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Abstract

Carbon sequestration in deep saline aquifers has been proposed for long term storage
of CO, as an alternative to the release of COy into the atmosphere. In this thesis a
computationally efficient numerical model that describes the physics of CO5 injection into
deep saline aquifers is presented. The model is based on the multiphase flow and vertically
averaged mass balance equations, requiring the solution of two coupled, non-linear partial
differential equations - a pressure equation and a saturation equation. The numerical
formulation is based on sequentially coupled Finite Element Methods (FEMs). The Finite
Difference Method (FDM) is used to discretize in time. The saturation equation is a non-
linear advective equation for which the application of Galerkin Finite Element Method
(FEM) can lead to non-physical oscillations in the solution.

Several stabilized methods are considered to control the oscillations that occur as a
by-product of the approximation of the saturation equation. The methods developed
are based on the the Streamline Upwind (SU) method, the Streamline Upwind Petrov
Galerkin (SUPG) method, the Galerkin Least Squares (GLS) method, the Subgrid Scales
(SGS) method, and the Least Squares Finite Element Method (LSFEM). Two sequential
solution schemes are applied: a single step (SS) and a predictor-corrector (PC). The range
of Courant numbers yielding smooth and oscillation-free solutions is investigated for each

method. The useful range of Courant numbers depends upon both the sequential scheme
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(SS vs PC) and also the time integration method used (Forward Euler, Backward Euler,
or Crank-Nicolson). For complex problems such as when two plumes meet, only the SU
stabilization with an amplified stabilization parameter (SU-87) gives satisfactory results
when large timesteps are used.

The use of linear elements results in the omission of the second order term in the SUPG
and LSFEM residuals. In addition, part of the perturbation operator for LSFEM also
disappears. This loss of information may affect the stabilization properties of the SUPG
and LSFEM methods. When linear elements are used, SUPG, GLS and SGS all result
in the same formulation. Quadratic elements allow for GLS and SGS stabilizations, and
permit more complete forms of SUPG and LSFEM stabilizations. The results show that
SGS, GLS and SU-87 (SU with an amplified value of the stabilization parameter) are the
most robust stabilization methods considered. SGS and GLS are the preferred choice at
small timesteps, and SU-87 is the most suitable for relatively large timesteps. Quadratic
elements are shown to better handle the case of merging CO, plumes compared with
linear elements, but quadratic elements experience greater oscillations when encountering
a Dirichlet boundary.

The proposed formulation is compared against an existing benchmark study where
eleven different simulators were used to determine the arrival time of the CO, at a
leaky well. Four examples consider non-uniform permeability, multiple injection wells,
an upsloping aquifer, and a dome shaped aquifer. A new adaptive timestep strategy is
implemented which allows stable solutions with increasing timesteps as time progresses.
The adaptive timesteps reduce the computational cost by 75-82 % compared to constant
timesteps in the four examples shown.

The eXtended Finite Element Method (XFEM) is introduced to accurately approx-
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imate near-injection well pressure behaviour with elements significantly larger than the
injection well diameter. A vertically averaged multiphase flow model is presented that
combines XFEM to approximate the pressure field, with a Streamline Upwind/Finite
Element/FDM (SU-FEM-FDM) to approximate the distribution of COs in the aquifer.
Near-well enrichment functions are presented along with the solution procedure for the
coupled problem. Two examples are presented; in the first, CO, injection into a perfectly
horizontal aquifer is modelled with both XFEM and FEM-based methods. The results
suggest that XFEM is able to provide low relative errors in the pressure near the well at
a reduced computational cost compared to FEM. The impact and selection of the sta-
bilization coefficient of the SU-FEM-FDM is also discussed. In the second example, the
XFEM and SU-FEM-FDM models are applied to a more realistic problem of an inclined
aquifer to demonstrate the ability of the model to capture the buoyancy driven migration

of CO4 in a deep saline aquifer.



Acknowledgements

I would like to thank my supervisor, Dr. Robert Gracie, for his continued support and
encouragement. I would also like to thank the committee for reviewing my thesis. I
also want to acknowledge support from the Natural Sciences and Engineering Research
Council (NSERC), NSERC Discovery Grant, NSERC-Network of Centres of Excellence-

Carbon Management Canada, and the Ontario Graduate Scholarship (OGS).

vi



Dedication

Dedicated to my loving and patient wife, Robilyn and our wonderful son James.

vil



Table of Contents

[List of Figures| xiii
[List of Tables| xxiii
(List of Abbreviations| XXV
[List of Symbols| XxXVi
(1 Introduction to Carbon Sequestration and Objectives| 1
[l.1 Carbon Capture and Storage (CCS)|. . . . . . ... ... ... .. .. ... 1
(1.2 Carbon Sequestration|. . . . . . . . . . .. . ... oL 4
(1.2.1 Importance of Computational Efhciencyl . . . . . . ... ... ... 8

[1.2.2  Solution Approaches| . . . . . . . .. ... ... ... ... .. 9

([.3 The Finite Difference Method (FDM)[. . . . . . . ... . ... ... ... .. 11
(1.4 The Finite Element Method (FEM)| . . . . . ... .. ... ... ...... 11
[1.4.1 The eXtended Finite Element Method (XFEM)| . . . .. ... ... 12

(1.5 Objectives| . . . . . . . . . . 13

2 Numerical Modelling of Flow In Porous Media| 15
2.1 Introduction| . . . . . . . . .. 15
[2.2  Single Phase Flow|. . . . . .. ... ... ... oo 16




[2.2.1 Basic Concepts| . . . . . . . .. . . ... ... 16

[2.2.2  Governing kEquations| . . . . . . ... oo 18

(2.3 Multiphase Flow| . . . . ... ... ... ... ... o 19
[2.3.1 Basic Concepts] . . . . . . . . . . ... 19

[2.3.2  Governing Equations| . . . . . .. ... 20

[2.4  Vertically Averaged Multiphase Flow| . . . . . . ... ... ... ... ... 21
2.5 Coupled Models| . . . . . . . .. ... ... 25
[2.6 Chapter Summary| . . . . . . . . . . . . .. 27

B Siabilized Finite El Methods T d on-Diffision-R . l
[ Equations| 29
(3.1 Introduction|. . . . . . . . .. oo 29
[3.2 Types of Partial Differential Equations| . . . . . . . . . .. ... ... ... 30
[3.3  Advection-Diffusion-Reaction Equation| . . . . . .. ... ... ... . ... 31
(3.3.1 Peclet Number] . . . ... ... ... oo 32

(3.3.2 Damkohler Number . . . . . . . .. ..o 32

.4 Weak Forml . . . ... ... 33
[3.5 Stabilization Techniques . . . . . ... ... ... 0000 33

[3.5.1 Streamline Upwind (SU) and Streamline Upwind Petrov Galerkin |

(SUPG)| . . o oo 35

[3.5.2  Stabilization Parameterd . . . . .. ... ... ... ... 35
[3.5.3  Galerkin Least Squares (GLS)| . . . . .. ... ... ... .. .... 36
[3.5.4  Subgrid Scales Method (SGS)[ . . . . ... ... ... ... .. ... 36
[3.5.5  Least Squares Finite Element Method (LSFEM) . . . . ... .. .. 37

[3.6  Finite Difference Method (FDM) Discretization in Time| . . . . . . . . .. 38

1X



B.7.1  Galerkin FEM Discretizationl . . . ... ... ... ... ... ... 39
B.7.2 SU and SUPG FEM Discretizations . . . . . ... .. ... ... .. 40
B.7.3  GLS FEM Discretizationl . . . . . . . ... ... ... ... .. ... 41
B4 SGS FEM Discretizationl . . . . . . . . ... ... ... 41
B.7.5  LSFEM Discretizationl . . . . . ... ... ... ... ... ..... 42
B8 Courant Numbed . . . . . ... . ... 43

3.9 A Comparison of Stabilization Methods for One Dimensional Advection / |

[ Advection-Reaction Equations| . . . . . . . . . .. .. ... ... ... 43
[3.9.1  One Dimensional Steady State Advection Equation . . . . . . . .. 44

[3.9.2  One Dimensional Steady State Advection-Reaction Equation| . . . . 48

[3.9.3  One Dimensional Unsteady Advection Equation| . . . . . . . .. .. 51

[3.9.4  One Dimensional Unsteady Advection-Reaction kquation|. . . . . . 59

[3.10 Chapter Conclusions| . . . . . . . . . . . . . . . .. ... ... 65

[4 Carbon Sequestration Injection Simulations using a Stabilized Finite |

[ Element Method Framework in Quasi-Two Dimensions| 66
M1 Introductionl . . . . . . . . . Lo 67
4.2 Governing Equations in One Dimension (Quasi-Two Dimensions)[ . . . . . 70
[4.3  Pressure Equation|. . . . . . . . ... o 72

431 Weak Forml . . . ... ... ... ... 72
43.2 FEM Discretizationl . . . . . . . .. ... o000 73
[4.4  Saturation Equation| . . . . ... ... oo 75
441  Galerkin Methodl . . . . . . . . . oo o 75
4.4.2 Stabilization Methodsl . . . . . . . ... o000 78



4.5.1 Single Step (SS) Approach| . . . . .. ... 83
4.5.2  Predictor-Corrector (PC) Approach| . . . ... ... ... ... ... 84

[4.6  Stabilization Using One Dimensional Linear Elements| . . . . . . . . . . .. 86
[4.6.1 Example 1 - Convergence Study of a Manutactured Solution| . . . . 86
[4.6.2  Example 2 - Point Source Injection into a Horizontal Aquifer|. . . . 89
[4.6.3  Example 3 - Two Wells Injecting into a Sloping Aquiter{. . . . . . . 99

[4.7  Stabilization Using One Dimensional Quadratic Elements| . . . . . . . . .. 103
[4.7.1 Example 1 - Injection of CO5 into Brine-Filled Aquiter: Comparison |

[ of Stabilized FEMs . . . . . . . . .o o 103
[4.7.2  Example 2 - Multiple CO, Injectors in a Sloping Aquifer| . . . . . . 110

[4.8  Chapter Conclusions| . . . . . . . . .. ... ... ... ... 111

[4.8.1 Comparison of Stabilized FEMs - One Dimensional Linear Elements| 112

[4.8.2  Comparison of Stabilized FEMs - One Dimensional Quadratic Ele- |

mentsl ... . 114

[> Carbon Sequestration Simulations in Quasi-Three Dimensions with Adap- |
[ tive Timesteps| 116
b.1  Introduction| . . . . . . . . . 117
0.2 Problem Statement] . . . . . . ..o oo 118
[0.3 Pressure Equation|. . . . . . . ... .o o 120
Hh.3.1  Weak Forml . . . ... ... ..o 121

H.3.2 FEM Discretizationl . . . . . . . .. ..o 121

[.4 Saturation Equation| . . . . . ..o 123
H.4.1 Weak Forml . . . .. . ..o 124

x1



[5.4.2  Streamline Upwind (SU) FEM - FDM Discretization| . . . . . . .. 124

[5.4.3  Adaptive Time Stepping| . . . . . . . . . ... L. 126
[b.5 Examples . . . .. .. 127
[b.5.1 Example 1 - Comparison with Benchmark| . . . . ... .. ... .. 127
[5.5.2  Example 2 - Multiple CO5 Injection Wells| . . . . .. ... ... .. 134
[5.5.3 Example 3 - Upslope CO, Migration| . . . ... ... ... ... .. 138
[5.5.4  Example 4 - Injection ot CO, into a Dome Shaped Aquifer| . . . . . 141
[.6 Chapter Conclusions| . . . . . . . .. . .. .. ... ... ... ...... 143

[6 Computationally Efficient Approximation of Pressure Singularity at In-

[ jection Wells with the eXtended Finite Element Method (XFEM)| 146

6.1 Introduction|. . . . . . . . . . 147
[6.2 Introduction to the eXtended Finite Element Method (XFEM)[. . . . . . . 148
6.3 XFEM Approximation of the Pressure Equationl . . . . . . . ... ... .. 148

(6.4 Streamline Upwind (SU) Stabilized FEM discretization of the Saturation

| Equation|. . . . . . . . . 153
[6.5 Example 1 - Injection of CO, into a Deep Saline Aquifer| . . . . ... . .. 155
[6.6 Example 2 - Injection of CO, into a Sloping Aquiter| . . . . . . . ... ... 160
[6.7 Chapter Conclusions| . . . . . . ... ... ... ... 163

(7__Conclusions| 164

8 Future Workl 170

[Copyright Permissions 172

[References] 178

x1i



List of Figures

[I.1 Overview of CCS process [1].[. . . . . ... .. ... ... .. ... .. 3
[1.2" Options for geological storage of CO, [ . . . . . . .. ... ... ... .. 6
(1.3 Estimated global COs storage capacity [1].| . . . . . . ... ... ... ... 6
[1.4  CO, injection and leakage [3].] . . . . . . . .. ... ... ... .. ... .. 8
[1.5 Leakage pathways through a plugged abandoned well P[] . . . . . . . . .. 9
[2.1 Parameters of carbon sequestration model.| . . . . . . . ... ... ... .. 22
[3.1 Solution to steady state advection problem using 10 elements.| . . . . . .. 46
[3.2  Solution to steady state advection problem using 100 elements.|. . . . . . . 46

[3.3  Solution to steady state advection problem using 100 elements. Close-up

of small magnitude oscillations in Galerkin FEM solution.| . . . . . . . .. 46

[3.4 Solution to steady state advection problem using 1024 elements| . . . . . . 47

[3.5 Solution to steady state advection problem using 1024 elements. Close-up

of small magnitude oscillations in Galerkin FEM solution.| . . . . ... .. 47
[3.6  Convergence study of steady state advection problem. . . . . . . . . .. .. 47
[3.7 Exact solutions for various valuesof ol . . . . . . ..o o000 49

[3.8  Solution to steady state advection-reaction problem using 1024 elements -

o=—100J . . . . e 49

xiil



[3.9  Solution to steady state advection-reaction problem using 1024 elements -

o=—T00J . . . . . e 49
[3.10 Solution to steady state advection-reaction problem using 1024 elements - |
o =100 . . . . e 50
[3.11 Solution to steady state advection-reaction problem using 1024 elements - |
o=100J . . . . o o 50
[3.12 Solution to steady state advection-reaction problem using 1024 elements - |
o=—10]. . . . . 50
[3.13 Solution to steady state advection-reaction problem using 1024 elements - |
o=—10]. . . . . e 50
[3.14 Solution to steady state advection-reaction problem using 1024 elements - |
o= 10J. . . . e o1
[3.15 Solution to steady state advection-reaction problem using 1024 elements - |
o=10J. . . . e o1
[3.16 One dimensional unsteady advection equation, example 1, § = 0,Cr = |
0.25, 25 elements. . . . . . ... 53
[3.17 One dimensional unsteady advection equation, example 1, 6 = 0.5, Cr =1, |
2b elements) . . . ... 53
[3.18 Omne dimensional unsteady advection equation, example 1, 6 = 1,Cr = 1, |
20 elements.) . . ... L L 54
[3.19 One dimensional unsteady advection equation, example 2, 6 = 0, Cr = 0.1, |
20 elements.) . . . ... L 56
[3.20 One dimensional unsteady advection equation, example 2, § = 0.5,Cr = |
0.1, 25 elements.| . . . . . . . . .. 56

Xiv



[3.21 Omne dimensional unsteady advection equation, example 2, 6 = 0.5, Cr =1, |
2b elements.) . . . ..o o7
[3.22 One dimensional unsteady advection equation, example 2, 6 = 1, Cr = 0.1, |
20 elements.) . . . ... 57
[3.23 One dimensional unsteady advection equation, example 2, 6 = 1,Cr = 1, |
20 elements. . . . ... 58
[3.24 One dimensional unsteady advection-reaction equation, example 1, 6 = |
0.5,Cr=1,0=10,25elements|. . . . . . . . ... ... ... ... ... 60
[3.25 One dimensional unsteady advection-reaction equation, example 1, 6§ = |
1,Cr=1,0 =10,25elements.|. . . . . .. .. ... .. ... ... .. ... 60
[3.26 One dimensional unsteady advection-reaction equation, example 1, § = |
0.5,Cr=1,0=—10,25elements.|. . . . . . .. ... .. ... ... .... 61
[3.27 One dimensional unsteady advection-reaction equation, example 1, § = |
1.Cr=1,0=—-10,25belements.|. . . . . . . . ... ... ... ... ... 61
[3.28 One dimensional unsteady advection-reaction equation, example 2, 6 = |
1,Cr=0.1,0=1,25elements.| . . . . . ... ... ... ... .. ..... 62
[3.29 One dimensional unsteady advection-reaction equation, example 2. § = |
1,Cr=1,0=1,25¢elements.| . . . . . .. ... ... ... ... ... ... 63
[3.30 One dimensional unsteady advection-reaction equation, example 2, 6§ = |
1,Cr=0.1,0=—1,25elements.| . . . . ... ... .. ... ........ 63
[3.31 One dimensional unsteady advection-reaction equation, example 2, § = |
1.Cr=1,0=—-1,25¢elements.| . . . . . . .. ... ... ... ... .... 64
.1 Parameters of carbon sequestration model [4[.| . . . . . . ... . L. 71
4.2 Sequential solution strategy to solve (4.14) and (4.32) [5].|. . . . . . . . .. 84

XV



4.3 Ly error vs. element size after t = 0.25 s, 0 = 1, C7paz = 1, 9SS method [6]] 89
4.4 L, error vs. element size after t = 0.25 s, @ = 1, CTpaz = 1, PC method [6]] 89
4.5 Example 1: Injection into a single aquifer system [6]] . . . . . . ... ... 90
[4.6  Saturation distribution after 50 days of COq injection, 8 = 0, Cr 0. = |
0.001, using 100 linear elements, SS method [6]] . . . . . ... ... .. .. 92
[4.7  Pressure distribution after 50 days of CO5 injection, 6 =0, C7r,,,, = 0.001, |
using 100 linear elements, SS method [6]] . . . . . . .. .. ... ... ... 92
[4.8  Saturation distribution atter 50 days ot COs injection, 6 = 0.5, Crp,0. = |
0.001, using 100 linear elements, SS method [6]] . . . . . . .. ... .. .. 93
[4.9  Pressure distribution after 50 days of COs injection, § = 0.5, Cr 4. = |
0.001, using 100 linear elements, SS method [6]] . . . . . ... ... .. .. 93
[4.10 Saturation distribution after 50 days ot COs injection, # = 1, Cr,,0. = 3, |
using 100 linear elements, PC method [6]] . . . . ... ... ... ... .. 96
[4.11 Pressure distribution after 50 days ot CO, injection, 6 = 1, Cry . = 3, |
using 100 linear elements, PC method [6]] . . . ... ... ... ... ... 96
[4.12 Saturation distribution after 50 days of COs injection, 6 = 1, Cr,0. = 3, |
using 100 linear elements, SS method [6]] . . . . . . . . ... ... ... .. 96
[4.13 Saturation distribution after 50 days ot COs injection, @ = 1, Cr,,0. = 1, |
using 100 linear elements, PC method [6]] . . . . ... ... ... ... .. 96
[4.14 Saturation distribution after 50 days of COs injection, 6§ = 1 - effect of |
large timesteps on Galerkin approximation [6]]. . . . . . . ... ... ... 97
[4.15 Saturation distribution after 50 days of CO5 injection, § = 1 - effect of |
large timesteps on SUPG approximation [6]] . . . . . .. ... ... .... 97

Xvi



[4.16 Saturation distribution after 50 days of CO5 injection, § = 1 - effect of

XVvil

| large timesteps on LSFEM approximation [6]] . . . . . . . ... ... ... 97
[4.17 Saturation distribution after 50 days ot COs injection, § = 1 - effect of |
| large timesteps on SU approximation [6].] . . . . . . . .. ... .. .. ... 97
[4.18 Saturation distribution after 50 days of COs injection, § = 1 - effect of |
| large timesteps on SU-87 approximation [6]] . . . . . .. ... ... .... 98
[4.19 Saturation distribution after 50 days of COs injection, § = 1 - effect of |
| large timesteps - a comparison of approximations, SS method [6]] . . . . . 98
[4.20 Saturation distribution atter 350 days ot CO4 injection, 6 =1, Cr,0. = D, |
| using 100 linear elements, SS method [6]] . . . . . . .. ... ... ... .. 99
[4.21 Saturation distribution atter 350 days ot CO5 injection, 6 =1, Cr,0. = O, |
| using 100 linear elements, PC method [6].] . . . ... ... ... ... ... 99
[4.22 Two wells injecting into a single nonhorizontal variable depth aquifer [6]] . 101
[4.23 Saturation distribution atter 30 days ot CO5 injection from two wells, 6 = 1, |
| Crmae = 0.001, using 200 linear elements, PC method ﬂﬁﬂ .......... 101
[4.24 Saturation distribution after 30 days ot CO5 injection from two wells, 6 = 1, |
| C7Tmaz = b, using 100 linear elements, PC method [6]] . . . . . . . . .. .. 101
[4.25 Saturation distribution after 30 days of COs injection from two wells, 6 =1, |
| CTmaz = 0.001, using 200 linear elements, SS method [6]] . . . . . . . . .. 102
[4.26 Saturation distribution atter 30 days of CO, injection from two wells, 6 = 1, |
| CTymaz = D, using 100 linear elements, SS method [6]] . . . . . . . . .. .. 102
[4.27 Saturation distribution atter 30 days ot CO5 injection from two wells, 6 = 1, |
| C'Tpae = D, using 100 linear elements, a comparison of 5SS and PC methods |
Ol 102



[4.28

Pressure distribution atter 30 days of CO5 injection from two wells, 6 = 1,

C7Tae = D, using 100 linear elements, a comparison of SS and PC methods

xviil

[ 102
4.29 Example 1: One injection well injecting COs into a single aquifer [4].| . . . 103
[4.30 Saturation distribution after 50 days of COs injection, C7r,,., = 0.0001, |

| using 50 quadratic elements |41 . . . . . ..o 107
[4.31 Saturation distribution after 50 days of COs injection, C7r,,., = 0.0001, |

| using 50 quadratic elements. Close-up of oscillations near boundary [4]| . . 107
[4.32 Pressure distribution atter 50 days of CO, injection, C'r,,,, = 0.0001, using |

| 50 quadratic elements |4].| . . . .. ..o 108
[4.33 Saturation distribution after 50 days of CO, injection, Cr,,.. = 0.005, |

| using 50 quadratic elements |41 . . . . .. ..o 108
[4.34 Saturation distribution after 50 days ot CO, injection, C7,,,, = 3, using |

| 50 quadratic elements [4].] . . . . .. ... 108
[4.35 Saturation distribution after 50 days of CO- injection, C7,,,, = 5, using |

| 50 quadratic elements [4].| . . . ... 108
[4.36 Close-up of Saturation distribution after 50 days ot CO, injection, Cr,,00 = |

| 0.001, 100 linear elements vs. 50 quadratic elements |4]. . . . . . . . . .. 108
[4.37 Close-up of Saturation distribution after 50 days ot CO injection, Cr,,00 = |

| 0.001, 100 linear elements vs. 50 quadratic elements [4].. . . . . . . . . .. 108
[4.38 Saturation distribution after 50 days of COy injection, C7,,,, = 5, 100 |

| linear elements vs. 50 quadratic elements [4].|. . . . . .. .. .. ... ... 109
[4.39 Saturation distribution after 50 days ot CO, injection, Cr,,,. = 5, 100 |

| linear elements vs. 50 quadratic elements [4].|. . . . . ... ... ... ... 109



[4.40 Saturation distribution after 350 days of CO4 injection, Cr,,q4. = D, USING |

50 quadratic elements |4].] . . . . . ... oo 109

{4.41 Three wells injecting into a variable depth aquifer [4].| . . . . . . ... . .. 111

4.42 Saturation distribution after 40 days of COs injection, Cry,.. = 25 (At = |

40 days), using 500 quadratic elements |[4].| . . . . . . ..o 111

[4.43 Saturation distribution after 40 days of COs injection, Cr,,.. = 0.0005 |

(At = 7.7301 x 10~* days), using 500 quadratic elements [4].| . . . . . . .. 111
5.1 Problem domain [6]] . . . . ... ... ... ... ... .. ... ... 120
(5.2 Example 1: One injection well injecting COs into a single aquifer [5[.| . . . 130

[5.3  Effect of number of elements on arrival time of CO, plume at leaky well |

located 100 m away [5].|. . . . . . . . ... o 131

[>.4  Saturation distribution atter 10 days of CO, injection, C'r = 10, using |

250,000 uniform sized bilinear elements [5[. . . . . . . ... ... 131

[5.5  Pressure distribution after 10 days of COs injection, C'r = 10, using 250,000 |

uniform sized bilinear elements [5].| . . . .. ... o 00000 131

[5.6 Saturation distribution along section A-A (Figure|5.2)) after 10 days of CO4 |

injection, C'r = 10, using 250,000 uniform sized bilinear elements [5[.[. . . . 132

[5.7  Pressure distribution along section A-A (Figure |5.2) after 10 days of CO4 |

injection, C'r = 10, using 250,000 uniform sized bilinear elements [5[.|. . . . 132

[>.8 Adaptive timestep size over the duration of the simulation, C'r = 10, using |

250,000 uniform sized bilinear elements [5[. . . . . . . ... ... 132

[5.9 Change in permeability at z =550m [o].|. . . . . . .. ... 133

Xix



[5.10 Saturation distribution (along A-A) after 10 days of CO, injection, C'r = |

| 10, using 250,000 uniform sized bilinear elements - change in permeability |

| At @ =550 70 Bl -« o 133

[5.11 Pressure distribution (along A-A) after 10 days of COs injection, C'r = 10, |

| using 250,000 uniform sized bilinear elements - change in permeability at |

| T=550 0 Bl o o o oo e 133

[5.12 Example 2: Five injection wells injecting CO, into a single aquifer [5].|. . . 135

[5.13 Example 2: Model after application of symmetric boundary conditions [5[.| 135

