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1. Introduction

This paper will provide a numerical methodology for the sim-
ulation of fluid flow through a fractured reservoir system (FRS);
the goal of which is to optimize fluid production while reduc-
ing the cost associated with improper characterization of the sub-
surface environment. We will focus on two aspects of the FRS
considered most pivotal: first, the complex boundary geometries
present within the FRS between the fracture and surrounding
porous medium, and second, the various flow regimes present
within the FRS at various scales.

The FRS, distinct from the porous rock matrix, provides high
conductive pathways for fluid flow. The majority of fluid produc-
tion comes from these high conductive pathways and the neigh-
boring porous matrix, and so, the geometry of the FRS is a primary
indicator of future fluid production (King, 2016, Warpinski and
Teufel, 2016). The rate of production is also heavily dependent
on the accelerating elements within the flow field. In a reservoir
where fluid flows only through the porous rock matrix, Darcy flow
is the primary flow regime (Dake, 1978). However, in the FRS, in-
ertial flows and nonlinear damping flows play a significant part in
the evolution of the flow field (Forchheimer, 2016, Anwar, 2008, Liu
et al., 2016). It is necessary, therefore, for a FRS simulation tool to
address both the complex boundary geometries and the multiple
accelerating elements present in the flow field.
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Fluid flow in porous media at the field scale is most pop-
ularly modeled through finite element, finite volume, and finite
difference methods (Aziz and Settari, 1979). To capture the cross
flow between the porous rock matrix and the embedded fracture
network, these methods incorporate single-porosity, dual-porosity,
and discrete fracture models (Zidane and Firoozabadi, 2014, Moort-
gat and Firoozabadi, 2010, McClure et al., 2016 ). However, due to
the challenges behind the implementation of these methods, and
the high computational cost associated with capturing the geome-
try of the FRS, many in practice choose to idealize the fracture ge-
ometry (Mayerhofer et al., 2016, Cipolla et al., 2016, Fuentes-Cruz
et al.,, 2016).

Instead of simulating the FRS within the finite ele-
ment/volume/difference framework, we propose a different
simulation paradigm for the FRS using the lattice Boltzmann
method (LBM). The LBM has fundamental properties, which make
the method an attractive alternative - including the ability to
capture multiple flow regimes of a slightly compressible fluid
(Succi, 2001) as well as fine grained system resolution, while
maintaining computational efficiency through simple paralleliza-
tion procedures (Kandhai et al., 2016, Laniewski-Wollk and Rokicki,
2016). Originally developed from the Lattice Gas Automata, the
LBM has been successfully applied to fluid flow through porous
medium at the pore scale (Succi, 2001). However, sufficient pore
geometry information is unavailable at the field scale, and so
the LBM was modified to simulate flow over the representative
volume element (REV) (Dardis and McCloskey, 1998, Spaid and
Phelan, 1997, Freed, 1998).
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Most recently, Guo and Zhao, (2002) developed a generalized
LBM (GLBM) for the simulation of isothermal slightly compress-
ible porous flows at the REV scale. In comparison to previous REV
scale LBM, the GLBM includes convective accelerating elements in
addition to linear and non-linear damping terms - perfect for the
simulation of fluid flow through a FRS.

In this work, we extend the Guo et al. model to the FRS. To
fully integrate the GLBM into a reservoir simulation tool, a GLBM
FRS is proposed, which addresses the development of boundary
conditions along the interface of the fracture network and the sur-
rounding porous media. In addition, the GLBM FRS also provides a
derivation of the governing dimensionless equations and a compre-
hensive methodology for the conversion between the lattice sys-
tem and the physical system.

The GLBM provides a numerical solution to a slightly compress-
ible fluid governed by a generalized Navier-Stokes equation, which
can be applied equally to aquifers or oil reservoirs. The groundwa-
ter flow equations presented here have analogs in other fields of
study, and so for the purpose of inclusion, this material is general-
ized to all flows in porous media.

The format of this paper is as follows: an overview of the LBM
and the GLBM at the REV scale is given. We then will present the
GLBM FRS. All derivations can be found in the appendices. Results
for a homogenous and heterogeneous reservoir are presented and
validated against a finite difference commercial reservoir simula-
tion software, Eclipse by Schlumberger, (2014). This is the first at-
tempt to verify the GLBM in FRS against commercial reservoir sim-
ulation software.

