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Motivation

» Foam has been proven to be effective for flood conformance control during EOR
and CO, storage processes.
o Reduces liquid/gas mobility ratio

o Blocks gas migration along high permeability pathways

Continuous CO, Water-Alternating-Gas Surfactant
injection w (WAG) -Alternating-Gas
% ¥ e (SAG/Foam)

» Coupled compositional flow-geomechanics model can
o Examine the geomechanics effects on flow

o estimate the pressure margin for inducing fracturing to ensure secure operations.
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Simulation Workhorse - IPARS
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Compositional Flow Model

3-Phases: « < {o,w,g}, N.-Components:ic {w,2,...,N.} .
Flash calculation for hydrocarbon phase behavior (Peng-Robinson EOS).

Hydrocarbons are fully compressible, water is slightly compressible.

Vv VYV Y VY

Mass Conservation of component i:

0
ET (Z ¢Sapa§ia> +V- Z(Paéiaua —0SaDio -V (Pabia)) = quh in Q x (0,77

kra

> Darcy’s Law for phase a flux:  ug=—-K " (VPo — Pm.ag)-
(04
Pa  pressure Uq Darcy flux D, diffusion-dispersion
Sa saturation &ia mole fraction o ViSCOSity
¢ porosity K absolute permeability  pn,. mass density
Gia SOUrce/sink kro relative permeability g gravity
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Cranfield well locations
0- pbcudu_1 pacudu_z seudo_S
2 Injection well 1000 #28F-01_inj Numerical model of Cranfield field test
o 8?: well ?42 Model type Compositional model
° er well’”
= 7 : 2000 - %7-04_inj esr03 i Reservoir size 7200X7200X80 (ft)
///%4 - peeudo-4 Number of grid blocks 144X 144X20
/ Z) // 3000 Initial water saturation 1.0
// 7 ZZ/ ol Ma000 | ms-02in Initial reservoir pressure 4650 (psi)
/ / Iy / ///( % JFU 31F-01bseudo_5 Initial reservoir temperature 257 (°F)
Ei\ \j o | / I // 5000 ) Reservoir salinity 150,000 (ppm)
e
\ />// /X)// /}/ / 6000 * Injector #B2F-01_in]
\ o .\\\m‘ | E pseudo well
IRRTA ) 7000 - e - PVT data
\. . \\\\% lh pseuao_o Pseuao_—7 seud076
\\ NN : a000 | | | | | | | | CO, Brine
MR 0 1000 2000 3000 4000 5000 6000 7000 8000 N
: \&;\ S i y Crtical temperature (O R) 547.56 1120.23
\i\\\\\§§§\§§ e Cratical pressure (psia) 1070.4 3540.9
AN Compressibility factor 0.255 0.2
\§>\\\\\ log_permx .
6 Acentric factor 0.224  0.244
> m Gulf of Mexico 5 .
' Molecular weight (g/g mol) 4401 18.01
0 1 2km « Wells in Woodbine- 4 g g g
—_— ; Volume-shift 019 0.065
(1) Binary interaction coefficients  0.09 0.09
-1
-2
-3
-4
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Injection Schedules

» Continuous CO, Injection

16 yrs CO, injection

» WAG
20 years total, 16 years of CO, injection
/\
4 yrs 1yr 3yrs 1yr 3yrs 1yr 3 yrs 1yr 3yrs
. water : CO
> SAG 2
20 years total, 16 years of CO, injection
/\
— T~
4 yrs 1yr 3yrs 1yr 3 yrs 1yr 3 yrs 1yr 3yrs
. surfactant |_|: CO,
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CO, Saturation Distribution

) Continuous CO, Injection ) WAG with hysteresis J SAG

Top view
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Field Statistics

WAG w/o  WAG with SAG

Injection Scenario CO; injection : ,

hysteresis  hysteresis
Cum CO, injected (MMscf) 2.10E+05 2.10E+05  2.10E+05  2.10E+05
Cum CO, lost from boundaries (MMscf) ~ 1.01E+05 1.12E+05  4.21E+04  1.71E+04
CO, lost from boundaries (%) 48.2 53.1 20.0 8.1

» In continuous CO, injection, 48.2% of the total injected CO, does NOT
store inside the selected sector model and is produced through the
boundaries.