[5.14 Saturation distribution after 60 days of CO, injection, Cr = 100, using |

| 500 x 500 bilinear elements [5[.| . . . . .. ... ... ... 136

[5.15 Pressure distribution atter 60 days of CO5 injection, Cr = 100, using 500 |

| x 500 bilinear elements [B].] . . . ... ... .o 136

[5.16 Saturation distribution along section A-A (Figure [5.13) after 60 days of |

| COg injection, C'r = 100, using 500 x 500 bilinear elements 5] . . . . . . 136

[5.17 Pressure distribution along section A-A (Figure[5.13)) after 60 days of CO, |

| injection, C'r = 100, using 500 x 500 bilinear elements |5 . . . . . . . .. 136

[5.18 Adaptive timestep size over the duration of the simulation, C'r = 100, using |

| 250,000 uniform sized bilinear elements 5[, . . . . . . . ... ..o 137

[5.19 Example 3: One injection well injecting CO5 into a single upsloping aquiter |

[5.20 Saturation distribution after 500 days ot CO, injection, Cr = 100, using |

| 500 x 500 bilinear elements [5].| . . . . .. ... ... 139

[5.21 Pressure distribution after 500 days of CO- injection, C'r = 100, using 500 |

| x 500 bilinear elements [0l . . . ... ..o 139

XX



[5.22 Saturation distribution along section A-A (Figure [5.19)) after 500 days of |
COs injection, C'r = 100, using 500 x 500 bilinear elements [0 . . . . . . 140
[5.23 Pressure distribution along section A-A (Figure[5.19) after 500 days of CO4 |
injection, C'r = 100, using 500 x 500 bilinear elements [5[.| . . . . . . . .. 140
[5.24 Adaptive timestep size over the duration of the simulation, Cr = 100, using |
250,000 uniform sized bilinear elements [, . . . . . . .. ... 140
[5.25 Example 4: One injection well injecting CO, into a aquifer with a dome |
structure [D].[. . . ..o 142
[5.26 Saturation distribution after 325 days ot CO, injection, C'r = 100, using |
300 x 300 bilinear elements [5].| . . . . . ... ... 142
[5.27 Pressure distribution atter 325 days ot CO, injection, C'r = 100, using 300 |
x 300 bilinear elements [B].] . . .. ... ... 142
[5.28 Saturation distribution along section A-A (Figure [5.25) after 325 days of |
COg injection, C'r = 100, using 300 x 300 bilinear elements 5] . . . . . . 143
[5.29 Pressure distribution along section A-A (Figure|5.25)) after 325 days of CO» |
injection, C'r = 100, using 300 x 300 bilinear elements |5 . . . . . . . .. 143
[5.30 Adaptive timestep size over the duration of the simulation, C'r = 100, using |
90,000 uniform sized bilinear elements [5].| . . . . ... ... ... 143
[6.1 Enriched domain. S, 1s the set of nodes within the enrichment radius of |
well o 7] . . . . 151
[6.2  Tlustration of the enrichment function [7]] . . . . . ... ... ... . ... 151
[6.3 Set up of example T [7[]. . . . . . . ... ... 156

xx1



[6.4 Comparison of XFEM and FEM pressure distributions along a radius cen-

tered at injection well and along line A-A using bilinear quadrilateral ele-

[6.5 Comparison of XFEM and FEM average CO4 saturation distributions along

a radius centered at injection well and along line A-A using bilinear quadri-

lateral elements [7]] . . . . . . . . ... ... 158

[6.6 Comparison of relative error in pressure at the injection well for XFEM

[6.7 Eftect of the stabilization parameter on average CO, saturation profile

along a radius centered at injection well and along line A-A ]| . . . . .. 159

[6.8 Eftect of the stabilization parameter on pressure along a radius centered at

injection well and along line A-A [7]] . . . .. ... .. ... .. .. ... . 159

6.9 Set up of example 2 7[]. . . . . . . . ... 160

[6.10 XFEM average CO, saturation distribution after 60 days of injection [7]] . 162

[6.11 XFEM pressure distribution after 60 days of injection [7]]. . . . . . . . .. 162

xxil



List of Tables

4.1 System properties for example T [6]]. . . . . . . ... ... ... ... ... 86
[4.2 System properties for example 2 [6]]. . . . . . ... ... ... ... ... 90
[4.3  Simulation results after 50 days of CO, injection for # = 0 and the S5S |
| method. “S” indicates a smooth solution (stable and non-oscillatory) and |
| ‘0" indicates either noticeable oscillations or an unstable solution. Using |
| 100 linear elements [6]] . . . . . . ... ... ... ... ... ... 91
[4.4  Simulation results atter 50 days ot CO, injection tor § = 0 and the PC |
| method. “S” indicates a smooth solution (stable and non-oscillatory) and |
| “0” indicates either noticeable oscillations or an unstable solution. Using |
| 100 linear elements [6]] . . . . . . ... ... ... ... 91
[4.5  Simulation results after 50 days ot COs injection for 6§ = 0.5 and the 5SS |
| method. “S” indicates a smooth solution (stable and non-oscillatory) and |
| ‘0" 1ndicates either noticeable oscillations or an unstable solution. Using |
| 100 linear elements [6]] . . . . . . ... ... ... ... ... ... ... 93
[4.6  Simulation results atter 50 days of CO, injection for § = 0.5 and the PC |

method. “S” indicates a smooth solution (stable and non-oscillatory) and

“0” indicates either noticeable oscillations or an unstable solution. Using

100 linear elements [6]] . . . . . . ... ... ... ... L 93

xxiil



[4.7  Simulation results after 50 days of CO, injection for # = 1 and the 5SS |

method. “S” indicates a smooth solution (stable and non-oscillatory) and |

‘O” 1indicates either noticeable oscillations or an unstable solution. Using |

100 linear elements [6]] . . . . . ... ... ... ... ... ... ... ... 95

[4.8  Simulation results after 50 days of CO, injection for § = 1 and the PC |

method. “S” indicates a smooth solution (stable and non-oscillatory) and |

“O” indicates either noticeable oscillations or an unstable solution. Using |

100 linear elements [6]] . . . . . . ... ... ... ... 95

4.9 System properties for example 1 [4]|. . . . . ... .. ... 104

[4.10 Simulation results after 50 days of COq injection for 6 = 1. “S” indicates |

a smooth solution (stable and non-oscillatory) “S*” indicates minor os- |

cillations, “S™*” indicates significant oscillations and “O” indicates either |

extreme oscillations or an unstable solution. Using 50 quadratic elements [4].]107

[>.1 System properties for example 1 [ol.|. . . . . ... ..o o000 129
[5.2  Summary of results of benchmark study [§[.| . . . .. ... ... ... ... 130
[6.1 System properties for example 1 [7[.|. . . . . .. ... .. ... ... 157
[6.2  System properties for example 2 [7]]. . . . . ... ... ... ... 161

XX1V



List of Abbreviations

CCS - Carbon Capture and Storage

FEM - Finite Element Method

FDM - Finite Difference Method

FVM - Finite Volume Method

XFEM - eXtended Finite Element Method

IMPES - IMplicit Pressure Explicit Saturation method
CN - Crank-Nicolson method

FE - Forward Euler method

BE - Backward Euler method

LSFEM - Least Squares Finite Element Method

SU - Streamline Upwind method

SUPG - Streamline Upwind Petrov Galerkin method
GLS - Galerkin Least Squares method

SGS - Subgrid Scales method

SS - Single Step sequential solution

PC - Predictor-Corrector sequential solution

XXV



List of Symbols

¢ - porosity of aquifer

SE s - residual saturation of brine

hp - depth of brine

h¢ - depth of CO,

pp - density of brine

po - density of COq

Ap - density difference between brine and CO,
Zop - depth of the top boundary of aquifer

Zpot - depth of the bottom boundary of aquifer
Drot - Pressure at the bottom of the aquifer

H - thickness of the aquifer

k - permeability

k - hydraulic conductivity

kS, - relative permeability of CO, compared to brine
i - dynamic viscosity of brine

fto - dynamic viscosity of COq

a - advective velocity

v - diffusion coeflicient

XXV1



o -reaction term

qicnj - injection rate of COq

u - general unknown

@ - time rate of change of u

x - longitudinal direction

y - lateral direction

z - downward direction

p - density

m - mass

V' - volume

Vioids - volume of voids

Vatrie - volume of solid matrix

Vyoek - volume of rock (matrix and voids)

g - gravitational constant

i - dynamic viscosity

¢ - porosity

h - hydraulic head

f - Neumann boundary condition

ds - vertically averaged brine flux

dc - vertically averaged CO, flux

qp - Neumann boundary, where brine flux is specified
qc - Neumann boundary, where CO4 flux is specified
'), - Dirichlet boundary, where pressure is specified

I'; - Neumann boundary, where total flux is specified

XXVii



I'y, - Dirichlet boundary, where depth of brine is specified
I'p - Dirichlet boundary

'y - Neumann boundary

h, - initial brine depth

2 - domain

du - weight (test) function

dhp - weight (test) function

dppot - Weight (test) function

H' - Hilbert space

U - function space

W - function space

up - prescribed value of unknown quantity u at Dirichlet boundary I'p
uy - time rate of change of u

$ - source term

Cr - Courant number

Pe - Peclet number

D - Damkohler number

V - gradient operator

V- - divergence operator

A - denotes a difference between two quantities

N - matrix of Finite Element shape functions

B - matrix of the spatial derivatives Finite Element shape functions
P() - perturbation function for stabilized FEMs

R() - residual

XXVIil



T - stabilization parameter

C - mass or storage matrix

K - diffusion or advection matrix

F - flux Vector

K.g - effective advection matrix

F.g - effective flux vector

a - well number

ro - radius of well «

rw - radius of well

Pa,; - enriched degrees of freedom

I - standard degree of freedom counter
J - enriched degree of freedom counter
N - matrix of enriched shape functions

P - vector containing enriched degrees of freedom

eS|

- enriched flux vector

Kaquifer - diffusion matrix for the eXtended Finite Element Method

|

- enriched diffusion matrix

- enriched diffusion matrix

z ™

- set of all nodes

&

- set of nodes in enriched domain for well «

o]

- matrix of derivatives of enriched shape functions

1o (x) - enrichment function of well «

XX1X



Chapter 1

Introduction to Carbon
Sequestration and Objectives

1.1 Carbon Capture and Storage (CCS)

Carbon Dioxide (COs) is a greenhouse gas that is widely understood to contribute to
global warming, which has become a significant international issue. Fossil fuels, when
combusted, release large amounts of greenhouse gases which trap heat in the atmosphere
and cause an increase in the average global temperature. As worldwide use of fossil fuels
continues to grow, so do the emissions of CO;y. Global warming will continue to induce
climate change unless the release of greenhouse gases into the atmosphere is reduced.
An intergovernmental panel (IPCC) produced a study [2] examining the problem of
global warming. It determined that immediate action is necessary to reduce CO, emis-
sions. In 2005, global CO, emissions associated with use of fossil fuels were 26 gigatons
per year and without a unified effort, over 9,000 gigatons were projected to be released
over the next century [I]. In order to slow climate change CO;y emissions must be sig-

nificantly reduced. This requires a large scale reduction in the amount of CO, released



into the atmosphere [I]. There are three main ways that emissions can be reduced [2]:
improved fuel efficiency; development of reduced carbon footprint energy sources; and
carbon capture and storage (CCS).

Improving fuel efficiency seeks to find ways to do more work with less energy. For
example, cars are made more fuel efficient by reducing their weight, improving aerody-
namics and improving the efficiencies of engines. Climate change presents an incentive for
the development of technologies which harness renewable sources of energy. In order to
decrease the global dependence on fossil fuels, achieving a portfolio of dependable renew-
able energy sources is paramount. Wind energy, solar energy and geothermal energy are
continually replenished and, if exploited, offer an alternative to burning fossil fuels. Un-
fortunately, technologies which harness these sources generally lack the efficiency required
to produce massive quantities of energy in a cost effective manner. Further development
is required to make these technologies competitive with fossil fuels.

Carbon capture and storage (CCS) provides a method to dispose of the CO5 emissions
created during fossil fuel use. A thorough overview of CCS can be found in [9]. A
schematic of the CCS process is shown in Figure [[.I} In this example, a power plant
creates CO, emissions which are separated from the flue gas. The CO, is then compressed,
and sent by pipeline to the injection site. At the injection site the COs is pumped into the
injection zone. The injection well is monitored and sealed to prevent leakage. CCS focuses
on large volume emitters, since it is more feasible to capture and store COs from a few
large sources (i.e., stationary point sources) than many smaller ones. Power generation
is the largest emitter of COy [2]. Coal power plants are ideal for CCS because the source
is localized, which facilitates capture of the CO,. Before the carbon can be stored or

sequestered it must be separated from flue gas. Once the CO, has been captured it is



then transported to the injection site, where it is compressed and injected below the

ground in a process known as carbon sequestration.
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Figure 1.1: Overview of CCS process [1].

Carbon capture and storage is an expensive undertaking. There are three main com-
ponents of CCS: capture, transport and sequestration (storage). In order to assess the
feasibility of CCS the economics must be considered. There are four major costs to CCS
[T0]: capture ($30-50 per tonne COs); compression ($8-10 per tonne CO,); transportation

(30.70-4 per tonne COy per km); and injection ($2-8 per tonne CO,). The largest cost



associated with CCS is the capture process. Therefore CCS can be made much more
economical and viable if significant progress is made in technologies that can capture the

COg from the flue gas in a more economical way than current technology allows.

1.2 Carbon Sequestration

There are several potential storage possibilities for the carbon dioxide (COs), which can
be categorized into three main groups [10]: biosphere sinks; material sinks; and geosphere
sinks. Biosphere sinks are where the COs is stored in natural systems (e.g., oceans, forests
and soils). Material sinks are where the COs is used to produce materials (wood products,
chemicals, plastic). In geosphere sinks, the COs is stored in geological structures (e.g.,
depleted oil reservoirs, coal beds, deep saline aquifers).

Geological structures provide several important options for carbon sequestration (as
shown in Figure including [2]: injection into old depleted oil and gas reservoirs;
deep unmineable coal seams; deep saline aquifers; or use during enhanced oil or methane
recovery. While many options for CO, storage exist, deep saline aquifers appear to present
the most potential. A thorough overview of carbon sequestration in geological structures
can be found in [11].

Deep saline aquifers are composed of porous rock such as sandstone and initially
contain brine (salt water). The resident brine is displaced when the CO, is injected.
These aquifers are promising due to the large potential capacity to store COy and the
potential for long term storage. Figure [1.3| shows the capacity of storage in deep saline
aquifers that is estimated to be available globally. It can be seen that much of the total
global availability of this storage space is concentrated in North America.

Deep saline aquifers considered for CO, storage are greater than 800 m below the



ground level [12]. Excellent review articles on carbon sequestration in deep saline aquifers
are found in [I3, 14]. The temperature at these depths is typically 35 °C' or higher. Under
the pressures and temperatures that occur at these depths, the COs is in a supercritical
state. When CO, exists as a supercritical fluid it can exhibit properties of both a gas and
a liquid. As the host aquifers contain a brine solution, the interaction of the supercritical
CO4 and the resident brine solution results in multiphase flow. The supercritical CO, is
less dense than the host brine, and thus there will be a buoyancy drive causing the CO,
to rise and float on top of the brine.

Ideal deep saline aquifers have an impermeable caprock above to prevent the CO5 from
leaking into overlaying aquifers. The locations that are ideal for deep saline storage of
COg typically happen to be the same areas that have been heavily drilled by the oil and
gas industry, so there are many abandoned wells that act as possible leakage pathways.

The horizontal dimensions of the aquifer can be measured in kilometres, while the
thickness of these aquifers is typically of the order of tens of metres. The large difference in
scale between the horizontal and vertical dimensions permits the use of vertically averaged
governing equations to study these systems. A second significant difference in scale exists
between the horizontal dimensions of the aquifer and the diameters of injection wells (and
leaky wells). Therefore, prohibitively fine spatial discretizations must be used near these
wells to capture the large pressure gradients when traditional numerical methods are used.

COs is injected at pressures that are below the fracture pressure of the formation to
avoid inducing fractures. If vertical fractures are created, they present pathways through
which the COy (or brine) can migrate vertically and contaminate other aquifers. When
injecting near faults, it is crucial to determine safe injection pressures that will not cause

fault reactivation [15], [16]. COs is injected at temperatures that are much colder than the
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Figure 1.2: Options for geological storage of COq [2].

e

Figure 1.3: Estimated global CO, storage capacity [1].

formation fluids. This can contribute to the creation or reactivation of existing fractures
in the caprock.

One of the key hazards of carbon sequestration is the COy (or brine) migrating out
of the storage aquifer. The density difference between the CO, and the brine create
a buoyancy drive that forces the CO5 upward. If the COy plume encounters leakage
pathways, the CO, can migrate out of the storage aquifer and potentially contaminate

drinking water aquifers, or leak to the surface. If CO, contaminates the groundwater



above, it can result in acidification of the groundwater. Should the CO, reach the surface,
it can present a suffocation hazard since air is less dense than CO,.

As the carbon dioxide plume expands, many physical processes occur, and many leak-
age pathways may be encountered. Before CO, sequestration is implemented at a partic-
ular site, the potential for leakage must be properly understood, analysed and quantified.
The risks involved need to be properly assessed in order to select sites for COq seques-
tration, and to design safe injection procedures. The importance of understanding and
mitigating against risk cannot be understated, as this underlies the feasibility of large
scale COy sequestration.

The CO5 can propagate upward to reach above aquifers, and possibly ultimately the
surface of the earth. There are several potential leakage pathways for the upward mi-
gration of COs. Three of the possible leakage pathways are: diffusion through caprock;
migration through faults and fractures; and migration through abandoned oil and gas
wells.

Figure|1.4]illustrates the leakage scenario through abandoned oil and gas wells. As the
COs, is injected the plume rises above the resident brine solution. As the plume migrates
updip a leakage pathway in the form of an abandoned well is encountered. The CO,
travels through leakage pathways in the abandoned well driven by a buoyancy force. The
low viscosity of the supercritical CO5 makes it easier to travel through the pathways. As
the CO, travels upward through the abandoned well, some of the CO, enters the aquifer
above and spreads out. The remaining CO, continues upward and can enter the aquifers
above in a similar process. Eventually some of the CO, may reach the surface.

Although abandoned wells are plugged, there are still several potential leakage path-

ways through which the COy may migrate upward. Figure [I.5] shows that leakage may
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Figure 1.4: COs injection and leakage [3].

occur through any of several pathways: a) between well casing and cement fill; b) be-
tween well casing and well plug; ¢) through the well plug; d) through the well casing; e)
through cement fill; and f) between the cement fill and the ground. A small amount of
the CO5, may dissolve in the brine which can create an acidic solution that may degrade

the cements in plugged wells.

1.2.1 Importance of Computational Efficiency

There is a large degree of uncertainty associated with carbon sequestration including:
location and number of abandoned wells; leakage characteristics of abandoned wells; and
formation properties such as porosity and permeability. As a consequence of the large
uncertainties involved, stochastic methods must be used to assess potential sites. One
of the most widely used of these methods is the Monte Carlo approach. In the Monte

Carlo approach unknown parameters are assigned likelihood distributions. The governing
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Figure 1.5: Leakage pathways through a plugged abandoned well [2].

equations are solved many times, each time with a set of parameters that is randomly
sampled from assumed distributions of the uncertain parameters. For each set of ran-
domly chosen parameters, the output is computed. This is repeated many times, and the
result is a probability distribution for the unknown values. Since the calculations in this
approach are repeated thousands of times it is necessary to have computationally efficient
numerical techniques to model the carbon sequestration system. In addition to the un-
certainty, carbon sequestration models involve very large domains (km?) which require a

large number of degrees of freedom, especially when near-well behaviour is important.

1.2.2 Solution Approaches

Efficiently modelling leakage in CO, sequestration requires the selection of the right ap-
proach. There are four main approaches that are found in the literature to studying
injection and plume evolution in COs sequestration systems: analytical, numerical; hy-
brid; and semi-analytical.

Analytical solutions provide very computationally efficient, accurate solutions. While



they are very efficient and accurate they are typically limited to simple cases. Analytical
solutions can be useful for studying large scale injection and transport in addition to
modelling flow through a single well. Analytical solutions that are applicable to studying
leakage in a carbon sequestration system can be found in [I7, [I8] 19, 20} 21, 22] 23| 24]
25, 20, 27, 28], 29, B0, BT, 32], B33].

Most practical problems, however, are too complicated to be amenable to analytical
solution, thus numerical solutions are usually the approach of choice. References [34] and
[35] provide good introductions to numerical methods. Numerical methods suffer from
the drawback of being computationally expensive.

Semi-analytical solutions have also been used recently with success. Semi-analytical
solutions use analytical methods to solve for the spatial solutions, however, the solutions
are stepped through time numerically. This type of approach can be very computationally
efficient for many cases. The usefulness of semi-analytical solutions was demonstrated in
[36], 137].

Hybrid solutions have also been used to study COs leakage. In this class of methods
numerical methods are used to calculate large scale flows. The analytical solutions are
then applied locally (e.g., to correct for localized injection pressures or abandoned well
leakage) using an analytical solution. For many problems, computational efficiency can
be greatly improved over numerical solutions using hybrid solutions [3§].

Analytical, semi-analytical, and hybrid solutions are typically more computationally
efficient than numerical solutions, however, numerical solutions are still generally required
to handle heterogeneity, anisotropy, irregular boundaries and other complexities in carbon
sequestration systems. Two of the most common numerical methods for PDEs are the

Finite Element Method (FEM), and the Finite Difference Method (FDM). While both
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methods are often appropriate to discretize in space, the FEM has the advantage that
it is able to handle complex geometries easily. FDM is often used to discretize in time.
Many numerical models have been used in the literature to study carbon sequestration
including [39, 40|, [41], 42] 43, 44], [45] 146, [47]. Numerical solutions are described in more

detail in the next sections.

1.3 The Finite Difference Method (FDM)

The Finite Difference Method (FDM) is a common approach to solving partial differential
equations (PDEs) [48]. Difference equations are substituted into the strong form (original
PDE) of the governing equations to obtain the discretization. FDM has been used as the
main spatial and temporal discretization method in carbon sequestration modelling (e.g.,
[38, [41]). FDM is also commonly used in combination with FEM, where FEM is used to

discretize space and FDM is used to discretize time.

1.4 The Finite Element Method (FEM)

The Finite Element Method (FEM) is another numerical method to solve PDEs. It is
a very versatile approach that can be used to solve a wide variety of PDEs. The FEM
has been successfully applied to many problems in mechanics, including: stress analysis,
thermal analysis, seismic analysis, crash analysis, fluid flow analysis, and electromagnetic
analysis [49]. A large selection of resources are available on the topic of FEM including
[49, 50, (1), B2 B3, 54].

FEM generally uses simple functions such as polynomials to locally construct ap-

proximate solutions throughout the domain. The same shape functions are often used as
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weight functions. This is the Galerkin Finite Element Method (FEM). Linear or quadratic
elements in one dimension or bilinear or biquadratic elements in two dimensions are fre-
quently used. The Finite Element Method begins with the weak form of the governing
partial differential equation that is to be solved. This differs from the Finite Differ-
ence Method, which works with the strong form of the PDE. To obtain the weak form,
the strong form is multiplied by a test function and integrated over the domain. Then
Green’s formula is used to reduce the highest order derivative of the results. FEM is able
to handle irregular boundaries, unlike FDM, which generally has the restriction of regular
boundaries. To the author’s knowledge, no Finite Element Method has been described
in literature which solves the vertically averaged multiphase flow equations described in

this thesis. A general framework for these equations is developed with the Finite Element

Method (FEM) and is described in Chapter 4, Chapter 5 and Chapter 6.

1.4.1 The eXtended Finite Element Method (XFEM)

The horizontal dimensions of the aquifers are measured in kilometers, but the diameter
of the injection wells is measured in centimeters. To accurately resolve the pressure field
and the pressure dependant leakage flux in the vicinity of an injection or abandoned well
using traditional numerical methods would require a prohibitively fine discretization near
the well.

XFEM has been widely used to model crack propagation (e.g., [55, [56]). XFEM has
also been used to model interfaces (e.g., [57]). In addition, XFEM has been used to model
point source injections and leaky wells in single phase simulations for carbon sequestration
in [45] 46, [58]. The pressure distribution near wells was shown to be accurately resolved

near wells using a coarse mesh. A more complete description of XFEM, with particular
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focus on point source singularities, is presented in Chapter [0}

1.5 Objectives

The objectives of this thesis are:

1. Develop a computationally efficient numerical model for carbon sequestration based

on a Finite Element Method framework using a vertically averaged formulation

(Chapter 4).

2. Effectively deal with instabilities and oscillations that occur from FEM approxima-
tions of the advection equation and the coupled nature of this problem (Chapter

4).

3. Compare the developed numerical model with a benchmark problem from existing

literature (Chapter 5).

4. Reduce the computational cost of carbon sequestration injection simulations by

using adaptive timesteps (Chapter 5).

5. Improve the approximation of the pressure singularity due to the injection of COq

using XFEM (Chapter 6).