2. The lattice Boltzmann method
2.1. An overview

Two approaches are employed in fluid simulations, commonly
classified as bottom-up and top-down. In the top-down approach,
the governing macroscopic fluid equations are discretized in time
and space (Aziz and Settari, 1979). In the bottom-up approach,
individual particles are tracked and their sum behavior repre-
sents macroscopic fluid properties. The lattice Boltzmann method
is found to exist at a scale neatly between the two. The following
section will provide an overview of the LBM. We will begin with
the kinetic description of a fluid.

A fluid is characterized as a collection of particles. The LBM
treats this particle ensemble as a distribution function. The dis-
tribution states the number of particles moving with a specified
velocity for all possible velocities. The Maxwell Boltzmann distri-
bution, given by Eq. (1), provides the velocity distribution of a
particle ensemble under the condition of point-like, structureless
particles,
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where f is the particle distribution, u is the velocity, m is the par-
ticle mass, and KT is the product of the Boltzmann constant and
system temperature (Succi, 2001).

The Maxwell-Boltzmann distribution is both a probability dis-
tribution and also a density distribution. This difference in nomen-
clature arises from whether we apply the distribution to a sin-
gle particle or a group. In the case of a single particle, the
Maxwell-Boltzmann distribution represents the most probable par-
ticle speed. For the case of an ensemble, the integral of the distri-
bution function will yield the fluid density, shown in Fig. 1.

Number of Particles
(Probability)

Particle Velocity

Fig. 1. The Maxwell Boltzmann distribution, where T1 and T2 represent two dif-
ferent system temperatures. The distribution indicates the most probable speed of
a particle or the average speed of a fluid group. As the temperature of the system
increases, the probability of higher particle velocities increases.
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Fig. 2. Two states of a system are pictured, before and after a collision event. Top:
in the initial state, two distribution functions are located a distance away, each with
a unique density distribution. Bottom: once streaming has completed and the par-
ticle ensembles arrive at the same position, collision occurs and the combined dis-
tribution relaxes to a state of local equilibrium.

The Boltzmann transport equation, shown in Eq. (2), is the time
evolution of the distribution function (Boltzmann, 1964).

Df = [0t + 2 ox+F-9p|fexp.t) = @ @)

The evolution of the particle ensemble consists of streaming from
one location to the next and the collision between other parti-
cle ensembles. The left hand side of the transport equation is the
streaming step, or the spatial translation of the distribution func-
tion, under the influence of an external body force F, where p is
the particle momentum. The right hand side shows the effect due
to collision between particles, €2. Collision results in a transfer of
momentum, also referred to as a relaxation to local equilibrium
(Wolf-Gladrow, 2000). Fig. 2 is a visual representation of these in-
teractions.

So far, we have only considered how particle ensembles move
and interact within the continuous regime. However, we cannot
compute for infinite degrees of freedom and so for the purposes
of numerical simulation, the density distribution function and the
Boltzmann transport equation must be discretized.

The process of discretization is shown visually in Fig. 3.

The lattice Boltzmann equation (LBE), shown in Eq. (3) is the
first order discretization of the continuous Boltzmann transport
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Fig. 3. Top: The continuous Boltzmann distribution is discretized over a finite set
of particle velocities. The red lines are the distribution functions associated with a
discretized velocity. Bottom: The discretization process occurs over physical space.
The volume to be simulated is sectioned into nodes. Each node has a set of veloc-
ities, pictured above as the discretized velocity space - D2Q9 (dimension 2, veloc-
ity 9). The continuous particle distribution (red) is mapped over the 2-dimensional
velocity space to form a lattice distribution. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

equation.

e 176 5

Here, the collision term 2 is approximated through a BGK oper-
ator (Bhatnagar et al., 1954). This approximation states that the
rate at which the streamed distribution function relaxes towards
local equilibrium is governed by the relaxation parameter t. The
subscript i indicates the direction associated with the D2Q9 lattice
(Succi, 2001).

