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Abstract

One potential risk in CO5 sequestration is the leakage of carbon dioxide, which
can result in contamination of underground water, creating potential threats to
existing ecosystems. The common leakage pathway is the pre-existing fractures
or discontinuities within cement in the wellbore, incurred by the environmental
conditions imposed on the cement. Injecting nanoparticles into pre-existing cracks
is one of the most recently proposed ideas for mitigating fracture propagation in
cement CO, sequestration. To demonstrate the feasibility of this new technology, a
numerical approach was taken in this work, as it is challenging to investigate it in a
laboratory setting. We proposed a coupled-ALE (Arbitrary-Lagrangian-FEulerian)-
DEM (Discrete Element Method)-peridynamic modeling strategy within the LS-
Dyna package to investigate the intertwined interaction among the CO, fluid flow,
native fluid (e.g., brine), particle clusters, and cracks within the cement. The nu-
merical results demonstrate that injected nanoparticles can effectively reduce the
pressure exerted on the crack surface. Accordingly, the potential fracture propa-
gation at the crack tip would be reduced compared to corresponding cases without
nanoparticels as pressurized by fluid flow. This result verifies the effectiveness of
proposed nanoparticle injection technology. Finally, using this established model-
ing strategy, the effect of filling particles on the fracture mitigation for different
crack geometries (e.g. particle cluster patterns, aspect ratio of crack aperture and
length) and CO, reservoir pressure are examined. The result shows that injected
particles successfully reduce the fracture propagation in these scenarios.
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Highlights

e A multi-physics simulation captures interactions of fracture, particle motion,
and two-phase flow.

e Injected particles in pre-existing cracks dynamically disrupt COy penetra-
tion, leading to the mitigation of fracture propagation at crack tips.

e Denser particle cluster patterns introduces more reduction in the plastic
strain at the crack tip.

e Fracture propagation after injecting particle cluster corresponds to the rela-
tions of aperture-length ratio and propagation length.

e Dynamic motion of particle clusters is significantly influenced by COs injec-
tion rates and amounts.

Keywords: COy sequestration, crack, remediation, nanoparticle, CO, leakage

1. Introduction

While renewable energy has flourished in past decades, natural gas, coal, and oil
still dominate the energy market [56]. Therefore, environmental problems caused
by the consumption of traditional energy source still pose many challenges to our
society. To counteract detrimental impacts on the environment, geological CO,
sequestration technologies have been proposed and widely implemented to reduce
the greenhouse effect [47].

However, one high-potential risk of CO4 sequestration is the leakage of carbon diox-
ide to upper layers, resulting in contamination of underground water resources that
would be harmful to humans and other ecosystems [63, 9, 29]. One common leakage
pathway is caused by the pre-existing fractures or discontinuities within cement
in the wellbore [21, 20]. This pathway is incurred by environmental conditions
imposed on the cement, such as pressure and temperature alteration during field
operation, cement shrinkage during hydration, mechanical shock from pipe trip-
ping, poor cement slurry placement, residues of drilling mud, and drill cuttings [7].

Technologies for repairing the existing cracks in materials (particularly for cement
or concrete) have been widely studied [37, 10, 59]. A variety of crack mitigation
methods have been developed in past decades [7], such as utilization of polymer
resin, and bio-mineralization nano-materials [57]. Nano-materials exhibit great
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prosperity to heal the existing cracks, and have been extensively implemented
in crack healing applications, such as multi-layer composite materials for micro-
electronic devices as well as bio-engineering applications [26, 28, 25].

Along with the advancement in the usage of nanotechnology for crack repairing,
dispersing nanoparticles to cracks in cement was proposed [11, 65, 8, 48, 40, 60].
Upon a successful outcome, nanoparticle injection technology was proposed as a
mitigation strategy to prevent the existing cracks in the wellbore cement from fur-
ther propagation [64, 60].

One current challenge in this proposed technology is to illustrate its feasibility and
effectiveness in complex environments, particularly those occurring in CO5 seques-
tration, which is difficult to address with laboratory experiments. Furthermore,
the complex multi-physics interactions among CO, and native fluid (e.g., brine),
nanoparticles, and the crack in the cement, pose challenges to simulations, which
typically do not address the highly coupled nature of the problem.

Simulation technologies for the physics of fluid, particle, and fracture have been
well developed in past decades, such as various implementations of computational
fluid dynamics (CFD) [17, 61, 67], DEM for particles [14, 43, 4, 54], and cohe-
sive zone methods for fracture [19, 15, 39, 38|, etc. Additionally, various numeri-
cal coupling technologies for fluid-particle, particle-structure, fluid-structure, and
structure-fracture have been implemented in various platforms (commercial, e.g.,
Abaqus, Comsol, etc. or open source, e.g. OOFEM, Yade, etc.) [1, 45, 53, 13]. Re-
search literature also introduced specific efforts to integrate two of these processes
such as fluid-particles, particle-structure, or fluid-structure interaction [55, 43].
However, after a comprehensive investigation, no commercial or open source pack-
ages were found to be capable of accounting for the fluid, structure, and particle
simulation in a fully coupled manner. Also, to the best of our knowledge, there
are no available documents addressing the coupled modeling of fluid, particles, and
structure in a fractured porous media. In other words, the combined numerical
simulation of fluid-particle-structure (e.g., fracture) is still not fully explored.