Chapter 2 provides a review of relevant concepts related to modelling flow in porous
media, with a focus on carbon sequestration. It also discusses solution techniques for
coupled models. Chapter 3 considers the oscillations that can occur when numerical
modelling of an advection term. Stabilized Finite Element Methods are introduced and
compared using one dimensional elements. These stabilized FEMs will be examined fur-

ther in the context of coupled numerical models for carbon sequestration. Chapter 4

13



addresses objectives one and two and develops a framework based on FEM to solve the
governing equations for vertically averaged multiphase flow. Several stabilized FEMs are
considered to handle the numerical oscillations that occur in the numerical solution of the
problem. Both linear and quadratic stabilization methods are considered and compared.
Conclusions are drawn about the conditions where certain stabilization methods are pre-
ferred. A stabilization approach is identified as offering stable solutions across the widest
range of conditions. In addition, this solution strategy offers consistently stable solutions
with large timesteps. Chapter 5 addresses objectives three and four. The developed FEM
framework is compared to a benchmark problem which compares several other numerical
simulators. The computational cost of the solution strategy is further improved by using
adaptive timesteps that allow larger timesteps as the simulation progresses. Chapter 6
addresses objective five by using the eXtended Finite Element Method (XFEM) to allow
improved approximations of the pressure singularity at an injection well. This yields im-
proved accuracy in the vicinity of wells, even with coarse spatial discretizations. Finally,
Chapter 7 provides the major conclusions from the thesis and concludes with suggestions

for future work.
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Chapter 2

Numerical Modelling of Flow In
Porous Media

2.1 Introduction

In this chapter the theoretical framework for modelling flow in porous media is presented.
The chapter begins by explaining some basic concepts related to flow in porous media.
First, the case of single phase flow is considered. Once the essential concepts of single
phase flow are presented, the discussion moves to multiphase flow. In this case two fluids
(or phases) are present in the porous medium. The chapter concludes with a description
of vertically averaged multiphase flow. This concept is useful to reduce the dimensionality
of multiphase flow problems, resulting in a more computationally efficient framework that
can be successfully used to study carbon sequestration problems.

The remainder of this thesis is based on the following assumptions [3]:
e no rock deformation;
e laminar flow;

e incompressibility of CO, and brine;
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e hydrostatic pressure distribution;

e constant relative permeability;

e constant viscosities;

e sharp interface between the brine and COy;

e no capillary pressure at the interface.

2.2 Single Phase Flow

2.2.1 Basic Concepts

This section discusses some essential key ideas related to flow in porous media. The
governing equations of single phase flow are presented at the end of this section. The

topic of flow in porous media is covered by many sources including [59], [60] and [61].

Representative Elementary Volume

A porous medium is actually composed of microscopic pores. In order to make the analysis
tractable a continuum approach is used. A representative elementary volume (REV) is the
smallest volume that has the same properties of interest as the whole volume. Multiple
measurements of properties over the whole volume of samples the size of an REV should
give the same results. The concept of an equivalent porous media (EPM) is used to model
flow in fractured porous media using the concept of a continuum. An REV is required so
that the flow can be modelled as a porous medium. For a thorough treatment of this top

refer to [60].
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Porosity

The porosity is a measure of the void space of the rock matrix. The porosity is calculated

by:

V;uoids

¢ - ‘/rock

(2.1)

where ¢ is the porosity of the rock, V,,4s is the volume of void space, and V442 is the
volume of the solid portion of rock matrix and V,, = Vioids + Vinatriz 18 the total rock
volume.

Density

The density of a fluid is the amount of mass in a given volume:

p=1 (2:2)

where p is the density of the fluid, m is the the mass of the fluid, and V' is the volume of
the fluid.
Permeability

The permeability (k) of an aquifer is a measure the aquifers abililty to allow fluid to flow
through it. Permeability values can range vary across many orders of magnitude, for
example from 1072 m? for shale to 107! m? for sandstone [62)].

Hydraulic Conductivity

Hydraulic conductivity is the ability of a fluid to flow through a given aquifer. This prop-

erty depends on both the porous media and the fluid. Values can range vary across many
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orders of magnitude, for example from 107" m/s for shale to 1075 m/s for sandstone

[62]. The hydraulic conductivity is calculated by:

_ kpg
K= ——

’ (2.3)

where k is the permeability of the aquifer, p is the density of the fluid, g is the gravitational

constant, and p is the dynamic viscosity of the fluid.

Dynamic Viscosity

The dynamic viscosity u is a measure of the internal resistance of a fluid (or gas) to flow.
The higher the dynamic viscosity, the greater the resistance. Air, for example has a much

lower dynamic viscosity than water, which has a dynamic viscosity lower than honey.

2.2.2 Governing Equations

The governing equations for three dimensional porous media flow arise from the conser-
vation of mass combined with Darcy’s law. The conservation of mass of the system is
expressed by the following differential equation:

Ip¢

e V.- (pa)=s (2.4)

where a is the seepage velocity of the fluid, and s is a source term.
Darcy’s Law is used to determine the fluid flux expressed as volumetric flow per unit

matrix area. based on the gradient of the hydraulic head. Darcy’s law can be written as:

q=—kVh (2.5)

18



where q is the flux (m/s), k is the hydraulic conductivity (m?), and h is the hydraulic

head (m) The hydraulic head is given by:

h=24 (2.6)
P9
Substituting (2.3) and (2.6) into (2.5 gives:
k
q= —;(Vp +pgVz) (2.7)

Darcy’s law is valid for laminar flow. When the Reynold’s number is greater than 10

the validity of Darcy’s law may be questionable [60].

2.3 Multiphase Flow

Injection of CO4 into a brine-filled aquifer can be modelled by the governing equations
for multiphase flow through porous media. This section builds upon the previous section
to describe multiphase flow in porous media. First a few basic definitions are given, then

the governing equations are presented.

2.3.1 Basic Concepts
Capillary Pressure

The capillary pressure is the pressure differential at the interface of two immiscible fluids
such as water and air or water and CO,. In carbon sequestration, for example, the

interaction between brine and CO, is often of interest, in which case the capillary pressure
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is given by:

Pcap = Pc — PB (28)

where po and pp are the pressures along the interface in the CO5 and brine respectively.

Relative Permeability

C

1, 1s the relative permeability of CO, relative to brine. If

The relative permeability, k

kC

., = 1 then effective permeability of the rock is the same for brine and COs,.

Residual Saturation

When the CO, arrives and displaces the brine a certain amount of brine remains left

). On the other hand,

behind. This is referred to as the residual brine saturation (SZ,

when CO, is left behind, this is referred to as residual CO, saturation.

2.3.2 Governing Equations

The governing equations for immiscible two phase flow in porous media are derived from
mass conservation principles combined with the multiphase flow extension of Darcy’s law.
For incompressible fluids and an incompressible medium the governing equations for each

phase are given by:

09Sapa

caa:sa 2-
5 +V  dapa = 6p (2.9)

where S, is the saturation for each phase (here a = C for CO,, v = B for brine), ¢
is a source/sink term, and q, is the volumetric flux of each phase and is given by the

multiphase flow extension of Darcy’s law:

Qo = —— - (Vp* — p°g) (2.10)



«

« , 1s the relative permeability

where k is the intrinsic permeability of the porous medium, &
of each phase, u® is the viscosity of each phase, p® is the pressure in each phase, p® is the

density of each phase, g is the gravitational vector. The relative permeability, £

, reflects
the fact that permeability of the medium to each phase is different.

Solving the full three-dimensional multiphase flow equations may be extremely com-
putationally expensive. One can, however, take advantage of the fact that the vertical

dimension of the aquifer is much smaller than the horizontal dimensions and use vertical

averaging to reduce the dimensionality of the equations.

2.4 Vertically Averaged Multiphase Flow

The injection of CO, into a brine-filled aquifer is illustrated in Figure 2.1} The technique
of vertical averaging has been used to reduce the complexity of CO5 injection simulations
and significantly improve the computational efficiency of carbon sequestration modelling
[T7, 18, 19, 20]. The approach reduces the dimensionality of the problem (e.g., from three
dimensions to two dimensions) by integrating the continuity equations vertically
through each aquifer.

The vertically averaged formulation is based on several assumptions: incompressibility
of brine; CO4 and solid matrix; constant viscosity and density for brine and CO,; constant
intrinsic permeability; a sharp interface between the brine and COs; hydrostatic vertical
pressure variation; and no capillary pressure at the interface [3]. The assumption that
the boundary between the fluids is a sharp interface is common as it leads to a great
simplification of the governing equations, for example in [38] 63], 64].

High permeability reservoirs are currently favored for sequestration [12]. Therefore, it

is a reasonable first-order approximation to assume that the capillary forces are negligible
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in comparison to the gravity forces. The large gravity forces result from the large density
contrast and the height of the fluid columns. Therefore, to make the problem simpler,
capillary forces will be neglected as was done in [3]. When more detailed case-specific mod-
elling is required, such as design of a specific operation in a particular geological location,
models that account for capillarity (e.g., TOUGH2) can be used to refine predictions.
COy reacts with the brine to form carbonate minerals, which can lead to reduced
porosity and permeability. However, these reactions occur over very long time scales
(e.g., over a thousand years) [2, 3], and as such can safely be neglected in this thesis,

where the focus is on plume migration during the injection period.

Z
Zop(X,Y)
Z,(X.y)

Caprock hg (X,y,1) H(xy) / /
7

Aquifer

Caprock

7
%/

Figure 2.1: Parameters of carbon sequestration model.

The vertically averaged flow equations are obtained from mass balance equations for
the CO, phase and the brine phase combined with the multiphase flow extensions of

Darcy’s Law for each phase [3]. The mass balance equations for the COy and brine
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phases are [3]:

Ohe

o(1 = S5) = + V& = gilu (2.11)
oh .
(1= S5 )7 + V- a” = gl (212)

where ¢ is the porosity of the aquifer, S5 is the brine residual saturation, h¢ is the depth
of the CO,, hp is the depth of the brine, §¢ is the vertically averaged CO, flux, §? is the
vertically averaged brine flux, ¢<,, is a source term to account for the injection/leakage
of COq, g2, is a source term to account for the leakage of brine. In the equations above,
the densities are eliminated from the mass balance equations by dividing both sides of the
equation by the appropriate density. Figure [2.1] illustrates several key parameters from

1) and @1

Vertical averaging begins with integrating the mass balance equations for each phase
and over the thickness of the aquifer and substituting in the vertically av-
eraged fluxes and (2.14). Reference [41] provides a detailed description of the
derivation.

The vertically average fluxes are given by the multiphase extension of Darcy’s Law [3]:

kkC

q“ = —he u:l (Yoot — pegVH + ApgVhe + pegVzip) (2.13)
. k
q” = _hB,u_B(Vpbot + B9V Zbot) (2.14)

where k is the intrinsic permeability, k<, is the relative permeability, uc is the viscosity
of COq, up is the viscosity of brine, py,; is the pressure at the bottom of the formation, p¢
is the density of COs, pp is the density of the brine, Ap = pp — pe, g is the gravitational

constant, 2, is the vertical height of the top of the aquifer, 2, is the vertical height of
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the bottom of the aquifer, and H is the thickness of the aquifer.

Pressure and Saturation Equations

In order to solve this system of non-linear coupled partial differential equations (PDEs)
equations and are manipulated to arrive at one equation that can be solved
for the pressure at the bottom of the aquifer and another equation that can be solved for
the height of the interface between the two phases [41]. These two equations are called
the pressure equation and the saturation equation.

The pressure equation is obtained using the mass balance equations and .
The mass balance equation for each phase is multiplied by the density of the other phase.
These two equations are then added together. Using this approach leads to the transient

terms cancelling out. The result is an steady-state elliptical pressure equation.

v, <hc KRREL (0 1+ ApgThe) + hBEprot)) — -l (215)
[ 2%e] KB

Prot(X, 1) = Py (x, ) on T (2.16)

q“(x,t) -n=q%(x,t) on T, (2.17)

q°(x,t) -n=q"(x,t) on I, (2.18)

The assumption of incompressibility is reflected in the loss of the transient term in
2.15l The compressibility of the CO, may be particularly important near injection wells.
Further away from the wells, however, the pressure gradient is much smaller and thus
the incompressibility assumption is quite reasonable. The focus of the models developed
in this thesis is on the late time COs plume evolution. As such, the assumption of

incompressibility is a good approximation for the model described in this thesis.
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The saturation equation is obtained by substituting the multiphase extension of Darcy’s
Law ([2.14]) into the mass balance for brine ([2.12)). The brine equation is selected as the
saturation equation in this thesis, but the CO5 mass balance equation could also have be

used as the saturation equation.

oh k
(1 — S};“)a—f -V (hB/L_B(VpbOt + PBQVZbot)) = Giak (2.19)

hp(x,t) = hg(x,t) on I, (2.20)

hp(x,0) = hy(x) on Q (2.21)

In Chapter 4, Chapter 5, and Chapter 6 a description is given of how these two

equations are discretized in space using the FEM and integrated in time using the FDM.

2.5 Coupled Models

Most of the studies in the literature that deal with CO, sequestration consider uncoupled
models that, in general, solve for only one physical process (e.g., flow) and ignore other
physics involved (e.g., thermal, mechanical, chemical effects). It is often crucial, however,
to understand the many physical process that occur during CO, injection and how they
affect one another. For example, the thermal stresses induced during injection can create
leakage pathways in the form of fractures through the caprock. A review of coupling
approaches applicable to carbon sequestration is given in [65].

Numerical models for carbon sequestration can include the coupling of many processes
such as: stress-temperature, stress-temperature-chemical, pressure-stress, pressure-stress-
temperature. In the numerical framework developed in this thesis, the coupling exists

between pressure and the average CO, (or brine) depth.
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There are three main ways to handle the coupled physical processes discussed in nu-
merical models: one-way coupling, sequential (iterative) coupling, and full coupling [66].
One-way coupling involves first obtaining solutions to the one of the unknowns. The sec-
ond equation is updated with the solution to the first unknown and it is used to solve for
the second unknown. This method is called a one-way coupling because there is only a
one-way transfer of information. For example with pressure-stress coupling, solutions are
first obtained for the fluid equations [66]. The pore pressures are then updated and used
to solve the geomechanical equations of stress. The fluid solutions transfer the updated
pore pressures to the geomechanical solution, but the geomechanical solution does not
transfer any information to the fluid solutions.

In sequential coupling, the solution of the first unknown is used to solve for the second
unknown. The second unknown is used to update the solution of the first unknown. The
updated solution for the first unknown is used to update the second unknown. This pro-
cess of updating the solutions to the unknowns can be repeated one or more times. As an
example of sequential coupling consider a pressure-displacement coupling. The pressure
equations are solved while the displacements remain constant, then the momentum equa-
tions are solved while the pressures remain constant [66]. Information is passed back and
forth between solvers until convergence is achieved. Sequential coupling can be done using
two separate software programs - a fluid flow solver and a geomechanics solver. Sequen-
tially coupled solutions for fluid flow and geomechanics are studied in [67]. One useful
sequential coupling strategy that has been useful to the reservoir simulation community is
IMPES (IMplicit Pressure Explicit Saturation) [68]. A special case of sequential coupling
is explicit (staggered) coupling, where only a single iteration is performed.

In full coupling, all of the equations are solved simultaneously. A fully coupled multi-
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phase flow and thermo-poromechanical effects formulation is considered in [66] where the
fully coupled solution was compared with one-way coupling and iterative coupling and
superior accuracy of fully coupled solutions was demonstrated.

The importance of coupled models of various forms for carbon sequestration problems
has been demonstrated in several studies. Using the In Salah project as a case study, a
coupled reservoir-geomechanics analysis of COs injection was performed [69]. Simulations
were compared with ground deformation monitoring, to explain the ground deformations.
In [47] coupled simulations of COs injection were performed. The simulations included
effects of Thermal-Hydraulic-Mechanical-Chemical (THMC). A stabilized FEM was used
to assess stress and pressure changes near an injection. The results show that chemical and
thermal processes can have significant effects near an injection well. Coupled simulations
have also been demonstrated to be useful to estimate safe injection pressures near faults
in [16], 47].

Coupled models are an important tool to help understand how various physical pro-
cesses influence one another. By using coupled models carbon sequestration systems can
be better understood. Coupled models can be used to test critical assumptions made in
uncoupled models. A widespread acknowledgment of this importance is responsible for

the recent publication of many good papers on the subject (e.g., [47, [66], 70, 65]).

2.6 Chapter Summary

In this chapter the fundamentals of flow in porous media were reviewed. Essential con-
cepts were presented to understand single phase flow and then the governing equations
for single phase flow were discussed. The related concepts and governing equations for

multiphase flow were then described. Vertically averaged multiphase flow governing equa-
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tions were presented as a basis for mathematical modelling of plume evolution in carbon
sequestration. The chapter concluded with a discussion of solution strategies for coupled

problems.
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Chapter 3

Stabilized Finite Element Methods
for Advection-Diffusion-Reaction
Equations

3.1 Introduction

There are many possible forms of the Finite Element Method (FEM), but typically FEM
refers to the Galerkin FEM where the weight functions and interpolation functions are
of the same form. The standard Galerkin FEM is well suited for diffusion problems (i.e.
Poisson’s equation) since the diffusion operator is symmetric. This leads to symmetric
system matrices and the best approximation property of FEM applies [71]. The best
approximation property states that the error in the FEM approximation will be minimized
by finding the optimal function from the approximation space. Therefore, the FEM
approximation will find the optimal solution based on the assumed shape functions. The
Galerkin FEM, however, can encounter non-physical oscillations and instabilities when
discretizing PDEs with significant advection terms. An advection operator is of the first

order and leads to unsymmetric system matrices. The Galerkin FEM discretization of a
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PDE with an advection term leads to a truncation error in the form of negative artificial
diffusion. Therefore spatial instabilities can occur in the solution when advection is present
in the governing equation [72] [71] and dominates the diffuse term.

In the development of a carbon sequestration simulation framework, one of the two
non-linear coupled PDEs is dominated by an advection term. This section discusses vari-
ous alternative FEMs available to solve this problem. In order to do this, one dimensional
model problems are used to elucidate some techniques that will prove useful in later chap-

ters.

3.2 Types of Partial Differential Equations

In general there are three types of partial differential equations (PDEs): elliptical, parabolic,
and hyperbolic. Mathematically these three classes of PDEs can be described by the fol-

lowing general form:

A1) 35+ ) () 5l ) ) b, 9) = 0
(3.1)

where ¢;(z,y), ca(z,y), c3(x,y), ca(z, y), c5(z,y), cs(x, y), and ¢7(x, y) are variables that in
general vary in space.

If ¢3 — 4cie3 < 0 then is an elliptical equation.

If ¢2 — 4cie3 = 0 then is a parabolic equation.

If ¢3 — 4cyc3 > 0 then is a hyperbolic equation.

If ¢ = cg = ¢3 = 0 then (3.1)) is a first order PDE which is hyperbolic.

The Galerkin FEM provides excellent approximations for elliptical and parabolic equa-

tions since the system of equations are symmetric, and thus the best approximation prop-
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erty holds. For advection equations, which are first order hyperbolic PDEs, the Galkerin

FEM leads to unsymmetric systems which lose the best approximation property [71].

3.3 Advection-Diffusion-Reaction Equation

The governing equation that is the subject of this chapter is the advection-diffusion-

reaction equation, which is given as:

ou ou 9%u
E‘FG%—U@—FUU—S (32)

u(z,0) = uy(x) on Q (3.3)
u=uponI'p (3.4)

0
vna—z =hon [y (3.5)

where u is an unknown scalar quantity, a is the velocity, v is the diffusion coefficient, o
is a reaction term, s is a source/sink term, €) is the entire domain, I'p is the Dirichlet
(essential) boundary, I'y is the Neumann (natural) boundary, u, is the initial value of u,
up is the prescribed value of u on the boundary I'p, n is a unit normal to the boundary
I'y, and h is the prescribed flux on the boundary I'y.

The first term in is the unsteady term, the second is the advection of the unknown
quantity u, by the velocity a. The third is the diffusion of the unknown quantity u. The
fourth term is the reaction, o. If ¢ > 0 then it represents the dissipation of the quantity
uw and if o < 0 then it represents the production of the quantity wu.

The Galerkin FEM does not satisfy the original PDE, but instead implicitly solves a
modified equation which has an additional term added to the original which represents

negative artificial diffusion [71]. Quadratic elements have the added difficulty that the
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mid and corner nodes have different forms of the negative diffusion operator [71]. The
negative diffusion operator introduced by the Galerkin approximation is given by:

9*u

@_
0x?

(3.6)

where U is the artificial diffusion coefficient. The Galerkin FEM effectively solves ((3.2)

with (3.6) added to the left hand side of the equation.

3.3.1 Peclet Number

The Peclet number is a measure of the relative magnitude of advection to diffusion. The

mesh Peclet number is given by:

alAzx

Pe =
€ 2v

(3.7)

where Az is a measure of the element size.
When |Pe| > 1 spatial oscillations can occur with the Galerkin FEM. If diffusion is
not present, Pe approaches infinity, and the Galerkin method gives a solution that is very

likely to be contaminated by non-physical oscillations, which can be difficult to control.

3.3.2 Damkohler Number

The Damkohler number, D is a measure of the relative magnitude of the reaction term

and the advection term. The mesh Damkohler number is calculated from:

(3.8)

The Damkohler number is used to compare the magnitudes of the reaction term and
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the advection term.

3.4 Weak Form

Before (3.2)) is discretized with the Galerkin Finite Element method the weak form is
considered first. The weak form of (3.2)) that results from the Galerkin approach is find

u(z,t) € U such that:

/5u@d9+/5 a—dQ—i—/ 9ou %dih—/ 5uadQ—/(5usdQ+/ ouhdl',You € Uy
Q Q Q Ty

ot Or Ox
(3.9)
where du is a weight function. The function spaces for u and du are given as:
U = {u(z,t)|u(z,t) € H' ,u(z,t) =won I',}
(3.10)

Up = {6u(z)|du(z) € H', su(z) = 0 on T',}

where w is the prescribed value of the Dirichlet boundary condition, I', is the Dirichlet

boundary, and I'; is the Neumann boundary.

3.5 Stabilization Techniques

For advection-diffusion-reaction equations, when the Peclet number is large, oscillations
can occur in a Galerkin FEM solution. Oscillations can arise from the solution of
because the Galerkin FEM actually solves a modified form of where the diffusion
coefficient v is equal to T (see ) Sharp gradients in the solution, as occur at the start
of COs injection, when CO, plumes merge or when the CO, plume reaches the boundaries

of the domain, are particularly problematic. There are several approaches to stabilize
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these approximations including: the Streamline Upwind (SU) method [73], the Streamline
Upwind Petrov Galerkin (SUPG) method [73], the Least Squares Finite Element Method
(LSFEM) [74, [75], [76], the Subgrid Scales (SGS) method [77, [78], the Galerkin Least
Squares (GLS) method [79], Upwinding [80, 81], the Taylor-Galerkin method [82], Bubble
Functions [83], Finite Increment Calculus [84], and the Discontinuous Galerkin (DG)
method [85].

In this chapter the discussion and examples will focus on five stabilized FEMs: the
Streamline Upwind (SU) method [73], the Streamline Upwind Petrov Galerkin (SUPG)
method [73], the Least Squares Finite Element Method (LSFEM) [74. [75] [76], the Subgrid
Scales (SGS) method [77, [78] and the Galerkin Least Squares (GLS) method [79]. These
five methods stabilize the Galerkin FEM by the use of a perturbation operator that
operates on the weight function [71]. The modified weak form for the stabilized methods
is given as: find u(x,t) € U such that:

ou ddu Ou
/(zéuadﬁ—i-/éua—d()#—/%v%dQ—i—/Q(SuadQ

+y / P(6u)TR(u)dQ = / SusdS) + / Suhdl
e e Q 1—‘N

(3.11)

where R(u) is the residual of (3.2)), P(du) is a perturbation operator that distinguishes
the stabilization methods, 7 is a stabilization parameter, and e is the element number.

Note that when R(u) = 0 the weak form (3.11]) is equivalent to (3.9).
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3.5.1 Streamline Upwind (SU) and Streamline Upwind Petrov
Galerkin (SUPG)

The Streamline Upwind (SU) and Streamline Upwind Petrov Galerkin (SUPG) stabiliza-

tions [86] have a perturbation operator in the form of [71]:

P(6u) = a% (3.12)

where a is the velocity and du is a weight function from the Galerkin method.
The difference between SU and SUPG is in a different form of the residual R(u).

SUPG uses the full residual from ((3.2)):
R(u) =5 Tag —Upstou—s (3.13)

while SU only uses the advection term of the residual:

R(u) = a% (3.14)

3.5.2 Stabilization Parameter

The stabilization parameter, 7 in scales the additional term that is added to the
Galerkin formulation to stabilize the spatial oscillations. Many definitions of the stabiliza-
tion parameter 7 are presented in the literature. Two forms of the stabilization parameter
for one dimension for use with the f-family of time integration schemes are given by [87]

and [88] respectively:

7= ((&)2 + <Z—i)2 +9 (%)2 + 02> o (3.15)



1 20 4 -

where At is the timestep size, Ax is the element size, and 6 determines the time integration
scheme. 6 = 0 is the Forward Euler (FE) method, § = 0.5 is the Crank-Nicolson (CN)
method, and 6 = 1 is the Backward Euler (BE) method. At large Peclet numbers these

two definitions of 7 give the same result.

3.5.3 Galerkin Least Squares (GLS)

The Galerkin Least Squares (GLS) stabilization was first presented in [79]. The pertur-
bation operator is derived from a least squares minimization of the residual [79]. The

perturbation operator for the GLS stabilization is [71]:

dou  D*0u
P(6u) = G~ Vs

+ odu (3.17)

P(6u) for GLS is the same as SUPG for the advection diffusion equation when linear

elements are used to approximate u and o = 0. The residual is given by (3.13)).

3.5.4 Subgrid Scales Method (SGS)

The Subgrid Scales (SGS) method was originally appeared in [77] and was adapted to the
advection-diffusion equation in [89]. In the SGS method the perturbation operator takes

the form [71]:

odu 0%u
P(ou) = a% + v 57

— odu (3.18)

Just as with GLS stabilization this reduces to SUPG for linear elements when o = 0.

The residual is given by ([3.13)).
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3.5.5 Least Squares Finite Element Method (LSFEM)

The Least Squares Finite Element Method (LSFEM) can be represented by the same
weak form as the Galerkin FEM, but the weight functions are replaced by the LSFEM
weight function. Two LSFEM formulations can be obtained for transient problems. The

difference lies in the order of the discretization. The weak form for LSFEM can be written

as find u(x,t) € U such that:

LS
/ 5uLS%dQ+ / 5uLSag—“dQ+ / dou v@dm / SulSodQ) = / SulSsd+ [ SulShdr
Q Q x Q

Ox 'n

(3.19)

where Jul5T = a%s“ — va Ou

+odu if space is discretized first and ou™57S = §u+ o204 —
v% + odu if time is discretized first.