Next, the equilibrium distribution function is discretized over
velocity space, given by Eq. (4),

fix+ede, t+6) = fi(x, t) —
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where ¢ is the speed of sound of the lattice and defined as ¢; =
% 1 Lattice velocities e; and lattice weights w; are chosen in ac-
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The volume averaged density and volume averaged velocity are
calculated through Eq. (7).

p=Y f.and pu=>ef (7)

Through the Chapman-Enskog expansion, an unmodified LBE re-
tains the Navier-Stokes Equation, given by Eq. (8), in the near-
incompressible limit (Chapman and Cowling, 1960).

d(pu)
ot
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where P is the fluid pressure and v, is the effective kinematic vis-
cosity corresponding to the viscous stress that exists within the
fluid itself (as opposed to kinematic viscosity v, which relates to
the viscous stress near solid-liquid interfaces). We can group this
equation into accelerating elements. The left hand side of Eq. (8) is
the inertial element. The right hand side consists of the pressure
and viscous elements.

In summary, fluid is treated as a statistical ensemble of point
like particles, the time evolution of which is governed by a series
of streaming and collision steps. Although many assumptions have
been made in this kinetic description, it is proven in the macro-
scopic near-incompressible limit that the LBE retains the incom-
pressible Navier-Stokes solution.

2.2. The generalized lattice Boltzmann model

Soon after its emergence, the LBE was successfully applied to
fluid flow at pore scales (Succi et al., 1989). A primary advantage
of the method is to simulate complex porous geometries without
generating a complex lattice mesh. By adding more nodes within
the same volume, the resolution of the boundary between solid
and fluid nodes is enhanced. This benefit, coupled with a simple
parallelization procedure of the LB algorithm, allows for the fast
and accurate simulation of fluid flow through a complex geometry
(Punzo et al., 1994).

However, a detailed description of the pore geometry is un-
available over a large flow domain. Based on currently available
measurement tools, only volume averaged rock properties (perme-
ability and porosity) are obtainable. The representative volume el-
ement (REV) is the spatial extent over which this upscaling occurs
(Nordahl and Ringrose, 2008). Therefore, the Navier-Stokes equa-
tion is generalized to include empirically derived damping forces,
which are a function of these volume averaged rock properties.
Egs. (9) and (10) reflect the resistance to flow due the presence
of porous medium.

d
(ZI)OtU) +V,<%) =—-VP+V.(pve(uV + Vu))+pF (9)
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where F is the damping term, K is the permeability, v is the fluid
viscosity due to sheer between fluid and solid boundaries, and ¢
is the rock porosity. F includes the linear in velocity Darcy term,
the non-linear in velocity Forchheimer term and an external body
force G. As ¢ — 1 in the absence of porous media, the general-
ized Navier-Stokes equation reverts to the Navier-Stokes equation.
At low flow velocities, the generalized Navier-Stokes equation re-
duces to Darcy flow, shown in Eq. (11).

ov

K u=-VP (11)
Significant variations of permeability and porosity over small dis-
tances require that the REV be treated as small as possible. Natural
and induced fractures add another layer of complexity in modeling
flow. Fracture geometries require high spatial resolution. A gener-
alized LBM developed for the simulation of a slightly compressible
fluid through porous media at REV scale is uniquely suited to in-
corporate these complexities.

Several LB models have been developed to simulate fluid flow
through porous medium at the REV scale (Dardis and McCloskey,
1998, Spaid and Phelan, 1997, Freed, 1998). Selection of an opti-
mal model should incorporate all relevant flow mechanisms, which
govern fluid flow in a highly heterogeneous medium.

Within the LB framework, Guo and Zhao, (2002) proved
through the Champman-Enskog expansion that the generalized
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Navier-Stokes equation can be obtained from a generalized lat-
tice Boltzmann model (GLBM). To represent the presence of porous
medium at every lattice node, the LBE is expanded to include a
damping term, which is a function of the volume averaged perme-
ability and porosity shown in Egs. (12) and (13).

i(x, t) — ffx, t
focr et +8) = ety - TCOIED ap )
- 1\|e-F uF: (ee —c)
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where the particle distribution functions f; are treated as equilib-
rium distribution functions under the assumption of small devia-
tion from local equilibrium (Succi, 2001). F is the hydrodynamic
damping force shown in Eq. (10). The discretized density distri-
bution function is also altered to reflect the presence of a porous
medium shown in Eq. (14).