To illustrate the effectiveness of proposed nanoparticle injection technologies, we
present a numerical modeling approach, that utilizes the newly-developed com-
putational technologies within the LS-Dyna package. Specifically, this approach
provides opportunities to study the interactions of multi-phase flow, particles, and
fractured cement structures in complex loading conditions, such as those in CO,
sequestration. With this numerical study, the mixed flow of supercritical CO5 and
brine water are modeled using the ALE method. The particles are modeled with
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DEM based on the assumption of the disruption effect of nanoparticle agglomera-
tion on fluid flow, and the fracture is modeled based on the recently-integrated peri-
dynamic technology implemented in LS-Dyna. Because of this newly-developed
integration capability in LS-Dyna, which couples all these different solvers (or
methods), the simulation of a coupled physics including two-phase flow, particles,
and fracture now can be achieved.

Using this numerical modeling strategy, we established a fully coupled fluid-particle-
structure model and compared the effect of particles on fracture propagation in
a single-edged fractured cement segment of the wellbore. This segment is located
1.8 km below the ground surface, and will be discussed in detail in the following
sections. Finally, the impact of the other critical factors are investigated, including
cluster patterns, crack geometries, and injected supercritical COy pressure.

The remaining part of this manuscript is divided into four sections. Numeri-
cal methods used in this investigation are introduced in the second section; the
numerical model, including material and element properties, and the simulation
result are described in the third section; a discussion of the effect of different crack
geometries and CO, injection rates is presented in the fourth section followed by
a conclusion in the fifth section.

2. Methods

In this section, each numerical method used in this study will be briefly introduced.
Furthermore, their suitability for modeling such a complex system is justified. We
will also discuss the theoretical mechanism of the nanoparticle injection technology
for fracture remediation. Finally, the coupled ALE-DEM-peridynmic numerical
coupling strategy within the LS-Dyna package will be introduced. This model
couples nanoparticles, pre-existing cracks within cement, and the CO,-brine water
interactions.

2.1. Arbitrary Lagrangian-FEulerian (ALE)

The classical finite element formulation requires either prior fixed meshes in space
( Eulerian-based finite element formulation), or meshes that move as material flows
(the Lagrangian-based finite element formulation). In contrast, with ALE method,
the material flow can move through the ALE meshes, where either the mesh itself
is fixed or moving in space [17]. Specifically, ALE offers the advantage of both
the Lagrangian and Eulerian methods. In this approach, the nodes in the mesh
can be flexible. Nodes move as the material undergoes deformation, similar to the
Lagrangian mesh. Comparatively, they can be fixed in space similar to Eulerian

4
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mesh and eliminate the issues arising from mesh distortion. The nodes can also
move in an arbitrary manner, and create a continuous rejoining capability [50].
Therefore, ALE method is well suited to the modeling of fluid or fluid-like ma-
terials. The ALE method can also be used to track the complex interface and
boundary of multi-material system, because the computational meshes can move
arbitrarily. This feature provides a suitable framework for modeling a two-phase
flow, such as CO5 and brine water [2].

In LS-Dyna, ALE elements can be combined with the Lagrangian elements, es-
tablishing a well-suited model of fluid-structure interaction (FSI), through the
coupling algorithms. The newly-developed version of LS-Dyna further integrates
the coupling possibilities between ALE and DEM, which is introduced in the fol-
lowing subsection.

In LS-Dyna, an ALE formulation is based on three domains: (i) the initial con-
figuration of the material, (ii) the current configuration of material, and (iii) the
reference domain of ALE meshes. The computational procedure consists of a La-
grangian step followed by an advection step [31]. In the Lagrangian step, a material
motion map is conducted from the initial configuration to the current configura-
tion. While in the advection step, the mesh motion map is completed from the
Lagrangian solution to the ALE domain.

The equations for mass, momentum, and energy conservation in each ALE mesh
are defined as [2]:

0
a_i ¥ pdiv(V) + (V = Vinesn) - grad(p) = 0 (1)
0
pa—‘t/ + p(V = Vinesn) - grad(v) = div(o) + £ (2)
0
pa—j + p(V = Vinesn) - grad(e) = o : grad(v) (3)

where p is the density of material flow, v and v,,.s, are the velocity of material
flow and mesh, respectively, e is the internal energy, o is the material stress tensor,
and f is the body force vector. The density, velocities, and internal energy in time
derivatives are functions of referential coordinates. They depend on the spatial
coordinates in divergence and gradients.

It is noteworthy to mention that the material velocity v and mesh velocity v,,esn
can be different, as the material motion and mesh motion are independent from
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each other. This is a major advantage and characteristic of the ALE formulation.
In the application case of Eulerian models, the mesh velocity v,,csn, Will vanish.

In the Lagrangian step, the finite element method is used to solve the physical
part (velocity, momentum, and energy) in Equation 3 by integrating the following
equation:

% ()
where ¢ = [p, pv,e] and S = [0, div(e) + £, o : grad(o)].

In the advection step, the finite volume method is used to transfer the Lagrangian
solution (elemental and nodal variables) to the new mesh positions through the
transportation equation listed as follows [31, 2]:

0
a—f + div(®) =0 (5)
where ® = [pw, pvw, ew|, w is the material velocity in ALE coordinate and is

related to material, and mesh velocity by v = v,,csn + W - grady (¢ is the map).
Note that in the Eulerian models, w = 0.