LSFEM and GLS are similar, but differ in two main ways. In LSFEM the entire weight
function is applied throughout the domain, while GLS applies the Galerkin portion of the
weight function throughout the entire domain, but the remainder of the weight function
(the perturbation function) is applied only over the element interiors when 7 # 0.

The second difference between LSFEM and GLS is the stabilization parameter 7. In
LSFEM 7 = 0At arises naturally from the derivation. GLS, on the other hand, requires

the selection of a somewhat arbitrary value of 7 such as that given in [8§].
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3.6 Finite Difference Method (FDM) Discretization
in Time

When (3.9) or (3.11) is discretized in space, a system of equations of the following form
must be solved:

[Cl{u} + [K]{u} = {F} (3.20)

where [C] is a storage matrix, [K] is a conductance matrix, and {F'} is a flux vector. These
matrices are defined in the next section for the various spatial discretization schemes. In
this chapter, the time domain is discretized using the #-family of FDMs, leading to the

system of equations of the form:

(C] + AWK]) {u}™! =

(3.21)
([C] — At (1 - 0) [K]) {u}" + At (0{F}""" + (1 - 0) {F}")
which can be rewritten as:
Keg{u}""" = {Fegr}"" (3.22)
where
[Kes| = ([C] + AtO[K]) (3.23)
and

{Fer}""" = ([C] = At (1 - 0) [K]) {u}" + At (0{F}"" + (1 - 0) {F}") (3.24)

where [Keg] is the effective conductance matrix, and {Feg} is the effective flux vector.

If 6 = 0 this is referred to as Forward Euler (FE), if § = 0.5 it is called Crank-Nicolson
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(CN) and if # = 1 it is referred to as Backward Euler (BE).

3.7 Stabilized FEM Discretizations in Space

3.7.1 Galerkin FEM Discretization

The discrete equations are obtained by substituting the finite element shape functions

into the weak form (e.g., (3.11])). The finite element approximation is given by:

ul(z) = Z Ni(z)ur,x € Q (3.25)
IeN

where N;(z) are the shape functions, u; is the unknown quantity at the node I, and N'
is the set of all nodes in the domain 2. The Galerkin advection-reaction matrix is given

by:

K¢ = [ NeTaBed0 4+ | NeToNedQ® (3.26)

Qe Qe

where N€ is the shape function vector for element e, B® are the derivatives of the shape

functions, and €€ is the domain of element e. The Galerkin storage matrix is given by:
¢, = / NeTINedOe (3.27)
The Galerkin source flux vector is given by:

F¢, = / NeTsdQ° (3.28)

39



3.7.2 SU and SUPG FEM Discretizations

The SUPG and SU advection-reaction matrices are given by:

Be'ra’BedO° + / Be"racNedQ°

e

‘SUpc = / NeTaBedQ° + / NeToIN®dQ® + /
Qe e

e

(3.29)
and
K¢, = [ NeTaBedQ 4 [ NeToN°dQ° + / B°' ra’BedQ° (3.30)
Qe Qe e
The SUPG and SU storage matrices are given by:
Sope = | NeTNCAO< + / (N® + aB®)TNde (3.31)
Qe €
and
Csy = Cg, (3.32)
The SUPG and SU source flux vectors are given by:
Foopo = | N sdQC + / B°" asdQ° (3.33)
Qe e
and
w=F¢ (3.34)
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3.7.3 GLS FEM Discretization

The GLS advection-reaction matrix is given by:

Grs = | N°TaB®dQ + [ N°ToN®dQ® + / (aB® + oN°) "7 (aB® + gN°®)d*
Qe Qe

e

(3.35)

The GLS storage matrix is given by:
&g = / NeTNedQ° + / (aB® + oN°)TTNedQ* (3.36)
The GLS source flux vector is given by:

o= | NeTsdoe + / (aB° + oN®)Tr5d0° (3.37)
Qe

e

3.7.4 SGS FEM Discretization

The SGS advection-reaction matrix is given by:

e e

Ksas = / N°TaBdQ° + / N°ToNedQ° + / (aB® — oN°®)"r(aB® 4+ o N®)dQ)°

(3.38)

The SGS storage matrix is given by:

Ses = | N°TN®Q + / (aB® — oN°)TTN°dQ* (3.39)

Qe

e
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The SGS source flux vector is given by:

Fios = [ NTsd0r o [ (@B® - oN°)Trsder (3.40)

Qe

e

3.7.5 LSFEM Discretization

If space is discretized first (or for a steady state problem) then the LSFEM advection-

reaction matrix is given by:

Kisremsr = / (aB® + oN®)T(aB® + oN®)dQ° (3.41)

e

The LSFEM storage matrix is given by:

LSFEMST = / (aB® + oN°®) TN°dQ° (3.42)
The LSFEM source flux vector is given by:

Flsromsr = / (aB® + oN®)TsdQ° (3.43)

e

On the other hand, if the discretization in time is performed first, then the LSFEM
matrices and vectors are given below. The LSFEM advection-reaction matrix is:

Kisremrs = . N°TaB®dQ) + ; NeToN°dQ + / (aB® 4+ oN°)T(aB® + oN®)dQ°

e

(3.44)
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The LSFEM storage matrix is:

Clsrenrs = / NeTN®dQ° + / (aB® + oN°) TN°dQ)* (3.45)
The LSFEM source flux vector is:
Fisrpmrs = N°TsdQ° + / (aB® 4 oN°®)TsdQ° (3.46)
Qe e

The above matrices are substituted into (4.32)) to complete the space-time discretiza-

tion. These discretizations will be demonstrated in the next section.

3.8 Courant Number

The Courant number is a measure of the timestep size in relation to the advective velocity

and the element size and is given by:

adt

Cr = AL

(3.47)

where At is the timestep size and Az is the element size.

3.9 A Comparison of Stabilization Methods for One
Dimensional Advection / Advection-Reaction Equa-
tions

In this section four numerical examples are provided to compare the Galerkin FEM and
five stabilized FEMs (SU, SUPG, GLS, SGS, LSFEM). The examples focus on four vari-

ants of (3.2): the steady state advection equation, the steady state advection-reaction
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equation, the unsteady advection equation, and the unsteady advection-reaction equation.
All of the examples presented in this section are in one dimension, but the methodologies
are applicable to two dimensional and three dimensional systems. Diffusion is not con-
sidered as it is not present in the advection-reaction equation that is considered in the
chapters that follow. The absence of a diffusion term makes stabilization more difficult,
since the presence of diffusion can offset the negative diffusion introduced by the Galerkin

FEM discretization of an advection-diffusion-reaction equation.

3.9.1 One Dimensional Steady State Advection Equation

The steady state advection equation is now considered in one dimension. The governing

equation and boundary conditions are given by:

ou

a5 = s(x) (3.48)
u=upon'p (3.49)
0
na—z =fonly (3.50)

Example 1

For this example a = 1 is assumed to be constant. At z = 0 a Dirichlet boundary
condition is imposed of u = 0. At x = L a no flow Neumann boundary condition is
specified. In other words, f = 0 in (3.50)).

The source function is given by:

la—1)/e

= e (3.51)

s(x)
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where € = 0.05 [54]. The exact solution of this problem is given as:

(1 — e('r_l)/e))

r=Ton (3.52)

Uezact = 11—

Figure [3.1| compares the exact solution with the solutions obtained with the Galerkin,
SU, SUPG, LSFEM methods using 10 linear finite elements to discretize the domain. The
exact solution is plotted at the nodal locations and shown by the solid black line. The
Galerkin solution shows non-physical oscillations. The SU, SUPG, and LSFEM solutions
do not contain these oscillations. For the pure advection equation, the SGS and GLS
stabilizations are equivalent to SUPG. In the case of SU, the perturbation function is not
applied to the source term and as such erroneous results can occur when the source term
is not zero as can be seen here.

Figure |3.2| shows the effect of increasing the number of elements to 100. All of the
methods, including Galerkin appear to give smooth results. However, the Galerkin method
gives non-physical oscillations of a very small magnitude as shown in Figure (3.3 The SU,
SUPG, and LSFEM solutions do not contain these oscillations and the solutions agree well
with the exact solution. The oscillations are still present in the Galerkin approximation
when the number of elements is increased to 1024, as shown in Figure [3.5] although they
are not apparent in Figure [3.4]

Figure shows the convergence of the Ly error. The Ls error is given by:

lec, |l = (/Q(um“ - uh)QdQ)% (3.53)

exact

where u is the exact solution and u”" is the approximate solution. The normalized Lo
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Figure 3.1: Solution to steady state advection problem using 10 elements.
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Figure 3.2: Solution to steady state Figure 3.3: Solution to steady state
advection problem using 100 ele- advection problem using 100 ele-
ments. ments. Close-up of small magnitude

oscillations in Galerkin FEM solu-

tion.

error is given by:
1
exact __ ,,h QdQ 2
ELQ _ (fQ(U’ U ) 1) (354)
(fQ (uexact)2dQ) 2

From Figure [3.6]it can be seen that SUPG and LSFEM converge at the optimal rate
of 2. SU converges at much lower rate of 1.02 because it is an inconsistent method as not
every term in the residual is stabilized. The Galerkin FEM converges at a slightly slower

rate and the Lo error associated with Galerkin is larger for each element size than SUPG
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Figure 3.4: Solution to steady state
advection problem using 1024 ele-

ments.

and LSFEM due to the presence of the oscillations that reduce with mesh refinement as

shown in Figure [3.3| and Figure [3.5]
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Figure 3.5: Solution to steady state
advection problem using 1024 ele-
ments. Close-up of small magnitude
oscillations in Galerkin FEM solu-

tion.
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Figure 3.6: Convergence study of steady state advection problem.
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3.9.2 One Dimensional Steady State Advection-Reaction Equa-
tion

In this subsection the steady-state advection-reaction equation is examined. It is similar

to the steady state advection equation, but now a reaction term is also considered. The

governing equation and boundary conditions are given by:

ou

as + ou = s(x) (3.55)
u=mupon ['p (3.56)
0

na—z =fonTly (3.57)

The only difference between (3.55) and (3.50) is the addition of a reaction term to
the left hand side of the equation. Since there is a reaction term in (3.55) SGS and GLS

provide different stabilized methods than SUPG.

Example 1

The same example as the previous section is repeated here, but with o # 0. Several values
of o are considered. The effect of o on the exact solution is shown in Figure [3.7 The
exact solution from the previous example (o = 0) is shown by a solid blue line. Positive
values (dashed lines) of ¢ fall to the right of the o = 0 solution. Negative values of ¢ are
indicated by solid lines and fall to the left of the o = 0 solution.

Figure [3.8| shows the numerical solutions using 1024 element for the case when o =
—100. SUPG, GLS, and SGS agree very well with the exact solution. SU gives a solution
that is overdiffuse, but gives a reasonable approximation. LSFEM and Galerkin, on the

other hand, give solutions that are far from the exact solution. Figure zooms in

further on these solutions. It is shown that the Galerkin solution has small magnitude
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Figure 3.7: Exact solutions for various values of o.

oscillations, while the other solutions are smooth.
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Figure 3.8: Solution to steady Figure 3.9: Solution to steady
state advection-reaction problem us- state advection-reaction problem us-
ing 1024 elements - 0 = —100. ing 1024 elements - 0 = —100.

In Figure [3.10] and Figure [3.11} o = 100 is used to generate the results. All of the

methods agree very well with the exact solution both on the scale of the entire domain

(Figure |3.10) and locally (Figure [3.11]).

Figure 3.12] shows the solutions using the various FEMs with 1024 elements for o =
—10. SU, SUPG, GLS and SGS agree well with the exact solution. Galerkin and LSFEM

give poor approximations. The Galerkin solution is has small magnitude oscillations as
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shown in Figure [3.13]
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Figure 3.10: Solution to steady

state advection-reaction problem us-
ing 1024 elements - o = 100.
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Figure 3.12: Solution to steady

state advection-reaction problem us-
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Figure 3.13: Solution to steady

state advection-reaction problem us-
ing 1024 elements - 0 = —10.

The solutions when ¢ = 10 are plotted in Figure and Figure |3.15 On the scale

of the entire domain all methods appear to give results that are very close the the exact

solution, however, upon closer inspection the Galerkin approximation experiences small

magnitude oscillations.
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Figure 3.14: Solution to steady Figure 3.15: Solution to steady
state advection-reaction problem us- state advection-reaction problem us-
ing 1024 elements - o = 10. ing 1024 elements - o = 10.

3.9.3 One Dimensional Unsteady Advection Equation

The unsteady advection equation is considered in this example. The governing equation

for this problem is given by:

ou ou
5 + Ay = s(z,t) (3.58)
u(z,0) = up(x) on 2 (3.59)
u=uponlp (3.60)
ou
N = fonTy (3.61)

The FEMs described in this subsection are used to discretize in space. The Finite Dif-
ference Method (FDM) is used to discretize in time. The general theta family relationship
is given by (3.21).

When 6 = 0 the FE time integration is explicit. If § = 0.5 the method is CN. When
0 = 1 the method is BE. CN and BE are implicit methods. The effect of various values
of 6 will be considered in the next two examples. In addition, the effect of timestep size

will be considered.
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Example 1

In this example the source function from the previous examples is made time-varying and

is given by:
elz—=1)/e

S(l’, t) = m

sin(5t); (3.62)

where € = 0.05 [54]

The initial conditions are u = 0 throughout the domain. The other properties are the
same as from Section [3.9.1] Figure shows the results of § = 0 with C'r = 0.25 using
25 elements. SU, SUPG and LSFEM-ST give smooth solutions that are reasonably close
to one another. Galerkin and LSFEM-TS, on the other hand are unstable and are not
shown here.

When 6 = 0.5 the time integration scheme is referred to as the Crank-Nicolson method
(CN). The results using CN are shown in Figure 3.17] SU, SUPG, LSFEM-ST and
LSFEM-TS give similar solutions to Figure [3.16] Galerkin gives a solution that is very
oscillatory. When BE time integration is used the Galerkin oscillations are slightly reduced

as shown in Figure [3.18]
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Figure 3.16: One dimensional unsteady advection equation, example 1, 6 = 0, C'r = 0.25,
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Figure 3.17: One dimensional unsteady advection equation, example 1, § = 0.5,Cr = 1,
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Example 2

In this example there is no source function and the initial conditions are a step function.
The initial step function travels through the domain at a velocity of a = 1. Figure [3.19
shows the solutions with § = 0 for Cr = 0.1. Only SU does not show any oscillations.
However, the SU approximation is overdiffuse. The largest oscillations occur for Galerkin
and LSFEM-TS to the left of the discontinuity. LSFEM-ST gives the largest oscillations
to the right of the discontinuity. When C'r = 1 the timesteps are too large for the explicit
timestepping scheme and thus the Forward Euler scheme gives unstable solutions. This
case is not shown.

When 6 = 0.5 (CN) the solutions are shown in Figure and Figure 3.21] All
methods show oscillations except SU. SU appears to be largely unaffected by the size of
the timestep.

Backward Euler (BE) (# = 1) time integration is considered in Figure and Figure
for Cr = 0.1 and Cr = 1 respectively. When 6 = 1 is combined with Cr = 1, all
methods give better approximations with no visible oscillations. SU gives a slightly more
diffuse solution. The apparent large diffusion compared to the exact solution is magnified
by the use 25 elements. As the number of elements is increased, the approximation of

this sharp front can be improved.
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Figure 3.19: One dimensional unsteady advection equation, example 2, # = 0,Cr = 0.1,

25 elements.
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Figure 3.20: One dimensional unsteady advection equation, example 2, § = 0.5, Cr = 0.1,

25 elements.
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Figure 3.21: One dimensional unsteady advection equation, example 2, # = 0.5,Cr = 1,

25 elements.
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Figure 3.22: One dimensional unsteady advection equation, example 2, § = 1,Cr = 0.1,
25 elements.
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Figure 3.23: One dimensional unsteady advection equation, example 2, 6 = 1,Cr =1, 25
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3.9.4 One Dimensional Unsteady Advection-Reaction Equation

The final examples in this chapter focus on the unsteady version of the advection-reaction
equation. The governing equation is the same as the previous section, except that now

there is a reaction term present. This equation is given below:

ou ou

En + ay- + ou = s(x,t) (3.63)
u(z,0) = up(x) on Q (3.64)
u=uponlp (3.65)

0
na—z — fonTy (3.66)

Example 1

This example is the same as example 1 in the previous section, with the addition of a
reaction term. Time integration is conducted in the same manner as discussed in the
previous example.

When ¢ = 10 the results are shown in Figure and Figure for CN and BE
time integration respectively. The results are very similar. The oscillations in the Galerkin
solution are reduced very slightly for BE compared to CN. Only Galerkin gives oscillations
in the solutions.

Figure [3.26] and Figure [3.27] show the solutions for 0 = —10 with CN and BE re-
spectively. The results are similar for the two time integration schemes. Galerkin and

LSFEM-ST give unstable solutions.
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Figure 3.24: One dimensional unsteady advection-reaction equation, example 1, 6 =
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Figure 3.25: One dimensional unsteady advection-reaction equation, example 1, § =
1,Cr =1,0 = 10, 25 elements.
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Figure 3.26: One dimensional unsteady advection-reaction equation, example 1, § =
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Figure 3.27: One dimensional unsteady advection-reaction equation, example 1, § =
1,Cr =1,0 = —10, 25 elements.
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Example 2

Similar to example 2 in the previous section, the source term is zero and the initial
condition is a step function. The main difference here is the addition of the reaction

term. The exact solution to this problem is given by:

ue:r:act(xa t) = H((Hf - m)e%"x (367)

where H() is a heaviside function.

Figure and Figure|3.29 compare the solution for 0 = 1 when Cr = 0.1 and Cr =1
respectively using BE time integration. Larger timesteps generally provide smoother
results and give more consistent solutions between the various FEMs. SU is least affected
by the size of the timestep.

When ¢ = —1 the results are shown in Figure [3.30| and Figure [3.31L Similar to the
previous two figures, larger timesteps reduce the magnitude of the oscillations and SU is

the least affected by changing the size of the timestep.
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Figure 3.28: One dimensional unsteady advection-reaction equation, example 2, § =
1,Cr =0.1, 0 = 1, 25 elements.
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Figure 3.29: One dimensional unsteady advection-reaction equation, example 2, 6 =

1,Cr =1, 0 =1, 25 elements.
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Figure 3.30: One dimensional unsteady advection-reaction equation, example 2, 0 =

1,Cr =0.1, 0 = —1, 25 elements.
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Figure 3.31: One dimensional unsteady advection-reaction equation, example 2, § =
1,Cr =1, 0 = —1, 25 elements.
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3.10 Chapter Conclusions

In this chapter the steady and unsteady pure advection and advection-reaction equations
were considered. Finite Element Method (FEM) discretizations were used to approximate
the solutions to the steady state advection equation, the steady state advection-reaction
equation, the unsteady advection equation and the unsteady advection-reaction equa-
tion. The discretization of the advection term results in non-physical oscillations in the
solution from the standard (Galerkin) FEM. These oscillations can be controlled with
stabilized FEMs. Several stabilized FEMs were described and compared using four ex-
ample problems. SU, SUPG, LSFEM, SGS, GLS can be used to stabilize FEM under
various scenarios. These stabilization methods were compared with several test problems
to give insights into the stabilization properties of these methods, which will be useful as
they are used in the next chapter to stabilize the saturation equation. Time integration
was performed with the #-family FDM. In some cases the Galerkin FEM gave seemingly
smooth results, but by zooming in small magnitude oscillations are revealed. This was
not observed with any of the stabilized FEMs. FE time integration was shown to give
unstable results unless small timesteps are used. The magnitude of the oscillations from
the various FEMs were the least when BE time integration was used. Oscillations were
found to be significantly reduced when BE is combined with relatively large timesteps
(Cr = 1). SU gave the most robust solutions across the range of examples considered.
However, SU can give overdiffuse solutions. The presence of a reaction term was shown
that it can increase the magnitude of the non-physical oscillations.

The stabilized FEMs considered in this chapter will be used in Chapter 5 and Chapter
6 in order to stabilize the resulting oscillations that occur during the Galerkin FEM

discretization of vertically averaged multiphase flow equations.
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Chapter 4

Carbon Sequestration Injection
Simulations using a Stabilized Finite

Element Method Framework in
Quasi-Two Dimensions

This chapter is based on two journal articles:

C. Ladubec and R. Gracie, “Stabilized Finite Element Methods for Vertically Averaged
Multiphase Flow for Carbon Sequestration”, Submitted, 2015.

C. Ladubec and R. Gracie, “Vertically Averaged Multiphase Flow Simulations for Car-
bon Sequestration using Stabilized Finite Element Methods and Quadratic Elements”, Sub-
matted, 2016.

In these articles I was the first author where I led the writing of the journal articles.
In addition, I lead the development of the MATLAB code, and the development of the
formulations.

This chapter addresses objectives 1 and 2 (see Chapter 1) of the thesis:

e Develop a computationally efficient numerical model for carbon sequestration based

on a Finite Element Method framework using a vertically averaged formulation.

66



e Effectively deal with instabilities and oscillations that occur from FEM approxima-

tions of the advection equation and the coupled nature of this problem.

4.1 Introduction

The properties of saline aquifers are highly uncertain because of the large size of the
domains, the difficulty in measuring system properties and the high degree of heterogene-
ity. As such, stochastic simulations are required during storage site assessments [90]. In
addition, there is a great deal of uncertainty associated with the location and properties
of leakage pathways. Stochastic approaches require a large number of simulations (using
many different sets of system parameters), dramatically increasing the computational cost
of modelling for site assessment purposes. Therefore, computationally efficient numerical
schemes for modelling CO, sequestration are needed.

A vertically averaged multiphase flow formulation [3] allows for a significant reduction
in the computational cost by reducing the dimensionality of the problem (e.g., from three
dimensions to quasi-three dimensions or two dimensions to quasi-two dimensions). The
vertically averaged formulation is comprised of two non-linear coupled partial differential
equations (PDEs) that define the mass balance of the COy and the brine phases. The
governing equations can be solved either simultaneously, or by using a sequential solution
strategy. Solving the coupled equations simultaneously creates a very large system of
equations that has a large computational cost associated with it. In order to reduce
the computational burden a sequential solution strategy may be utilized. The system of
equations can be manipulated to result in an elliptical equation (i.e., a Poisson equation)
that governs the pressure in the system and a hyperbolic equation (i.e., an advection

equation) that describes the evolution of the average brine saturation [41].
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It is well known that the Galerkin Finite Element Method can produce non-physical
oscillations when used to obtain numerical solutions of advection-dominated PDEs. The
Galerkin FEM discretization of the saturation equation can achieve smooth solutions with
the proper selection of element size and timestep. However, it will be demonstrated that
the Galerkin FEM can lead to solutions with spurious oscillations and often cannot be
used when the CO, plume encounters a Dirichlet boundary or when multiple plumes mix,
as occurs in the presence of multiple injection wells.

Many solutions exist in the literature to stabilize the Finite Element Method to obtain
satisfactory solutions to advection-dominated problems. A good overview of the subject
is presented in [71]. A large number of approaches have been used in literature to sta-
bilize the Galerkin FEM. The more common approaches include the Streamline Upwind
(SU) method [73], the Streamline Upwind Petrov Galerkin (SUPG) method [73], the
Least Squares Finite Element Method (LSFEM) [74], [75] [76], the Subgrid Scales (SGS)
method [77, [78] and the Galerkin Least Squares (GLS) method [79]. SU and SUPG were
originally presented considering steady-state and transient advection-diffusion equations
[73]. LSFEM was presented as a means to provide stabilized solutions to the steady state
advection-reaction equation [74], and the transient advection equation [75]. GLS was pro-
posed as a stabilization method for advection-diffusion problems [79]. SGS was presented
as a method to stabilize the advection-diffusion equation and the Helmholtz equation (a
diffusion-reaction equation) [77, [7§]. Other approaches include Upwinding [80, 1], the
Taylor-Galerkin method [82], Bubble Functions [83], the Discontinuous Galerkin (DG)
method [85], and Finite Increment Calculus [84].

The multitude of stabilization techniques give a great deal of possible approaches to

providing a stabilized Finite Element approximation of an advection equation. Each ap-
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proach has its advantages and disadvantages. Typically stabilization methods are best
suited to a particular problem, and often are inadequate for other problems. In addi-
tion, the stabilization methods in the literature are often optimized for linear uncoupled
systems where the advection term is constant in time and space. In the case of carbon
sequestration considered here the governing equations are non-linear, coupled, and the
advection velocity is not constant. Determining the ideal stabilization method for a given
problem can be non-trivial. Stabilization is more challenging for the advection equation
considered here since there is no diffusion term.

The use of linear elements results in incomplete forms of the SUPG and LSFEM
discretizations. This loss of information may affect the stabilization properties of the
SUPG and LSFEM methods. When linear elements are used SUPG, GLS and SGS all
result in the same formulation. Quadratic elements allow for GLS and SGS stabilizations,
and permit more complete forms of SUPG and LSFEM stabilizations.

In this chapter, a coupled system of non-linear PDEs is considered where the advection
velocity varies with space and time. The pressure is approximated using the Galerkin
FEM, while the saturation equation is discretized in time using the f-family of Finite
Difference Methods (FDMs) and in space using the FEM and various stabilized FEMs.
The various spatial discretization methods for the saturation equation are compared and
the advantages and disadvantages are highlighted. Stabilization has not been previously
studied in detail for these equations. The selection of appropriate stabilization methods
is highly problem dependent. Furthermore, the optimization of stabilization methods
and associated stabilization parameters have typically focused on linear, uncoupled equa-
tions with constant advection velocity. Therefore, the performance of various stabilization

methods needs to be assessed in the context of the vertically averaged multiphase flow
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equations. While the performance of the various stabilization methods discussed above
may be hypothesized, an actual study of their behaviour is required. Such a study is
presented in this chapter. Due to the complexity of the resulting non-linear coupled dis-
crete equations, stabilization is studied here in a one dimensional (quasi-two dimensional)

context.

