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Fractured reservoirs have gained continuous attention in oil and gas in-
dustry since a huge amount of reserves are stored in such reservoirs. Fractures
add complexity in reservoir models and thus have potentially large effects on
the reservoir simulation results. Though a lot of fine scale fracture models
for reservoir simulation have been developed to capture the fracture effects,
they are generally complicated and time consuming for the cases with large
number of fractures and problems (for example, some inverse problems and

optimization problems) where lots of forward simulations are required.

Upscaling is a method to fasten the flow simulations by constructing
reduced models in coarse scale to approximate the original fine scale models. It
is important to construct coarse models in a proper way since the approximated
models will generate errors as opposed to the fine scale models. Therefore,
a new upscaling method is proposed in this work to capture the effects of

fractures in fractured reservoir.

vi



First, two hypothetical flow problems are presented to provide pres-
sure solutions for calculation of parameters in coarse models. Unsteady state
method, one of these two flow problems, is firstly introduced in this work to
obtain reasonable pressure solutions for reservoirs without source term. Sec-
ond, we developed two partitioning methods to associate coarse grids with
fine grids. Since these two partitioning approaches are suitable for different
types of fracture networks, we proposed a multi-level partitioning method that
is a general approach and could capture fracture effects of different fracture
patterns. Third, we developed an efficient time-stepping algorithm for the un-

steady state problem to reduce the computational efforts of upscaling process.

The applicability of the new upsclaing methodology is verified from
numerical tests of different types of reservoirs with different fracture patterns
and well configurations. Errors of pressure solution, oil saturation, and pro-
duction solutions are generally limited below 5% in coarse scale. Furthermore,

speedup of simulation is significant in all of the presented numerical tests.

Vil



Table of Contents

[Acknowledgments| v
[Abstract] vi
[List_of Tables| xi
[List of Figures| xii
[Chapter 1. Introduction| 1
(1.1 Background| . . . ... ... ... . ... ... ... 1
(1.2 Objectives| . . . . . . . . . ... 3
(1.3 Briet description of chapters . . . . . ... ... ... ... .. 4
[Chapter 2. Literature Review| 5
2.1 Fine scale flow simulation models of fractured systems| . . . . . 5
[2.1.1 Dual-porosity and dual-permeability models| . . . . . . . )

2.1.2 Discrete fracture models| . . . . .. ... ... ... 6

2.1.3 Fmbedded discrete fracture models . . . . . . . ... .. 6

[2.2  Reduced models tor flow simulation in fractured systems| 7
2.2.1 Multiscale methodd . . . ... .. ... ... ... ... 7

[2.2.2 Upscaling methods| . . . . . . .. ... ... ... .... 8
[Chapter 3. Formulations and Discretization Method for Flow |
[ Simulation of Fractured Systems| 12
[3.1 Governing equations|. . . . . . .. . ... L. 12
3.2 Fine scale discretizationl. . . . . . . . . . .. ... L. 13

viii



[Chapter 4. Upscaling Methodology for Flow Simulation of Frac- |

[ tured Systems| 17
4.1 Hypothetical fine scale flow problems| . . . . . . ... ... .. 18
[4.1.1 Steady state problem| . . . . . ... .. ... ... ... 18

[4.1.2 Unsteady state problem| . . . . . . . .. ... ... ... 19

[4.2  Coarse grids construction| . . . . . . . . ... ... ... .... 21
[4.2.1 Greedy aggregation| . . . . . . .. ... ... ... ... 23

[4.2.2 Local aggregation| . . . . .. ... ... ... ... ... 25

[4.2.3  Multi-level aggregation| . . . . . . ... ... ... ... 26

4.3 Coarse model parameters| . . . . . . . . ... ... ... ... 31
4.4 Time step adjustment in unsteady state method| . . . . . . .. 36
[Chapter 5. Numerical Tests for Flow Simulation of Fractured |
[ Systems| 38
[>.1 Test 1: a heterogeneous reservoir with natrual fractures and |

[ without source terml. . . . . . . . . . . . ... ... ... .. 41
............................ 41

H.12 Results . ... ... oo 42

[5.2 Test 2: a natural fractured reservoir with injection and produc- |

[ tion wellsl. . . . . . .. 48
5.2.1 Setup.. . . . . . .. 48

b.22 Resultd . ... ... ... ... 49

[>.3 'Test 3: a five-spot case with large connected fractures| . . . . . 55
5.3.1 Setup| . . . ... 55

Hh32 Results . ... ... oo 58

[>.4 Test 4. a hydraulic fractured reservoir with complex tracture |

[ networksl . . . . . . . 63
............................ 63

Hh42 Results . ... ... oo 65

[>.4.2.1 Efficiency of the time-stepping algorithm| . . . . 65

[5.4.2.2  Efficiency of multi-level partitioning method| . . 68

[Chapter 6. Summary, Conclusions and Recommendations for |
[ Future Workl 71
[6.1 Summary and conclusions| . . . . . ... ... ... ... 71
6.2 Recommendations for future workl . . . . . ... ... ... .. 72

1X



(Bibliographyi

74



List of Tables

[p.1 Fluid properties under reference pressure pressure pr.| . . . . 39
[5.2 Oil and gas PVT properties as functions of pressure (r, is the
gas-oll ration, e, 1s the gas expansion lactor, u, and p, are oil
and gas viscosity).| . . . .. ..o 39
[5.3  The reservoir model parameters for flow simulation of test 1.| . 43
[>.4  Comparison of simulation errors and CPU time of Test 1 be-

[ tween cases with and without fractures for different scales at |

difterent simulation times. ¢; represents 1 year and t, repre- |

sents 10 years. | . . . . . . ..o 44

55

Convergence results of Test 1 (¢; represents 1 year and ¢y rep-

resents 10 years. #m 1s the number of matrix grids, #1 1s the

number of fracture grids, and #dof is the number of total grids.) | 44

EG D T I . I = — o] . 49

5.7

Convergence results of Test 2 using unsteady state problem and |

greedy partitioning.| . . . . . . . . . . ... ... .. 53

[5.8

Comparison of pressure and oil saturation errors between coarse

models with greedy and local partitioning by using steady state

problem.| . . . . ... 593

ET P T I - I <1 T T3] . 56

[.10 Convergence results of Test 3: #; represents after 1 year pro-

duction, t, represents after 5 years of production ("multi-1"

represents case with "L, = 7", "multi-2" represents case with

=10 . ... 59

[b.11 Parameters of fracture domain and matrix domain in Test 3] . 65

[5.12 Summary of time steps and total iterations of CG solver for

coarse models using time-stepping algorithm in unsteady state

methodl . . . ... 68

[5.13 Summary of simulation results of coarse models by using differ- |

ent partitioning methods in Test 4 (¢ represents 5 year).. . . . 69

X1



List of Figures

[l.1 An example of reservoir with numerous natural fractures (source:

https://www.golder.com/).[. . . . . . ... ... ... ... ..

3

3.1 A sketch for illustration of embedded discrete fracture model. |

Upper layer: the physical domain considered here has 9 fine

matrix grids and 2 fractures intersected with each other (green

Iine and red line). Middle layer: the computational domain 1s

constructed by embedding three fracture grids to the original

matrix grids. The green grids correspond to the green trac-

ture and the red one to the red fracture. Lower layer: extra

connections considered to take the effects of fractures. The

blue arrows represent connections between matrix and fracture

grids, red arrow indicates connection between fracture segments

in an individual fracture, and the yellow arrow represents the

[4.1 Anillustration of flow problems used for calculating coarse scale

transmissibilities. The steady state problem (upper left) is used

for flow systems with both source and sink (in this case, both

mjector well and production well exist). 1'he pressure profile of

this problem (lower lett) is the solution of the Laplacian equa-

tion. T'he unsteady state problem (upper right) is used tor flow

systems with only sinks (in this case, the flow boundaries are no-

flow boundaries and only production well exists). The pressure

distribution (lower right) 1s the solution by solving equations of

slightly compressible single-phase flow. Note that, the pressure

varies from high values (red) to low values (blue).| . . . . . ..

[4.2  An illustration of greedy aggregation and local ageregation meth-

ods. The problem (middle) presented here has 3 x 3 coarse ma-

trix grids constructed by 15 x 15 fine matrix grids with 8 trac-

tures (left). Here we consider centered matrix grid (in red), the

neighboring matrix grids of which are shaded in yellow. Greedy

ageregation method (upper right) agglomerates all the fine frac-

ture grids 1in the matrix grid into one coarse iracture grid (in

red). Local ageregation method (lower right) only gathers fine

fracture segments of each individual fracture (each color repre-

sents each coarse fracture grid).| . . . . . .. .. ...

xii



(4.3 An illustration of multi-level aggregation method.| . . . . . . . 29
[>.1 Relative permeability curves used for numerical tests.| . . . . . 40
0.2 2D reservoir modelof test 1) . . . . . . ... ... 42
[.3 Oi1l production results of test 1: time effects in unsteady state

problem 1s presented in (b), results of case with fractures is

showed 1n (c) and (d), results of case without fractures 1s showed

mm(e)and (). [ . . . . oo 45
[>.4  Relative pressure error of lest 1 after 1 year production.| . . . 46
[5.5 Absolute oil saturation error of Test 1 after 1 year production.| 47
H.6 2D reservoir modelofcase 2. . . . . . ... ... ... 49
[>.7  Cumulative Oil production results of reduced models in Test