-u uu: (ee —c2l)
+
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The equilibrium distribution function and the forcing term
within the generalized LBE are both a function of the macroscopic
fluid velocity. To solve for this unknown, the fluid velocity is de-
fined by Eq. (15).

frr=wip|1+° (14)

)
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F is also a function of u and so Eq. (15) is non-linear with respect
to velocity. Since the macroscopic velocity is quadratic, Eq. (15) can
be re-written as Eq. (16).
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where v is termed the temporal velocity and defined in Eq. 17.
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The local density computation is identical to the unmodified LBM,
where lattice density is equivalent to the summation of indi-
vidual density distribution functions. In a supplementary article
Guo et al. (2002) shows how the governing macroscopic equations
are retained through the Chapman-Enskog expansion in the near-
incompressible limit. Through this analysis, equations of state are
developed, shown in Eq. (20).

2
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3. LBM in a fractured reservoir system

The following two sections will provide the reader with a com-
prehensive methodology for applying the GLBM (Guo et al., 2002)
towards the fractured reservoir system (FRS). Along with the GLBM
itself, we must also consider the boundary conditions between the
fracture network system and the porous media. In addition a con-
sistent method for converting between the lattice system and the
physical system must be established.

3.1. Lattice to physical system conversions: dynamic similarity

For two systems of different scales to exhibit identical flow evo-
lutions, dynamic similarity must exist. Dynamic similarity ensures
that two systems have identical length scale, time scale, and force
scale ratios (Wolowicz et al., 1979).

We will consider two geometries - the well and fracture. For
the lattice system and physical system to exhibit geometric simi-
larity, all three spatial dimension ratios of the reservoir as well as
the ratio of well and fracture length to reservoir length must be
identical.

A means to measure time scale and force scale ratios is by the
non-dimensionalization of the generalized Navier-Stokes equation,
through which the relative magnitudes of each force are compared.
To derive the non-dimensional form of the generalized Navier
Stokes equation, all flow dependent variables are substituted for a
linear combination of the associated nondimensional variables and
characteristic system variables. A set of characteristic system pa-
rameters provide a constant measure of conversion between the
physical and dimensionless systems.Typically, boundary conditions
inform which parameters are suitable.

The characteristic length rq;, is the physical distance from the
inner boundary (well and fracture) to the edge of the reservoir. A
second choice for the characteristic length is the node to node dis-
tance, or the resolution of the lattice, in physical units. The char-
acteristic time tp,, is chosen to be the fastest time scale for which
a fluid can travel the characteristic length. This time scale occurs
when the well is opened to production and exhibits the highest
flow velocities, providing a bright line measurement for the char-
acteristic velocity ugp. The characteristic time tp, can also be cho-
sen for the time over which a boundary condition changes. The
physical variables, rp, t,, and up are listed in their dimensionless
form as represented in Eq. (21).

S Uy

To,p

= (21)
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Eq. (22) completes the set of dimensionless variables required for
the nondimensionalization of the generalized Navier-Stokes equa-
tion.

Py

Vd = ro,pr, Vg = T%’pvg, Pd = (22)

Up p
e To.p

where the physical pressure is nondimensionalized by a character-
istic viscous sheer stress. The governing flow equation to be made
dimensionless is an alternate form of the generalized Navier-
Stokes equation, shown in Eq. (23), where only the Darcy term
within the damping force is considered.

%—ltl—i—v.(%) :—%VP—F vevzu—%u (23)
Eq. (23) shows five forcing elements: the time dependent term
(variation), convection, pressure, diffusion, and damping in the or-
der that they appear. A dimensionless form of the governing equa-
tion, shown in Eq. (24), is obtained by substituting the dimension-
less variables found in Eqgs. (21) and (22). The full derivation can
be found in Appendix A.

Re Bud UgUy ¢
= 2rd AV [ 20, —
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The final non-dimensionalized formulation shows that the evo-
lution of the flow field is government by five dimensionless
parameters - the Reynolds number Re, the Viscosity ratio J, the
Darcy number Da, porosity ¢, and the Strouhal number St.

In proposing the GLBM, Guo et al. mentioned only four nondi-
mensional parameters governing the evolution of the flow. Shown
in the non-dimensional form of the generalized Navier-Stokes
equation above, the Strouhal number is also a necessary compo-
nent when considering the equivalency between physical and lat-
tice systems. The Strouhal number is the ratio of the characteris-
tic flow time scale, rq,/ugp, normalized by the reference time, tg .
If boundary conditions are changing quickly compared to the flow
itself, which can be the case if the bottom-hole pressure rapidly
drops, then the Strouhal number will highlight the difference in
magnitude between the convective term and the temporal terms.
For the purposes of the simulations posed in this paper, the bound-
ary conditions are constant. Therefore, the Strouhal number will be
at unity.