2.2. Discrete Element Method

DEM is a numerical method used to model particle interactions with surrounding
particles or structures. It can be used to assess the bulk flow of granular material,
the load on granular media, the wear induced by material handling, etc [4, 3]. This
method has been widely used in various engineering problems involving granular or
discrete materials, such as storage, transportation, processing, and filling of granu-
lar media (e.g. sand and rock). The DEM can also be coupled with fluid simulators
to model the interaction between fluid and particles. In our study, the interaction
between particles, particle/crack surface, and particle/fluid is crucial for fluid flow
distribution. Furthermore, laboratory measurement has shown that the nanopar-
ticle agglomeration in the crack zone is not separated during CO, sequestration
40, 64, 60]. We assume that the fluid disturbance effect of the nanoparticle cluster
can be mimicked by a cluster comprised of micrometer-sized particles. Therefore,
the DEM can be used to model the particles in this study to capture the coupling
effect of fluid flow, fracture surface, and particles.

In the DEM, the interaction force between particles is calculated based on force-
displacement relations between particles. This is done by evaluating the overlap
distance § between two particles, as illustrated in Figure la. With this simple
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assumption regarding the force-overlap relationship, the particle translations and
rotations can be determined from Newton’s equations of motion as follows [54]:
d2
m;—=r; = § + m;g
dt (6)

dt

where m;, r;, f; are the mass, position vector, and body force of each particle,
respectively. I, is the moment of inertia, w; is the angular velocity, t; is the
traction on particles, and d;,; is the distance between two neighboring particles.
In LS-Dyna, the DEM element is implemented by using rigid spherical particles ac-
cording to the Cundall & Strack model [14], where a penalty-based contact scheme
is used to model the particle-particle or particle-structure interaction. This inter-
action model can be illustrated using the spring-mass-damper model as shown in
Figure 1b.

Figure 1: Schematics of (a) contact between two particles, (b) spring-mass-damper model [22, 23].

The interaction distance between particles depends on the collision state of parti-
cles. In the case of mechanical contacts, the two particles slightly overlap. While if
the two particles remain separated from each other, there would not be any contact
force between them. The normal contact force is calculated using the interaction
distance, d¢ [2, 32]:

it =11 + 12 — | X1 — X (8)
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where X; and X, are the position vectors of two neighboring particles and
and ry are the radius of two neighboring particles, F}, is the normal contact force
between neighboring particles. The contact stiffness is defined as:

kiriars
———— - NormK NormK >0
K, = kir1 + karo (9)
NormK NormK < 0

where ki and ko are the compression moduli of two neighboring particles, which
can be derived from material properties of two interacting particles, K, is the
normal spring constant, NormK is the user input spring constant, and r; and 79
are the radii of two neighboring particles. In this study, we used the default value,
NormK = 1.

2.3. Peridynamic and its Implementation in LS-Dyna

The peridynamic method is a newly-developed nonlocal computational method for
material failure analysis, originally developed by Silling at Sandia National Lab-
oratories in 2000 [51]. A bond-based peridymic method has been implemented
in the development version of LS-Dyna since 2016 by using the Discontinuous
Galerkin (DG) Finite Element Method [49, 51, 52, 12, 33, 5]. Because the bond-
based peridyminc in LS-Dyna does not require the removal of elements along the
path of fracture propagation, the newly-developed cracks would not lead to the
forward motion of filling particles in the crack zone. From the laboratory experi-
ment, it has been observed that the particles would not move along the new crack
path[64]. Therefore, the peridynamic method is a suitable framework for modeling
the crack, and it was adopted into our numerical modeling.

In the local theory, the momentum equation is [49]:

p¥(X,t) = 7 - (X, 1) + b(X, 1) (10)

where p is the density, v is the acceleration, X is the peridymics point, o is the
Cauchy stress tensor, b is the body force, and ¢ is the time.

However, in the bond-based peridynamic model, instead of using local stress, the
dynamic motion of peridynamics point is governed by the collective force between
this point and its neighboring points in a compact zone [35], as expressed in Equa-
tion 11. A spherical shape is usually used for the compact zone and the radius of
compact zone is defined by ¢, as shown in Figure 2.

pV(X,) = /H fu(X' 1) — u(X,t),€)dVy + b(X, 1) (11)

8
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where Hx is a horizon zone of point X that is usually a sphere, defined as
Hy = {X'||X' = X| < 6}, ¢ is the normalized radius of Horizon zone centered

at X, X' is the neighboring peridynamics point of X, € is a bond defined as £=X'-
X, f is bond force between X and X', the relative displacement between two points
is p=u(X,t)-u(X,t).

Figure 2: Schematic of horizontal zone in the bond-based peridyamic model [49].

In LS-Dyna, two assumptions are made in a bond-based peridynamic model:
e the bond force is in the short range (non-zero only in the compact zone)
f(n,€) =0, ] >0 (12)
e bond force f satisfies

In the current implementation of peridynamic in LS-Dyna, a prototype micro-
elastic brittle (PMB) material model is employed, where the PMB is a linear
isotropic material model and the bond force is treated as a linear spring [31, 32].
With the PMB, the micro-potential is evaluated from the stretch of the bond:

1

w(|nl, [€]) = 5es*[€] (14)

where w is the micro-potential, ¢ is the micro-elastic modulus, and s is the stretch
ratio, defined as:

o &+~

€ (15)
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Additionally, in the bond-based peridynamic model, the material failure is based
on the critical bond stretch s, as used in Equation 16. If the bond is stretched
beyond this value, the bond will break. When all bonds over a surface break, the
material surface starts to fracture. In this sense, we can relate the critical stretch
to the energy release rate in fracture mechanics. In a 3D model, fracture energy
release rate can be defined as:

mes26°

where G. is the energy release rate.