2. "SS" represents steady state method, and "unSS5" means

unsteady state method. "GP" represents greedy partitioning

and "'LP" represents local partitioning.| . . . . . . .. ... .. 52
[>.8  Convergence history of steady state and unsteady state prob-

lems with or without fractures by using CG as linear solver and

1lu0 as preconditioner (the unsteady state problem is solved in

one time step with = = 2.5F-6)]. . . .. ... ... 23
[5.9 Relative pressure error of Test 2 by using unsteady state prob-

lem or steady state problem, and greedy partitioning method

or local partitioning method after 1 year production.| . . . . . 54
(5.10 2D reservoir model of Test 3. . . . . .. ... ..o 56
[5.11 Pressure profile of the reference solution and relative pressure

error of upscaling results by using unsteady state problem and

greedy partitioning after 1 year production. . . . . .. . ... o7
[5.12 Cumulative Oil production results of Test 3. . . . . . . . . .. 60
[5.13 Pressure profile of the reference solution (a) and relative pres-

sure errors (b)-(d) of coarse models generated from different

partitioning methods after 1 year production.| . . . . . . . .. 0l
[5.14 Saturation profile of the reference solution (a) and relative pres-

sure errors (b)-(d) of coarse models generated from different

partitioning methods after o years of production.| . . . . . .. 02
[b.15 Reservoir models of Jest 4. . . . . ... ... ... ... ... 64
[>.16 Importance of choosing ratio of compressibility over time step

using multi-level partitioning method on a coarse model (results

represent models generated by only one time step).| . . . . . . §
[>.17 Cumulative oil production results of coarse models after using |

time-stepping algorithm.| . . . . . . . ... ... ... ... 67




[5.18 Cumulative oil production results of coarse models by using |
| different partitioning methods.|. . . . . . . . .. .. ... 69

[5.19 Saturation profile of the reference solution (a) and saturation
errors (b)-(d) of coarse models generated from different parti-
tioning methods after 5 years of production.| . . . . . . . . .. 70

X1v



Chapter 1

Introduction

1.1 Background

Flow simulation for fractured porous media is highly important since
nearly 60% of hydrocarbon reserves are in fractured reservoirs. Besides oil
production, fractures are also included in many other geological systems, such
as heat extraction in geothermal reservoirs [22, 52| and contaminant transport
in groundwater flow [9, 30]. The high contrast in permeability between frac-
tures and matrix makes the fine scale simulation expensive and challenging.
Difficulties of flow simulation in fractured systems also stem from different
scales, conductivities (high conductivity as hydraulic fractures or low conduc-
tivity like natural fractures), patterns (sparsely distributed fractures or densely

interconnected fractures), and complex geometries of fractures.

Though fine scale fracture modeling has been largely developed to cap-
ture flow behaviors associated with fractures, it requires too many extra frac-
ture grids for geological formations with numerous number of natural fractures
(see Figure . Different scales and complex geometries of fractures may also
add the complexity of the modeling and computational efforts. Moreover, to-

day’s iterative modeling workflows require many simulations of the forward



problems, for example, in some inverse problems, uncertainty quantification
problems and optimization problems. Fine scale simulation may not be appli-
cable under such conditions, and approximating models are therefore needed

to lessen the computational efforts.

Upscaling is a way to construct approximate models by coarsening the
fine grids and generating new parameters for coarse grids to solve the time-
consuming issue in fine scale simulations. But conventional flow-based upscal-
ing approaches have some limitations for the application in fractured systems.
Firstly, hypothetical flow problems proposed for this upscaling method are all
steady state problems, which may not suitable for the no-source systems (such
as the reservoir with no-flow boundaries and only production wells). Besides,
although aggregation methods for matrix grids have been studied, research
on how to aggregate fine scale fracture grids to coarse scale is limited. Since
fracture has relatively high permeability than its neighboring matrix, how to
aggregate those fractures may have large effects on the final flow simulation

results.



Figure 1.1: An example of reservoir with numerous natural fractures (source:
https://www.golder.com/).

1.2 Objectives

Base on the problems described above, the objectives of this research

are

e Form a non-intrusive upscaling framework for fracture reservoir systems
to generate reduced order models for the coarse scale modeling, which
could still generate relatively accurate results compared to the fine scale

simulation.

e Apply the embedded discrete fracture model (EDFM) to form fine scale

models to speedup the upscaling process.



e Establish new upscaling methods appropriate to different fracture pat-
terns, different reservoir conditions and well configuration by extending
flow-based upscaling approaches. Besides, using numerical tests in dif-
ferent scenarios to verify the applicability, accuracy and efficiency of the

proposed upscaling method.

1.3 Brief description of chapters

In Chapter 2, a literature review of reservoir simulation methods for
fractured systems and and some reduced models for such systems are pre-
sented. In Chapter 3, the governing equations and fines scale discretized sys-
tem is described. Then the upscaling methodology for flow simulation in frac-
tured reservoirs is introduced in Chapter 4. Numerical tests are presented in
Chapter 5 to verify the proposed upscaling method. Finally, conclusions and

recommendations for future work are presented in Chapter 6.



Chapter 2

Literature Review

2.1 Fine scale flow simulation models of fractured sys-
tems
Much efforts have been devoted to the development of fine scale flow
simulation models associated with fractures in porous media. Although differ-
ent methods vary between each other, most of them can be categorized into
three models: dual-porosity /dual-permeability models (DP/DK model), dis-
crete fracture models (DFM) and embedded discrete fracture model (EDFM).

2.1.1 Dual-porosity and dual-permeability models

Dual-porosity and dual-permeability model (DPDK), firstly proposed
in [0] and then developed by [54], has been used for a few decades. Flow trans-
fer function are defined between fractures and matrix in such models, and a
lot of studies have been conducted to improve their applicabilities and efficien-
cies in [36, 48], 39, 47]. Due to various assumptions are always related to the
transfer function, the dual-porosity and dual-permeability models , however,
are not appropriate for cases with disconnected fractures in [36] or with strong

gravity and viscous forces in [32].



2.1.2 Discrete fracture models

Due to the large error introduced in DPDK models, discrete Fracture
Model (DFM) was developed, which typically deploys unstructured grids to
explicitly represent fractures and matrix. DFM is among the most accurate
methodologies to simulate flow in fractured systems since it describes proper-
ties of fractures directly. Due to high computational cost of DFM, its appli-
cation in real field application is still limited. Furthermore, this approach is
not suited for dynamic fracture problems, such as new fractures are generated
in refracturing/infill drilling technologies of stimulated reservoirs in [53] and
enhanced geothermal systems in [26], where updates of the fracture systems

are frequently needed.

2.1.3 Embedded discrete fracture models

Embedded Discrete Fracture Model (EDFM), as a comprise, using
structured grids to honor the accuracy of DFM while saving the computa-
tional costs. The 3D application of the model is firstly presented by Moinfar
et al. in [42]. For a matrix grid and each fracture segment within the matrix
grid, EDFM computes a transport index (transmissibility) between them by
assuming that the pressure around the fracture is linearly distributed, and that
the pressure gradient is the same in both sides of the fracture. The accuracy
and efficiency were verified both by synthetic cases in [13, 55| and by field
simulation cases in [20]. Recently, the EDFM method was further extended to

modeling dynamic behaviors of fractures in [56] and impermeable flow barriers



in [1].

2.2 Reduced models for flow simulation in fractured sys-

tems

Though fine scale fracture modeling has been largely developed to cap-
ture flow behaviors associated with fractures, it requires many extra fracture
grids for geological formations with numerous number of natural fractures.
Different scales and complex geometries of fractures may also add the com-
plexity of the modeling and computational efforts. Moreover, today’s iterative
modeling workflows require many runs of the forward problems, for example, in
some inverse problems, uncertainty quantification problems and optimization
problems. Fine scale simulation may not be applicable under such conditions,
and approximating models are therefore needed to lessen the computational

efforts.

2.2.1 Multiscale methods

One way to reduce the model complexity is to use multiscale simulation
methods. During the last decade, different multiscale finite element (MSFE)
or multiscale finite volume (MSFV) methods have been proposed for fractured
systems. Hadi Hajibeygi et al. [26] proposed a MSFV method for fractured
porous media, in which only one additional degree of freedom (DOF) was in-
troduced for each interconnected fracture network and local functions were

introduced to capture the fractures at the coarse scale. Later, this method



was extended to unstructured grids in [12]. Matei Tene et al. [2] proposed an
algebraic multiscale method with embedded discrete fracture (F-AMS). This
method introduced the basis functions based on coarsening ration and consid-
ered four different coupling strategies. Furthermore, a multiscale restriction
smoothed basis (MsRSB) method was developed in the fractured media re-
cently by Swej Shah et al. [50]. The method partitioned grids representing
fractures into independent coarse grids and constructed the basis functions by
restricted smoothing to get stable and robust performance. J.R. Natvig et al.
[44] combined streamlines and multiscale simulation mimetic solver into a new

simulation approach.

2.2.2 Upscaling methods

Upscaling is another way to construct approximate models by coarsen-
ing the fine grids and generating new parameters for coarse grids to solve the
time-consuming issue in fine scale simulations. Coarse scale models for frac-
tured systems are constructed from two different approaches: single continuum
approach and dual-continuum approach. Single continuum approach merges
fractures and matrix into one continuum and calculates equivalent permeabil-
ity tensor for each assigned grid, for example, in [45] 10, 40, 46, [3, 37, 17, 23].
Oda tensor method [45], assigning only one DOF for a matrix grid and all frac-
tures in it, assumes that all fractures are connected, the imposed pressure for
each matrix grid linearly decreases and fractures exist sufficiently. As a result,

Oda’s method is limited to well-connected fracture networks due to not con-



sidering different fracture scales and connectivity. Pozdniakov and Tsang [46]
applied self-consistent approach to obtain effective permeability of the frac-
tured system by assuming that fractures interact with matrix medium but not
directly with other fractures, which limited the method to cases with spatially
distributed fractures but not highly connected fractures. Single continuum
approach is limited to some certain fracture systems due to the assumptions

where it is based.

