter into the natural fracture grids. For the natural fracture grids with
connection with hydraulic fractures, water is flowing out from them 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 types of connections: one
is only connected with inorganic matter, and the other is only connected with natural fracture, so their
changing trend of pressure, water saturating, and nanoparticle concentration is also different. For the
hydraulic fracture grids connected with inorganic matter, numerous gas is flowing from the inorganic

Figure 15—The distribution of water saturation and nanoparticles concentration at different time steps in the Reservoir Model.
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grids into them while water is flowing in the inverse direction, which results in that the grid 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 them, 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.

Fig. 15 (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
wellbore to hydraulic fractures and then to natural fractures and inorganic matter grids. Because of
pressure difference, gas would flow out from the hydraulic fractures into the wellbore and then be
produced, and the water phase including magnetic nanoparticles are gradually imbibed into the hydraulic
fracture grids. You could clearly see the exact invasion phenomenon in the right graph of Fig. 15 (a). At
the middle time stage of Fig. 15 (b), the dynamic process and results after the early time are presented,
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 at the same time.
Moreover, the nanoparticles are also flowing along the water phase into the natural fractures and inorganic
matter girds further and further.

Fig. 15 (c) shows the final time step of the simulation after 2.5 � 109 seconds. The nanoparticles have
spread into everywhere of the matrix and reached to a high level value. The pressure at the hydraulic
fractures everywhere is about the same while the water saturation of hydraulic fractures varies depending
on its location. The grids directly connected with the natural fractures keep a high value of water
saturation, while the grids connected with the inorganic matter have a low value, which confirms what we
have discussed above. Meanwhile, the water saturation of natural fractures is kind of higher than that of
the inorganic matter girds while their pressure reach stable. In the right graph of Fig. 15 (c), the reason
why the mass of nanoparticles is not equal everywhere is that the grids volume is different even though
their nanoparticles concentration is very close. As 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 of nanoparticles are dissimilar everywhere after multiplying the different
grid volume as shown in Equation (10). In additional, the nanoparticles mass of wellbore is assumed to
biggest and constant, so their value and color are never changed in the Fig. 15.

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 in the Fig. 16. The nanoparticles mass could be
computed by using Equation (10), which shows that the nanoparticles mass is related to nanoparticles
concentration, water saturation, grid porosity, and grid volume. At the early stage, the total mass of
nanoparticles does not rise quickly, because the water and nanoparticles just started to flow from the
wellbore into the hydraulic fractures. When the time reach about 1.2 � 105 seconds, the growth rate
significantly improves. After the time reaches about 1.0 � 108 seconds, the value of total nanoparticles
approaches stable and keeps almost the same, which proves no more nanoparticles could flow into the
reservoir matrix. Two important point 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 � 10�5 kilogram nanoparticles enter the stimulated
reservoir volume. Of course, the total value will be certainly up to many different parameters, such as
nanoparticles size and concentration, matrix structure, fractures pattern and fracture conductivity.

Magnetism Analysis
In this paper, synthesized Magnetic Carbon-Coated Iron-Oxide Nanoparticles is applied as the model
nanoparticle example. Cooperating with Cheng and Dr. Heidari (2014), the iron oxide nanoparticles are
produced by the reaction of hydrogen peroxide with ferrocene dissolved in acetone with the solvothermal
chemical approach. Nuclear magnetic resonance (NMR) refers to the response of magnetic dipoles of
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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 Equation (12) 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 related to how strong the volume magnetic
susceptibility is.

(12)

Where M is magnetization of the material in amperes per meter, xm is volume magnetic susceptibility,
H is magnetic field strength in amperes per meter, the applied external field. Therefore, the total
magnetization is made up of water, methane and magnetic nanoparticles in the shale reservoir as Equation
(13). Additionally, the magnetic susceptibility of water and methane can be obtained from references. In
our model, the value of magnetic susceptibility of water we used is 9.035 � 10�6 at 20°C, and the value
of magnetic susceptibility of methane is 9.13 � 10�9 at 20°C. For a paramagnetic ion with non-interacting
magnetic moments with angular momentum, the magnetic susceptibility is related with the individual
ion’s magnetic moments. The magnetic susceptibility of magnetic nanoparticles is calculated by using the
Equation (14) and (15). Based on the previous results of the distribution of water saturation and
nanoparticles concentration, the magnetic susceptibility could be easily computed through these equa-
tions.