2.4. Pressure Mitigation Using Nanoparticles

The mechanism of remediating the fracture propagation in a cracked cement do-
main using nanoparticles can be demonstrated by using the Darcy’s law, ignoring
the gravity effect, defined as below[62]:

B ﬁ (pb B pa)
I L
where Q is the flux from section b to section a of a porous medium, k is the perme-
ability tensor in porous medium, A is the section area, u is the dynamic viscosity,
L is the length between these sections, and p, and p, are the pressures on section

b and a, respectively.

Q= (17)

In Equation 17, for a given inlet fluid flux Q and pressure p, on section b, small
permeability will result in small pressure p, on section a. This theoretical formu-
lation implies that filling-nanoparticles could reduce the imposed pressure on a
crack surface, leading to the reduction of fracture propagation in a supercritical
CO5 enviroment.

Filling the crack with nanoparticles can create a porous medium and generate
a relatively lower permeability compared to crack domain without nanoparticles.
Based on Equation 17, this lower permeability would results in a relatively low
flow pressure on the crack surface.

Note that each pre-existing crack within the wellbore can be assumed to experience
constant fluid pressure due to injected supercritical CO,.

10
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2.5. Multi-physics Capabilities in LS-Dyna

From the above discussion, Darcy’s law gives a concise explanation of how nanopar-
ticle injection technology works for crack remediation in wellbore during CO, se-
questration. In reality, the physics of mitigating fracture using nanoparticles in
wellbore is complex. It includes the interaction between fluid and structure, fluid
and nanoparticles, and nanoparticles and structure, as well as fracture propaga-
tion within the structure. Figure 3a illustrates the complex interactions among
the physical phenomena associated with this system.

Fluid Flow A ll‘ Structure

(Coz) (Cement)

ALE Solver A |

Implicit
FEM Solver

Coupling
Model
ALE-

(a) (b)

Figure 3: Schematics of (a) coupled processes involved in the fracture mitigation using nanopar-
ticles in cement wellbore, (b) numerical solvers associated with each physical processes within
LS-Dyna.

As noted previously, to verify the theoretical formulations and demonstrate the
effectiveness of nanoparticle injection technology for fracture remediation in well-
bores, numerical modeling is necessary. As discussed in the introduction, a variety
of numerical tools have been developed for fluid, particles-based, and structural
simulations. However, it is still challenging to numerically investigate this highly
coupled system within one platform. Through personal communication with Liver-
more Software Technology Corp [31], we learned that the latest version of LS-Dyna
offers the integration capability of fluid solver, particle solver, and advanced frac-
ture modeling technologies within one package [32]. This is an ideal platform to
conduct our numerical study. After some preliminary research, a modeling and
coupling strategy to simulate our complex multi-physics problem was developed.
In these numerical models, we utilize the newly-developed numerical solvers within
LS-Dyna, summarized in Figure 3b.

The ALE technology in LS-Dyna has implemented the Ergun theory to model the

11
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interaction between fluid flow and porous media [32], with the Ergun equation

defined as:

dP

where A,, is the viscous coefficient related to the porosity of the porous media
and viscosity of material flow, B, is the inertial coefficient related to porosity and
the velocity of material flow, and V,, is the velocity of material flow. The de-
tailed definition about A, and B, can be found in [61, 31]. The Ergun equation
18 can effectively simulate the interaction between two-phase fluid flow (e.g. su-
percritical CO, and brine) and crack surfaces. In this study, Ergun equation are
used to model the interaction between two-phase flow and crack surface in cement.

Furthermore, the coupling of ALE fluid flow and DEM particles in LS-Dyna is also
implemented through the penalty method. As a result, the nanoparticles’ effect
on the two-phase flow can be simulated through coupling of ALE material flow
and DEM particles.

Together with the peridynamic fracture modeling method, this coupled ALE-
DEM-peridynamic framework allows us to study the interactions among particles,
fluid flow, and cement surfaces in nanoparticle injection technology.

3. Numerical Models

A simplified single-edge crack model is adopted to investigate the role of injected
nanoparticles on the fracture propagation in a wellbore during CO, sequestration.
A corresponding numerical model is established to simulate the interactions among
the two-phase fluid flow, particle clusters and cement crack behaviors.

3.1. Problem Description and Numerical Model

The failure modes of wellbores in CO, sequestration vary with location, geological
environment, and field operations. As summarized in Figure 4, six different failure
modes are identified. The proposed nanoparticle injection technology in this study
focuses on cement fracture in the wellbore, which has been circled in red in Figure
4.

In field operations, although the entire crack zone would be filled with nanoparti-
cles for fracture mitigation, it is challenging to directly model the entire fractured
region. Furthermore, fracture propagation often starts from the crack tips. Based
on these considerations, instead of modeling an entire penny crack zone, the model-
ing effort in this study only focuses on the small region at the crack tip. Therefore,

12
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Figure 4: Schematics of cement failure modes in CO2 sequestration [34].

the penny crack zone is simplified to a single-edge crack filled with nanoparticles
and subject to fluid flow pressures.

It should also be noted since our research focus is on the role of nanoparticles in
preventing crack from further propagation rather than understanding the trans-
port mechanism of nanoparticles within crack, the transportation of nanoparticles
was not considered in modeling. It is also worth mentioning that the delivering
of nanoparticles into the crack was assumed to be performed by electrokinetic
nanoparticle technology in which the current moves electrically charged nanopar-
ticles into crack. Furthermore, some recent studies show that influence of wellbore
fluid on their transportation is negligible [60, 40]. Therefore, in proposed numer-
ical modeling, the nanoparicles were already assumed to be located in the crack
zone.