Another way to coarsen fracture-related models is the dual-continuum
approach. Flow based upscaling for fractured systems is the mostly used coars-
ening method and has been developed for the last decade. This method solves
a simple hypothetical flow problem (usually single phase flow) in fine scale,
then partitions fine scale fracture grids into coarse grids, and finally applies
the solution of the flow problem to calculate parameters of the coarse model.
For the hypothetical low problems, different flow problems were solved either

locally or globally.

Choice of hypothetical flow problems is crucial in flow-based upscal-
ing framework since it determines the fidelity and thus the effectiveness of the
coarse model. During the last decade, different local or global single phase flow
problems have been applied to coarsen fine scale fractured models. Karimi-
Fard et al. [34] firstly applied pseudo-study-state flow problem (Poisson equa-
tion was solved) locally for each coarse region to calculate transmissibility
between matrix and fractures through it, and then employed steady-state low

problem (Laplace equation was solved) for each neighboring coarse region pair



to account for flow between different coarse fractures blocks. Gong et al. [25]
then extended this local method by adding a local flow problem to account for
the gravitational forces in geological systems where gravity force dominates.
These local flow problems were further improved in [27, 21], 4] to enhance the
performances of the coarse fracture models. Since local method introduce error
by assigning assumed local boundaries and has to be frequently solved for each
coarse region and each neighboring coarse pair, the global flow problem was
introduced. Karimi-Fard et al. [33] 31] solved steady state single phase flow
problem globally by assuming flow boundaries to drive flow in each coordinate
direction, and then combined these independent solutions such that the local
pressure gradient aligns with the vector normal to interface between neigh-
boring coarse grids. The coarse model performances depend on the boundary
conditions used, according to [14]. Therefore, the result of the modeling may
highly depend on the boundaries, sources and sinks conditions prescribed to

the flow problem.

For the grid aggregation problem, different ways were conducted in
different studies. In [34] 25, 27, 21], a multiple sub-region (MSR) method is

developed, where

the entire model has been partitioned into several regions at first, then
only one DOF of fracture is assigned to each coarse region, and the matrix
continuum of this region is partitioned using the solution of flow problem solved
before (the number of coarse matrix grids in each coarse region is given as

input). This approach is limited to systems with highly and strongly connected

10



fractures. Subsequently, Gong [24] developed a combined method by using
MSR to deal with large and well-connected fractures, and applying DFM to
model distributed and disconnected fractures. Later, Fumagalli [4] improved
the MSR partitioning approach by using a recursive breadth-first search and a
splitting algorithm, which allow more than one DOF for fractures through each
coarse region. Another aggregation method used in [31) 28] gathers fractures

that are intersected for each coarse region.

11



Chapter 3

Formulations and Discretization Method for
Flow Simulation of Fractured Systems

3.1 Governing equations

In this section, we summarize the governing equations and fine scale

discretized system for the flow simulation considered in fractured porous me-
dia.

Three-phase black oil model is considered for both the fine and coarse
scales simulations. Without loss of generality, we assume that Q C R? (here we
only discuss d=2) is the entire simulation domain. Let Q™ denotes the matrix
domain, and Qf = Q\Q™ represents the fracture domain. The governing

equations for black oil model can be expressed as

9 (S, RS, 1 Ry,
9 (2 (=, + o) = Q, 1
o (3t )4V (gt o) = f veR ()

g (5, 1
Qsa (E) +V- (Eu()) = fo, x €€, (3.1b)

0 ( Su 1
Qf)a (B_w) +V- (B_wuw) = fu, x €€, (3.10)

where p,, S, B, and f, are the density, saturation, formation factor and

external source of each phase a € {g, o, w}, respectively. R, is the solution

gas oil ration, which represents the amount of gas dissolved in the oil at given

12



condition. Velocity of each phase u, could be expressed in Darcy’s law:

k?"Oé

«

K Vpa, a € {g, o, w}, (3.2)

u, = —

where K is the permeability tensor, p,, k.. and p, are the viscosity, relative
permeability and pressure of phase a. In addition to equations and

the saturations of phases are constrained by

> 8. =1 (3.3)

and the capillary pressure between different phases are defined by setting oil

phase as the reference:

Peca = Pa — Pos (ORS {g, w,} (34)

where p,, represents the capillary pressure of the gas phase, and p.,, represents

the negative water phase capillary pressure.

The pressure equation is derived by combining the previous equations
with the pressure-volume-temperature (PVT) properties. The formulation and

detail derivation of pressure equation for black oil model can be found in [15].

3.2 Fine scale discretization

We split the matrix domain (2™ in uniform Cartesian grids with dimen-
sion V)" x N,. As for fractures, EDFM is used to construct the fracture grids
and their connections with the matrix grids. EDFM could deploy a structured

grid to represent each fracture segment partitioned by matrix grids in the

13



physical domain and then append the new grid (denoted as "embedded grid")
to the original matrix grids to form the computational domain. The volume
of the fracture grid equals to the physical volume of the fracture by adjusting
the porosity of the grid. The transition from upper layer to the middle layer

in |[Figure 3.1]is an example showing this process.

In the context of this thesis, we append the embedded fracture grids
in the = direction. Assuming that the matrix grids are distributed in the first
N™ columns in x direction, and the last N/ columns of grids in x direction
are fracture grids, we have N™ + N/ columns of grids in total and we denote

this number as N,. We denote ¢ as the 2D index point of each grid by
1= (il,’ig), ’il,’iQEZ.

Let J, 7™ and 3/ be the index sets of all grid, matrix grids, and fracture grids

respectively, given by

J.= {Z = (’il,i2> 01

/N
N

Nma 1 < i2 < Ny}7

I = {i = (in,d) 1 1 <din SN, 1< dp < N,

We also denote the physical domain of grid ¢ as w; and N; as the index set of

each grid’s neighbors by

Ni={jed:wnNuw; #0,j5#i}.

14



Here we apply Darcy’s law to two grids that have connection and define

the transmissibility between them as

Ty= 2% Vijel st ie€N,jeN, (3.5)
ﬁ(pij,a — Dij.a)

where g;; o is the volume flux of phase a between grid 7 and grid j, which
is positive. p;a is the larger pressure of (p; a,Pj.a), and Pij o 18 the lower
pressure of (p; o, Pj o). The transmissibility only depends on the permeability

and geometry of the computational domain considered.

Besides transmissibility between matrix grids, transmissibility involved
with fracture grids (also called "non-neighbor connections") are generally cat-

egorized into three types: T7 _ is the transmissibility between fracture and

matrix it penetrates, T/ is the transmissibility between connected fracture

segments in each individual fracture, and TZII is the transmissibility between

intersecting fracture segments. The formula to calculate transmissibilities and

the detail derivations of these formula can be found in [55].

15



Type 1
Type 11

Type 111

Figure 3.1: A sketch for illustration of embedded discrete fracture model. Upper layer:
the physical domain considered here has 9 fine matrix grids and 2 fractures intersected with
each other (green line and red line). Middle layer: the computational domain is constructed
by embedding three fracture grids to the original matrix grids. The green grids correspond
to the green fracture and the red one to the red fracture. Lower layer: extra connections
considered to take the effects of fractures. The blue arrows represent connections between
matrix and fracture grids, red arrow indicates connection between fracture segments in
an individual fracture, and the yellow arrow represents the connection between different
intersected fractures.
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Chapter 4

Upscaling Methodology for Flow Simulation of
Fractured Systems

In this section, the upscaling framework is presented by steps. Firstly,
we explained different hypothetical flow problems that could be deployed to
provide fine pressure solution. Then, we discussed different methods used to
agglomerate fine scale fracture grids in order to form the coarse scale fracture
girds. Parameters of the new system of coarse model are then discussed. At
the end of this chapter, we presented the implication approach of the time-

stepping method in unsteady state problem.

Two main procedures needed to be done are: constructing the coarse
grids and calculating the model parameters for new coarse system. Coarsening
grids is done by aggregating the original fine grids. How coarse is the new
model constructed and how the fine grids are agglomerated determine the
speed up and the accuracy of the simulation of coarse model. Besides, the
method for generating coarse model parameters also controls how close are

the simulation results as fine scale simulation.
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4.1 Hypothetical fine scale flow problems

The fine scale pressure used for calculating coarse transimissibilities
are the solution of hypothetical single-phase flow problems. Different flow
problems, studied in the past few decades, would generate different coarse
scale transmissibilites. The performance of transmissibilies depends how the
boundary conditions and well conditions were applied. Generally, using real
boundary and well configurations could generate better coarse simulation re-
sults. For the simulation problem with both source and sink terms, steady
state solution exists when real boundary and well conditions are applied. But
for the simulation cases with only sinks (for example, the case with no-flow
boundaries and only production wells), the flowing of flow comes from the
compressibility of flow and no steady-state solution exits under such condi-

tions.