» CO, lost from reservoir boundaries decreases from 48.2% to 20% and
8.1% using WAG and SAG processes, respectively.
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Linear Poroelasticity

» Stress equilibrium equation
-V .o = [0s(1—¢) + @ (poSo + pwSw + PpgSg)lg.

o_eff _ o.ror o (Xp].

» Constitutive equations
o' = A(V-u)l +2ue,

€ = ; (Vu—I—V'u,T)

» Fixed stress iterative coupling to the compositii)nal flow model

¢ = 00 + &y —&s0) + 77 (P — Po)
o¢// Effective stresstensor P Pore pressure VE
6% Total stress tensor o, Boits coefficient ~ (1+v)(1—2v)
€ Strain tensor E Young’s modulus E
Displacement vector V Poisson’s ratio H= 2(1 +V)
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Geomechanics Model

« Initial vertical stress 10054 psi, horizontal stress

7495 psi
« Normal traction of 10054 psi on the top face
e « Zero normal displacements (roller boundary) on
phow the rest five faces

4880
4840
4800
4760
4880 Young’s modulus and Poisson’s ratio for the Cranfield model, courtesy to White et al., 2017
4640

Facies Layers E (psi) %

Overburden 1-3 2.2E+06 0.25
C 4-6 1.45E+06 0.31
B 7-11 2.68E+06 0.26
A 12 -23 1.45E+06 0.24
Underburden 24 - 26 2.2E+06 0.25
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Effect of Geomechanics - Gas Flooding EOR

Flow only
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Effect of Geomechanics - SAG EOR

Flow only

B 0 [ [ [ e x
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Coupled flow and geomechanics
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Caprock Integrity — SAG

Vertical displacement
~0-1.1ft

Pressure margin for inducing
fracturing
~ 500 - 5500 psi

Volumetric strain
~0-0.026
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Forward Simulation Speedup: Three-Way Coupling N

» Originally proposed for single
phase flow by Dean et al.
2006

» Reformulated, analyzed and
extended to compositional
flow by Lu and Wheeler 2019
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time stepn = 1,2: solve for pp, up
via fixed-stress iterative coupling

v

timestepn = 3 -

v

Calculate an error indicator
_n
o 60'vk qbnk—l i‘n—i‘nk
Kb ¢k ¢k tng—thg_,

Erel :=
L®(Q)

Y
nol  Solve for p}, u} via
fixed-stress split

yyes

ne ok —glk-1
=€ ._ A h h . —
Op = Op + T =tn,_; = (tn = tny)

¥

Solve for p} with &},

n

e
uh4—uh

Y
yNo

Solve for up with pjl as external load
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#4001 fixed-stress 005 fixed-stress 025
62000 1 three-way & "o three-way m f zﬁ
:Ei 000 :4,::" 0.15 5 020 4 4
‘,: 5800 :E' 0.20 g 015 fixed-stress
:% 560N E 0.25 1 E three-way
“E :W "f,:: c].:.:x_]- ‘‘‘‘‘‘ C,J'; U L
0 1000 2000 ';_E::;e (ll-:fl\a)i;rs] 5000 A0 000 [} 1000 2000 ';:::;16 (:;.\.al;s} 5000 A0 000 [} 1000 2000 ';_{::;16 (::ll‘tal;s} 5000 A0 000
(@) pressure solution (b) x-displacement solution (c) gas saturation solution
Comparison of numerical results of SAG-assisted CO2 injection via different coupling schemes.
Technique  Timesteps Fow modd time(s) Mechanics model time (s) CPU time (9)
Fixed-stress 142937 65496.906 262636.156 328133.062
Three-way 141152 64969.177 6633.925 71603.102
» Reduction of 78.2% of CPU time comparing to fixed-stress
» Reduction of 97.5% of mechanics model time
1 |
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CMA-ES Optimization of Well Controls during SAG