From the experimental assessment, the maximum aperture width in the fractured
cement zone is about 0.8 mm and the length of the crack can be as long as 22 mm
[6, 46]. From these experimental observations, the single-edge crack model was
considered with 6.4 mm in height, 4.4 mm in width, 0.8 mm in thickness. The
width of the edge notch is 0.9 mm, and the length of the notch is 1.3 mm. The
profile of this single-edge crack model is illustrated in Figure 5.

The corresponding numerical model was created as illustrated in Figure 6. Each

component (ALE elements, DEM particle elements, peridynamics elements, and
regular FEM elements) is shown in the explode model side view. The ALE com-

13



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

0.0006 m

Figure 5: Profile of the notched cement segment model.

ponents include both supercritical CO5 and brine. The local cement at crack tip
is modeled with peridynamics elements, while the remote cement is modeled with
regular FEM elements, using fully-integrated, quadratic, eight-node hextetrahe-
dron elements. The particles in the crack zone are modeled with spherical DEM
elements, which were generated using a mesh generator provided in LS-PrePost
[30].

The laboratory experiment illustrates that nanoparticle clusters do not move out
and separate during COq sequestration [40, 64, 60]. These experimental results
lead us to assume that the nanoparticle clusters’ disruptive effect on fluid flow in
the crack zone can be mimicked by particle clusters comprised of micrometer-sized
particles. Therefore, the mean diameter of DEM particles is 0.07 mm. The size of
peridynamics elements and ALE elements are 0.07 mm. These three coupled parts
simulate the multiphysics interactions on the fracture mitigation using nanoparti-
cles.

3.2. Material Property and Loading Conditions

In the model illustrated in Figure 6, the cement properties are defined based on
Law’s book [27], and are listed in Table 1. Whereas the DEM elements are rigid
particles, the Young’s modulus is assigned to be 96.5 GPa and the density is about
2000 kg/m3 [24], which are the reference properties of nanosilica used in this tech-
nology. The injection pressure of supercritical CO4 varies with respect to the CO,
injection rate, COy amount, and the depth of the wellbore. In this model, the
depth of the fractured cement sample is assumed to be located 1.8 km underneath
the ground, the supercritical CO, pressure is assumed to be 30 MPa, and the brine
pressure is about 8 MPa. The properties of supercritical CO5 are obtained from
available data in the literature [44], where density is p = 400 kg/m?, and dynamic
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Figure 6: Explode view of the numerical model.

Table 1: The mechanical properties for class G cements [27, 66]

Young’s Modulus (GPa) 20
Compressive Energy Release Rate (J-m™2) | 20
Tensile Energy Release Rate (J - m™?) 10
Poisson Ratio 0.15

viscosity is u = 0.02 Kg/(m-s).

This study focused on the crack tip behavior in the fractured zone, rather than
behavior of out-of-plane fractures. In the other words, the numerical model in
Figure 6 is a pseudo 2D model. Therefore, the out-plane degrees-of-freedom are
constrained. To account for the gravity force of the cement in vertical direction,
a 18 MPa distributed pressure load is imposed on the top surface of the model.
The bottom surface of the sample is fixed (constraining translation and rotation
degrees-of-freedom). Gravity acceleration is implemented in the overall model.
These load and boundary conditions are shown in Figure 7.

For the convenience of displaying the fracture propagation paths at the crack tips,
only those peridynamics elements located within a 10 x 10 mm? square will be
presented in the rest of this paper. This region is highlighted with the red square
in Figure 7.

In the Ergun Equation 18 as introduced in Section 2, the viscosity coefficient A,
and inertial coefficient B,, are determined from Ergun theory [61]:
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where € is the porosity, D is the characteristic length for a given porous media.
From experimental measurements in the literature [18], the characteristic length
of cement paste used in wellbore is approximately 50 pm. The cement porosity
is about 0.4 [36]. Therefore, from Equation 20, the Ergun coefficients are: B,, =
2.026 x 10° kg/m~2 and A,, = 0.246 x 10 kg/m3.

4. Result

In this section, the simulation result obtained from the model introduced in Section
3 is presented. The distribution of fluid pressure in the crack zone, the pressure
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on crack surfaces, and the fracture propagation at the crack tip, are compared and
discussed for scenarios without and with particles.

Figure 8 shows the variation of the imposed pressure on the crack surfaces in the
model without and with particles. It is noteworthy that the imposed pressure
plots start from nonzero values, due to the effect of the initial pressure on crack
surfaces from the brine water, as well as the outside supercriptical CO, flow. In
both models, the pressure on faces 1 and 2 are quite similar. This indicates the
symmetrical characteristics in this pseudo 2D model as introduced in Section 3.
In the following sections, only the imposed pressure on face 1 will be plotted.