4.2 Governing Equations in One Dimension (Quasi-
Two Dimensions)

The problem consists of simulating the injection of CO5 into a deep saline aquifer and
solving for the pressure and saturation distributions over time. A description of the carbon
sequestration system considered in this chapter is shown in Figure [{.1] The multiphase
flow system [3] is described by the mass balance of each phase. The CO5 and brine mass

balance equations are given by:

e die o i
O(1 = Sp)— =+ 5 = = Qinj(1)0(2 — Tiny) (4.1)
ohs  0is

where ¢ is the porosity of the aquifer, Sp is the brine residual saturation, ho(z,t) is the
depth of COy and hp(z,t) is the depth of brine as a functions of time and space, Q;n;(t)
is the rate of COy injection, () is Dirac’s delta function, and z;,; is the coordinates of the

injection well. The vertically integrated CO, and brine fluxes, §c and ¢ are respectively

given by:
kkIY [ Oppos oOH Ohc 0z
A = —h C o - e A °p 43
dc e < 5y PBI G T APg =t peg— (4.3)
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. k  ( Oppo 02po
qB:_hB—<p“+pBg ;t> (4.4)

where k is the permeability of the rock matrix of the aquifer, k7¢ is the relative permeabil-

ity of COs, e is the viscosity of CO,, up is the brine viscosity, pyo is the pressure along
the the bottom boundary of the aquifer, pp and pe are the densities of brine and CO,
respectively, Ap = pg—pc, g is the gravitational constant, H is the aquifer thickness, and

Zop and zp, are the depths of the top and bottom boundaries of the aquifer respectively.

Gn(H
i 2 XY) Lol
y oo A "ty Z,(X:Y)
Caprock = H)
o hy (xy.0)
Aquifer <= |CO,
Caprock [
m_/

Figure 4.1: Parameters of carbon sequestration model [4].

The mass balance equations (4.1]) and (4.2)) are combined with with the flux equations
(4.3) and (4.4). These equations are then manipulated in the same way as described in

[41] to obtain a pressure equation and a saturation equation.
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4.3 Pressure Equation

The pressure equation is determined by adding (4.1) and (4.2)), as in [41]. The unsteady

terms ¢(1 — S B)ag—f and ¢(1 — S B)ag—f cancel, and what is left is a elliptical equation.

The strong form of the pressure equation is find py(,t) such that:

e G e AT ) B
and
Prot(T,1) = Dy (,t) on T (4.6)
do(z,t)n =qo(x,t) on Ty (4.7)
qp(w,t)n = Gp(z,t) on T, (4.8)

where 2 is the entire domain of the problem, I', UT, is the boundary of Q, I', N T, = 0,

and 7 is a unit normal to I';.

4.3.1 Weak Form

In order to derive the FEM formulation, the strong form is converted to a weak form. The

weak form of the pressure equation for the pressure at the bottom of the aquifer (4.5)) is:
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find ppot(z,t) € U such that:

0 k k kkret h
9 pbothB_apbotdQ+ 55pbothB_pBg%dQ+/ a5pbothc c Apga €10
q O i Ox q Or 1B ox q Oz J1%s, Ox
4] kkret H 4] kkret 4] kkret
. a Poot hC C pBga_dQ + a Poot hC C pcgaztode + a Poot hC C apbot d0
q Or Ji%e, ox q Oz e Ox q Oz e Ox
= [ G Qus15( ~ 102+ Gt @+ 7)) | o € Ui
Q Ty
(4.9)
The function spaces are given as:
U= {pbot(x)‘pbot(x) € Hl\Qwellapbot<x) = pbot on FP} ( )
4.10

Uy = {0p(z)|op(z) € HN\QY §p(x) =0 on T}

These spaces have been used in similar problems, but the author is not aware of any

proof that these spaces are correct.

4.3.2 FEM Discretization

From the weak form (4.9) one can arrive at a Galerkin Finite Element Method (FEM)

discrete pressure equation. The FEM approximation of pressure is taken as:

p"(x) =Y Ni(z)pr,z € Q (4.11)
IeN

where N(x) are the shape functions for three-node quadratic elements, p; is the pressure
at the node I and N is the set of all nodes in the domain Q. The pressure approximation

can be expressed in matrix form as:

p"(x) = Npuor (4.12)
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where N contains the shape functions for all nodes and

p;)rot = {p17p27'--7pnn} (413)

where nn is the total number of nodes in N.
Substituting (4.12)) into (4.9) the FEM discretization of the pressure equation can be
determined as:

Kypoor = Fy (4.14)

F,=F, +F,+F,+Fy, (4.15)

where K, is the diffusion matrix, F), is the total flux vector, which is composed of: F,,; -
the injection flux vector, F, - the boundary flux vector, F,3 - the buoyancy flux vector,
and F,4 - the slope flux vector.

The matrices and vectors defined in the previous two equations are:

rel
K¢ = / BT (% + h—B) kB®dQ° (4.16)
e 1 2%e; uB
;1 = / NeTQinj (t)5($ — xmj)dﬂe (417)
o = NeT (@5 +dc) (4.18)
3
kkret ohe
Fe, = — [ BT Apghe——dQ° 4.1
3 / ) o ArgheTg (4.19)

k,krel oOH 0z o k 0z o e
Fo = / BT ( he—% ( ppg—— — peg—2 ) —hp—ppg bot ) a9 (4.20)
. e ox ox LB ox

where N® and B€ are the shape functions and the shape function derivatives for element

e and ¢ is the domain of element e.
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4.4 Saturation Equation

The strong form of the saturation equation for the brine phase is given by combining (4.2))

and (4.4]), resulting in:

ahB o 1 apbot + aZbot ahB + 82pbot + a2zbot h
at  o(1l—Sp)us \\ oz " or ) ox ozz PP g2 ) B ) (4.21)

x et €10, tend

hB(ZE, t) = EB(ZL', t) on Fh (422)
gg(z,t)n =qg(z,t) on I, (4.23)
hg(z,0) = hp,(x) on Q (4.24)

where hp(z, 1) is the specified Dirichlet boundary condition on the boundary I'y,, Gg(x,t)
is the prescribed brine flux on the Neumann boundary I'y, and hp,(x) is the initial brine
depth throughout the domain €2. On the right hand side of the equation the first term in

the brackets is the advection term and the second term is the reaction term.

4.4.1 Galerkin Method

The strong form from the previous section is converted to a weak form, which is then
discretized using the Galerkin Finite Element Method. Green’s Formula is used to reduce
the order of the second derivatives that appear in the reaction term. The advection and
reaction terms become a combined advection-reaction term and a boundary integral. The

boundary integral is zero for Dirichlet boundaries. The Galerkin weak form is given by:
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find hp(x,t) € W such that

Ohs /85h3 ( 1 )
Shp 222 a0 — hpdQ = (Shp—
/Q B¢ o or P Bo(1— Sp) 18

where dhp is the weight function W and Wy are the appropriate function spaces for hg

 Vohp € Wy, (4.25)
Fq

and dhp, and a is the advective velocity given by:

_ k apbot aZbot
=S ( R T ) (4.26)

The Courant number is given by:
(4.27)

where At is the timestep size and Az is the element size.

The FEM approximation for the depth of brine is given by:

hi(w,t) = Z Ni(z)hi(t) (4.28)
IeN

where Nj(x) is the shape function for one dimensional three-node quadratic elements,
hi(t) is the brine depth at the node I (which is a function of time) and N is the set of
all nodes in the domain 2.

The brine depth approximation can be expressed in matrix form as:

h(x,t) = Nhg (4.29)
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where N contains the shape functions for all nodes and

hg" = {h1, ko, ..., B } (4.30)

where nn is the total number of nodes in V.
By substituting the FEM approximation of brine depth given by (4.29) into (4.25)),
and using the same form for the weight functions, the Galerkin FEM discretization results

in the following system of semi-discrete equations:

[Cal{he} + [Ko]{hp} = {F.} (4.31)

where C, is the storage matrix, K,, is the advection-reaction matrix, F, is the flux vector,
hg is the nodal brine depths, hg is the time derivative of the depth of brine, and « signifies
the spatial discretization method - Galerkin, SU, SUPG, LSFEM, GLS, or SGS.

After discretizing the above equation in time using the Finite Difference Method

(FDM), the system of equations to solve becomes:

([Cal + AO[KL]") {hp}"™ = (([Ca] — AL (1 - 6) [Ko]"™) {hp}"
(4.32)

+ AL ({F " + (1—0) {F,}")

where At is the timestep size, § determines the type of time integration (6 = 0 for the
Forward Euler method (FE), # = 0.5 for the Crank-Nicolson method (CN) and 6 =1 for
the Backward Euler method (BE), n+ 1 denotes the current timestep, and n denotes the

previous timestep.
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The matrices associated with the Galerkin spatial discretization of (4.25) are given by:
K¢ = — / B°'aN®dQ* (4.33)

¢ = [ N°TNedQ° (4.34)

Qe

e __ eT 1 —
Fo= (N o1 — SB)QB>

(4.35)

g

4.4.2 Stabilization Methods

In order to eliminate the non-physical oscillations that can occur with a Galerkin FEM
approximation, several stabilized FEMs are examined. The following methods will be
considered: the Streamline Upwind (SU) method [73], the Streamline Upwind Petrov
Galerkin (SUPG) method [73], the Least Squares Finite Element Method (LSFEM) [74]
75}, [76], the Galerkin Least Squares (GLS) method [79], and the Subgrid Scales (SGS)
method [77, [78]. Each stabilization method can be considered as the original (Galerkin)
weak form of the problem (4.25) with an additional stabilization term that is composed
of a perturbation operator and a residual. Various options are available and these choices
define the various stabilized methods that are considered in this thesis. The additional

stabilization term can be generalized by the following form:

> / P(6hg)R(hp)dQ° (4.36)

where P(dhg) is a perturbation function and R(hg) is the residual. The choice of P(dhp)
and R(hp) differentiates the various stabilized methods examined in this chapter.

The weak form for the stabilized methods is obtained by adding (4.36]) to (4.25)). The
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weak form then becomes find hg(x,t) € W such that:

/5h3%d9 doh BathQ+Z/ (ShB hB)dQe
Q

(o)

where W and W, are the appropriate function spaces for hg and dhpg.

(4.37)
, Vohg € W,.

Iy

In the sections that follow the perturbation function and the residual for each of the
stabilized methods are discussed. The resulting matrices of the discretization are also
presented.

The Streamline Upwind (SU) and Streamline Upwind Petrov Galerkin (SUPG)
Methods

The Streamline Upwind (SU) and Streamline Upwind Petrov Galerkin (SUPG) methods
share the same perturbation function in (4.36)) and (4.37)). The perturbation function is

given by:

PSV(5h) =PSUFG(§hy) = mﬁghB (4.38)
X

where 7 is the stabilization parameter, and dhg is the weight function.

The definition of 7 used in this study is adopted from [91] to account for the reaction

e <(9Lm)2 N (i_a)z N U2> : (4.39)

where h® is a measure of element size and o is the reaction term of the residual and is

term in (4.21)).

(NI

given by:

k azpbot aQZbot
= — 4.4
o= sy (a0 ) 44
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The distinguishing feature of SU and SUPG is the form of their residuals. SUPG uses
the complete residual of , while the residual for SU only includes the advective term.
SUPG consistently applies the perturbation operation to all terms in the residual and thus
it is called a consistent stabilization method. SU on the other hand is an inconsistent

stabilization method. The residual for SUPG and SU are given by:

ROUPC (hp) = %B + a%if + ohg (4.41)
oh
SU B
_ 2B 4.42
R (hg) =a o (4.42)

The resulting matrices for the spatial discretization of (4.37) are given by

KShe = /Q B°"7a?B®dQ° + / Be T raoNedO° (4.43)
Ksure = Ka + K (4.44)

Kg,ls}fab _ /E BT ra2BedO¢ (4.45)

Ko = Ko + K& (4.46)

Clipe = /Q BTraNd (4.47)

Csupc = Ce + C¥ihg (4.48)

Csy = Cq (4.49)

Fsvpec =Fsv =F¢ (4.50)
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The Galerkin Least Squares Method (GLS)

The Galerkin Least Squares Method (GLS) uses a different perturbation operator than

SUPG. The perturbation operator for GLS is given by:

PGLS((S]'LB) — 7 (M_B + aaéhB

X 7+ aahB) (4.51)

where 7 is given by (4.39)). The residual is the same as for SUPG and is given by (4.41]).

The matrices for the GLS discretization are given by:

Kge = / N°T-T aBodQ° + / N°T-T oNedQ’ + / B°Tra?BedS)

At AL (4.52)
+/ Be racNedO° + NeTroaBedOf + NeTro2NedOe
e Qe Qe
Kars = Kg + K&, (4.53)
coteb — /Q e NET&NedQe + / B TraNdOr + N NeTroNedQ* (4.54)
Cars = Co + Ca%t, (4.55)
Fors = Fo (4.56)

The Subgrid Scales (SGS) Method

The Subgrid Scales (SGS) method is similar to GLS. The difference between SGS and

GLS is the sign on the last term of the perturbation operator, as shown below:

P55 (6hg) = T (5Z—f + aag};B - 05h3> (4.57)

where 7 is given by (4.39).
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The residual is the same as for SUPG and GLS and is given in (4.41]). The matrices

for the SGS method are:

Kgid = [ NeT_aB°dQ® + | NT-_gNedQ® + / B4’ Bd0°
QE €

At Qe At (4.58)

+ /6 Be T raocNedQ° — /e NeTroaBedQ° — /e NeTro2NedOe
Ksas = Ko + KJ2 (4.59)
Cilah. = N NeTAltNedQe + / e B®" raN®dQ° — . NeTroNedOe (4.60)
Csas = Ca + CI& (4.61)
Fscs = Fo (4.62)

The Least Squares Finite Element Method (LSFEM)

There are two main differences between the Least Squares Finite Element Method (LS-
FEM) and the three other consistent stabilization methods (SUPG, GLS and SGS). The
first difference is the general form of the perturbation operator. The second difference
is that the definition of the stabilization parameter 7 arises directly from the derivation,

and thus one does not need to define 7 separately, as in (4.39).

oh
PLSFEM (g}, 1y — fLSFEM (aaaxB n aéhB) (4.63)
where 7I5FEM is given by the following equation:
rESEEM — Nt (4.64)
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LSFEM shares the same residual as SUPG, GLS, and SGS. The residual is given by (4.41]).

The matrices for the LSFEM discretization are given by:

Koo = / BeT0Ata?Bed° + / NeTOAt*NedO*

e

’ (4.65)

- . N°eTOAteaBdQ + / e B®T0AtacN°dQ*
Krsren = Ko+ K o0 (4.66)
cosleb = /Q e B°T9AtaN®dQ° + N NeT9AtoNedO (4.67)
Crsrem = Ca + Ceb s (4.68)
Frsrem =Fg (4.69)

4.5 Solution Procedure

4.5.1 Single Step (SS) Approach

One of the solution strategies that is used to solve the coupled problem is illustrated in
Figure [4.2] It is similar to that found in [68]. The simulation begins at ¢ = 0. The initial
conditions for the saturation equation are specified and used to calculate the initial
pressure distribution. Next, the injection begins. For each time the pressure distribution
is calculated and used to determine the average brine and COy distributions. This loop

is executed until the end time is reached.
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Specify hy,
!
\ Compute pbot(x,y,O) using (4.14)
i
Begin Injection

Compute pbot(x,y,ti) using (4.14)'

Compute h, (x,y,t;) using (4.32)

YES

Figure 4.2: Sequential solution strategy to solve (4.14]) and (4.32)) [5].

4.5.2 Predictor-Corrector (PC) Approach

A second solution technique is examined and compared to the methodology described in
the previous subsection. In this approach a Heun predictor-corrector (PC) [35] is used to
improve the solution of the saturation equation.

The predictor step is:

{Pot}"2 = [Kp"| " {Fp}" (4.70)

{hp}"*? = {hp}" — [Kex"*2) " {Fi"} 2 (4.71)
in which {pbot}”+% is the predicted pressure vector, [K,"] is the pressure diffusion matrix
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using the nodal saturation from time n, {F,}" is the pressure flux vector computed using
the nodal saturation from time n, {hg}"*2 is the predicted saturation vector, {hg}" is
the saturation vector from time ¢,, [Keﬂ:’”%] is the saturation effective advection matrix
computed using the predicted nodal pressures, and {Fier}nts — [K,]"*2{hg}" is the
saturation effective incremental flux vector computed using the predicted nodal pressures,
[K,|""2 is the advection matrix from (5.25) (@ = Galerkin, SU, SUPG or LSFEM)
evaluated using the predicted nodal pressures.

The corrector step is:

{Pot )" = [Kp 2] HF, )2 (4.72)

n n At ntij— incryn+3 n — incr\n
g} = (b — S (Ko™ 2] {FiE 4 (Ko™ {FiE ) (473)

where {ppot ™" is the corrected pressure vector at time 1, [KP"JF%] is the pressure
diffusion matrix computed using the predicted nodal saturations, {Fp}’”% is the pressure
flux vector computed using the predicted nodal saturation, {hg}"*! is the corrected sat-

uration vector, [Keg

"*1] is the saturation effective advection matrix computed using the

corrected nodal pressures from time 41, {FRer}+! = [K, " {hg}""2 is the saturation
effective incremental flux vector computed using the corrected nodal pressures from time

tni1, and [K,]"™! is the advection matrix evaluated using the corrected nodal pressures.
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4.6 Stabilization Using One Dimensional Linear Ele-
ments

In this section three examples are considered. First, a manufactured solution is used to
measure the convergence of the saturation distribution error in the Ly norm. In the final
two examples, two quasi-two dimensional test problems are considered to compare the
Galerkin discretization of the saturation equation with three stabilized discretizations:
SU, SUPG, and LSFEM. In the second example, CO; is injected into a horizontal aquifer
via a single well. In the third example, two injection wells pumping CO, into a sloping
aquifer is considered. The performance of each discretization method is investigated
and compared. The relative strengths and weaknesses of each method in solving these

problems are discussed.

4.6.1 Example 1 - Convergence Study of a Manufactured Solu-
tion

In this section the convergence of the Lo error of the saturation distribution is studied by

considering a manufactured solution in one dimension. A horizontal aquifer is assumed

and simplified system properties are used as shown in Table [4.1]

Table 4.1: System properties for example 1 [6].

Property Value Units

05 1 Ns/m?
e 1 Ns/m?
pB 1 kg/m?
pc 1 kg/m?
Sp 0 -

) 1 -

k. 1 m?

ket 1 -

After substituting the simplified system properties and using the fact that the aquifer
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is horizontal, the following simplified forms of the pressure and saturation equations are

obtained:
0 apbot 0 apbot
il - — 4.74
ox (hc ox ) + ox <hB ox ) s(t), =€ [0.1] (4.74)
and
Poot(,t) =1 on T, (4.75)
8hB 8 8pbot
B _ 2 Lot 4.76
% 92 (hB o ),xE [0,1], t €[0,0.25] (4.76)

hB(ZL’,t) =1on Fh
(4.77)

1
hg(z,0) =1— Qsin (rx) on )
The manufactured solution is obtained by assuming the solution to the CO5 and brine

depths. The solution to the CO; is assumed to be:
1.
ho(z,t) = 5 sin (mx) cos (mt) (4.78)
and it follows that the brine distribution is:
1.
hp(z,t)=1— 5 sin (mx) cos (mt) (4.79)

The saturation equation (4.76|) with (4.79)) is used to solve for the pressure distribution.

The pressure distribution is then used to solve for a source term from the pressure equation
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(4.74]). The source term in (4.74) is found to be:

msin (7t) (Cos (mt) — 4 cos (%) sin (”))

4 cos? (rt) cos® (Z£) — 4 cos? (mt) cos* (%) — 8sin (%

s(z,t) =

Figure shows the convergence of the Ly error of the saturation profile at time
t = 0.25 s using the single step (SS) approach. The error in the Ly norm in the saturation

approximation is given by:

- (bt~ hwm)% s

Jo(h)2d€2
where m is the number of degrees of freedom in the approximation and a superscript ex
denotes the exact solution.

The slope of the four leftmost data points are displayed on Figure [£.3] All methods
except SUPG-87 and SUPG-107 give identical rates of convergence of €)' of 1.00. The
convergence rate is slightly lower for the SUPG-87 and SUPG-107, at rates of 0.999 and
0.998 respectively. SUPG-107 and SUPG-87 also have the largest errors for each element
size.

The saturation convergence for the predictor-corrector (PC) approach is shown in
Figure [£.4] The results are essentially the same as for the SS approach in Figure [£.3]
The results of this example demonstrate that the solution methodology presented in this

chapter achieves first order convergence of saturation distribution error in the L, norm.
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Figure 4.3: Ly error vs. element size Figure 4.4: Lo error vs. element size
after t = 0.25 s, 0 = 1, Crypae = 1, after t = 0.25 s, 0 = 1, Crppee = 1,
SS method [6]. PC method [6].

4.6.2 Example 2 - Point Source Injection into a Horizontal A quifer

In this example, CO, is injected into the centre of a hypothetical 1000 m x 1 m aquifer
at a depth of 2970 m, as shown in Figure 4.5 The system properties are given in Table
4.2l The aquifer has a uniform thickness of 30 m. COs is injected into the aquifer at
a rate of 13.33 m3/day. The injection well is modelled as a point source injection at a
node to improve the accuracy of the pressure approximation. The system is symmetric,
so symmetric boundary conditions and half the domain is used. At z = 0 the injection is
applied as a boundary flux for the pressure equation and a no-flow boundary is imposed for
the saturation equation. At x = 500m Dirichlet boundaries are imposed for the pressure
and saturation equation.

The results in this example focus on two times. The first time is when the CO5 plume
is far from the domain boundary. The second time of interest is after the COy reaches
the edge of the domain. Gravity causes the COy to rise to the top of the aquifer above
the brine. This can lead to the creation of a very thin CO; boundary layer along the
upper caprock that extends far beyond the centroid of the plume. Thus in the practical

modelling of carbon sequestration the case of CO5 reaching the edge of the domain may
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Figure 4.5: Example 1: Injection into a single aquifer system [0].

Table 4.2: System properties for example 2 [6].

Property Value Units

B 2.535e-4  Ns/m?
e 3.950e-5 Ns/m?
PB 1045 kg/m?
pc 479 kg/m?
Sg 0 -

é 015 -

k. 2e-14 m?

k,eel 1 _

Qing 13.33 m3/day

be encountered.
A large number of simulations (432) were executed using various parameters (including
0, Crima:(At), and 7), the sequential solution strategy (SS vs. PC), and the stabilization

schemes. The results of these simulations are summarized in Tables 4.304.8|

Forward Euler (FE) FDM in Time (0 = 0)

The results using Forward Euler (FE) FDM are summarized in Table for the SS
scheme and Table [4.4] for the PC scheme. For both SS and PC all methods smooth

solutions were obtained when Cr,,,, < 0.005. When # = 0 all methods reduce to the
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Galerkin FEM based on (4.39) and (4.64). Figure [4.6 shows the saturation distribution

for 6 = 0,C7rpe: = 0.001 and the SS sequential scheme. The horizontal line represents

the top aquifer boundary. Figure shows the associated pressure distributions. All of

the FEM variants give nearly identical solutions as expected.

Table 4.3: Simulation results after 50 days of COs injection for # = 0 and the SS method.

“S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates either

noticeable oscillations or an unstable solution. Using 100 linear elements [6].

=0 T 8T 107
At (days) | Crpe: | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 0.001 | S S S S S S S S
0.0169 0.005 | S S S S S S S S
0.0337 0.01 O] O O O O O O O
0.1684 0.05 | O] O O O O O O O
0.3356 0.1 O| O O O @) O O O
1.6667 0.5 O] O O O O O O O
3.3333 1 O] O O O O O O O
10 3 0| O O O O O O O
16.6667 5 O] O O O O O O O

Table 4.4: Simulation results after 50 days of CO, injection for § = 0 and the PC

method. “S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates

either noticeable oscillations or an unstable solution. Using 100 linear elements [6].

=0 T 8T 107

At (days) | Crpee | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 | 0.001 | S | S S S S S S S
0.0169 | 0.005| S | S S S S S S S
0.0337 0.01 O] O O O O O O O
0.1684 0.05 | O] O O O O O O O
0.3356 0.1 O] O O O O O 0O O
1.6667 0.5 O] O O O O O O O
3.3333 1 O| O O O O O O O
10 3 O| O O O @) O O O
16.6667 5 O| O O O O O O O
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Figure 4.6: Saturation distribution Figure 4.7: Pressure distribution af-
after 50 days of CO, injection, 6 = ter 50 days of CO4 injection, 6 = 0,
0, Crpmaz = 0.001, using 100 linear CTmaz = 0.001, using 100 linear ele-
elements, SS method [6]. ments, SS method [6].

Crank-Nicolson (CN) FDM in Time (6 = 0.5)

The Crank-Nicolson (CN) FDM results are summarized in Table [4.5|for the SS scheme and
Table |4.6| for the PC scheme. For both sequential solution schemes (SS and PC) Galerkin,
LSFEM, SUPG-7, and SU-7 were found to give smooth solutions when C7,,,, < 0.005,
while SUPG-87 and SUPG-107 produced smooth solutions only when Cr,,.,, = 0.001.
For the SS scheme SU-87 achieved smooth solutions when C7,,,, < 0.005, while SU-87
combined with the PC scheme produced smooth solutions with Cr,,4, < 0.01, Crppee = 0.5
and Cr,,.. = 1. For SU-107, SS produced smooth solutions for Cr,,.,, < 0.01 and
CTmaz = 3, and PC with SU-107 gave smooth solutions with C7r,,,, < 0.01, C7ppee = 0.5
and Cry,e, = 1 (same as SU-87).