To simulate Darcy flow, a choice in parameters must be made
such that the magnitude of the Reynolds number is negligible, the
Strouhal number is at unity and the combination of the Viscos-
ity ratio and the Darcy number minimized. Under these conditions,
the non-dimensionalized governing equation given in Eq. (24) re-
duces to the dimensionless Darcy equation, shown in Eq. (27).

%Ud =-Vily (27)
We have determined a set of dimensionless parameters, which
govern fluid flow evolution by nondimensionalizing the momen-
tum balance equation. Let us apply the same technique to the
continuity equation given by Eq. (28) for the case of a near-
incompressible fluid with no sinks or sources.

S (08) =~V - (pu) (28)

Eq. (29) is the dimensionless form of Eq. (28). The derivation can
be found in Appendix B.

8%,0(1 = —%Da St- V4 (Py) (29)
The rate at which density changes over the flow field is propor-
tional to the combined magnitude of the porosity, Darcy and the
Strouhal number. This dimensionless grouping allows for a scaling
of the characteristic time step. Any scale up to the characteristic
time can be absorbed into the permeability term.

To conclude the discussion on dimensionless numbers, a meso-
scopic description of a fluid can simulate identical flow evolutions
to a system several orders of magnitude in size larger by ensuring
that the ratio of forces acting on a volume of fluid is identical and
dynamic similarity is maintained. Dimensionless numbers are the
measure by which we ensure this similarity.

3.2. Well and fracture boundary conditions

Although high variations in permeability and porosity require
the node to node length be minimized, the dimensions of the well
and fracture are often smaller than the imposed unit node length.
Therefore, it is often necessary to treat system boundaries with
as few lattice nodes as possible. However, to retain the govern-
ing macroscopic flow equations through the Chapman-Enskog ex-
pansion, there must be suffcient node resolution to distinguish be-
tween the hydrodynamic and kinetic regimes (Chapman and Cowl-
ing, 1960). The Chapman-Enskog analysis depends on the expan-
sion through the smallness parameter, which is the ratio between
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Fig. 4. Pressure is interpolated from the boundary (red) to the nearest neighboring
lattice nodes (yellow) at each time step. At these neighboring nodes, the density
distribution functions are solved using a modified Zou-He boundary condition. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 5. The area pictured in red is the non-computational regime wherein the
boundary lies. The yellow nodes are the nearest neighboring nodes to the bound-
ary. The arrows represent the distribution components that stream from areas not
within the computational regime. These distributions are solved through a modified
Zou-He boundary condition. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

the kinetic mean-free-path length and the hydrodynamic (small-
est macroscopic) length. When the LBE simulates fluid flow over a
few lattice nodes, there is no separation between the kinetic and
hydrodynamic scales, calling the method’s validity into question
(Lallemand and Luo, 2000).

A low resolution boundary of the well and fracture boundary is
achievable, however, through a combination of the damping term
inherent to the GLBM and a modified Zou-He boundary condi-
tion applied to the well and fracture system. This section will con-
tain the derivation and the procedure to apply a modified Zou-He
boundary.

First, to establish the geometry of a constant pressure well and
linear fracture, the boundary nodes should be set upon the nearest
neighboring nodes of the boundary. In this way, the size of the well
and the width of the fracture is incorporated. Pressure is interpo-
lated linearly between the boundary and the nearest neighboring
nodes extending radially from the boundary, as shown in Fig. 4.

From the interpolated pressure, the lattice neighboring node
density is calculated through an equation of state, given by Eq.
(20). The interpolated density is used to solve for the unknown
density distribution functions (Zou and He, 2016).

Pictured in Fig. 5 is the area in which the well and fracture
boundary lies. On the face of these boundaries, a direct application
of the Zo-He boundary condition will yield all unknown distribu-
tions that are in the direction of fluid flux. At the corner nodes of
the fracture boundary, the flux is neither normal nor parallel to the
containing boundary surfaces and therefore the Zou-He boundary
must be modified to capture the distribution functions which are
in the true direction of fluid flux.