In the model without filling particles, the pressure increases rapidly to the su-
percirtical CO5 pressure (30 MPa) as the supercritical CO, flow penetrates into
the crack zone. Subsequently, the pressure drops as the penetration zone moves
forward. As the fluid pressure inside the crack reaches the COq pressure outside of
the crack zone, load balance is achieved and the pressure imposed on each surface
tends to be constant. In the model with filling particles, the pressure is much
lower than the pressure in the model without filling particles. In the model with
particles, the maximum pressure is about 26 MPa, while the maximum pressure
is about 30 MPa in the model without particles. This 13% reduction is caused by
the disruptive effect of the particle cluster on the penetration of CO, flow. As the
particles are subject to the pressurized mixed flow of COy and brine water, the
particles are condensed and crowed to the crack tips, as illustrated in Figure 10a
and 10b. The particles motion re-disperses the COs-brine flow inside the crack
zone, as illustrated in Figures 9 a-c, where the penetration volume fraction of su-
percritical CO, flow is compared in models without and with particle cluster. The
particle clusters impede the CO4 flow in Figure 9 ¢, while the CO5 flow penetrates
further in Figure 9 b. Also, the moving mixed-flow must resolve the gaps among
the particles. This can reduce the flow velocity, leading to relatively lower pres-
sure imposed on the crack surface. This result is consistent with the analysis using
Darcy’s law in Section 2.

From Figure 8, we can also see that the pressure difference on the crack surface
between the model without and with filling particles tends to be bigger as the CO,
flow penetrates further into the crack zone. This is caused by the particle cluster
motion inside the crack zone, as described above. The cluster is loosely packed
before being subjected to injected CO5 and condensed continuously along the pen-
etration of CO, flow. Denser clusters lead to more pressure reduction, as discussed
above. Consequently, the pressure difference imposed on the crack surface tends
to increase along the penetration of COy flow.

17



433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

451

452

453

454

455

35

T
= =face1
- ~face2
—face1 -== SR e s s ——
30 - —face2 Pr e = ===
-
©
% 25 =
o
>
@
o 20 B
o
15 f
10 1 | | 1 | 1 | | 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time (ms)

Figure 8: Imposed pressure on the crack surfaces in the model (a) without filling particles (dash
lines), (b) with filling particles (solid lines).

The fluid flow pressure contours inside the crack zone without and with particles
is presented in Figures 11a and b. From Figure 11a, one can see that the pressure
within the crack domain is quite uniformly distributed. Accordingly, the pressure
gradient on the crack surfaces is also uniformly distributed. However, in Figure
11b, we observe that the pressure within the crack domain is disturbed by the
particle cluster. As a result, the pressure gradient is not as uniform in Figure 11a
as in Figure 11b. This phenomenon leads to the pressure difference for the model
without and with particles as shown in Figure 8.

The fracture propagation in the models without and with particles are shown
in Figures 12a and b, where the elemental effective plastic strains represent the
fracture propagation of the peridynamics elements. In Figure 12a, the fracture
propagation is about 0.3 mm as subjected to the CO4 flow while, in Figure 12b,
the propagation reduces to 0.23 mm.

In summary, the filling particle clusters can affect the flow distribution and re-
duce the fluid velocity inside the crack zone and further mitigate the pressure on
the crack surfaces. The reduction of pressure leads to a reduction of the fracture
propagation at the crack tip. This result is verified by the reduction of branching
propagation at the crack tip in Figure 12. Based on the above comparison, dis-
cussion, and analysis, we verify that with filling particles, fracture propagation in
a pressurized wellbore will be mitigated.
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5. Discussion

When utilizing nanoparicle injection technology, the particle packing pattern (amount
and size) varies with electric current. In turn, these cluster patterns impact the
resulting fracture mitigation. The pre-existing fracture shape also influence the
fracture propagation. Furthermore, the COy sequestration pressure varies with
both injection rate and amount. The supercritical CO5 injection pressure also
impact the fracture remediation by filling particles. To clarify the impact of each
factor on crack remediation, in this section, we examine the performance of filling
particles with different cluster patterns, different pre-existing crack shapes, and
various CO, pressures using the model introduced in Section 3.

5.1. The Impact of Different Cluster Patterns

To study the particle pattern effect, three particle clusters with different particle
sizes, amounts and distributions are used to fill the pre-existing cracks. Consider-
ing the computational cost and comparability requirement for ALE elements and
DEM elements, the single particle diameter of 0.1, 0.07, and 0.045 mm in these
three clusters is used. A detailed discussion on the elements size comparability for
ALE and DEM coupling can be found in [31]. For consistency, the pre-existing
crack is the same profile as the one described in Section 3. The boundary and
loading conditions also remained the same, as discussed in Section 3. These three
clusters are illustrated in Figure 13. The pressure imposed on the crack surfaces is
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Figure 11: Comparison of the pressure gradient in the crack zone of the models (a)without filling
particle, (b)with filling particle.

20



477

478

479

480

481

482

483

484

485

486

487

488

489

491

492

493

Effective Plastic Strain
3.000e-01
2.700e-01 :I
2.400e-01 _
2.100e-01 _
1.800e-01 _
1.500e-01
1.200e-01 :U
9.000e-02 _
6.000e-02

(@) (b) o |

Figure 12: Fracture propagation in the models (a)without filling particles, (b)with filling parti-

cles.
(a) (b) (c)

Figure 13: Particle clusters with radius (a) 0.1 mm, (b) 0.07 mm, and (c¢) 0.045 mm.

plotted in Figure 14. The fracture propagation at the crack tip is given in Figures
15, and the propagation length is summarized in Table 2.

In Figure 14 the pressure is raised to the maximum value within 0.002 - 0.003 ms
in each model. This is caused by the penetration of supercritical CO, into the
brine water within the crack zone. The pressure tends to decrease slightly as the
CO4 moves forward and fracture starts to propagate. After about 0.005 ms, the
pressure becomes constant, because the pressure of the mixed flow of COy and
brine in the crack zone reaches equilibrium.