Figure and show the saturation and pressure distributions for 8 = 0.5, Cr,,40 =

0.001 and SS solution strategy. All methods give nearly identical results.
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Table 4.5: Simulation results after 50 days of COs injection for § = 0.5 and the SS
method. “S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates

either noticeable oscillations or an unstable solution. Using 100 linear elements [6].

#=0.5 T 8T 107
At (days) | Crmee | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 0.001 | S S S S S S S S
0.0169 0.005 | S S S S O S 0O S
0.0337 0.01 | O] O O O 0] O O S
0.1684 0.05 | O] O O O @) O O O
0.3356 0.1 O| O O O @) O O O
1.6667 0.5 O] O O O @) O O O
3.3333 1 O| O O O (@) @) O O
10 3 0| O O O O O O S
16.6667 5 O] O O O O O O S

Table 4.6: Simulation results after 50 days of COy injection for # = 0.5 and the PC
method. “S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates

either noticeable oscillations or an unstable solution. Using 100 linear elements [6].

0=0.5 T &1 107
At (days) | Crpee | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 | 0.001 | S | S S S S S S S
0.0169 | 0.005 | S | S S S O S O S
0.0337 0.01 | O] O O O O S O S
0.1684 0.05 | O] O O O O O O O
0.3356 0.1 O O O O O O @) O
1.6667 0.5 O] O O O O S O S
3.3333 1 O] O 0] O O S O S
10 3 O] O O O O O O O
16.6667 5 O] O O O O O O O
35 42X 10’
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Figure 4.8: Saturation distribution Figure 4.9: Pressure distribution af-
after 50 days of CO4 injection, 6 = ter 50 days of COy injection, 0 =
0.5, Crpez = 0.001, using 100 linear 0.5, Crpez = 0.001, using 100 linear
elements, SS method [6]. elements, SS method [6].
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Backward Euler (BE) FDM in Time (0 = 1)

The Backward Euler (BE) FDM results are summarized in Table for the SS scheme
and Table for the PC scheme. Non-oscillatory and stable solutions were achieved
with the SS scheme for Galerkin, LSFEM, SU-7, and SUPG-7 when Cr,,,. < 0.005
and Crpe: = 5. SUPG-87 and SUPG-107 gave smooth solutions only for the case of
CTmaz = 0.001. SU-107 produced smooth solutions for all values of Cr,,,, considered.
Only C7rpqe = 0.05 gave minor oscillations when SU-87 was used.

When the PC scheme was used Galerkin and SU-7 produced smooth solutions when
Crimez < 0.01 and C7r, > 3. LSFEM and SUPG-7 achieved smooth approximations
when Cr., < 0.005 and C7,,4, > 3. The results produced by SUPG-87 were smooth
when C7,,4, = 0.001 and Cr,,,, > 1 and by SUPG-107 when Cr,,,, = 0.001 and C7,,q0 >
3. Smooth results were obtained from SU-87 and SU-107 for all values of Cr,,,, that were
investigated.

By increasing the stabilization parameter 7 by eight and ten times, SU was found
to give smooth solutions for nearly all cases with § = 1 (SS and PC methods). In the
one exception, the oscillations were minor. The effect of increasing 7 on SUPG is quite
different. Most often increasing 7 increased the oscillations for SUPG.

Figure[4.10]and [4.1T]show the saturation and pressure distributions for § = 1, Crpe =
3 with the PC scheme. Galerkin, SU, SUPG and LSFEM give similar results. The SUPG-
87 saturation distribution shows a slight bend near = 0 that is not present in the other
solutions, while brine depth obtained with SUPG-107 becomes slightly negative at the
injection well (COs depth exceeds the height of the aquifer). SU-87 and SU-107 give
smooth saturation distributions that are more diffuse than the others.

Figure shows the saturation distribution for 8 = 1 and C7r,,,, = 3 with the SS
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sequential solution scheme. Only SU-87 and SU-107 do not contain oscillations. SUPG-
107 becomes negative 20 m from the injection well. In Figure 4.13, where # = 1 and
CTmaz = 1 with the PC scheme, only SU-87 and SU-107 and SUPG-87 are smooth.

Table 4.7: Simulation results after 50 days of CO, injection for # = 1 and the SS method.
“S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates either

noticeable oscillations or an unstable solution. Using 100 linear elements [6].

=1 T 8T 107
At (days) | Crpee | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 0.001 | S| S S S S S S S
0.0169 0.005 | S| S S S O S O S
0.0337 0.01 | O] O O O O S O S
0.1684 0.05 | O] O O O O O O S
0.3356 0.1 O] O O O O S O S
1.6667 0.5 O] O O O O S O S
3.3333 1 O O O O O S O S
10 3 O] O O O O S O S
16.6667 5 S| S S S O S O S

Table 4.8: Simulation results after 50 days of COy injection for § = 1 and the PC
method. “S” indicates a smooth solution (stable and non-oscillatory) and “O” indicates

either noticeable oscillations or an unstable solution. Using 100 linear elements [6].

=1 T 8T 107
At (days) | Crpe: | G | LS | SUPG | SU | SUPG | SU | SUPG | SU
0.0034 0.001 | S S S S S S S S
0.0169 0.005 | S S S S O S 0O S
0.0337 0.01 S| O O S O S O S
0.1684 0.05 | O] O O O @) S O S
0.3356 0.1 0| O O O O S O S
1.6667 0.5 O] O O O O S O S
3.3333 1 O| O O O S S O S
10 3 S| S S S S S S S
16.6667 5 S| S S S S S S S
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Figure 4.10: Saturation distribution
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Figure 4.13: Saturation distribution
after 50 days of CO, injection, 6 =
1, Crpae = 1, using 100 linear ele-
ments, PC method [6].

Effects of Timestep Size

The effects of timestep size (measured by Cr,,,,) are examined in Figures - [4.19
All methods give nearly identical solutions at small timesteps, therefore Galerkin with
C7maz = 0.001 with the SS scheme is arbitrarily selected as the reference solution for the

comparisons.
Figure 4.14] shows that with large timesteps C7,,.. = 5 the Galerkin FEM with the

PC scheme gives a solution that is closer to the reference solution. This is also true for

SUPG (Figure , LSFEM (Figure |4.16)), SU (Figure 4.17) and SU-87 (Figure [4.18)).
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However, SU-87 is the least affected by the choice of the sequential solution strategy (SS
or PC).

Figure compares the SS scheme results from Figures - SU-87 is the
closest to the reference solution for distances greater than 200 m away from the injection
well. It is important to understand the large scale migration of CO,, so this may be an

important area to have accurate simulation results.
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Figure 4.14: Saturation distribu-

tion after 50 days of CO, injection,
0 = 1 - effect of large timesteps on

Galerkin approximation [6].
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Figure 4.16: Saturation distribution
after 50 days of COy injection, § = 1
- effect of large timesteps on LSFEM

approximation [0].
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approximation [6].
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Injection of CO;, into a Brine-Filled Aquifer for 350 days

When the CO4 plume reaches the domain boundary where a Dirichlet boundary condition
he =0 (hp = H) is prescribed, the boundary conditions applied to the FEM discretiza-
tion do not represent the true physics of the problem. In other words, the depth of CO,
at the domain boundary is no longer zero, as the Dirichlet boundary conditions imply. In
the simulations as CO, leaves the system the depth of CO5 at the boundary remains as
zero, which is unrealistic. With a fine enough mesh an acceptable approximation of the
saturation near the boundaries can be obtained.

The effect of the COy reaching the domain boundary is shown in Figure [4.20] and
Figure [4.21] Figure [4.20] compares the results of SU-87, SUPG-87, LSFEM and SU-
107 formulations (SS scheme) when the CO5 plume reaches the domain boundary. Once
the CO, reaches the boundary, oscillations completely contaminate the Galerkin, SU-7,
SUPG-7, and SUPG-107 approximations of brine (or CO,) depth and thus are not shown.
SU-87, SUPG-87, LSFEM and SU-107 do not experience these oscillations. For SUPG-

87, however, the brine depth becomes negative. Figure [4.21] shows the same plot for the
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PC scheme where it is shown that with the PC scheme SU-7, SU-87, SU-107, SUPG-7
and LSFEM don’t oscillate or exceed the aquifer boundaries. The SUPG-87, SUPG-107
solutions give CO, depths that exceed the aquifer height. The Galerkin approximation is

not shown due to significant oscillations.
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Figure 4.20: Saturation distribution Figure 4.21: Saturation distribution

after 350 days of COs injection, 6 = after 350 days of COy injection, 6 =
1, Crpee = 5, using 100 linear ele- 1, Crpmez = 5, using 100 linear ele-
ments, SS method [6]. ments, PC method [6].

Figure 4.20] and Figure demonstrate that even when the Galerkin method gives
smooth solutions in early times, when the domain boundary is encountered by the CO,
significant oscillations will contaminate the solutions. Therefore stabilized methods are

always necessary if the plume is expected to encounter the domain boundary.

4.6.3 Example 3 - Two Wells Injecting into a Sloping Aquifer

In this example there are two injection wells injecting CO, at a uniform rate of 6.67
m? /day into a sloping aquifer. Figure illustrates the problem. The domain is 500
m long by 1 m wide. Two-node linear elements are used. The wells are spaced 100 m
apart. The system properties are the same as example 2, except that H, 2z, and 2z
are functions of z. The top boundary, z,(x) slopes upward from left to right, while the

bottom boundary 2y, (x) slopes downward from left to right, at the same rate.
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Figure m shows the average brine depth (saturation) profiles as the two plumes
merge using 0 = 1, Crpe, = 0.001 (At = 7.4882 x 10~* days) using the PC scheme
and 200 linear elements. Solid black lines indicate the top and bottom boundaries of
the aquifer. All methods give nearly identical results which are contaminated by minor
oscillations at the boundaries. The results from the PC scheme and 100 elements with
CTmae = 5 (At = 7.5 days) are shown in Figure . Only SU-87 gives a solution that
is smooth and does not exceed the top and bottom aquifer boundaries. Results for the
SS scheme are shown in Figure and Figure for Crppaz = 0.001 (200 elements)
and Cryq, = 5 (100 elements) respectively. When C7rpq, = 0.001 all methods give minor
oscillations in the solution at the boundaries. When large timesteps are used (C7par = 5)
only SU-87 gives a smooth solution that remains within the aquifer boundary.

Figure [4.27 compares SU-87 with the SS and PC sequential solution schemes. The
results are very similar. The associated pressure distributions are also very similar as
shown in Figure [4.28

This example demonstrates that the SU-87 (and SU-107) stabilization is the only
method to give satisfactory results using large timesteps when multiple injection wells
result in plumes merging. The results for SU-107 were not shown in this example, but
are essentially the same as SU-87, but are slightly more diffuse. Since the PC scheme
is much more computationally expensive, the SU-87 stabilization combined with the SS

sequential solution strategy is the preferable approach for this problem.
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Figure 4.22: Two wells injecting into a single nonhorizontal variable depth aquifer [6].
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Figure 4.23: Saturation distribution Figure 4.24: Saturation distribution
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100 linear elements, PC method [6].
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SS and PC methods [6].
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4.7 Stabilization Using One Dimensional Quadratic
Elements

Quadratic elements are required for complete representations of the SUPG and LSFEM
stabilizations. In addition, SGS and GLS stabilizations require quadratic elements in
order to give formulations that are different from SUPG. In this section two examples are
used to demonstrate and compare the various stabilized discretizations of the saturation

equation using quadratic elements.

4.7.1 Example 1 - Injection of CO5 into Brine-Filled Aquifer:
Comparison of Stabilized FEMs

In this problem an injection well pumps CO; into an aquifer at a rate of 13.33 m?/day.
The aquifer is located at a depth of 2970 m and has a uniform height of 30 m. This
scenario is shown in Figure [£.29 The system properties are given in Table The
domain is 1000 m in length, and has a unit width. The system is symmetric, as such only

half the domain is modelled after applying the proper symmetric boundary conditions.

1000 m
500 m
H 1 1m
a) Plan View
qicnj
X =
z 2970 m
Caprock
Aquifer b 30m
Caprock
* b) Side View

Figure 4.29: Example 1: One injection well injecting COs into a single aquifer [4].

Injection over 50 days was simulated using seven different formulations: Galerkin,
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Table 4.9: System properties for example 1 [4].

Property Value Units

1B 2.535e-4 Ns/m?
e 3.950e-5 Ns/m?
0B 1045 kg/m?
pc 479 kg/m?
Sp 0 -

é 015 -

k 2e-14 m?

ket 1 -

Qinj 13.33 m3/day

SU, SU-87 (7 increased by a factor of 8), SUPG, LSFEM, GLS and SGS using Backward
Euler (0 = 1) time integration. The simulations are run using a range of timestep sizes
and the results are summarized in Table .10l Each simulation is marked with one of
four symbols: “S” means a stable and non-oscillatory (smooth) solution, “S*” means that
minor oscillations are present, “S**” means that significant oscillations are present and
“O” means that the result either contains extreme oscillations or is unstable.

Galerkin produces oscillation-free results only when C'r = 5. SU, SUPG and LSFEM
result in smooth solutions when Cr > 3. SU-87 smooth results when Cr > 0.05. GLS
and SGS produce stable non-oscillatory solutions when Cr < 0.05 or Cr > 3. These
results can be compared to those presented in the previous section to compare linear and
quadratic elements. The stability ranges were similar for quadratic elements and linear
elements for Galerkin, SU, SU-87, SUPG, and LSFEM. The additional methods examined
in this section (GLS and SGS), which are only made possible by quadratic and higher
order elements, give superior stability ranges to the other consistently stabilized methods
(SUPG and LSFEM). The stability ranges of GLS and SGS are similar to that of SU-87
which was shown earlier in this chapter to be the most robust stabilized method for linear

elements.
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Figureshows the average brine saturation when Cr = 0.0001 (At = 0.00067 days).
All of the stabilization methods give similar results. Only GLS and SGS are free from the
minor oscillations that occur near the right boundary which exceed the top aquifer bound-
ary. This can be seen more clearly in Figure 4.31} The associated pressure distributions
are shown in Figure 4.32]

Figure[4.33|shows the brine saturation distributions with Cr = 0.005 (At = 0.0034 days).
GLS and SGS give smooth solutions, while SU-87 gives oscillations near the right bound-
ary. The other methods give extreme oscillations and are not shown.

F igurecompares the various stabilization methods when Cr = 3 (At = 16.66667 days).
In this case all methods give smooth solutions except Galerkin which shows significant
oscillations near the injection site. SU-87 gives a more diffuse solution than the other
methods.

Figure [£.35] plots the average brine saturation when Cr = 5 (At = 25 days). In
this case all stabilization methods give smooth solutions. Again, SU-87 exhibits a more
diffusive solution compared to the others.

Figures - compare linear and quadratic elements for small timesteps and
large timesteps. In Figures 4.36| and linear and quadratic elements are compared
for Cr = 0.001. All methods (linear and quadratic) give nearly identical saturation
distributions except near the right boundary. SGS and GLS are the only methods that
do not exceed the top aquifer boundary. Although slight, the other methods exceed the
top boundary and exhibit oscillations. Linear elements gave results that exceed the top
aquifer boundary by a lesser amount than the quadratic elements. Figures [£.38 and
compare linear and quadratic elements using Cr = 5. Galerkin, LSFEM, and SU-87

give very similar saturation distributions whether or not linear or quadratic elements are
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used. SU gives significant oscillations when linear elements are used (not shown), but
no oscillations appear when quadratic elements are used. When linear elements are used
with SUPG an oscillation occurs near the injection well where the CO, saturation exceeds
the height of the aquifer. This does not occur when SUPG is combined with quadratic
elements. In addition, SUPG with linear elements give a less diffuse solution compared
with quadratic elements. Similarly, LSFEM with linear elements also gives a less diffuse
solution compared with quadratic elements.

When linear elements are used, the SUPG and LSFEM residual are incomplete because
of the second derivatives in the reaction term. In addition, the LSFEM perturbation
function is also incomplete with linear elements. This explains the differences between
linear and quadratic elements for LSFEM and SUPG. When quadratic elements are used
all methods give nearly identical distributions except SU-87 which gives a more diffuse
solution that better matches the solutions with small timesteps as the distance from the
injection well increases.

Figure [4.40| shows the average brine saturation after 350 days of injection. After 350
days much of the CO, that was injected has left the system. For the CO; to leave the
system the depth of the CO5y should be non-zero to be physically realistic. However,
Dirichlet boundary conditions are typically imposed for this type of problem. Dirichlet
boundary conditions are applied at the domain boundary that represents a brine only
condition at the boundary. This results in an inconsistency between the numerical model
and the physical reality. When the CO, plume encounters these Dirichlet boundary
conditions numerical oscillations can occur as shown in Figure Only SU-87 gives a
smooth solution. SUPG, LSFEM and GLS all exhibit significant oscillations. Galerkin,

SU and SGS are not shown as they exhibit extreme oscillations. When linear elements
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were used, smooth solutions were obtained for SU-87 and LSFEM (SUPG had minor
oscillations). However, with quadratic elements only SU-87 gives a smooth solution. This
example suggests that quadratic elements encounter greater oscillations as the CO5 plume

exits the domain.

Table 4.10: Simulation results after 50 days of CO, injection for § = 1. “S” indicates a
smooth solution (stable and non-oscillatory) “S*” indicates minor oscillations, “S**” in-
dicates significant oscillations and “O” indicates either extreme oscillations or an unstable

solution. Using 50 quadratic elements [4].

At (days) | Crmee | G | SU | SU-87 | SUPG | LS | GLS | SGS
0.00067 | 0.0001 | S* | S* S* S* S* S S
0.0034 | 0.0005 | S* | S* S* S* S* S S
0.0067 0.001 | S* | S* S* S* S* S S
0.0337 0.005 | O | O Stk O O S S
0.0675 0.01 O | O O O O S S
0.3356 0.05 O | O S @) O S S
0.6667 0.1 O | O S @) @) O @)
3.3333 0.5 O | O S O O | S** O

6.25 1 OO S O O | S*¢ | S**
16.6667 3 St S S S S S S
25 5 S S S S S S S
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i 1 SGS
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Figure 4.30: Saturation distribu- Figure 4.31: Saturation distribu-
tion after 50 days of COs injection, tion after 50 days of COs injection,
CTmaz = 0.0001, using 50 quadratic CTmaez = 0.0001, using 50 quadratic
elements [4]. elements. Close-up of oscillations

near boundary [4].
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Figure 4.32: Pressure distribution

after 50 days of COs injection,
Crmaz = 0.0001, using 50 quadratic

elements [4].
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Figure 4.34: Saturation distribu-

tion after 50 days of CO, injection,

CTmar = 3, using 50 quadratic ele-

ments [4].
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Figure 4.36: Close-up of Saturation
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tion after 50 days of COy injection,
Crmae = 0.005, using 50 quadratic

elements [4].

35
30 -
25/ \‘//}D—su
SU-8t
---SUPG
- - LSFEM
GLS
SGS
- Galerkin
-5 . . . .
0 100 200 300 400 500
x (m)
Figure 4.35: Saturation distribu-

tion after 50 days of COs injection,

CTmaz = D, using 50 quadratic ele-

ments [4].
30.6
< Galerkin
= = LSFEM
304 GLS
SGS )
—— Galerkin-Linear i B
£ 30.2 LSFEM-Linear i £
= ; ,
£ i »Y)
! LY
30 — T
e 7 - . ]
T T S :
29.8 SN
470 480 490 500
X (m)

Figure 4.37: Close-up of Saturation
distribution after 50 days of COs in-
jection, Crpe, = 0.001, 100 linear
elements vs. 50 quadratic elements
[4].



—Su

SU-8t
-=-=-SUPG
- = = SU-8t-Linear
~SUPG-Linear

0 50 100 150 200 250 300 350
X (m)
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tion after 50 days of CO4 injection,
CTmaz = D, 100 linear elements vs.
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4.7.2 Example 2 - Multiple CO; Injectors in a Sloping Aquifer

In this example three injection wells inject CO, into an aquifer with a horizontal bottom
boundary and a top boundary that slopes upward from left to right as shown in Figure
Except for z,,, which is a function of x, the system properties are the same as for
example 1 and are given in Table [4.9]

Figure 4.42| compares the brine saturation distributions after 40 days of injection
with one timestep. Galerkin experiences significant oscillations and is not shown. The
stabilized FEMs avoid these oscillations, however LSFEM computes a CO, depth that
exceeds the aquifer depth at the centre of the domain.

Figure m shows the saturation distributions using a small timestep (Cr = 0.0005,
At = 7.7301 x 10~* days). Only LSFEM, GLS and SGS give smooth solutions that are
in excellent agreement. Earlier in this chapter it was demonstrated that Galerkin, SU,
SUPG, and LSFEM with linear elements result in oscillatory solutions when plumes merge.
Only SU-87 and SU-107 were able to obtain non-oscillatory solutions. This example shows
that in general, quadratic elements improve the ability of to capture merging plumes

compared to linear elements.
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Figure 4.41: Three wells injecting into a variable depth aquifer [4].
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Figure 4.42: Saturation distribu- Figure 4.43: Saturation distribu-
tion after 40 days of COs injection, tion after 40 days of COs injection,
CTmae = 25 (At = 40 days), using Crmaz = 0.0005 (At = 7.7301 x

500 quadratic elements [4].

4.8 Chapter Conclusions

10~ days), using 500 quadratic ele-

ments [4].

Carbon sequestration is a means to reduce CO4 emissions by injecting COs into deep saline

aquifers for permanent storage. Numerical methods for modelling CO5 plume evolution for

carbon sequestration must be computationally efficient in order to be useful for stochastic
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approaches.

Objective 1 (see Chapter 1) of this thesis has been accomplished in this chapter by
using a vertically averaged multiphase flow formulation to reduce the number of degrees
of freedom. The vertically averaged multiphase flow formulation consists of two fully
coupled non-linear PDEs. One of these equations is solved for pressure and the other
is solved for the average brine saturation. A sequential solution strategy is adopted to
handle the coupling. In this chapter two sequential solution strategies were presented.
The first strategy is a single iteration sequential solution (SS) approach and the second
is a predictor-corrector (PC) approach.

The governing equation that describes the evolution of the brine contains an advec-
tive term, which can result in non-physical spurious oscillations in FEM. Objective 2
(see Chapter 1) of this thesis has been accomplished in this chapter by considering sev-
eral stabilized FEMs (SU, SUPG, LSFEM, SGS, and GLS). The time discretization was
performed with FDM.

One-dimensional linear and quadratic elements were used to approximate pressure and
saturation. Linear elements cannot fully represent the stabilization terms for SUPG and
LSFEM. Quadratic elements allow the full stabilization terms of SUPG and LSFEM to
be represented. In addition, quadratic elements also permit the use of SGS and GLS

stabilizations.

4.8.1 Comparison of Stabilized FEMs - One Dimensional Linear
Elements

Three examples were used to compare several solution strategies for the saturation equa-
tion using linear one dimensional elements. First order convergence of the saturation error

with respect to the Ly norm was achieved for both the SS and PC solution strategies us-
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ing Backward Euler (BE) time integration. It was demonstrated that, in general, a fully
implicit Backward Euler (BE) time integration scheme provides superior stability prop-
erties compared to the Forward Euler (FE) and Crank-Nicholson (CN) time integration
methods.

In general, when FE (6 = 0) or CN (6 = 0.5) time integration is used, small Courant
numbers (e.g., CTpae < 0.005) are required to obtain smooth solutions with the various
stabilization methods.

BE (6 = 1) provides the most reliable approximations in general. In addition to
being stable and non-oscillatory for small timesteps, for large timesteps (C7par > 3 — 5)
it can also produce smooth solutions depending on the sequential solution strategy and
stabilization method. When the CO, plume encounters the Dirichlet domain boundaries
oscillations can contaminate the brine saturation solution. In addition, oscillations can
occur when two plumes meet. If SU stabilization is combined with 87 or 107 (eight or ten
times a standard stabilization parameter definition) smooth solutions can be obtained for
large timesteps when the plume encounters a boundary and when plumes merge. This
is achieved by adding artificial diffusion to the system. No other stabilization scheme
gives acceptable solutions using large timesteps when two plumes merge. Increasing the
stabilization parameter for SUPG can sometimes increase the severity of the oscillations.

A PC scheme can be used to reduce oscillations at large timesteps with the BE method
(0 = 1), but comes with a significant increase in computational cost. The SS method gives
a similar result as the PC scheme, but at a much lower computational cost.

The results from this study highlight the care that must be taken when using Dirichlet
boundaries on the outflow boundaries or the simulation of multiple merging CO5 plumes.

It was demonstrated that a Galerkin FEM discretization of the saturation equation should
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not be used if the CO4 plume encounters a Dirichlet boundary or if multiple injection wells
are present and large timesteps are used. SU combined with an increased value of the sta-
bilization parameter (87 or 107) is the most robust stabilization method examined. When
combined with BE time integration it can achieve smooth solutions at large timesteps,
and gives reasonable results even with a simple SS sequential solution strategy, which
yields a computationally efficient framework to solve the vertically averaged multiphase

flow equations presented in this work.

4.8.2 Comparison of Stabilized FEMs - One Dimensional Quadratic
Elements

Two examples were provided to compare low order stabilizations (linear elements) and
higher order stabilizations (quadratic elements). The SU-87 approximation did not change
significantly when quadratic elements were used. At large timesteps SU-87 best matches
the solutions obtained by all methods at the smallest C'r. The increased stabilization
parameter provides sufficient artificial diffusion to compensate for the negative diffusion
introduced by the Galerkin FEM approximation of the saturation equation.

SUPG and LSFEM approximations were more diffuse with quadratic elements. Quadratic
elements were shown improve the stabilization properties of SUPG and LSFEM in some
cases. SGS and GLS offer stable approximations over a larger range of timesteps compared
to Galerkin, SU, SUPG, and LSFEM. SGS and GLS can provide smooth oscillation-free
approximations for small Courant numbers (Cr < 0.05) and large Courant numbers
(Cr > 3). SU-87 provides smooth solutions when Cr > 0.05. SGS and GLS seem to be
the preferable option for small C'r values, while SU-87 seems to be the best option for
large C'r values.