As an example calculation, consider the bottom left corner node
of the fracture in Fig. 5b. The unknown distribution functions, f3,
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f4, and f7 are calculated in Egs. 30-32:

fs=Fit 2= Uot fot fo+ 20+ ot ) +2(fs — fo)
(30)

fs= ot 20— ot fot fs+ 201+ ot J5)) + 205 — fo)
31)

f7=f5+%(ﬂ—(fo+fs+fs+2(f1+f2+f5))) (32)

The full derivation is found in Appendix C. We can apply the mod-
ified Zou-He boundary to the well for a more robust treatment of
the unknown distribution functions of the well boundary.

To summarize, minimal node usage of the inner boundary is
likely in the case of a sparse grid lattice configuration. There have
been concerns over low resolution boundaries not respecting the
Chapman-Enskog assumptions. In addition, low resolution bound-
aries can pose problems including the development of lattice ef-
fects (flow evolutions that are a result of the underlying grid ge-
ometry) (Succi, 2001). A modified Zou-He boundary condition is
established to counteract unrealistic flow evolutions and provide
stable and accurate simulation results.

3.3. Reservoir edge boundary conditions

Two outer boundary conditions are considered in reservoir sim-
ulation: the no-flow boundary condition and the constant pressure
boundary condition. The no-flow boundary condition simulates a
volumetric reservoir (no external sources of flow on the outer
boundary). The constant pressure boundary simulates a reservoir
that is bounded by another aquifer system.

Within the LB framework, a direct application of the Zou-He
boundary condition on these outer nodes is sufficient. For the sim-
ulations posed in this paper, a no-flow boundary condition is used.

4. Results
4.1. Homogenous simulation

The homogenous simulation inputs for the well and the frac-
ture for both the LBM and commercial simulation are as follows:
The reservoir is segmented into a 2D array of 200 x 200 nodes/grid
blocks. The node to node distance (or length of the grid block) is
Tm.

The fluid is treated as slightly compressible and the reservoir is
fully saturated. Rock compressibility is omitted. The permeability
K =1 darcy and porosity ¢ is set at 20%.

The diameter of the well is 0.2 m set directly upon the center
node. The fracture is treated as a line source positioned equidis-
tantly from the surrounding nodes. Three fracture lengths are con-
sidered for simulation - 80 m, 120 m, and 160 m.

The initial pressure of the reservoir is 100 kPA and the bottom-
hole flowing pressure is set to be 95% of the initial reservoir pres-
sure. The inner boundary is treated as a constant pressure bound-
ary and the edge of the reservoir maintains a no flow boundary
condition. Refer to section: lattice to physical system. Conversions:
Dynamic Similarity for converting physical parameters into lattice
parameters.

Figs. 6 and 7 show the simulation results for a constant pres-
sure well and fracture producing from a homogenous reservoir.
These results are compared against the commercial simulation
runs. For both the well and fracture simulations, the results are
in excellent agreement for the case of Darcy flow.

We have also compared the GLBM of a linear fracture of various
lengths with the Joshi model (Joshi, 1988). The simulation ran un-
der identical conditions as the homogenous simulations presented
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Fig. 6. Simulation of homogenous well reservoir in Darcy flow. Top: comparison
plot between generalized LBM (line) and commercial simulation software (box).
Bottom: visualized pressure profile of well through production life of reservoir.
Pressure measured in lattice units.

within this section, aside from a constant pressure boundary con-
dition applied to the reservoir outer boundary. The Joshi model
provides an analytical solution for horizontal well flow, but the
same solution can be extended to that of a linear fracture. The
mode of comparison is the productivity coefficient. The produc-
tivity coefficient is calculated as the ratio between the flow rate
to the pressure difference at steady state conditions. Results show
excellent agreement at small fracture lengths. However, a diver-
gence between the analytical Joshi model and the GLBM develops
at larger fracture lengths. This divergence is attributed to the inner
boundary approaching the limits of the reservoir (Fig. 8).

4.2. Heterogeneous simulation

The heterogeneous simulation inputs for the well and the frac-
ture for both the LBM and commercial simulation are as follows:
The reservoir is segmented into a 2D array of 220 x 60 nodes/grid
blocks. The node to node distance (length of the grid block) is 3m.