(13)

(14)

(15)

Where xmwater
denotes the volume magnetic susceptibility of water, xmmethane

indicates the volume
magnetic susceptibility of methane, xmnano

stands for the volume magnetic susceptibility of magnetic
nanoparticles, NA is number of magnetic atoms per unit volume, kB is Boltzmann’s constant, T is absolute

Figure 16—Total mass of nanoparticles at different time steps for reservoir model.
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temperature in kelvins, �eff is the effective magnetic moment per paramagnetic ion, �B is the Bohr
magneton, Xm is magnetic susceptibility, � is porosity of each grid, Si is saturation of water or gas in grid,
Voli is the volume of grid i.

Based on the magnetism theory and equations above, the distribution of magnetic susceptibility and
total magnetization of reservoir could be computed for the shale reservoir. As the same reservoir matrix
with the Fig. 13, two numerical cases are conducted and the results about the distribution of volume
magnetic susceptibility are also shown in Fig. 17 and 18. One case does consider magnetic property for
nanoparticle, and the other case does not. As we known, the magnetic nanoparticles are supposed to
provide one more source for the volume magnetic susceptibility. As proved in the Fig. 17 and 18, even
though both graphs look almost the same, while they have different value range. The numerical case
considering magnetism for nanoparticles clearly possesses higher value of magnetic susceptibility among
the entire fractured reservoir than the model without magnetism, which supports and proves the potential
of magnetic nanoparticle enhancing the NMR logging signal. In the Fig. 17 and 18, the value of magnetic
susceptibility is different in various pores media because of different grid volume. The value of magnetic
susceptibility in natural fractures grids is less than that of inorganic grids, because their volume is much
smaller than the grid volume of inorganic grids even though the natural fractures have higher water
saturation and higher nanoparticle concentration. However, the value of magnetic susceptibility in
hydraulic fractures is much larger than inorganic girds, because the hydraulic fractures have higher water
saturation and nanoparticle concentration and also their grid volume is not too small compared to
inorganic grids. To be clear, the volume magnetic susceptibility in hydraulic and natural fractures is higher
than that of inorganic matter, so the final magnetization of these fractures should be definitely larger than
that of inorganic matter grids.

To specific explore the influence of magnetic nanoparticles on the magnetic susceptibility, the fifth
layer (from up to down) of SRV in Fig. 13 is chosen to show the total magnetic susceptibility in various
media. As same with above, two numerical examples are performed and the results about magnetic

Figure 17—The distribution of magnetic susceptibility without magnetism from nanoparticles for the reservoir model.
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susceptibility are also shown. The first case does not consider magnetism for nanoparticles and the total
magnetic susceptibility are comprised of water and methane, as the blue curve in Fig. 19. The second case
does take into account the magnetism for nanoparticles, so the total magnetic susceptibility is from
magnetic nanoparticles, water, and methane, as the red curve in Fig. 19. In both cases of Fig. 19, the value
of magnetic susceptibility is biggest in the hydraulic fracture grids and smallest in these natural fracture
grids, and the reason is the same with what we have explained above.

Figure 18—The distribution of magnetic susceptibility with magnetism from nanoparticles for the reservoir model.

Figure 19—Magnetic susceptibility with and without Magnetism from nanoparticles in fifth layer of reservoir model.
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Aderibigbe et al. (2014) have conducted some magnetic susceptibility experiments to investigate the
influences of magnetic nanoparticles. In their experiment, several small liquid holders are built and
horizontally placed, where simple water and water with nanoparticles are alternately stored into the single
liquid holder. The value of magnetic susceptibility of each holder is measured and analyzed. Their results
showed that the liquid holder containing magnetic nanoparticles obviously has higher MSL (magnetic
susceptibility loop) unit than that of holder without magnetic nanoparticles. In addition, the ratio of
magnetic susceptibility of the holder with magnetic nanoparticles to the holder without nanoparticles is
about three to four, which is very close to our numerical model results of about 3.5. The experiment results
from Aderibigbe et al confirms our numerical results, which in return provides more confidence to apply
magnetic nanoparticles for producing enhanced signals for NMR logging devices.