4.1.1 Steady state problem

By using real boundary and well conditions, a steady state solution
exists when the reservoir model has both the sink and source. The steady

state flow problem solved is
V- (KVp) =r, (4.1)

where r is the source/sink term which stems from boundary and well condi-
tions. In most of the computational domain, the steady state problem solves
Laplacian equation. The discretized form of this problem is simply solved in

a system of linear equations.
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4.1.2 Unsteady state problem

For models with only sinks but no sources, the flowing of the fluid is
caused by the compressibility of the fluid. Here we introduce a time-stepping
method to involve the true boundary and well conditions and then to calculate
the coarse transmissibilites. The flow problem considered under such condition
is a slightly compressible single-phase fluid (for example, water) flow. The mass

conservation equation and Darcy’s law for such flow can be expressed as

9(¢p) _
T + V. (Pu) =T, (42)

K
u=-——Vp, (4.3)
I

where 7 is the source/sink term and is positive when fluid flows in. We denote
the compressibility of rock and fluid as ¢y and ¢;. The density and porosity
can be calculated as

p= pr[l + Cl(p - pr)]? (4'4>

¢ = ¢r[1 + Cf(p _pr)]’ (45)

where p, and ¢, are the referenced density and porosity under referenced

pressure p, and referenced temperature 7.

For the accumulation term, we have

pp) _ 9p) = 0(9)
o T T
_dodn  dodp
- Tdp ot pdp ot
0
= [pr¢rct + 2pr¢rclcf(p - pr‘)]a_]t), (46)
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where ¢; = ¢y + ¢ is the total compressibility. Since the second term in the
above equation is too small compared to the first one (¢; and ¢y usually have

the order of 107%), we can approximate the accumulation term as:

0 0
(acbtp) — porcy a_ft?. (4.7)

For the flux term, we have

V- (pu) =V (p.(1+¢(p—p)u))
=o'V (14 (p—p)u)). (4.8)

The pressure equation can be finally derived by substituting the equations

and [4.3] into equation [4.1}

3 - PMr
ey + 9 (1= L= ewy) o (19)

Next, we use two-point flux approximation (TPFA) finite volume scheme
to get discretization of the above equation in the fine scale. We assume we are
dealing with the fine grid of index i at the (n+1)th time step. For accumulation

term, we have

0 WViprcr n
/ oy Pty = LYt nst ) (4.10)

where At is the time step size.

By using Divergence Theorem, the flux term can be converted to

[ 0@+ o= powido = p(1+ (o p)uds

Ow;

pT’ n n n
==Y S +atpi"pptt —ppth). (411)
JEN;
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Therefore, the discretized form of the equation can be derived as

7"/;¢7"C n n T n n n
%(m o =3 P T 0 - ) + R (412)

JEN;
A system of linear equations is solved to obtain the fine scale pressure
solution at each time step. A realistic implementation problem associated with

this time-stepping method is how many time steps should be solved to get the

appropriate pressure solution to be used.

4.2 Coarse grids construction

In this section, we mainly discuss three agglomeration methods for
fractures grids from fine to coarse scale. The construction of coarse matrix

grids is out of discussion.

We note that no near-well upscaling is performed in our coarsening
framework. Extra upscaling procedure is always required when blocks near
wells are also expected to upscaled to coarse scale. The reason is that high
pressure gradient and multiple phase flow effects both add complications in
the near-well region. For example, the gas condensate may happen near wells
and have large effects on the gas productivity. Under such conditions, using
only the well index could not capture the phase behaviors. Many near-well
upscaling methods have been studied for practical simulation purpose, one
could refer to [19], [43] for some of these methods. In this paper, we do not

upscale the blocks intersected by wells.
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Figure 4.1: An illustration of flow problems used for calculating coarse scale transmissibil-
ities. The steady state problem (upper left) is used for flow systems with both source and
sink (in this case, both injector well and production well exist). The pressure profile of this
problem (lower left) is the solution of the Laplacian equation. The unsteady state problem
(upper right) is used for flow systems with only sinks (in this case, the flow boundaries are
no-flow boundaries and only production well exists). The pressure distribution (lower right)
is the solution by solving equations of slightly compressible single-phase flow. Note that,
the pressure varies from high values (red) to low values (blue).

In this thesis, the structured coarse matrix grid size is generally deter-
mined by the averaged size of the matrix domain using the given number of
the coarse matrix grids (for example, see the "problem setup" in [Figure 4.2)).
For the near-well region, moderate size of grid is used as buffer to adjust the
abrupt change from coarse matrix grid to fine matrix grid. For each coarse

matrix grid I, we denote by f]\[ the index set containing all the indexes of the

fine matrix grids in I, by F 1 the index set containing all the fine fractures grid
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within 7/, we also define the domain of the coarse matrix grid I as:
(1)\[ = U Wi,
ielj\[
and C; as all the pairs of interconnected fine fractures (either intersected or in

a same fracture) in I:

él = {(.f17 f2) : flafZ € é\rb Wi mwfz 7é @}

We also introduce A™ as the index set for each interface between two neigh-
boring matrix grids. For each interface s € ﬁm, we denote by J/f\ls and ﬁts
the index set for coarse matrix grids sharing the interface and index set for

pairs of fine fracture grids through the interface:

JA, = (I, L), I, L €T, wy, Nwy, = w,,

g/j-\As = {(fh f2> : fl S é\j[lu f2 € é\jfzu wr m<")f2 # ®}7

where w, represents the domain of the interface s.

For the upscaling methods exploiting unstructured grids, grouping fine
scale matrix grids can be achieved by different partitioning methods: graph
partitioning technique [35], geological partitioning [31], and flow-based parti-

tioning [31].

4.2.1 Greedy aggregation

A simple way to agglomerate fine fracture grids in a coarse matrix grid

is to gather them all in one coarse fracture grid (see [Figure 4.2)). We denote
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Figure 4.2: An illustration of greedy aggregation and local aggregation methods. The
problem (middle) presented here has 3 x 3 coarse matrix grids constructed by 15 x 15 fine
matrix grids with 8 fractures (left). Here we consider centered matrix grid (in red), the
neighboring matrix grids of which are shaded in yellow. Greedy aggregation method (upper
right) agglomerates all the fine fracture grids in the matrix grid into one coarse fracture grid
(in red). Local aggregation method (lower right) only gathers fine fracture segments of each
individual fracture (each color represents each coarse fracture grid).

the coarse fracture grid associated with the coarse matrix grid I as J and fine
fracture grids included in this grid are
I = JoN:nd?). (4.13)
=i
In this scheme, at most one degree of freedom is assigned to fractures
within each matrix grid. This method is simple and could generate limited frac-
ture grids in coarse scale, which results in accelerating the simulation speed.

We will show in the numerical tests section that this aggregation method
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works well especially for systems with short natural fractures. But this greedy
aggregation could impair the connectivity information of large fractures (for
example, hydraulic fractures) which transverse several coarse blocks. The er-
ror generated at one local matrix grid may even propagate along the large

fractures to other regions in the domain.

4.2.2 Local aggregation

Local aggregation method deals with fine scale fractures based on the
local intersections of different fractures or local interconnections within an in-
dividual fracture. To be specific, for fractures intersected in a coarse matrix
grid I, all the fine fracture segments should be aggregated to construct one
coarse fracture agglomerate. For fractures without intersections with other
fractures in I, coarse fracture grids are constructed individually by gather-
ing only fine grids of each fracture in /. The lower right figure in
illustrates an example of the local aggregation scheme. Based on fracture in-
tersections, 5 clusters (in different colors) were formed in the matrix grid that
is considered (in red). Algorithm presented tow basic functions
to combine fracture indices within a set. Furthuremore, a pseudo-code
is presented to show the local aggregation algorithm for each coarse

matrix grid 1.

The reason behind this method is that intersected or interconnected
fractures have similar pressure values comparing with fractures without con-

nections, since fractures can be considered as high speed flow conduits com-
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Algorithm 1: GETINDEX (f,J) and COMBINE( f1, f2,J)

[ N

© o

10
11

12
13

14
15

16

17

18

Function GETINDEX(f,J):

10 // if f¢7, i is set as 0
if f € J then
141
while f ¢ J[i] do
14 1+1 // if f €7, i is the index of set where f firstly
L occurred

return ¢

Function COMBINE(f1, f2,7):

i1 = GETINDEX (f1,7), i2 = GETINDEX (f2,J)

if i1 = 0 and is = 0 then // both f; and fo are not in J
L j<—jU{f1,f2}

else if i1 = 0 and i3 # 0 then // f1 is not in J but fy is in J
else if i1 # 0 and i, = 0 then // f1 is in J but fy is not in J

else if i1 #£0, i # 0 and i1 # i3 then // f; and f; are in the different
subsets of J

return J

paring with background matrix. However, the limitation of this aggregation

method is that the maximum number of coarse fracture grids constructed fi-

nally is not guaranteed. For regions with numerous fractures (for example,

some natural fractured reservoirs), this method could generate a lot of frac-

ture grids, the number of which may be many times the number of matrix

grids.

4.2.3 Multi-level aggregation

Here we introduce a multi-level aggregation progress in order to pre-

serve the fidelity of fractures with long lengths and lessen the number of coarse

fracture grids in total. Three new attributes are defined as following:
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Algorithm 2: LocAL (I, F;, C))
> construct sets based on fracture connections in coars matriz I
if 37 # 0 then

1

> | if € # 0 then

3 for (f1, f2) € él do

a L COMBINE(fl,fQ,QI)
5 for f € 5’"1 do

6 if f ¢ Q; then

7 L Qr+ 9; U {f}

s return Q;

e 7, € {0, 1}: neighboring connection attribute for each interface s € Am.
e 3; € N: length attribute for each coarse matrix grid I € Jm.

e 7, € [0, 1): volume attribute for each interface s € A,

We introduce the index set 51 that contains all the index of fine scale
grids in coarse grid I, and index set 7/\\& that contains all the index of coarse

grids who share common interfaces with grid I,

5]2:{i€jiwi€&)\[},

Ny={JeT: 0Nk, #0,J+1I}.