The fluid is treated as slightly compressible and the reservoir
is fully saturated. Rock compressibility is omitted. The permeabil-
ity and porosity arrays are taken from the 10th layer of the SPE-10
collaborative solution project, shown in Fig. D.1 in the Appendix
(Spe comparative solution project 2001). The largest permeability
value in the array is 2 Darcy and the minimum is 3.8 s 10-% Darcy.
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profile of linear fracture through production life of reservoir. Pressure measured in
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Fig. 9. Simulation of heterogeneous well reservoir in Darcy flow. Top: compari-
son plot between generalized LBM (line) and commercial simulation software (box).
Bottom: visualized pressure profile of well in heterogeneous medium through pro-
duction life of reservoir. Pressure measured in lattice units.

The maximum porosity value is 48% and the minimum is 0%. How-
ever, the generalized equilibrium distribution function, given in Eq.
(14), cannot take porosity values of 0%. Therefore, all null values of
porosity are treated as 1076%.

For well simulations, the diameter of the well is 0.2 m set in
the center of the reservoir. For fracture simulations, the fracture
width is treated as a line source and is centrally positioned. Three
fracture lengths are considered for simulation —80m, 120m, and
160 m.

The initial pressure of the reservoir is 100 kPA and the bottom-
hole flowing pressure is set to be 95% of the initial reservoir pres-
sure. The inner boundary is treated as a constant pressure bound-
ary and the edge of the reservoir maintains a no flow boundary
condition. Refer to the methodology section for physical to lattice
conversion methodology.

Figs. 9 and 10 show the results for the simulation of fluid
flow in a heterogeneous porous material under production from
a constant pressure well and fracture. The LBM results are com-
pared against the commercial simulation results and show excel-
lent agreement for both cases.

The GLBM FRS simulation shows excellent agreement in the re-
covery factor over the life of the reservoir for both homogenous
and heterogeneous cases. The agreement in simulation results sup-
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Fig. 10. Simulation of heterogeneous linear fracture reservoir in Darcy flow. Top:
comparison plot of three fracture lengths (80 m, 120 m, 160 m) between general-
ized LBM (line) and commercial simulation software (box). Bottom: visualized pres-
sure profile of linear fracture in heterogeneous medium through production life of
reservoir. Pressure measured in lattice units.

ports the use of a modified Zou-He boundary condition for corner
nodes of the well and linear fracture.

5. Conclusion

To summarize this work, we have shown that the lattice Boltz-
mann method can be accurately applied to the case of porous
media flows at the REV scale within a fracture network envi-
ronment. To do so, the original lattice Boltzmann method is ex-
tended through the Guo et al. method to incorporate damping
terms present within the flow field due to the presence of porous
media. A modified Zou-He boundary condition is then developed
to model the interface between the well and fracture system with
the surrounding porous media. The treatment of the boundary is
important because the largest pressure drop exists immediately
around the wellbore and fracture system and therefore the ma-
jority of the producible fluid is in this region. Lastly, a system of
non-dimensional governing equations are derived for the case of
the FRS such that the conversion between the lattice and physical
system is consistent.

We present results for a homogenous and heterogeneous
porous system for the geometries of a well and linear fracture and

compare our results with commercial simulation software suites
for the case of Darcy flow. Results are in excellent agreement with
analytical and finite-difference solutions.

The choice in using a lattice Boltzmann based reservoir simu-
lation tool over other CFD techniques is often viewed as a matter
of economics. The LBM can capture a wide range of flow regimes
in highly disordered porous media at the REV scale with minimal
cost associated with implementation - in other words, the LBM is
very easy to implement. Not only is the underlying algorithm sim-
ple, but if one chooses a parallel implementation of the codebase
for cases of simulating fine grained heterogeneities and complex
fracture geometries, it is quick to develop.

In future work, a more complex fracture network will be sim-
ulated over multiple flow regimes. Our intention is to examine
the differences in production that result from assuming alternative
flow regimes and whether these elements make significant contri-
butions to the evolution of the flow field. In addition, rock com-
pressibility will be considered for high pressure reservoirs. Lastly,
an analysis of the parallel LBM algorithm will be performed to be
compare with other prominent CFD techniques for porous media
flows.
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Appendix A. Non dimensionalization of generalized Navier
Stokes

Egs. (A1) and (A.2) represent the set of non-dimensional sys-
tem parameters used in the non-dimensionlization of the govern-
ing macroscopic fluid equation, shown in Eq. (A.3). The dimension-
less variables are formed through the reference of a characteristic
system variable, which can be found in the text of this paper.