In general, quadratic elements improve the ability of the stabilized FEMs to achieve
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smooth solutions compared with linear elements when multiple CO, plumes merge. How-
ever, quadratic elements introduce a greater tendency (compared to linear elements) for

oscillations when the CO4 exits the domain.
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Chapter 5

Carbon Sequestration Simulations in
Quasi-Three Dimensions with
Adaptive Timesteps

This chapter is based on the journal article:

C. Ladubec and R. Gracie, “Quasi-Three Dimensional Multiphase Carbon Sequestra-
tion Simulation with the Finite Element Method”, In Preparation.

In this article I was the first author where I lead the writing of the journal article.
In addition, I lead the development of the MATLAB code, and the development of the
formulation.

This chapter addresses objectives 3 and 4 (see Chapter 1) of the thesis:

e Compare the developed numerical model with a benchmark problem from existing

literature.

e Reduce the computational cost of carbon sequestration injection simulations by

using adaptive timesteps.
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5.1 Introduction

Deep saline aquifers are an ideal location for long term storage of COs [I2]. These aquifers
which are typically composed of sandstone, initially contain a salt water solution (brine)
that gets displaced as the COj is injected. Deep saline aquifers are typically one kilometre
or more below the ground surface. The Shell Quest project in Alberta, for example,
proposes to inject over one million tonnes of CO, per year into a saline aquifer at a depth
of over 2 km [92).

Geological structures such as deep saline aquifers have properties that are uncertain to
a large degree. The result of these uncertainties is the need for stochastic approaches for
storage site assessment [00]. Stochastic approaches (e.g., Monte Carlo methods) involve
the solution of the system equations with many, perhaps thousands, of different combi-
nations of system properties. Since these simulations need to be run many times, the
computational efficiency of the underlying numerical solution technique becomes very im-
portant. The computational cost of these simulations is very large owing to large domain
sizes (e.g., km?) and long injection times (e.g., years).

It is important to compare the current formulation with other carbon sequestration
simulators. This is done via a benchmark study that compares eleven different simula-
tors. In order to compare with the results of the benchmark study, the discretization
from Chapter 4 is extended to two dimensions (quasi-three dimensions). Quasi-three di-
mensional refers to the fact that the third dimension (depth) is vertically averaged, thus
making the problem essentially two dimensional.

In this chapter an adaptive timestepping algorithm is developed to take advantage of
larger permissible timesteps as the simulation progresses in order to improve computa-

tional efficiency. Constant timesteps were used in Chapter 4. The current formulation is
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demonstrated by using several examples. Adaptive timesteps are shown to significantly
reduce the computational cost of the formulation.

The Finite Element Method (FEM) is used to model the pressure field. The Streamline
Upwind method is used to stabilize an FEM spatial discretization and combined with a
Finite Difference Method (FDM) discretization of time (SU-FEM-FDM) to model the
evolution of the brine and CO, phase saturations. Non-physical oscillations can occur in
the solution of the brine equation making stabilized FEMs necessary. This chapter uses
a stabilization method with a magnified stabilization parameter from Chapter 4. This
stabilization was demonstrated to be give smooth oscillation-free solutions for a wide
range of timestep sizes.

This chapter is organized as follows. First, the governing equations of the problem in
quasi-three dimensions are presented. Then, the pressure equation is described along with
the weak form and the FEM discretization. Next, the saturation weak form and the SU-
FEM-FDM discretization is presented. Then, the solution procedure is described. The
chapter concludes with four examples. Results from the current formulation are compared
against a benchmark study in [8] where eleven different simulators were compared via a
well defined test problem to predict COy plume movement. The examples demonstrate

the significant improvement in computational efficiency from adaptive timesteps.

5.2 Problem Statement

A vertically averaged multiphase flow formulation is used to model the large scale CO,
plume evolution. Figure|2.1|illustrates the problem. The governing equations are provided

by the mass balance equations for the COy and brine phases [3].
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Ohe

qﬁ(l—SB)WJrV'qc:qu”j (5.1)
oh A
¢(1—SB)6—tB—I—V-qB —0 (5.2)

where ¢ is the porosity of the aquifer, Sg is the residual saturation of brine in the aquifer,
ho(x,t) is the depth of COs, hp(x,t) is the depth of brine, qo(x,t) is the vertically
averaged CO, flux, p(x,t) is the vertically averaged brine flux, and qglj(x, t) is the COq
injection term.

The COs injection term is defined by:

qe? (%, 1) = QE (£)5(x — Xinj) (5.3)

where Qicnj (t) is the rate of CO4 injection, Xiyn; is the location of the injection or extraction
well, and d() is the Dirac delta function.

The vertically averaged fluxes are computed by the multiphase extension of Darcy’s

Law [3]:
A kkg@l
dc = —he T (Vpoor — pegVH + ApgVhe + pegV 2iop) (5.4)
R k
dp = _hBlu_B(Vpbot + pBIV Zbot) (5.5)

rel ;

where k is the permeability of the aquifer, k%" is the relative permeability of COy compared
to brine, uc is the dynamic viscosity of CO, , g is the dynamic viscosity of brine, pyo (X, t)
is the pressure at the bottom of the aquifer, po is the density of COs, ppg is the density of
brine, Ap = pp—pc, g is the gravitational constant, z,,(x) defines the top boundary of the

aquifer, zp,(x) defines the bottom boundary of the aquifer, and H(x) = 2pot(X) — Z4op(X)
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is the thickness of the aquifer.

The governing equations and are manipulated to obtain one equation that
is solved for the pressure at the bottom of the aquifer (the pressure equation) and one that
is solved for the average depth of the brine and thus the CO, (the saturation equation).

These two equations will be discussed in the next two sections.

5.3 Pressure Equation

The mass balance equations (5.1)) and (5.2)) are added together to give the pressure equa-

tion. The transient terms disappear and the result is a steady state pressure equation.

kkC
V- (hc MRCEL (VDbor + ApgVhoppgV H + pchztop)>

k mj
+V. (hBlu_B<Vpbot + PBQVZbot)> =—q.7, xe

and

pbot<x7 t) = ]_)b0t<x7 t) on FP (57)

where I, is the boundary of €. The domain is defined in Figure [5.1} The domain of the

injection well is indicated by Q.

Figure 5.1: Problem domain [6].
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5.3.1 Weak Form

The pressure equation is converted to the weak form before the FEM discretization is

performed. The weak form of the pressure equation is: find pyy(x,t) € U such that

rel

k k kk
/VMW@—WMW+/V%w%—%W%ﬂH/VMW% C ApgVhedS
Q HUB Q UB Q He

kkrel kkrel kkrel
~ [ Vot he E pngVHAR | Vo he T pog Vg + [ Vo het CTpd
Q 27 Q 27 9) j27e;
= / 5pbotngde>V5pbot € UO-
Q
(5.8)
where dpp,; is a weight function. The function spaces are
U= {pbot(x)|pbot(x) € Hl\Qwellapbot(X) = pbot on Fp} ( 9)
5.

Uo = {0ppot (X)|0pwor (X) € Hl\Qwe”, dpbot(x) =0 on I',}

The choice of the approximation spaces given are based on their application in similar
problems. The author has no knowledge of a proof that these are the correct spaces for

this problem.

5.3.2 FEM Discretization

The weak form of the pressure equation ([5.8) is discretized by replacing the weight func-
tions and the pressure by FEM shape functions. The FEM approximation of the pressure
is:

p'x) =) Ni(x)pr.x €Q (5.10)
IeN

where A is the set of all nodes, py is a vector containing the nodal pressures, N;(x) is the

shape function for node I.
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The pressure approximation can also be written as:

p"(x) = Nppor (5.11)

where N is a matrix containing the shape functions for all nodes and pyot ' = {p1, P2, -+ Prn } -

The FEM discretization of the pressure equation becomes:

K;,poot = F) (5.12)

where K, is the diffusion matrix and the flux vector has four contributions:

Fp == Fpl + Fpg + Fpg (513)

where F; is the injection flux vector, F is the buoyancy flux vector, and F3 is the slope
flux vector.

The matrices and vectors are

rel
K¢ = / B’ (% + h—B) kBedQ* (5.14)
e 27e] 120;;

F¢ = /Q NeT g de (5.15)

e eT k.kgel e
o = — B¢ —=—ApghcVhedS) (5.16)

e 226;
e eT kkgil k e

Frs = B he i (pegVH — pcgVzi0p) — hB,U_BpBQVZbOt d§) (5.17)

where B® = VIN® is a matrix containing the shape functions derivatives for element e.

The eXtended Finite Element Method (XFEM) has successfully been used to allow
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accurate pressure distributions using coarse meshes even when the injection occurs mid

element [45] 146, [58]. This will be discussed in detail in the next chapter.

5.4 Saturation Equation

The brine mass balance equation ([5.2)) is used as the saturation equation to determine
the average brine saturation in the aquifer. With the average brine saturation known the

average CO, saturation can computed. The saturation equation is given by:

hp+a-Vhg+cohg=0,x€O t € [0, tenal (5.18)

hp(x,t) = hp(x,t) on T,
(5.19)

hp(x,0) = hp,(x) on

where t.,q4 is the end time of the simulation, EB(X, t) is the prescribed brine depth, 'y is
the essential boundary of , hp,(x) is the initial brine depth in the aquifer. The advective

velocity vector is given by:

k
- o V 2o 5.20
a ¢(1 - SB)/JB (vpb t + PBYIV Zp t) ( )
and the reaction term is given by:
0= _#(V%?bot + P8IV Zbot) (5.21)
¢(1 — Sp)us

When bilinear elements are used o = 0.
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5.4.1 Weak Form

The weak form is obtained by multiplying by a weight function and integrating
over the domain. Green’s Formula is used to reduce the continuity requirements, which
generates a boundary flux term. A stabilization term is added to control the oscillations
that can result from a Galerkin FEM discretization of the saturation equation . The
stabilization term can be considered as an artificial diffusion that is added to the system
which offsets the negative diffusion introduced by the Galerkin FEM discretization of the

advection term. The weak form of (5.2]) can be written as: find hp(z,t) € W such that:

/Q Shp - %dQ / Vihg - athmZ / m¢a- Vohg)-(a- Vhg)dQ® = 0, Vohg € W

(5.22)
where dhp is the weight function, a is the advective velocity vector, 7¢ is the stabilization
parameter, and W and W, are the appropriate function spaces for hg(x,t) and dhg(x,t),

respectively. The stabilization parameter 7¢ is given by [91]:

1

o () - () o

5.4.2 Streamline Upwind (SU) FEM - FDM Discretization

A standard linear FEM approximation of the average brine saturation is given by:

=Y Ni(x)hy(t) (5.24)

IeN
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This approximation is inserted into the weak form ([5.22)) to obtain the discretized matrices

and vectors. The system of equations to be solved becomes:

[Cs]{hg} + [Ks]{hg} = {Fs} (5.25)

where Cg is the storage matrix, Kg is the advection matrix and Fg is the boundary flux
vector, hg is the unknown vector which contains nodal brine depths in the aquifer and
hi(x,t) = H(x) — he(x,t), hg is the derivative with respect to time of hg(x,t).

The Streamline Upwind (SU) method [73] is similar to the Galerkin discretization,
except a stabilization matrix is added to the Galerkin advection matrix. The Galerkin

advection matrix is given by:
K¢ = — / e Be aN®d* (5.26)
and the stabilization matrix is given by:
K™ = / BTrfaa B (5.27)

The SU-FEM advection matrix is obtained by adding the Galerkin advection matrix

and the stabilization matrix.

Ks = Kg + K5 (5.28)

The storage matrix is given by:

¢ = [ N°TNedQ* (5.29)

Qe
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where N¢ are the shape functions for element e, and B¢ = VN°.

The Backward Euler (BE) method was shown in Chapter 4 to provide superior stability
properties compared to the Forward Euler and Crank-Nicholson FDM methods. As such,
BE (0 = 1) is used here to discretize in time. This results in the following system

of equations:

Keg)" ' {hp}"™" = {Feg}"" (5.30)
where
[Ken]"™ = [Cs] + At[Kg]"™ (5.31)
and
{Feg}""" = [Cs]{hB}" (5.32)

The matrices and vectors [Kg] and [Cg] are defined by (5.28) and (5.29).

5.4.3 Adaptive Time Stepping

To improve the computational efficiency an adaptive timestepping algorithm is developed.
This enables larger timesteps to be used later in time as the advective velocities are
reduced. The pressure gradient in the CO, plume has its largest absolute value when the
injection begins. Over time, as the CO5 plume spreads, the pressure gradient (and thus
the advective velocity) decreases at the CO, plume front. The size of timestep n + 1 is

computed from:

e

N 2
A" = min <M> Cr (5.33)

[aZ |
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where C'r is the Courant number, and is given by:

Cr — |af|At (5.34)

Ax? + Ay?

The Courant number is selected before the analysis begins, in order to balance accuracy
an stability. From the fixed Courant number, the timestep for each time is computed
from (5.33)). The adaptive timestepping allows a constant C7r value for the duration of

the simulation.

5.5 Examples

In this section four examples are used to demonstrate the formulation described in this
chapter. In the first example, the CO, is injected into a horizontal aquifer to compare
with other simulators from a benchmark problem from [§]. In the second example, five
injection wells inject CO5 into a single aquifer. In the third example, COs is injected into
an upsloping aquifer and the migration of the CO, is modelled. In the fourth example,

COq is injected into a dome shaped aquifer.

5.5.1 Example 1 - Comparison with Benchmark

In this example the current formulation is compared with the benchmark simulation in
[8]. The problem is illustrated in Figure and the system properties are given in Table
. A single injection well injects CO, at a rate of 1600 m?3/day for 10 days. The aquifer
is horizontal and has a constant thickness of 30 m. The top boundary of the aquifer is
located at a depth of 2970 m.

A ficticous (not modelled) leaky well is located 100 m away. Eleven different simulators
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are compared using this benchmark problem in [§]. The time for the COy plume to reach
the leaky well is measured and compared. A summary of these results is given in Table
.2l The arrival time ranges from 4 to 19 days, while nine of the 13 results had arrival
times that ranged between 7 and 10 days.

Figure |5.3| shows the arrival time at the leaky well for several different mesh densities.
SU gives smooth stable results for each spatial mesh. When SU is not used (i.e., Galerkin
is used) unphysical spatial oscillations can develop, particularly when using 160,000 el-
ements. When the element edges are less than 2 m, the arrival time is consistently 6.6
days. This result is in agreement with the lower end of the range from Table [5.2. The
result from the current formulation agrees very well with the VESA results in particular
which is based on similar assumptions. VESA is based on vertically averaged multiphase
flow, but the numerical discretization is based on the FDM in space. The wide range of
results in [§] is explained by the variation of numerical diffusion in the various solutions,
but the authors argue that due to the large uncertainty in the system properties, the issue
of numerical diffusion is not a prohibitive problem.

The saturation and pressure distributions after 10 days are shown in Figure [5.4] and
Figure [5.5] respectively. Timesteps were controlled by C'r = 10 and the spatial discretiza-
tion was done using 250,000 (2 m x 2 m) elements. The saturation and pressure distri-
butions are replotted along line A-A (Figure in Figures and . The pressure
approximation can be improved using the eXtended Finite Element Method (XFEM)
[45], 146, [58], particularly when the injection occurs mid-element. This is considered in
Chapter 6.

Figure [5.8 shows how the adaptive timestep changes over the duration of the simula-

tion. The timestep at the end of the simulation is over five times larger than the initial
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timestep. If a constant timesteps were used, 16 timesteps would be required, but with
the adaptive timestep, only 4 are needed.

The results of this example demonstrate that the current formulation is agreement
with a range of simulators. In particular, the current formulation matches very well with
the simulator from [§] that most closely matches the assumptions made in the current
formulation. The SU method provides smooth solutions, while the Galerkin FEM can be
contaminated with non-physical oscillations as shown in Chapter 4. In addition, adaptive

timestepping reduced the computational costs of the problem by about 75 %.

Change in Permeability

Figure [5.9| shows the domain with a non-uniform permeability. The permeability drops
from 2 x 107 m? to 2 x 107 m? when x = 550 m. The resulting saturation and
pressure distributions are shown along A-A in Figure [5.10] and Figure [5.11] respectively.
When the plume encounters the change in k, it is much easier for the flow to go in the
other direction, and therefore further injection leads to the plume preferentially flowing
in the direction of the largest permeability as expected. The saturation distribution and
the pressure distribution are unsymmetrical as expected.

Table 5.1: System properties for example 1 [5].

Property Value Units
B 2.535 x 107 Ns/m?
pe 3.950 x 107°  Ns/m?
PB 1045 kg/m?
pc 479 kg/m?
Sg 0 -

¢ 0.15 ;

k 2 x 1071 m?

ket 1 -

Qing 1600 m3 /day
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Figure 5.2: Example 1: One injection well injecting CO» into a single aquifer [5].

Table 5.2: Summary of results of benchmark study [§].

Simulator Arrival Time (days)
COORES 8
DuMux 6
ECLIPSE 8
FEHM 4
IPARS-CO, 10
MUFTE 8
RockFlow 19
ELSA 14
TOUGH2/ECO2N #1 4
TOUGH2/ECO2N #2 10
TOUGH2/ECO2N #3 - refined mesh 8
TOUGH?2 9
VESA 7
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10 days of COq injection, Cr = 10,
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Figure 5.8: Adaptive timestep size
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5.5.2 Example 2 - Multiple CO5 Injection Wells

In the second example five injection wells inject CO5 into a deep saline aquifer located at
depth of 2970 m as shown in Figure[5.12] Other than the number of wells and the injection
rates the system properties are the same as for example 1 (see Table [5.1)). Each well
injects at 320 m?3/day. Two planes of symmetry exist and thus after applying appropriate
symmetry boundary conditions the setup of the model is shown in Figure [5.13]

After 60 days of injection the saturation and pressure distributions are shown in
Figure and Figure respectively. In addition plots along section A-A (Figure
are shown for the saturation and pressure distribution in Figure and Figure
5.17| respectively. There are two COs plumes and two pressure spikes due to the two
injection wells.

Figure [5.18| shows the size of the adaptive timestep over the course of the simulation.
The timestep starts out at 2 days, and increases to about 12.6 days, before reducing to
8.8 days. The reduction in timestep at the end is so the predetermined end time can
be exactly reached. The maximum timestep is over five times larger than the initial
timestep. Thirty constant timesteps would be required, but adaptive timesteps require
only 6 timesteps, a reduction in computational cost of approximately 80 %.

This example shows that the current formulation is able to obtain smooth stable
solutions with two multiple injection wells that are closely spaced. The significant im-
provements to computational efficiency that can result from adaptive timestepping was

also demonstrated.
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Figure 5.12: Example 2: Five injection wells injecting CO, into a single aquifer [5].
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Figure 5.13: Example 2: Model after application of symmetric boundary conditions [5].
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5.5.3 Example 3 - Upslope CO, Migration

In the third example CO, is injected into an upsloping, but constant thickness aquifer as
shown in Figure [5.19. The system properties are given in Table

The saturation distribution after 500 days of injection is shown in Figure [5.20, The
saturation distribution along section A-A (Figure is shown in Figure . It can be
clearly be seen that the due to the upsloping aquifers and the density difference between
the CO5 and the brine, the CO, preferentially migrates upslope. The pressure distribution
after 500 days is shown in Figure and the distribution along A-A is shown in Figure
5.23.  The unsymmetrical pressure distribution reflects the upsloping aquifer and the
upslope migration of the COs.

The size of each timestep is shown in Figure [5.24, The initial timestep is 6.5 days and
increases to a maximum of 41.3 days. The reduction of the timestep to 7.1 days at the end
is to so that the endtime can be reached exactly. Seventy-seven constant timesteps would
be needed with constant timesteps for this problem, but only 14 timesteps are required
with adaptive timesteps. Both the constant and adaptive timesteps provide a similar level
of accuracy. This represents an approximate 82 % reduction in computational cost.

In this example the behaviour of the CO5 plume is modelled after the injection into an
upsloping aquifer. The unsymmetrical pressure and saturation distribution demonstrate
the ability of the model to capture upsloping effects created by the density difference

between the CO4 and the brine.
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sized bilinear elements [5].
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5.5.4 Example 4 - Injection of CO, into a Dome Shaped Aquifer

In the final example example COy is injected into an aquifer that contains a dome struc-
ture. The setup is given in Figure . The COy is injected at a rate of 1600 m?/day into
the top of the dome. This problem is symmetric, and the proper symmetric boundary
conditions are used.

Figure [5.26| shows the saturation distribution after 325 days. The associated pressure
distribution is shown in Figure . The saturation and pressures along slice A-A (Figure
5.25)) are shown in Figure and Figure . The CO, first fills the dome, since the
COq rises above the brine due the differences in densities. Once the dome is filled, the
CO4 begins to spread laterally beyond the extent of the dome. This demonstrates that
the current formulation is able to handle arbitrary changes in aquifer boundaries.

The timestep size over time is shown in Figure [5.30L The timestep starts off at At =
6.3 days, reaching a maximum of At = 40.5 days, before falling to At = 0.7 days in order
to reach the goal end time. This represents a 81 % reduction in number of timesteps

compared to constant timesteps.
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Figure 5.30: Adaptive timestep size
over the duration of the simulation,
Cr = 100, using 90,000 uniform

sized bilinear elements [5].

5.6 Chapter Conclusions

Based on the evaluation and comparision of the various stabilization methods in one di-
mension (quasi-two dimensions), SU-87 was found to be the most robust in terms of sta-
bility, especially at large timesteps (Chapter 4). This formulation (SU-87) was extended
to bilinear two dimensional elements (quasi-three dimensions) in the current chapter. Ob-
jective 3 (see Chapter 1) of this thesis has been accomplished in this chapter by comparing

the SU-87 formulation to a benchmark study that computes when the CO, plume arrives
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at a leaky well 100 m away from the injection well. The results fell in the range of so-
lutions from the various simulators examined in [§]. The results agreed very well with
numerical (FDM) - analytical discretization that was based on similar assumptions to the
formulation presented here. It was also demonstrated that the current model is able to
generate smooth solutions when an abrupt change in permeability is encountered.

An example with five injections wells in close range was used to illustrate that the
formulation can handle complicated injection scenarios. The long term upslope migration
was studied using the given formulation and it was shown that the proposed formulation
is able to adequately capture the updip movement of COy due to the buoyant drive that
results from the density difference between the brine and the supercritical CO,. Finally, an
example of injection into a dome structure was considered. The current formulation was
shown to capture the effect of the injected COy flowing downward despite the buoyancy
drive since the COy has nowhere else to go.

The model presented in this thesis could be further validated using data from cur-
rent carbon sequestration operations. A detailed comparison with the North Sea project
(Sleipner) is not practical at this point due to the lack of data and large amount of het-
erogeneities in the system [93]. The Ketzin injection site is relatively well characterized.
Data from the Ketzin project can be used to further validate the model presented in this
thesis [94] [95].

Computationally efficiency of the underlying numerical solver is essential for practical
value in stochastic simulations. In this chapter the use of a vertically averaged multiphase
flow framework based upon sequentially coupled FEMs was examined. The computational
costs were reduced for the models from Chapter 4 in the current chapter via an adaptive

timestep. Objective 4 (see Chapter 1) of this thesis has been accomplished in this chapter
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by an adaptive timestepping scheme that allows larger timesteps as the simulation pro-
gresses. In the examples considered in this chapter the adaptive timesteps reduced the

computational costs of the simulations by a range of approximately 75-82 %.
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Chapter 6

Computationally Efficient
Approximation of Pressure
Singularity at Injection Wells with
the eXtended Finite Element
Method (XFEM)

This chapter is based on the following journal article:

C. Ladubec, R. Gracie, and J. Craig, “An eXtended Finite Element Method model for
carbon sequestration”, International Journal for Numerical Methods in Engineering, vol.
102, no. 3-4, pp. 316-331, 2015.

In this article I was the first author where I lead the writing of the journal article. In
addition, I lead the development of the MATLAB code, and was involved in the develop-

ment of the formulation.

This Chapter addresses objective 5 (see Chapter 1) of the thesis:

e Improve the approximation of the pressure singularity due to the injection of COs.
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6.1 Introduction

Traditional numerical techniques such as the Finite Element Method (FEM) are compu-
tationally inefficient when used to model carbon sequestration systems. Aquifers that are
candidates for carbon sequestration are often punctured by many abandoned oil and gas
wells. The large difference between the scale of aquifers (km?) and the wells (cm?) means
that in order to obtain accurate solutions a very large number of degrees of freedom are
required in simulations. A large number of abandoned wells makes the FEM prohibitively
expensive for use in a risk analysis framework.

One method to overcome some of the limitations associated with numerical solutions
is to use the eXtended Finite Element Method (XFEM), which was developed to model
crack propagation [55, [56]. The primary benefit of XFEM is that it is able to handle
discontinuities or steep gradients in the solution in a very computationally efficient manner
by enriching the basis functions from the standard FEM. When XFEM is applied to carbon
sequestration a fine mesh around the wells is not required to obtain accurate solutions.
Instead, the enrichment functions are used only in the vicinity of abandoned wells and
injection wells.

In this chapter, an eXtended Finite Element Method (XFEM) method for accurate
and efficient modeling of the pressure field resulting from injecting CO, into a deep saline
aquifer using a vertically averaged multiphase flow formulation is presented. XFEM is
then coupled to a Streamline Upwind,/ Finite Element Method/Finite Difference Method
(SU-FEM-FDM) to model the evolution of the average saturation of each phase in the
aquifer. This chapter follows earlier works on XFEM-based single phase aquifer flow

models [45], 46].
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6.2 Introduction to the eXtended Finite Element Method
(XFEM)

The XFEM was comprehensively developed by Belytschko and co-workers over the past 17
years [55] [56), 96, 07, 08, @9]. It was first applied to the simulation of the singularities and
discontinuities found in linear elastic fracture mechanics [55], 56, 100]. Later applications
focussed on dynamic crack propagation [101], [102] 103], multiscale analysis [104], 105} 106],
and material modelling [107, T08], T09].