Multi-level aggregation algorithm is illustrated in algorithm [3] The

steps for this aggregation method are as follows:

1. Construct the coarse fracture grids based on the local aggregation method

(the first "for" loop in algorithm [3).

27



2. For each interface between neighboring coarse matrix grids, if 5y = 1,
we consider the neighboring fracture intersections. If two fractures are
in the same coarse fracture grid in one matrix grid, these two fractures
should in the same grid in another matrix grid (the second "for" loop in

algorithm |3)).

3. For each coarse matrix grid, all marked short fractures should be ag-

gregated to one coarse fracture cell (the third "for" loop in algorithm

3)-

4. For each interface between neighboring coarse matrix grids, neighboring
coarse fracture grids should be aggregated if their volume is less than

the volume attribute (the fourth "for" loop in algorithm .

A geometric illustration of multi-level partition is presented in Figure
4.3l The start point of the multi-level aggregation method is the coarsening
scheme constructed by local aggregation method (as (a) in Figure [1.3). To
simplify the illustration, we assume the neighboring connection attribute 7
as the same value for all coarse interfaces s € flm, and denote it as V. Simi-
larly, we assume the length attribute ; as the same value for all coarse matrix
grids I € f]\m, and denote it as L. If we consider three different inputs for the
neighbor attribute N and fracture length attribute L (here we assume that
all coarse matrix blocks share the same length attribute). (1) N =1,L = 4:
considering fracture intersection in the neighbor matrix blocks (in yellow), we

can combine two fracture sets (yellow and purple in (a)) into one (purple in
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Figure 4.3: An illustration of multi-level aggregation method.

(b)). Since two long fractures (in gray) intersect the matrix block, we can
combine the short fracture sets (green and red in (b)) into one set (red in (c)).
The final number of coarse fracture sets associated with the considered matrix
grid is reduced from 5 to 3. (2) N = 0,L = 1: without considering neigh-
boring fracture intersections, and treating all fractures as long fractures make
the coarse fracture sets remain the same (as exactly the results of local aggre-
gation method). (3) N = 0/1,L > 5: whenever considering the neighboring
intersections, the value of L decides that all fractures in this problem are seen
as short fractures, and all the fracture sets in (a) could be aggregated into 1

(as in (d)). This is exactly the scheme of the greedy aggregation method.
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Algorithm 3: MULTILEVEL

10

11
12

13

14
15
16

17

18

19

20

21

22

23

24

25

26

input : coarse scale set: im,f/l\m, 5"1,3;;4,4,2"“2]«
output: coarse scale fracture sets.
> construct sets based on local aggregation method

for I € I™ do
L LOCAL (I, 5"1, @1)
> reduce sets based on neighboring fracture intersections
for s € A™ s.t. S/t.\AS;é@, 7s=1do
(Iv J) = ﬁs
for (f1, f2), (t1, t2) € FA, s.t. (fi #t1) do

Jj2 = GETINDEX(to, 5,])
if (f1,t1) € Cs andz’\l # jo then
COMBINE( fa, t2,9)
if (tl,tg) S éj and 2/1\7é io then
COMBINE( f1,t1,Qr)

> reduce sets based on fracture length
for I € Jm s.t. F; £0, B; > 1 do
flag <0
for ¢ € @1 do
if Vf, € q s.t. Efi < fr then
if flag = 0 then
L fshort = q[l]a flag «—1
else R
L COMBINE(fshorta Q[Hv QI)
> reduce sets based on fracture set volume
for s € A™ s.t. TA, # 0 do
(I7 J) = j'/;ls
for (f1, f2) € 3?:45 do
1= GETINDEX(fl,QI), j= GETINDEX(fQ,ﬁJ)
if VOLUME(QI[Z']) < s VOLUME(QJ[j}) then
L é] — éj U @]m, COMBINE (f17f2,§J), 6[ — é]\é][’t}

if V(/)\LUME/\(@J[Z\]) < ~s VOLUME(Q,[i]) then L
L Qr + QrUQy[j], COMBINE (f1, f2,9r), Qs+ Q;\Q,[j]

return Q
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4.3 Coarse model parameters

The coarse grid volume is the summation of fine grids’ volume it con-
tains, given by
Vi=) Vi
iely
The porosity and pressure of the coarse grid are defined on the basis of volume

weighted average:

n el

le = I/\ )
Vi

. ielp

7= =
Vior

For two adjacent coarse grids I and J who share an interface, we define
D 77 as the index set of fine grids in coarse grid I who share an interface with
fine grid in J, and D ; as the index set of all fine grids who share interfaces

with other coarse grids, given by

D[J = {Z € I[ . wiﬂCJJ 7£ @},
@] = U ‘D[J.
JGA\[
And the coarse transmissibility across the interface between grid I and J is

given by

Z Z Tij(pi — p)(1 + adp;j)

iE@[J jETJﬁNZ‘
(Pr = b)) (1 + alspry)

fjj = s (414)
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where Apjj and Apj; are the bigger pressure difference based on the referenced
pressure of two adjacent grids, and can be expressed as
Apf =p —pr Py = max {p;,p;},
Apiy =Dly—pr Pry = max{pr,ps}.

By defining coarse properties in such ways, the coarse scale models still

preserve mass conservation in the single phase flow.

Theorem 4.3.1. Mass conservation is satisfied in coarse scale of single phase

flow at each time step by using the transmissibilities defined in equation [{.17)

Proof. Let us consider a coarse grid with index I, we can add up equation 4.12

for all the fine grids in coarse grid I and derive

pTVQb Ct, n
> =) (4.15)
7:6/3\[
Pr n .
=S N Pt aspi Tt - + > e (416)
Z'Eﬁ\[ JEN; Z'Eﬁ\[

For the left hand side term in equation [4.15 by using the previous definition

we can obtain

rV¢rC o
3 PO et iy (4.17)
1631
_ Pr‘//\vlglct Zie[l n+1¢z _ Zzeff Vipi b (4.18)
At V1¢1 Vior
pr‘//\}(EIC ~ ~
= Tt(pIH — D7) (4.19)
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Note that

I, = D;U(3\D)), (4.20)

Vied,  Ni=MNinI)UNND), 0=ONnT)NnNA\T).  (4.21)
We introduce f;; to denote the fine scale flux term at (n + 1)th time step,

ij

ntl . — %(1 + aAp )T (i — i, VieJr,jeN;

The first term in the right hand side of equation can then be abbreviated

as
pT n n 7

SN E A+ alpi Tyt = pith (4.22)

icdy JEN s

D )
iedy JENi

o n+1 n+1 n+1

IR RS VDD D DD DF i (4.24)
ie@; ]'GNZ'\?J\] iE@] jENiﬁ/j\] ief;\@; jeNi

We also note the following facts:

NAT = U NNy, Vied,

JEA;

N, ANDNNONL) #0, VI, €Ny Jy #
® @lzﬁlJU(ﬁl\ﬁjj), VJEJ/\T]

N,NT,; =0, VJeN,Vie D\D,
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Based on these facts, we can simplify the first term on the right hand side of

equation [£.22}
DD = > gt (4.25)

i€eDy jeN;\T; i€D; JENT jEN;MT )

=> > > gt (4.26)

JeNT ieDy je(N:MTy)

D30I INAED SED SRED DV

JeEN[ i€Dy je(N:nTy) JEN; ie(D\Dyy) je(NnTy)

=y > > (4.27)

JeN; i€Dyy je(N:NT )
By using previous coarse scale parameter definitions, we can change the form
of equation in to coarse scale form:

DD (4.28)

i€Dy jEN\I

=> > Z 1+CZAPU )T (0™ — i) (4.29)

JEN[ 'LEDIJ ]E(N ﬂjj)

-y % (14 aAp™)Try (B — 5. (4.30)

JENT
Let us assume (51\@ 1) # 0 at first. Recalling some definitions set previously,

we notice that for Vi € (I;\D;), we have

e N, CJ;andN;NT; =N,
o Vj e N, 1eA;

o VjeEN, pi; = pj; and Ty; = Tj;
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For the last two terms on the right hand side of equation [4.22] we have

2> > frtta2 Yoy e (4.31)

i€D jeN;NT; i€T\D; IEN:

=23 > fit

icdy JEN:

ZZ Pr 1+ alpt" )Ty = pith)] + (4.32)

ZEJ] JEN;

ZZ pr 1+ClApﬂ ) ]z( n+1 p;H-l)}

JEJI 1€EA;

= ZZ (L T I0 — o) + (o - it = 0. (4.33)

ZEJ[ JEN;
For the condition when (/J\I\@I) = (), since @1 C /3\[, we have @1 = 5\1. Thus,
equation [4.31] still hold. Substituting equations [4.28 and [4.31] into equation

[4.22] we obtain
ZETT+M%>MH1wﬂ (4.34)

ZEJ] JEN;

— Z (1+ o Api™ T (o — pith). (4.35)
JGN[

For source and sink term, we have

?[ = ;. (436)

After substituting equations [4.17] .34 and [4.36] into equation [4.15 we obtain:

Pr‘//\}alc Pr n\m ~
EAr =P = 3 S alp T @5 - B R (437)
Jej:f]

Comparing with the fine scale discretized form of mass balance (equation ,

equation [£.37] is exactly the coarse scale discretized form of mass balance. [
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4.4 Time step adjustment in unsteady state method

Since the unsteady state method proposed in previous sections contains
time-steppings, the implementation issue of this method is discussed here. The
linear solver used for solving the matrices in this research is conjugate gradient
(CG), and the preconditioner of the matrices deploys incomplete LU (ilu0)
factorization, both of which are implemented in PETSc linear algebra library
([F]). Here we propose a time-stepping algorithm [4] to adjust time steps and
terminate iterations. Discussion of the effects of this algorithm is in Chapter

5.
Some given parameters as criteria are defined as follows:
e ¢;, At € R: compressibility and initial time step.
e itr,.. € N: maximum iteration number.
® Kmin, Fmax € R: minimum and maximum condition number allowed.

e Ap. € R: minimum pressure change allowed.
Some calculated parameters at each time step are defined as follows:

e A\t": time step size at nth step.