p tp Up
rg= -2 tg= L ug=—2 Al
T T o, " (A1)
2 _ 2 2 Py
Vd = ro_pr, Vd = rO_pr, Pd = Yy (A2)
€rop
Jdu uu 1 ¢v
— 4V (—)=-=-VP Viu-"u A3
T ( % ) ’ + Ve K (A3)
After substitution of Eqgs. (A.1) and (A.2) into Eq. (A.3):
Ug.p OU uj ugl Uell Uell
0p°d + ﬂvd Lad = —782 o.p Vde + ez 0.p Vgud
t(),p 8td To.p ¢ rO,p rO,p
qu,P
_ A4
7 Puy (A4)

Each accelerating element within Eq. (A.4) is composed of a group
of characteristic system parameters and a non-dimensional group,
which is of the order 1 everywhere within the flow field. The rel-
ative magnitudes of these forces (accelerating elements) are dic-
tated by the characteristic system parameter group. These coeffi-
cients have units of length/time?. We therefore can compare the
relative magnitudes of each forcing element to one another to de-
termine the dominating flow regime.

Let us compare the relative magnitude of the viscous force,
given by Ueuo’p/r(z)_p in Eq. (A.4) to all other elements by dividing
throughout by the viscous coefficient.

Ugplop Top Olg uoypro,pvd.udud
Ve U plop dty Ve ¢

2
V ro_p

:—Vde+V§ud— ; K
e
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Fig. D.1. SPE-10 permeability (top) and porosity (bottom) data. Permeability values are scaled logarithmically for viewing. SPE-10 data is used to compare the generalized
LBM with commercial simulation software. The 10th layer of the permeability and porosity field were used for simulation of 2D reservoir.

Re duy Ugly ¢
§Ttd +R€Vd . 7 = _Vdpd + Vﬁud —mud (A.G)
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Appendix B. Non dimensionalization of the continuity

equation

ad

37 (PP) ==V - (pu) (B.1)

By substituting in the Darcy correlation for fluid velocity in porous
media,

a K
5i (09) ==V - (V) (B2)

Using the variable assignments in A and pq = pp/ 0 p, Where pg,
is a characteristic system density, a simple substitution yields:

Pop 9 oy Kpuop 1
o, 96 (@pa) =~ Top

2
2 Vi (Py) (B.3)
0,p
By dividing the above equation throughout by the coefficient of the
time dependent term, we arrive at the following:

0 . K UO,pto,p 2

aTd(d’,Od) = —Eﬁ - Vq" (Py) (B.4)
5 1 )

Epd = —aDa St - Vd (Pd) (B.5)

Appendix C. Modified Zou-He boundary formulation

We assume that the bounce-back condition is valid for the non-
equilibrium part of the distribution functions, given by Eqs. (C.1)-
(C.3) (Zou and He, 2016).

f=ha+fH"-f (c1)
fa=fo+ 11— £ (C2)
fi=fs+f1- 1" (C3)

If we solve for the equilibrium contributions in Eqs. (C.1)-(C.3) us-
ing Eq. (14), Egs. (C.4)-(C.6) are formed.

h=ﬁ—§wx (C4)

fa=hH- %puy (C5)

1
fr=fs = g (pux+ puy) (C.6)
By the definition of p we have:

p=fot+hi+h+f+fat+tfs+fe+fr+/s (C7)

Further substitution of Eqs. (C.4)-( C.6) into Eq. (C.7) leads to Eq.
(C.8):

P+ py= —o (0~ o+ fo+ s +2(fi + o+ ) (C8)

Next, we will employ the definition of the temporal macroscopic
velocity, given by Eq. 17.

pux= fi—f3+fs—fr1+fs—fs (C9)
Through the substitution of Eqs. (C.4)-(C.6) into Eq. (C.9), we form
Eq. (C.10).

pux — puy =6(fs — fo)

Now, all the relevant information has been derived to solve for f3,
f4, and f;. The rearrangement and combination of Egs. (C.8) and
(C.10) yield:

(C.10)

fs= it 20— ot fot fs+ 201+ ot fo)) + 25— fo)
(C11)

fa= ot 20— ot fot fs+ 201+ o+ fo)) + 25— fo)
(c11)

fr=fot 5o~ ot fot fs+ 20+ ot f5))) (13)

Appendix D. SPE-10 permeability and porosity field
Fig. D.1
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