Conclusions
This paper has developed a mathematical model looking at the nanoparticle transport in shale reservoirs;
the model divides the reservoir into inorganic matter, organic matter, and fractures. Considering various
flow mechanisms including Brownian diffusion, gas diffusion and desorption, Darcy flow, slippage flow,
and capillary pressure effects and their application to specific sub-media, this stimulator provides a solid
description for modeling dynamic flow of gas, water and nanoparticles in organic fractured shale
reservoirs. 2D micro models were built to present the exact process of water and nanoparticles flowing
into the matrix, then 2D macro models were created to display that how far these particles could flow into
the matrix. A reservoir model containing stimulated reservoir volume 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 magnetic susceptibility and magnetization of the reservoir was
computed and presented. Similar results were obtained and compared with each other from the same
reservoir models with and without considering magnetism for nanoparticles. In addition, the results of the
distribution of magnetic susceptibility were compared with some experimental data to validate the
model’s accuracy and predictability. Overall, seven main conclusions are shown as following:

1. The mathematic model considering sub-divided pores media, various flow mechanisms, and mixed
wettability is developed to describe the nanoparticles transport carried by a two-phase flow in
shale reservoirs.

2. Nanoparticles can easily flow along fractures, whereas their transport into shale matrix is limited,
only about 20 centimeters on our models, especially restricted for organic matter.

3. Brownian diffusion contributes about 18% of the transport of a nanoparticle, which means Darcy
flow is the major flow contributor.

4. Refining the mesh provides almost the same results on mass accumulation of nanoparticles which
confirms the accurate computation of the models.

5. The magnitude of magnetic susceptibility is related to the permeability, water saturation and
volume of pore media.

6. The magnetic nanoparticles effectively enlarge the magnetic susceptibility of reservoirs.
7. The numerical results are compared with and confirmed by the experimental results from

Aderibigbe et al., which provides more confidence to apply magnetic nanoparticles for producing
enhanced signals from NMR logging devices.
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Nomenclature
Anm � Interface between grid m and n
De � Diffusion coefficient of nanoparticles
Fl � Flux of component l
Fnm � Average value of normal flux from grid m and n
KB � Boltzmann constant
Ml � Mass accumulation of component l
Mtotal � Total magnetization of reservoir
NA � Number of magnetic atoms per unit volume
Ninorg � Number of Inorganic matter in the mesh
Nkrg � Number of Kerogen grids in the mesh
Pc � Capillary pressure
QNano � Source and Sink of nanoparticles
Ql � Source and Sink of component l
sw � Water saturation
S� � Saturation of phase �
Vn � Volume of grid block n
Voli � Volume of grid block i
Xm � Magnetic susceptibility

� Mass fraction of component I in the phase �
dp �Diameter of nanoparticles
kr� �Relative permeability to the phase �
mNPs �Mass of nanoparticles
xm � Volume magnetic susceptibility
�B � Bohr magneton
�eff � Effective magnetic moment per paramagnetic ion
�w � Water saturation
�� � Viscosity of phase �
pinorg � Density of Inorganic matter
pkrg � Density of Kerogen matter
p� � Density of phase �
�inorg � Porosity of Inorganic matter
�krg � Porosity of Kerogen matter
�t � Time step size
EIA � Energy Information Administration
NMR � Nuclear Magnetic Resonance
SEM � Scanning Electron Microscope
SRV � Stimulated Reservoir Volume
TOC � Total Organic Carbon
C � Concentration of nanoparticles
D � Dimension
F � Flux of component
H � Magnetic field strength
MSL � Magnetic Susceptibility Loop
NPs � Nanoparticles
P � Pressure
Q � Source and Sink of component
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R � Residual
T � Absolute temperature
b � Klinkenberg factor
g � Gravitational acceleration vector
k � Absolute permeability of porous media
I � Index of component
mD � Millidarcy
nD � Nanodarcy
t � Time
� � Porosity of pore media
� � Index of phase
� � Porosity of porous media
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