® Ntpax: 1" < 1" X Ntpax.

e inf7: number of infinite transmissibility.
e Apl. . ming, (P — Pinit)-
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e k" approximated matrix condition number at step n.

Algorithm 4: newTimeStepSize

Input : parameters at iteration step n (inf7., At™, Apl. . K").
Output: terminating iteration or adjusted At"*! for iteration step n+1.
while n < itr,,, do

2 if inf, =0 and Ap},, > Ap? and K" < Kpax then

3 L break

4 else if K" > K.« then
L At — A" x L n—n

Kmax ’

=

else if k" < Ky then
L AL A x min( Nt yay, Doecthinin) p ¢ p 4]

2K™
else
L At At ne—n+1

10 return A*t!
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Chapter 5

Numerical Tests for Flow Simulation of
Fractured Systems

In this chapter, numerical experiments with different fracture patterns
and well conditions are presented to verify the introduced upscaling method

in Chapter 4.

For fracture patterns, test 1 and test 2 use short and randomly dis-
tributed fractures, test 3 deploys long and well-connected fractures, and test
4 is embedded with large hydraulic fractures and large number of short nat-
ural fractures either intersected or separated with hydraulic fractures. As for
well configurations, testl employs both injection and production wells to ver-
ify the efficiency of the general upscaling method, test 2 and test 4 only use
vertical production wells to demonstrate the efficiency of the unsteady state
flow problem and corresponding algorithm. Besides, a five-spot well pattern
is presented in case 3 and a horizontal production well is deployed in test 4 to

illustrate the advantages of the multi-level partitioning method.

All numerical tests performed in this section are simulated using a
black-oil simulator with three phase flow. The PVT properties under the

reference pressure are listed in Table[5.1] PVT properties of oil and gas as the
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Table 5.1: Fluid properties under reference pressure pressure p;.;.

Pref Pw Po Pg Hoaw Cw Co
() (kg/m®) (kg/m®) (kg/m®) (10Pa-s) (Pa-)  (KPa~))
101.325 947.516  814.612 1.125 0.96 5.40 x 10=7  1.45 x 1076

Table 5.2: Oil and gas PVT properties as functions of pressure (r, is the gas-oil ration, e,
is the gas expansion factor, y, and p, are oil and gas viscosity).

p Ts €g Ko Hg
(kPa) (m*/m?) (m?®/m3) (1073Pa-s) (1073Pa-s)
103.4 1.0010 0.7306 0.9030 0.0136
2289.1  13.9532  16.9861 0.7190 0.0139
4481.6  29.9993  34.0841 0.5970 0.0144
77704 57.0740  61.0608 0.4840 0.0154
12148.6  96.8836  98.3311 0.3940 0.0171
14341.1 117.9916 116.8294 0.3630 0.0181
27847.9 260.5732 212.9748 0.2550 0.0256

39162.2  392.0799 266.5061 0.2100 0.0319
51710.7 565.4125 312.2136 0.1780 0.0390
55158.1 616.1920 321.0613 0.1750 0.0412
58605.5 668.5710 328.3629 0.1700 0.0435

function of pressure are showen in Table [5.2] Relative permeability curves of

different phases are showed in Figure [5.1}

The errors of coarse scale simulation results are evaluated based on
certain fine scale simulation as reference solution. Here we introduce two
parameters to represent pressure error of the coarse solution. For a given time
t € (0,T], we denote p' as the pressure of the coarse grid I at time t, and p

as the set consisted of pressure at time ¢ of all the coarse grids. Similarly, p,*
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Figure 5.1: Relative permeability curves used for numerical tests.

is introduced to represent the fine scale pressure at time ¢ which is averaged
based on the volume of fine grids included in the coarse grid I, and p’ is to

used as the set consisted of averaged pressure at time t of all coarse grids.

As for errors, relative pressure error of coarse grid [ at time ¢ is defined

as

N =t
e, = |pfp_th| t e (0,7, (5.1)
I

and relative pressure error over the whole reservoir domain is defined as

1P’ — P'lles
¢ =P _PIe e (5.2)

1" e,
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5.1 Test 1: a heterogeneous reservoir with natrual frac-
tures and without source term

5.1.1 Setup

We consider a 1100 x 600 x 80 ft® heterogeneous matrix domain in this
case. 1000 randomly generated fractures with average length of 15 m exit in
this reservoir model, which is shown in Figure 5.2l A production well with
constant pressure of 1000 psi is located at the middle part of the reservoir. All
the boundaries in this case are considered as no-flow boundaries. Parameters

for fracture domain and matrix domain are listed in Table 5.3l

The ground truth solution is obtained from the case with fine grids
of size 10 x 10ft2, and the number of which is 6600 for matrix and 11389
for fractures. The coarse simulation is deployed for cases with and without

fractures, for grids of number as 7 x 10, 9 x 13 and 15 x 20 respectively.

The unsteady state method is used for the hypothetical single phase
flow problem and greedy aggregation method is deployed to partition the

coarse fracture grids.
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Figure 5.2: 2D reservoir model of test 1.

5.1.2 Results

Oil production results are showed in Figure [5.3. From fine solution
results in (a), heterogeneity and natural fractures both have effects on the
simulation results. Same production profiles obtained using different time in
(b) for the unsteady state problem indicate that the long time simulation time

is unnecessary in this case.
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Table 5.3: The reservoir model parameters for flow simulation of test 1.

Domain Parameter Value
number 1000
Fracture permeability (mD) 10000
aperture (m) 0.03

average length (m) 15

porosity 0.05
Matrix initial pressure (psi) 8000

compressibility (psi™!) 1 x 107°
Well pressure (psi) 1000

The accuracy of the reduced models is verified from production profile,
pressure error and saturation error in different scales. Figure (c) and (d)
indicate that all the three different scales of coarse simulations can match well
with the ground truth oil production and rate profiles. Indeed, the relative
error of final production volume are 2.8E-2 for 1% grids, 1.7E-2 for 2% grids,
and 3.0E-3 for 5% grids respectively. Figure presents the relative pressure
error after 1 year production. The highest relative pressure error is less than
5% in all scales, and pressure error is reduced as the number of grids increases.
Besides, highest pressure error happens at the production region, which is
reasonable because no extra upscaling manipulation is employed for the near-
well regions. Absolute saturation error after 1 year production showed in

Figure [5.5| also indicates the accuracy of the coarse models.

From fine solution results, we can observe that existence of fractures

in this case enhances the oil an gas productions. Comparison results between
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Table 5.4: Comparison of simulation errors and CPU time of Test 1 between cases with
and without fractures for different scales at different simulation times. ¢; represents 1 year

and ¢, represents 10 years.

Seale &, i Ptz Gl Sts Sk Btz St ‘(Jil)“e
S
N¢ = 1000
7x10 83E-3 25E-2 3.1E3 38E-2 T0E3 132 85E2 14E2 044
9x13  65E-3 28E3 3.2B3 27E2 54E3  13E2  G6E3  L4E2  0.50
15%20 65E-3 1.3E-2 36E-3 24E2 A7E-3  9.9E3  54E-3  97E3 073
Ne=0
7x10  46E-3 T75E-3  33E2 37E-2 7.6E3 13E-2  91E3 13E-2 031
9x13  46E-3 T4E3 3.0E2 35E-2 7283 12E-2 82E3 12E2 041
15%20 45E-3 65E-3 209E-2 34E-2  50E-3 12E-2 6.8E-3 10E-2  0.60

cases with and without fractures in Figure and Table show that the

error of production, pressure and oil saturation distribution are nearly in the

same magnitude, which indicate that fracture existence of natural fractures

does not largely influence the upsclaing effects.

As for the efficiency, the results for different scales are showed in Table

.5l The speedup of reduced model is significant since the coarsest model is 156

times faster than the fine scale simulation, which demonstrate the efficiency

of the upscaling methodology introduced in Chapter 4.

Table 5.5: Convergence results of Test 1 (¢; represents 1 year and ¢ represents 10 years.
#m is the number of matrix grids, #f is the number of fracture grids, and #dof is the
number of total grids.)

Accuracy Efficiency
Scale T 5 > = 5 ¢ dof v 3
€pity €pton €5, .0 €5, 0o €y, #m # #do ime  speedup
110 x 60 - - - - - 6600 4789 11389 68.64 -
7 x 10 45E-3 3.4E-2 1.0E-2 2.1E-2 2.8E-2 70 68 138 0.44 156
9x13 4.0E-3 1.7E-2 8.0E-3 19E-2 1.7E-2 117 115 232 0.50 137
15x20 3.7E-3 1.5E-2 53E-3 1.1E-2 3.0E-3 300 296 596 0.73 94
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Figure 5.3: Oil production results of test 1: time effects in unsteady state problem is
presented in (b), results of case with fractures is showed in (c) and (d), results of case
without fractures is showed in (e) and (f).
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Figure 5.4: Relative pressure error of Test 1 after 1 year production.