Figure 14 shows that the particle clusters effectively lower the flow pressure im-
posed on the crack surface. Among these three particle clusters, the cluster with
the particle size of 0.1 mm reduces the pressure by about 10%, while the cluster
with the particle size of 0.004 mm reduces the pressure by about 25%. This result
is consistent with the analysis of Darcy’s law in Section 2. Cluster a has largest
particle radius and relatively large permeability, while cluster ¢ has the smallest
particle radius and lower permeability. From Darcy’s law, one expects that lower
permeability would lead to lower pressure.
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Figure 14: Imposed pressure in the model without filling particles, with particle cluster a, with
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Figure 15: Fracture propagation in models (a) without filling particles, (b) with particle cluster
a, (c) with particle cluster b, (d) with particle cluster c.

The corresponding fracture propagation in each particle cluster model is illustrated
in Figure 15 and Table 2. The propagation in the model without filling particles
is 0.3 mm and the propagation in three particles-filled models is shorter than
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Table 2: Fracture propagation length in the model without and with each cluster

Without particles | Cluster a | Cluster b | Cluster ¢
0.3 0.23 0.23 0.15

Fracture propagation
(mm)

0.3 mm. Although cluster a has the same propagation length as cluster b, the
effective plastic strain in cluster a is lower. Moreover, the propagation length in
cluster c is the shortest (0.15 mm). The observed trend of propagation reduction is
consistent with the trend of pressure reduction among three clusters. As expected,
the fracture propagation result verifies that the denser particle cluster is more
beneficial in reducing pressure and preventing further fracture propagation.

5.2. The Impact of Different Pre-ezisting Crack Size

In the field of Linear Elastic Fracture Mechanics (LEFM), the relation between
fracture aperture and length has been extensively studied. [42]. Some documents
propose a linear relation for aperture-length scaling, while some studies suggest a
sub-linear relation. The field data suggests that the aspect ratio of aperture to
length varies inversely with the fracture length, as depicted in Figure 16. This
observation has also been supported by the theoretical derivations in [42].

In this section, two fracture models with different aspect ratios were compared to
examine the impact of filling particles on their fracture behavior. The first model
is introduced in section 3 with an aspect ratio D/l = 0.75 (aperture = 0.009
m and length=0.013 m). The second model has an aspect ratio of D,,,, = 0.55
(aperture = 0.007 m and length=0.013 m), where the length was kept the same
as the first model. These models are designed based on the experimental mea-
surements of pre-existing cracks in wellbores, as discussed in Section 3. A cluster
with particle diameter=0.045 mm is used to fill the crack zone in the second model
(making a comparable filling cluster as cluster ¢). The imposed pressure and frac-

ture propagation for the models without and with particles are shown in Figure
17, 18, and Table 3.

Figure 17 illustrates that the pressure imposed on the crack surface is similar for
the models of Dyu./L = 0.75 and Dype,/L = 0.55 without filling particles. This
is mainly due to the fact that the imposed pressure in each model remains the
same, as they are subject to same the injection pressure. However, the pressure
reduction is different when adding particle clusters in each model. The model with
aspect ratio of D,,,/L = 0.55 has less pressure mitigation than the model with
aspect ratio of D,.,./L = 0.75. This difference may be caused by the different
packing of clusters in each model. Obviously, the model with a higher aspect ratio
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Figure 16: Aspect ratios versus fracture length for ship dike and materialized veins [58, 16].

s contains more packed particles that lead to increased pressure reduction.

533

Table 3: Propagation length in the model with respect to two different aspect ratios

D/L Propagation without particle cluster | Propagation with particle cluster
(mm) (mm)

0.55 0.3 0.15

0.75 0.45 0.15

s The fracture propagation for the models with aspect ratios of D,,../L = 0.75 and
535 Do /L = 0.55 is illustrated in Figure 18. From Figures 18 and Table 3, we can
s3 see that the model with a lower aspect ratio propagates further than the model
s with higher aspect ratio. This is due to a greater splitting force perpendicular to
s the crack direction corresponding to the model with a lower aspect ratio. This
s3 result is consistent with the aperture-length relation reported in the literature il-
s lustrated in Figure 16. Figure 18 and Table 3 show that fracture propagation was
s successfully shortened to 0.15 mm in both models with particle clusters. However,
s2 the model with a lower aspect ratio has a higher effective plastic strain than the
s model with a higher aspect ratio. From this comparison, the fracture behavior of
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Figure 17: Imposed pressure on the crack surface for two different crack sizes: (i)D/L=0.55 (blue
lines) and D/L=0.75 (red line). Solid lines refer to case with nano-particles and dashed lines
refer to cases without nano-particles within the crack domain.

the particle-filled cement segment still aligns with the aperture-length relation as
shown in Figure 16.

5.3. The Impact of Different COy Injection Pressures

The superciritical COy pressure in carbon dioxide storage sites depends on both
injection rate and injection scenario [41], as well as wellbore flow. To find the per-
formance of filling particles subjected to various injection pressures in this section,
the propagation of crack was investigated with different CO5 injection pressures.
With advances in CO4 sequestration technology, one can expect a significant in-
crease in the amount of supercirtical CO5 being injected to the subsurface in the
future. To illustrate the potential of nanoparticle injection technology for fracture
mitigation in these cases, we selected the relatively high injection pressures. These
pressures are 20 MPa, 30 Mpa, and 40 MPa.