Comparably less attention has been given to the application of XFEM to multiphase
flow. Some notable exceptions are the two-dimensional two-phase flow works of Chessa
and Belytschko [110] and Cheng and Fries [I11], the three-dimensional two-phase flow
models of Sauerland and Fries [I12] and the analysis of partially saturated porous me-
dia of Mohammadnejad and Khoei [I13]. One of the major differences between these
earlier works and that present here, is that they focus on two and three dimensional mod-
els, whereas, the present model is quasi-three dimensional, leading to different governing
equations, different representation of the interface between fluid phases, and different en-
richment functions. Furthermore, the focus here is on the singular behaviour near wells.

XFEM was used to model leakage through abandoned wells for a single phase flow
formulation [45, 46] where it was shown that for a given level of accuracy XFEM was

approximately 10000 times more computationally efficient than the traditional FEM.

6.3 XFEM Approximation of the Pressure Equation

The solution to the pressure equation (5.6 is known to be singular at the injection well.
To better approximate the pressure field, an XFEM approximation is adopted. The key

to the XFEM is that the FEM approximation is enriched in the vicinity of the injection
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wells with functions that capture the asymptotic behaviour near the well. In contrast,
an FEM model would require a fine mesh around the wells in order to obtain accurate
solutions. As mentioned, XFEM was previously used to model single phase porous media
flow in an aquifer [45], 46]. The governing equation (strong form) is given in Chapter 5 by
equation ([5.6). The weak form is the same as .

For the multiphase XFEM model present here, the use of the same enrichment function

as [45, [46] is examined. The enrichment function for the pressure near well « is:

log(ra (X)), ra > T

Ya(x) = (6.1)

log(rw), ra < 7w

where r, is distance to the centre of the well number, «, and r,, is the radius of the well.
The enrichment function is illustrated in Figure [6.2] The distance to the centre of well «
is given by

ra(x) = |lx — x¢"|| (6.2)

where x are the spatial coordinates of the injection wells. In the range of typical well
radii the method is insensitive to ry,.

The XFEM approximation of pressure is given by

Ningj

p'() =Y Nix)pr + Y wh()va(x) Y Ny(x)Pasx € © (6.3)

IeN a=1 JeSq

where N is the set of all nodes, py is the pressure at node I, n;,; is the number of injection
wells, S, is the set of nodes in the enriched domain of well a (see Figure [6.1]), w(x) is

a weighting function that blends the enriched and unenriched parts of the domain ([114],

[45]), P, are the enriched degrees of freedom, and N;(x) are the standard finite element
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basis functions.

The pressure approximation can be written in matrix form as:

p"(x) = Npbot + NP (6.4)

where N is the matrix of standard FEM shape functions and N is the matrix of the
enriched shape functions. ppot and p are vectors containing the standard FEM pressure

degrees of freedom and the enriched degrees of freedom respectively.

pbotT = {p17p27 7pnn} (65)

ﬁT = {ﬁla]_j% 7]_7mm} (66)

where nn and mm are the number of nodes in the mesh and the number of enriched
nodes, respectively.

The blending weight function is defined as:

w’ (x) = Z Nr(x)w? (6.7)

IeN

where wl} is one for an enriched node within the enrichment radius, r.,,, and w’,’ is zero

for an enriched node outside the enrichment radius.

The XFEM discretization of the pressure equations are:

Pbot Fp
Kaquifer = (68)

p Fp
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Figure 6.1: Enriched domain. S, is the set of nodes within the enrichment radius of well
a [7].
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Figure 6.2: Illustration of the enrichment function [7].

Fp=Fp1 +Fpo +Fpz + Fpg (6.9)

F,=Fp +Fp2+Fps+Fpy (6.10)
K K

Kaquifer - . (611)
K K

where K, is the stiffness matrix, Fp; is the injection vector, Fpg is the boundary flux
vector, Fpg is the buoyancy vector, and Fp4 is the aquifer slope vector. Kp and fp
are enriched stiffness matrices, Fpl is the enriched injection vector, sz is the enriched

boundary flux vector, Fpg is the enriched buoyancy vector, and Fp4 is the enriched aquifer
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slope vector.

The matrices and vectors are

hk H—-h
Ky = / B/ < RELC > kB ,dQ, VI, J € N (6.12)
0 Hc KB
— =1 (h H—-h
Ky = / B, ( KRELO ) kB;dQ, VI € N,VJ € S, (6.13)
p; I
Q j27e4 KB
= —71 [ hk H—-h\. K=
Kp1s = / B, ( RELC 4 ) kB ,d,VI € S,,V.J € Sg (6.14)
Q 2%e} KB
Fpir = / N/ gc,injdQ, VI € N (6.15)
Q
FPLI = /N}—qaindeaVI S Sa (616)
Q
Fpor = — j{ N7 (Gs + dc)ndl', VI € N (6.17)
r
Fag=— 7{ N (G + Ge)ndl, VI € S, (6.18)
r
I - BTkkrel,C'A
p3L = — i pghVhdQ NI € N (6.19)
Q [ 27e}
Fnl - _Tkkrel,C
Fur=— [ B, ApghVhdQ, VI € S, (6.20)
Q j27e}
T kkrel,C’ k
Four = g B (h (pBgVH — pcgV z0p) — (H — h)u_BpBgvzbOt)dQ’w eN (6.21)
_ 1 kk,. k
FP4I = BI (h ,U/Cf’C (pBgvH - pC’gvztOp) - (H - h)M_BPBgVZbOt)CZQ,VI S Sa
Q

(6.22)
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where B and B are matrices of the derivatives of the standard and enriched shape func-

tions, respectively.

Numerical Integration

Numerical integration of the unenriched elements in the pressure equation is performed
using 2 x 2 Gauss quadrature. Enriched elements that do not contain a well are integrated
using 4 x 4 Gauss quadrature. Enriched elements containing wells are integrated using
an iterative bisection scheme as described in [45]. The subcells are then integrated using
3 x 3 Gauss quadrature if they are located outside the well radius, and using 1 x 1
Gauss quadrature if they are located within the well radius. The number of subcells was

determined so that the integration errors are sufficiently small to not affect the results.

6.4 Streamline Upwind (SU) Stabilized FEM discretiza-
tion of the Saturation Equation

The strong form is given by and the weak form is given by from Chapter
5. An SU-FEM-FDM approximation is used to discretize the saturation equation. Space
is discretized using an SU-FEM approach. SU is implemented as an added artificial
diffusion term that counteracts the negative diffusion that occurs due to the Galerkin
FEM discretization of the hyperbolic saturation equation (i.e., the advection equation).
A Crank-Nicolson FDM is used to discretize the time domain.

The average saturation of the brine is approximated in space by:

W(x,t) =) Ni(x)ha(t) (6.23)

IeN
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The semi-discrete FEM saturation equations are given by:

[C.){hs} + [K.]{hs} = {F.} (6.24)
Ct = / N°T¢(1 — Spps.p)NedQ* (6.25)
e eT k e e
‘w= | B M—B(Vpbot + pBgV 20t NdS (6.26)
F, = ?{ N°Tgpndl¢ (6.27)
r

e
q

where {hg} is the unknown vector of brine depth in the aquifer and hg(x,t) = H(x) —
h(x,t), Cs is the storage matrix, K,4, is the advection matrix , F; is the boundary flux
vector. IN€ are the shape functions for each element and B€ are the derivatives of the
shape functions. The XFEM pressure approximation is utilized in the advection matrix,
K.4 above. The Streamline Upwind (SU) method is used to stabilize the saturation
equation, which is a pure advection equation. SU is implemented using artificial diffusion
as described in [73] and [86]. Artificial diffusion acts to offset the negative diffusion that is
created due to the Galerkin FEM approach. The artificial diffusion to the system, which

for the pure advection case simplifies to

H k
A B'r——— |V o V 2p0t | BCA2° 6.28
SU / T¢(1 " Sreun) ,UB‘ Dot + PBIV Zpot| ( )

where 7 is a parameter to control the amount of diffusion applied and is meant to replace

the constant multiplier of \/_(115) that was used in [73]. The amount of artificial diffusion

is element dependent since it is a function of the pressure gradient in each cell. This

approach in not consistent with respect to the transient term and the boundary flux
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vector, therefore 7 must be selected carefully to avoid overly diffuse solutions [73]. An
improved stabilization approach for this formulation is described in Chapter 5.
In the saturation equation, time is discretized using the FDM. This can be written as

([Cs] + AtO[K]" ) {hg}" " =
(6.29)

((ICs] = At(1 — 0)[K,]"){hp}" + At(0{F}"" + (1 — O){Fs}"))
where [Kg| = [K_, ] + [Kg;]- In the above equation, § = 0.5 gives the Crank-Nicolson

(CN) method.

6.5 Example 1 - Injection of CO- into a Deep Saline
Aquifer

In this example CO, is injected into a brine filled aquifer. The setup of this problem is
shown in Figure[6.3] The system properties are given in Table[6.1] The aquifer is bounded
above and below by impermeable caprock layers (aquicludes). Initially, the aquifer is filled
with brine. The water table begins at the top boundary of the aquifer. CO; is injected
at a constant rate of 1600 m?/day. As the injection progresses, the COy plume spreads
throughout the aquifer.

Dirichlet boundary conditions of hydrostatic pressure are applied for the pressure
equation along the whole boundary of the domain. An initial condition of h(x,0) = 0
throughout the domain is used (i.e. brine only). Dirichlet boundary conditions of h(x,t) =
0 are imposed at all boundaries, and as such the domain must be large enough so that
the CO4 plume remains far enough away from the domain boundaries. The simulation is
conducted for a time of 3 days.

Figure [6.4] compares the pressures distributions for two XFEM and two FEM simu-
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b) Caprock

Figure 6.3: Set up of example 1 [7].

lations with different mesh densities. The pressure is plotted against a radius centered
at the centre of the well along section A-A, as shown in Figure [6.3] Near the injection
well the XFEM solutions give higher localized pressures. The pressure near the injection
well increases along with refinement of the FEM and XFEM meshes. At further distances
away from the well XFEM and FEM give similar pressure fields. Figure shows the
average COq saturation distribution along a radius that follows section A-A (Figure .
The XFEM and FEM pressure approximations give similar results. The depth of CO, at
the injection well converges to the depth of the aquifer as element size is reduced.

A study of the relative error in the pressure at the well is shown in Figure [6.6] The
relative error is obtained by comparison to the pressure at the well using a fine FEM
mesh (3.6 x 10° elements) with the injection at a node. This compares to a maximum of

2.3 x 10* elements used in the study. For the coarsest meshes the FEM with the injection
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Table 6.1: System properties for example 1 [7].

Property  Value Units

B 5.1le-4 Ns/m?
pe 6.11e-5 Ns/m?

0B 1099  kg/m?
pc 400 kg/m?
S’r’es,B 0 -
) 0.15 -
k, le-15 m?
ky le-15 m?
krel,C 1 -
Qing 1600  m3/day
Tw 0.15 m
- 10° | | |
—©—-FEM: 41 x 41 Elements
50 - % -XFEM: 41 x 41 Elements
O FEM: 151 x 151 Elements
45 . =% XFEM: 151 x 151 Elements||

Pyor (PR

2.5 ‘ ‘ ‘
0 20 40 60 80
r (m)

Figure 6.4: Comparison of XFEM and FEM pressure distributions along a radius centered

at injection well and along line A-A using bilinear quadrilateral elements [7].

at a node provides the least relative error. This relative error decreases rather slowly.
XFEM reaches a 1 % relative error much sooner than both FEM approaches. Therefore
to achieve a relative error less than 1 % is computationally more efficient to use XFEM.
XFEM can achieve low relative errors even when the injection takes place mid-element.
FEM performs poorly when the injection takes place mid-element.

The effect of the amount of stabilization (7) on the average saturation profile is studied

using XFEM in Figure At low values of 7 the saturation profile is non-physical. The
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Figure 6.5: Comparison of XFEM and FEM average CO, saturation distributions along a

radius centered at injection well and along line A-A using bilinear quadrilateral elements
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Figure 6.6: Comparison of relative error in pressure at the injection well for XFEM and

FEM [7].

approximation becomes smoother as 7 is increased. One side effect of increased damping
is the reduction of the depth of CO, at the injection well. Care must be taken in the
selection of 7 to avoid overdamping. The effect of 7 on the pressure is shown in Figure[6.8]

Once 7 is large enough to eliminate the non-physical values, increasing 7 increases the
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pressure near the well, and reduces the pressure further away from the well. Therefore,

a careful selection of 7 is important. A more detailed consideration of 7 can be found in

Chapter 4 and Chapter 5.

20 :
—©—1=2.5e-3
15! - -1=5e-3 |
= ~O 1=7.5e-3
= ¥ 1=le-1
~ 108
o]
O
©
e
o
(]
e
-5 L L L L
0 20 40 60 80 100
r(m)

Figure 6.7: Effect of the stabilization parameter on average CO, saturation profile along
a radius centered at injection well and along line A-A [7].

Figure 6.8: Effect of the stabilization parameter on pressure along a radius centered at
injection well and along line A-A [7].
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6.6 Example 2 - Injection of CO; into a Sloping Aquifer

In this example CO, is injected into a sloping aquifer. The problem is illustrated in
Figure and the system properties are described in Table[6.2] The aquifer is bounded
above and below by impermeable layers. The top boundary of the aquifer slopes upwards
to the right and the bottom boundary slopes downwards to the right. Therefore, the

depth of the aquifer is a function of the x and y coordinates.

1000 m
b=1414.2 m
e 1000 m
o=
' o
n
o
o
L
b= 3)
q nj
10m| o
Caprock 995.5m
e Acifer | 19m
Im =
W:
W
b) Caprock

Figure 6.9: Set up of example 2 [7].
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Table 6.2: System properties for example 2 [7].

Property  Value Units

B 5.1le-4 Ns/m?
pe 6.11e-5 Ns/m?

PB 1099  kg/m?
pc 400 kg/m?
S’r’es,B 0 -
& 0.15 ;
k. le-15 m?
ky le-15 m?
krel,C 1 -
Qing 1600  m3/day
Tw 0.15 m

Dirichlet boundary conditions are specified for the pressure equations as the hydro-
static pressure caused by the brine that exists between the top of the water table and
the bottom of the aquifer. For the saturation equation Dirichlet boundary conditions are
specified such that at the boundaries of the domain the full depth of the aquifer is filled
with brine. Initial conditions of a completely brine-filled aquifer are applied.

The average CO, saturation profile is shown in Figure Since the CO, has a lower
density than the host brine fluid, the CO5 should preferentially flow to the right, following
the up-sloping top boundary of the aquifer.

Figure [6.10] shows the average saturation after 60 days of injection for the system
shown in Figure compared to the system shown in Figure|6.3, The average saturation
is shown along axis b, defined in Figure [6.9, Comparing the evolution of the COy plume
in the horizontal aquifer case and the sloping aquifer one can see that the for the sloping
aquifer, the COs preferentially flows up the slope. This preferential flow is caused by the
buoyant drive resulting from the lower density of the CO, compared to brine. Thus the
current formulation adequately captures the updip effect of CO5 migration.

Figure [6.11| shows the pressure distribution along along axis b, defined in Figure
after 60 days of injection. The pressure to the left of the well is larger than to the right of
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Figure 6.10: XFEM average CO saturation distribution after 60 days of injection [7].

the well due to the sloping aquifer. The larger pressure on the left drives the flow updip
to the right. During the early stages of injection the saturation of CO, is significantly
impacted by the sloping aquifer geometry due to buoyancy forces.

X 108

—©—Horizontal Aquifer
- % -Sloped Aquifer

1 I I I
500 600 700 800 900
b (m)

Figure 6.11: XFEM pressure distribution after 60 days of injection [7].
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6.7 Chapter Conclusions

A computationally efficient model of carbon sequestration, where carbon dioxide (CO3) is
injected into deep saline aquifers is presented. Objective 5 (see Chapter 1) of this thesis
has been accomplished in this chapter by an effective computational scheme that combines
the efficiency of a vertically averaged formulation and the enrichment of the pressure ap-
proximation using the eXtended Finite Element Method (XFEM). The XFEM-based for-
mulation is used to improve the approximation of the singular pressure field in the vicinity
of an injection well. The XFEM pressure approximation is combined with a Streamline
Upwind/Finite Element Method/Finite Difference Method (SU-FEM-FDM) framework
to approximates the average CO, saturation through the thickness of the aquifer. Using
the XFEM-SU-FEM-FDM framework two examples were considered. In the first, it was
shown that XFEM is able to achieve low relative errors in the pressure near injection
wells at a lower computational cost, when compared to an FEM approximation. The
SU stabilization parameter, 7 must be selected carefully to avoid over diffuse saturation
distributions. In the second example, the XFEM-SU-FEM-FD simulator is demonstrated
to be able to capture the important effect of buoyancy driven flow of CO5 in a sloping

aquifer.
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Chapter 7

Conclusions

Carbon sequestration is a means to reduce COy emissions by injecting CO, into deep
saline aquifers for permanent storage. Due to a great deal of uncertainty involved in
these systems, computationally efficient numerical methods are needed for stochastic sim-
ulations. In this thesis a framework for a computationally efficient numerical method to
study the large scale plume evolution associated with carbon sequestration was presented.

In Chapter 1 an introduction to carbon sequestration was given. Carbon Capture
and Storage (CCS) was described as a means to reduce greenhouse gas emissions from
point emitters of CO,, such as coal fired power plants. Carbon sequestration, which is
the storage phase of CCS was then introduced. Deep saline aquifers were mentioned
as a particularly promising storage location. Solution approaches applicable to carbon
sequestration systems were discussed. Challenges related to numerical modelling of carbon
sequestrations were provided as a motivation to the objectives of the thesis, which were
presented at the end of Chapter 1.

Chapter 2 provided an introduction to the numerical modelling of flow in porous

media. Basic definitions and governing equations were explained for single phase flow and
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multiphase flow. The governing equations that are the focus of this thesis were provided
towards the end of this chapter.

Chapter 3 examined the use of stabilized FEMs for advection-reaction equations.
These equations can result in non-physical spurious oscillations when discretized using
the Galerkin FEM. Five stabilized FEMs were introduced and applied to four variations
of the advection-reaction equation in order to gain insight in how the stabilized FEMs be-
haved in uncoupled advection-reaction equations. The stabilized FEMs that were consid-
ered were SU, SUPG, LSFEM, SGS, and GLS. The examples demonstrate that Galerkin
approximations of an advection-reaction equation can have small scale oscillations that
do not occur with the stabilized FEMs. In certain cases the oscillations can introduce
instabilities in the approximations. This is particularly true for the Galerkin FEM, how-
ever instabilities can also occur when using the stabilized FEMs. Care must be taken to
select the proper stabilization method in order to achieve acceptable approximations to
any problem.

In Chapter 4 five different stabilized FEMs (SU, SUPG, LSFEM, SGS, and GLS)
are used to discretize the governing equations of vertically averaged multiphase flow and
compared with the Galerkin FEM discretization. Three examples were used to compare
several solution strategies for the saturation equation using linear one-dimensional ele-
ments. First order convergence of the saturation error with respect to the Ly norm was
achieved for both the SS (Single-Step) and PC (Predictor-Corrector) solution strategies
using Backward Euler (BE) time integration. It was demonstrated that, in general, a fully
implicit Backward Euler (BE) time integration scheme provides superior stability prop-
erties compared to the Forward Euler (FE) and Crank-Nicholson (CN) time integration

methods.
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In general, when FE (§ = 0) or CN (# = 0.5) time integration is used, small Courant
numbers (e.g., Crye. < 0.005) are required to obtain smooth solutions with the various
stabilization methods.

BE (# = 1) provides the most reliable approximations in general. In addition to
being stable and non-oscillatory for small timesteps, for large timesteps (C7 e > 3 — 5)
it can also produce smooth solutions depending on the sequential solution strategy and
stabilization method. When the CO5 plume encounters the Dirichlet domain boundaries
oscillations can contaminate the brine saturation solution. In addition, oscillations can
occur when two plumes meet. If SU stabilization is combined with 87 or 107 (eight or ten
times a standard stabilization parameter definition) smooth solutions can be obtained
for large timesteps when the plume encounters a boundary and when plumes merge.
No other stabilization scheme gives acceptable solutions using large timesteps when two
plumes merge.

A PC scheme can be used to reduce oscillations at large timesteps with the BE method
(0 = 1), but comes with a significant increase in computational cost. The SS method gives
a similar result as the PC scheme, but at a much lower computational cost.

Care that must be taken when using Dirichlet boundaries on the outflow boundaries
or the simulation of multiple merging CO, plumes. It was demonstrated that a Galerkin
FEM discretization of the saturation equation should not be used if the COy plume en-
counters a Dirichlet boundary or if multiple injection wells are present and large timesteps
are used. SU combined with an increased value of the stabilization parameter (87 or 107)
is the most robust stabilization method examined. When combined with BE time inte-
gration it can achieve smooth solutions at large timesteps, and gives reasonable results

even with a simple SS sequential solution strategy, which yields a computationally effi-
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cient framework to solve the vertically averaged multiphase flow equations presented in
this work.

The SU-87 approximation did not change significantly when quadratic elements were
used. At large timesteps SU-87 best matches the solutions obtained by all methods at
the smallest C'r. It is hypothesized that the increased stabilization parameter provides
sufficient artificial diffusion to compensate for the negative diffusion introduced by the
Galerkin FEM approximation of the saturation equation.

Linear elements cannot fully represent the stabilization terms for SUPG and LSFEM.
Quadratic elements allow the full stabilization terms of SUPG and LSFEM to be repre-
sented. SUPG and LSFEM approximations were more diffuse with quadratic elements.
Quadratic elements were shown improve the stabilization properties of SUPG and LS-
FEM in some cases. Furthermore, quadratic elements permit the use of SGS and GLS.
Two examples were provided that examine stabilization with higher order (quadratic)
elements.

SGS and GLS offer stable approximations over a larger range of timesteps compared
to Galerkin, SU, SUPG, and LSFEM. SGS and GLS can provide smooth oscillation-
free approximations for small Courant numbers (Cr < 0.05) and large Courant numbers
(Cr > 3). SU-87 provides smooth solutions when Cr > 0.05. SGS and GLS seem to be
the preferable option for small C'r values, while SU-87 seems to be the best option for
large C'r values.

In general, quadratic elements improve the ability of the stabilized FEMs to achieve
smooth solutions compared with linear elements when multiple CO, plumes merge. How-
ever, quadratic elements introduce a greater tendency (compared to linear elements) for

oscillations when the CO4 exits the domain.
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SU-87 was in general found to exhibit the best stabilization properties over the range
of conditions examined using the one dimensional (linear and quadratic) studies. At large
timesteps the advantages of SU-87 are the most apparent.

In Chapter 5 the SU-87 formulation was compared to a benchmark study that sim-
ulates the arrival of a CO5 plume at a leaky well 100 m away from the injection well.
The results fell in the range of solutions from the various simulators examined in [§].
The results agreed very well with numerical (FDM) - analytical discretization that was
based on similar assumptions to the formulation presented here. It was also demonstrated
that the current model is able to generate smooth solutions when an abrupt change in
permeability is encountered.

An example with five injection wells in close range was used to illustrate that the
formulation can handle complicated injection scenarios. The long term upslope migration
was studied using the given formulation and it was shown that the proposed formulation
is able to adequately capture the updip movement of COy due to the buoyant drive that
results from the density difference between the brine and the supercritical CO,. Finally an
example of injection into a dome structure was considered. The current formulation was
shown to capture the effect of the injected CO, flowing downward despite the buoyancy
drive since the COs has nowhere else to go.

Computationally efficiency of the underlying numerical solver is essential for practical
value in stochastic simulations. The current formulation improves the computational
efficiency from Chapter 4 by an adaptive timestepping scheme that allows larger timesteps
as the simulation progresses. In the examples considered in this chapter the adaptive
timesteps reduced the computational cost of the simulations by a range of approximately

75-82 %.
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In Chapter 6 the eXtended Finite Element Method (XFEM) was used to improve
the approximation of the singular pressure field that occurs at an injection well. An
effective computational scheme is obtained by combining the efficiency of a vertically av-
eraged formulation and the enrichment of the pressure approximation using XFEM. The
XFEM pressure approximation is combined with a Streamline Upwind/Finite Element
Method/Finite Difference Method (SU-FEM-FDM) framework to approximate the aver-
age CO, saturation through the thickness of the aquifer. Using the XFEM-SU-FEM-FDM
framework two examples were examined. In the first, it was shown that XFEM is able to
achieve low relative errors in the pressure near injection wells at a lower computational
cost, when compared to an FEM approximation. The SU stabilization parameter, 7 must
be selected carefully to avoid over diffuse saturation distributions. In the second example,
the XFEM-SU-FEM-FD simulator is demonstrated to be able to capture the important

effect of buoyancy driven flow of CO; in a sloping aquifer.
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Chapter 8

Future Work

In this chapter several recommendations are given for future work related to extending

the formulations provided in this thesis:

Further validation of numerical models using field data (e.g., Ketzin);

e Fully coupled solutions, as an alternative to the sequentially coupled solution strat-
egy presented in this thesis, should be considered as they may have different stabi-

lization properties;

e Solution of CO4 equation as saturation equation, instead of the brine equation;

e XFEM implementation of leaky wells and multi-aquifer systems for multiphase flow

as in [45], 146];

e Brine may be extracted to reduced pressure as CO; is injected, therefore in the

formulation a brine extraction source term could be considered;

e Determination or proof of correct approximation spaces for pressure and saturation

equations;
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e Alternative approaches for stabilized approximations (e.g., the Discontinuous Galerkin
(DG) method or the Finite Volume Method (FVM)) of the saturation equations

should be explored.
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