46



1.30e-02

1.04e-02

7.80e-03

5.20e-03

2.60e-03

0.00e+00

1.25e-02

1.00e-02

=7.50e-03
5.00e-03
2.50e-03

0.00e+00

4.00e-03
2.00e-03

0.00e+00

(c) 15 x 20 (5% grids)

Figure 5.5: Absolute oil saturation error of Test 1 after 1 year production.
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5.2 Test 2: a natural fractured reservoir with injection
and production wells

5.2.1 Setup.

We consider a 1010 x 1010 x 80 ft> homogeneous matrix domain in this
case. 200 randomly generated fractures with average length of 100 ft embedded
in this reservoir model, which is shown in Figure[5.6l An injection well injecting
water under constant pressure of 8000 psi is located at the lower left corner of
the reservoir model, and a production well with constant pressure of 1000 psi
is located at the upper right corner of the reservoir. All the boundaries in this
case are considered as no-flow boundaries. Parameters for fracture domain

and matrix domain are listed in Table (.6l

The ground truth solution is obtained from the case with fine grids of
size 7.14 x 7.14ft?, and the number of which is 20164 for matrix and 3787
for fractures. The coarse simulation is deployed for cases with and without
fractures, for grids of number as 12 x 12, 16 x 16 and 28 x 28 respectively.
Correspondingly, the coarse scales are consisted of 1%, 2% and 5% grids of the

fine scale solution.

Since both production and injection wells exist in this case, steady state
problem could be used. Simulations are conducted either under steady or un-

steady state methods, with greedy partitioning or local partitioning methods.
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Domain Parameter Value

7 =y
. U | e e
/r > {L// p y (mD)
% /MJ/ = j/ aperture (m) 0.03
% 30.48

/ ( average length (m)
porosity 0.05

e
‘ 71/4‘/ e Matrix permeability (mD) 0.1
2// / 7%// / //%/%@ initial pressure (psi) 5000

/ //’(%//)HL‘/// @/ compressibility (psifl) 1% 10~

Table 5.6: Parameters of fracture domain
Figure 5.6: 2D reservoir model of case 2. and matrix domain in case 2.

5.2.2 Results

Figure shows the cumulative oil production of Test 2 of three coarse
scales under four different upscaling methods, respectively. Figure[5.8 presents
the convergence rate of the steady state and unsteady state problem of single
time step under cases with and without fractures. Table [5.8] compare results
of pressure error, saturation error and final recovery error between greedy and

local partitioning of steady state method.

Greedy partitioning vs. local partitioning. From Figure[5.7, we can see
that greedy partitioning shows better production profile than local method in
both steady and unsteady state tests as opposed to the ground truth solution.
Table 5.8 shows that the error are comparable between greedy and local par-

titioning, but greedy method has smaller error mostly. From Figure [5.9] the

49



greedy method clearly has better pressure distribution after 1 year production
of oil and gas. Besides, local partitioning has larger number of embedded frac-
ture grids, thus with more simulation time since each fracture segment will

generate an extra fracture grid.

Generally, we can conclude that greedy partitioning works better under
condition with numerous natural fractures separately distributed in clusters.
We should note that the better performance of greedy partitioning is not al-
ways the case for all the fracture patterns, which will be observed in Test 3

and Test 4.

Steady state method vs. unsteady state method. From Figure
unsteady state method matches the ground truth solution more accurate than
the steady state method, though they are comparable with each other and
the difference between them is small. From [5.9] the pressure error difference
of steady state method and unsteady state method is negligible. Therefore,
we can conclude that the unsteady state method generate better production

results, but not better pressure profiles.

But unsteady state method has a great advantage of efficiency. From
Figure [5.8, unsteady state problem has much higher convergence rate than
steady state method since steady state problem has residual of 1.E-6 after
300 iterations, while unsteady state problem could converge to 1.E-10 after
only 11 iterations (note that these two problem has same number of dof, thus

the iteration time is comparable with the iteration steps). This problem is
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especially important for systems with fractures, since the iteration number of
the case without fractures are very similar between these two problems. The
reason for this phenomenon is that existence of fractures has large effects on
the matrix structures, which increase the ill conditioning of the steady state

case.

As for the efficiency, the upscaling effects is significant in this test.
From Table [5.7] the coarse model of scale 12 x 12 (1% grids) could achieve a
speedup of 19000, with only 0.7% cumulative production error after 20 years

and 1.4% /., relative pressure error.
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Figure 5.7: Cumulative Oil production results of reduced models in Test 2. "SS" represents
steady state method, and "unSS" means unsteady state method. "GP" represents greedy
partitioning and "LP" represents local partitioning.
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Figure 5.8: Convergence history of steady state and unsteady state problems with or
without fractures by using CG as linear solver and ilu0 as preconditioner (the unsteady

state problem is solved in one time step with £ = 2.5E-6).

Table 5.7: Convergence results of Test 2 using unsteady state problem and greedy parti-

tioning.
Accuracy Efficiency
Scale i T T3 > T3 F Iof - 3
€pity €pts €5, .05 €5, 0o v, #m # #do ime speedup
142 x 142 - - - - - 20164 3787 23951  2505.59 -
12 x 12 3.0E-2 1.4E-1 2.8E-1 1.3E-1  6.8E-3 144 89 233 0.13 1.9E+4
16 x 16 2.5E-2 8.0E-2 28E-1 8.5E-2 5.6E-3 256 192 448 0.69 3.6E+3
26 x 26 2.0E-2 8.0E-2 4.2E-1 1.5E-1 8.2E-3 676 412 1088 1.86 1.3E+43

Table 5.8: Comparison of pressure and oil saturation errors between coarse models with
greedy and local partitioning by using steady state problem.

Scale

Greedy Partitioning

Local Partitioning

E;lzz efal,em 6?0 2 EtSi,em JVZ fztolza Cfal,em 6?0 12 f?o,em 4/20
12x 12 2.0E-2 87E2 26E-1 14E-1 34E2 21E2 89E2 27E-1 14E1 29E2
16 x 16 2.3E-2 89E-2 3.0E-1 1.2E-1 4.0E2 16BE-2 64E2 26E-1 1.1E-1 5.8E-2
26%26 1.7E-2 T7.9E2 39E1 16E-1 16E2 19E-2 8.0E-2 3.3E1 97E-2 3.2E-2

53



SS + GP

unSS + GP

unSS + LP

MHHH \HHHM MHHI”IIIIIHHM MHMHHHH’HHHM

0.000  0.014 0042 0.056 0.000 0.012 0.016 00000 00034 00068 00102 0.0136 0.0170

Figure 5.9: Relative pressure error of Test 2 by using unsteady state problem or steady
state problem, and greedy partitioning method or local partitioning method after 1 year
production.
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5.3 Test 3: a five-spot case with large connected frac-
tures

5.3.1 Setup

We consider a 1010 x 1010 x 80 ft> homogeneous matrix domain in this
case. 70 randomly generated large fractures embedded in this reservoir model,
which is shown in Figure[5.10} An injection well injecting water under constant
pressure of 8000 psi is located at the lower left corner of the reservoir model,
and 4 production wells with constant pressure of 1000 psi is located at the
four corners of this reservoir. All the boundaries in this case are considered as

no-flow boundaries. Parameters for fracture domain and matrix domain are

listed in Table (.31

The ground truth solution is obtained from the case with fine grids
of size 10 x 10 ft?, and the number of which is 10201 for matrix and 2585 for
fractures. The coarse simulations are all conducted on the base of matrix grids

with number as 21 x 21.

Since both production and injection wells exist in this case, steady
state problem could be used. Coarse models are all generated from steady
state method in this test. To study the partitioning approaches, we conduct
simulation under greedy, local and multi-level partitioning methods. Figure
5.11| (a) shows the number of intersecting matrix cells of each fracture. The
largest number of intersected cells is 20. (b) and (c) showed fractures which

intersect no less than 7 and 10 matrix grids (denoted as "L=7" and

"L=10", respectively).
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Figure 5.10: 2D reservoir model of Test 3.

Table 5.9: Parameters of fracture domain and matrix domain in Test 3.

Domain Parameter Value
number 70
Fracture permeability (mD) 10000
porosity 0.05
Matrix permeability (mD) 0.1
initial pressure (psi) 8000

compressibility (psi™!) 1.0 x 107¢
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Figure 5.11: Pressure profile of the reference solution and relative pressure error of upscal-
ing results by using unsteady state problem and greedy partitioning after 1 year production.
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5.3.2 Results

Figure [5.12] presents the oil production results of different partitioning
methods in 4 production well respectively. Figure displays fine pressure
profile and relative pressure errors for different methods. Figure shows
the saturation contours of fine simulation results and coarse model simulation

results.