To be comparable with previous sections, a similar model as the one used in
Section 4 has been adopted. It should be noted that the aspect ratio is set to
Dy /L = 0.75 with particle cluster ¢. The imposed pressure is plotted in Figure
19. The corresponding fracture propagation is illustrated in Figure 20 and Table
4. The minimum value on the pressure axis starts at 8 MPa. As discussed in
Section 4, due to the exiting brine water in the crack zone, the initial pressure of
each plot is non-zero and varies with different CO, injection pressure.
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Figure 18: Fracture propagation in the model of (a) D,,q./L = 0.75 without filling particles,
(b) Dpag/L = 0.75 with particle cluster ¢, (¢) Diqae/L = 0.55 without filling particles, (d)
Dinaz/L = 0.55 with particle cluster c.

Figure 19 shows that the imposed pressure in the models without a cluster have
similar profiles despite different COs pressure magnitudes. The pressure reaches
its maximum value at the very beginning of the simulation. The pressure then
drops to a lower value and remains constant afterwards.

However, Figure 19 shows a clear distinction among models with particles. This
might be caused by the varied motions of particle clusters under different flow
pressures. However, all three figures show the effectiveness of particle clusters
on pressure reduction. Under the 20 MPa CO, injection pressure, the pressure
reduction is about 25%. The reduction is about 27% for 30 MPa, and 30% for
40 MPa injection pressure, respectively. The higher injection pressure leads to
more pressure reduction imposed on the crack surface. This may be caused by
the denser particle clusters being subjected to higher injection pressure, because
denser clusters generate more impedance to the COs penetration. However, this
result still needs to be validated by experiments.

Comparing the models without particles, Figures 20 and Table 4 show that fracture
propagation at the crack tip is effectively reduced by filling with particle clusters
under various flow pressures. The propagation is reduced from 0.15 mm to 0.07
mm under 20 MPa, from 0.3 mm to 0.15 mm under 30 MPa, and 0.45 mm to 0.3
mm under 40 MPa. However, the reduction in fracture propagation is different
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Figure 19: Imposed pressure on the crack surfaces in the model without and with filling particles
subjected to (a) 20 MPa pressure (blue lines), (b) 30 MPa pressure (red lines), and (c) 40 MPa
pressure (black lines). Dashed lines refer to cases without nanoparticles and solid lines refer to
cases with nanoparticles.

Table 4: Propagation length in the model with filling particle subjected to 20, 30, 40 MPa
injection pressure

COs injection pressure | Propagation without particle | Propagation with particle
(MPa) cluster (mm) cluster (mm)
20 0.15 0.07
30 0.3 0.15
40 0.45 0.3

under each pressure loading case. This can also be attributed to different particle
motion and pressure mitigation under each flow pressure.

6. Conclusion

To examine the performance of nanoparticle injection on the CO, leakage remedia-
tion in wellbore, a coupled ALE-DEM-peridynamic modeling strategy is proposed
using the most recent version LS-Dyna package. Based on this numerical modeling
strategy, we investigated the pressure mitigation on crack surfaces and the reduc-
tion in fracture propagation. Furthermore, the impacts of other critical factors
such as: cluster pattern, crack geometry, and the pressure of the injected super-
critical CO5 have been investigated. The main purpose of this investigation was to
countermeasure the cement failure modes within a wellbore by using a pseudo 2D
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Figure 20: Fracture propagation without filling particles subjected to (a) 20 MPa pressure, (b) 30
MPa pressure, (c) 40 MPa pressure; and with filling particles subjected to (d) 20 MPa pressure,
(e) 30 MPa pressure, (f) 40 MPa pressure.

single-edge crack model. We can draw the following conclusions on effectiveness
of nanoparticle injection on crack remediation based off of our numerical results.

e The filling particle cluster can effectively reduce the imposed pressure on
crack surfaces as well as the fracture propagation at the crack tip. From the
numerical experiment with cluster compromised of 0.07 mm particles, the
imposed pressure reduces by ~13% comparing to the model without filling
particles. At the same time, the fracture branching can reduce to about 0.07
mm due to filling particles. This result verifies the effectiveness of particle
clusters for fracture mitigation in the complex CO, wellbore environment.

e This study shows that denser particle clusters lead to more reduction in
pressure within the crack, which is consistent with the Darcy’s law for given
porous media. Accordingly, the branching fracture propagation also de-
creases more with denser particle clusters. In the numerical experiments,
a cluster comprised of 0.1 mm particles reduces propagation from 0.3 mm
to 0.23 mm. A cluster with 0.07 mm particles also reduce the propagation
to 0.23 mm, but the plastic strain is lower than 0.1 mm cluster. However,
the clusters with 0.045 mm particles achieved the highest reduction of ~0.15
mm.

e After comparing the performance of particle clusters in two models with
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different aspect ratios, it was found that each model still shows reduction on
imposed pressure and fracture propagation. The model with a smaller aspect
ratio propagates more than the other model, regardless of being filled with
particles or not. This behavior is fully supported by the theory of LEFM.

e The pressure mitigation and fracture reduction are different under different
supercritical COy injection pressures. A higher injection pressure leads to
more imposed pressure reduction on the crack surfaces. It indicates that
the performance of particle clusters vary with the flow pressure, although
they all effectively impede the branch propagation and reduce the imposed
pressure on the crack surfaces.

Due to the lack of existing experimental data, the material property and loading
condition are prescribed based on the available literature. Nevertheless, these
numerical results can be used for real-case studies with more quantitative analysis
in the future and upon availability of experimental data.
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