Greedy partitioning vs. local partitioning. From Figure 5.12] local
method works better than greedy method at production wells P1, P2 and P4.
Produciton results of local partitioning method are acceptable at these three
wells. From Figure[5.13] the pressure error of greedy method is relatively large.
The reason why greedy partitioning fails at this test is that lots of fractures
are very long and intersected with each other, from which small error could be
propagated to the whole reservoir, and thus impair the production accuracy of
all the four wells. For production well P3, all the simulation results are more
or less deviated form the ground truth solution because there is one fracture
oriented directly to the production well. Simulating such kind of fractures
are not easy, thus extra upscaling manipulations should be added for the near
well regions. But this is far from the objective of the study in this discussion.
In conclusion, the greedy partitioning method is not enough for such systems

with long fractures intersected with each other.
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Local partitioning vs. multi-level partitioning. For multi-level parti-
tioning method, we can observe that results of case with "L = 10" is similar
to the local partitioning, and the results of the case with "L = 7" is more
similar to the greedy one. This indicates that setting L = 10 is not enough
in this test. We should note that setting the number of aggregation attribute
"L" is dependent on the case, which is a disadvantage of this method. But
practically, several setting could be implemented till the results do not change
largely. From Figure [5.13] and Figure [5.14] the multi-level partitioning gen-
erate smallest error in pressure and most similar saturation contour shapes
compared to the ground truth solution. The errors are logged in Table [5.10
from which we could conclude that multi-level partitioning with L = 7 has
smallest error of pressure, and generates less fracture grids, and thus faster

than the local method.

Table 5.10: Convergence results of Test 3: t; represents after 1 year production, to rep-
resents after 5 years of production ("multi-1" represents case with "L = 7", "multi-2"
represents case with "L = 10").

Method - - Accuract); - Efficiency .
€poty €pe €5, 0 €5, .0 #m #f #total time speedup
reference - - - - 10201 2585 12786 183.86 -
greedy 3.8E-2 1.3E-1 1.7E+0 3.4E-1 441 279 720 2.54 7.2E+1
multi-1 2.5E-2 7.4E-2 1.6E+4-0 3.6E-1 441 367 808 3.67 5.0E+1
multi-2 3.4E-2 1.3E-1 1.6E+0 3.8E-1 441 346 787 3.49 5.3E+1
local 2.9E-2 7.5E-2 1.6E+0 3.9E-1 441 434 875 4.1 4.5E+1
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Figure 5.12: Cumulative Oil production results of Test 3.
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Figure 5.13: Pressure profile of the reference solution (a) and relative pressure errors (b)-
(d) of coarse models generated from different partitioning methods after 1 year production.
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Figure 5.14: Saturation profile of the reference solution (a) and relative pressure errors
(b)-(d) of coarse models generated from different partitioning methods after 5 years of

production.
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5.4 Test 4: a hydraulic fractured reservoir with complex
fracture networks

5.4.1 Setup

We consider a 3300 x 1510 x 80 ft> homogeneous matrix domain in this
test. 10 long hydraulic fractures go through the entire reservoir with 300 ft
distance between each other. Besides, 1500 natural fractures are randomly
generated with different permeability (see Figure . Note that some of
these natural fractures are intersected with hydraulic fractures, which gener-
ate complex fracture networks over the entire reservoir domain. For matrix
background, we deployed porosity of 0.05 and permeability of 0.001 mD to
simulate the production of shale oil reservoirs. A horizontal production well
through 10 hydraulic fractures is located at the middle of the reservoir. All
the boundaries in this case are considered as no-flow boundaries. Parameters

for fracture domain and matrix domain are listed in Table [5.11]

The ground truth solution is obtained from the case with fine grids of
size 10 x 10 x 80 ft3, and the number of which is 49830 for matrix and 23935
for fractures. Simulations of coarse models are all conducted on the base of
matrix grids with number as 30 x 13. Note that all multi-level coarse models
have the aggregation attribute of L = 61, which indicate that only the 10
hydraulic fractures are treated as long fractures. Since only production and
no flow boundaries exit in this test, unsteady state problem should be used to

generate all the coarse models.
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(a) 3D model of hydraulic fractures distribution in Test 4

|
1000 1200 1400 1600 1800 2000
permeability

(b) 2D model of natural fractures and their permeability distribution in Test 4

Figure 5.15: Reservoir models of Test 4.
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Table 5.11: Parameters of fracture domain and matrix domain in Test 3.

Domain Parameter Value
number 10
Hydraulic permeability (mD) 10000
Fractures aperture (ft) 0.1
length (ft) 610
number 1500
Natural permeability (mD) 1000-2000
Fractures aperture (ft) 0.001
length (ft) 80-150
porosity 0.05
permeability (mD) 0.001
Matrix initial pressure (psi) 8000
production pressure (psi) 1000
initial water saturation 0.17

compressibility (psi!) 1.0 x 1076

5.4.2 Results
5.4.2.1 Efficiency of the time-stepping algorithm

Figure presents results of coarse models generated by unsteady
state method with only 1 time step using 7 = 5.0 — 8 and 2, = 1.0E' — 9
respectively. By setting 2, = 5.0 — 8, pressure changes are very small after 1
time step, and production result deviate a lot from the ground truth solution.
This indicate that insufficient pressure change in the unsteady state problem
would generate bad transmissibilities for the reduced models. After setting
2= = 1.0E — 9 as a small value, though pressure changes are sufficient, the

pressure solution is wrong even we used implicit scheme, and the transmissibil-
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ities are also far from the truth, which will generate wrong production profile.
Thus, it is important to generate sufficient pressure change and adjust value

of <L in the unsteady state method.

v

By using the time-stepping algorithm proposed in Chapter 4, we gen-
erate new coarse models by setting %, = 5.0E — 6, %, = 5.0E — 7, and
+ = 5.0F — 8 respectively, and the production results of which are displayed
in Figure[5.17] The accuracy of this algorithm can be observed from the figure
since results of all these three cases match the fine solution very well. The
efficiency of the time-stepping algorithm is revealed in Table [5.12 The ter-
mination criteria of this algorithm determine that sufficient pressure changes
can be achieved. Furthermore, adjustment of time steps in this algorithm can
control the total CG iterations. We note that though this algorithm has an
c

advantage of setting random values for z., ill-conditioning caused by small

values should be avoided.
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Figure 5.17: Cumulative oil production results of coarse models after using time-stepping
algorithm.
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Table 5.12: Summary of time steps and total iterations of CG solver for coarse models
using time-stepping algorithm in unsteady state method.

e #time steps #iterations
5.0E-6 4 638
5.0E-7 3 576
5.0E-8 4 649

5.4.2.2 Efficiency of multi-level partitioning method

From Figure [5.18, we can observe that the greedy method could not
capture the fidelity of this model. The reason is that natural fractures in-
tersected with hydraulic fractures in this test, which forms complex fracture
networks. However, both local and multi-level partitioning methods could
match the ground truth solution. Figure [5.19] shows saturation contours of
the three methods, which also indicate that greedy method failed in this test,
and local and multi-level methods have similar saturation profiles as the fine
solution. Table [5.13| summarizes results for this test. The advantage of multi-
level partitioning over the local one in this test is that multi-level generates
much smaller number of fracture grids, and thus is more efficient than the local

method.
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Figure 5.18: Cumulative oil production results of coarse models by using different parti-
tioning methods.

Table 5.13: Summary of simulation results of coarse models by using different partitioning
methods in Test 4 (¢ represents 5 year).

Method €50,  #M #f  #total  time  speedup Ygrids

fine - 49830 23935 73765 2099.11 - -
greedy 5.3E-2 390 68 755 2.78 755 1.0
multi-level 2.7E-2 390 419 809 2.79 752 1.0
local 3.0E-2 390 296 4061 36.91 57 5.5
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Figure 5.19: Saturation profile of the reference solution (a) and saturation errors (b)-(d)
of coarse models generated from different partitioning methods after 5 years of production.
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Chapter 6

Summary, Conclusions and Recommendations
for Future Work

In this chapter, the summary and conclusions are presented followed

by recommendations for the future work.

6.1 Summary and conclusions

We present the summary of this work as follows:

e An upscaling framework was proposed to speedup the flow simulations
in fractured systems by constructing reduced models to approximate the
original fine-scale models. Applicability of this framework was verified

by numerical tests presented in this thesis.

e An unsteady state method was introduced in this work to obtain rea-
sonable pressure solutions to generate more accurate coarse models for
reservoirs without source term. Applicability of this method for reser-
voir models without source term was demonstrated by different numer-
ical tests. Furthermore, the unsteady state method showed higher con-

vergence rate than the steady state method for systems with source
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terms since matrices formed by unsteady state problems are more well-

conditioned than the matrices formed by steady state problems in

fractured systems.

Different partitioning methods were proposed to associate coarse model
grids with fine-scale girds. The greedy partitioning method is suitable for
systems with numerous short and isolated fractures. While the greedy
method might fail in systems with long, well-connected complicated frac-
ture networks, where the local partitioning method generates relatively

accurate results.

Based on the greedy and local partitioning methods that are suitable
for different reservoir types, we proposed a more general approach called
multi-level partitioning method. The applicability and advantage of this
method is presented in the last two numerical tests, where the multi-level
approach could generate relatively accurate models with limited fracture

grids.

Implementation issues were discussed for the unsteady state method. We
proposed an efficient time-stepping algorithm to adjust the time steps,
control the iteration number, and terminate iterations. Efficiency of
this algorithm was verified from different perspectives of a hydraulically

fractured reservoir model.
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6.2 Recommendations for future work

Some recommendations for the future work is presented as follows:

e Verify the upscaling methodology in real reservoir models using field

cases to extend the applicability of this method.

e Integrate this upscaling approach with methods used for inverse problems
and optimization problems to reduce CPU time for solving such problems

where many forward simulations are required.

e Extend and develop upscaling method for the three-dimensional reservoir

models.
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