SAG Injection Schedule: 91 | s1 go S5

93

N

~
10 years

max f (T, T, Ty, Tso, Tys) := FGIT — FGPT
st 0< T, <3,i=1,2
0<T,<1i=12
Tys >0
Ty +Tg+ Ty + T+ Ty =10
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: surfactant |_|: CO,

FGIT= Field cumulative CO, injection
volume

FGPT= Field cumulative CO,
production volume through boundary
wells
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Covariance Matrix Adaptation-Evolution Strategy

Algorithm 1 Evolution strategy stochastic search template to minimize f : R" — R

1: Initialize distribution parameters €, set population size A € N
2: while not terminate do

3: Sample distribution P(z|0) — xq,--- ,x\, € R"
4: Evaluate f(x1),- -, f(z))
5 Update parameters 0 <— Fy(xy,--- ,xx, f(x1),-- -, f(z)))

» Multivariate normal distribution to sample new searching points follows the maximum entropy
principle
» Rank-based selection leads to maximum likelihood updates for mean and covariance

» Update of the distribution parameters resembles the descent in direction of a sampled natural
gradient of the expected objective function value

» Learning the covariance matrix adaptation is analogous to approximate the inverse Hessian in
guasi-Newton methods

» Empirically, linear (or exponential) convergence

im@@  ~ Empirically very successful for low dimensional problems l CSM
L[]
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Results: CMA-ES vs GA G

N
» CMA-ES appears Algorithm Run # Optimal solution Opt. function value (MMSCF)
more efficient and CMA-ES 1 (0.000, 0.903, 2.912, 0.000, 6.177) 2.558x10*
robust than GA CMA-ES 2 (0.000, 0.000, 0.006, 0.984, 9.010)  2.556x 10"
» It achieves 27.6% CMA-ES 3 (0.000, 0.936, 0.000, 0.000, 9.064) 2.557x10%

higher CO, storage GA 1 (0.080, 0.589, 1.950, 0.007, 7.374) 2.445 x10*

volume and 54.8% GA 2 (0.650, 0.847, 0.087, 0.231, 8.185) 2.511 x 10

less water and GA 3 (0.573, 0.929, 0.597, 0.008, 7.893) 2.506 x10*

surfactant

consumption 2719 CMA-ES o7 A
c26 c26
§,25" T [ J ? T T ’_ T T T éz.s— T 1
§24- : I “ 1 §2.4—* 3 1 j e e R
522 T T g2t | | T - ]
§21 H I §2_1 A |
E 2| - 7 E 2
§1.9 §1.9>
O18}f O18 i

ii- 7 1 > 3 4 s .é 7 8 9 10 7 1 2 3 4 5 & 7 8 o 10 11 N
ODEN INSTITUTE senersens senerations M
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Conclusions

» Application of SAG can increase both CO2 storage volume and oil recovery significantly during
carbon sequestration/EOR processes.

» Coupling geomechanics to the flow model predict less oil production but more CO2 storage
due to pore volume expansion. The discrepancy in gas production is more significant in SAG
operation (26.0%).

» The coupled compositional flow and geomechanics simulator provides a powerful tool for
analyzing caprock integrity via quantification of the pressure margin for inducing fracturing.

Y

Three-way coupling scheme reduces computational time by 81% and 58% for continuous CO,
Injection and SAG-assisted CO, sequestration, respectively.

Y

CMA-ES optimization of well control for SAG achieves 27.6% higher CO, storage volume and
54.8% less water and surfactant consumption. The algorithm appears more efficient and
robust than GA.
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Thank Youl
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Compositional Cranfield Model

X-permeability

Numerical model of Cranfield field test
Model type Compositional model log_permx
Reservortr size 7200X7200X80 (ft) 5
Number of grid blocks 144X 144X20 g
Initial water saturation 1.0 !
Initial reservoir pressure 4650 (psi) ]
Initial reservoir temperatutre 257 (°F) 2
Reservoir salinity 150,000 (ppm)
10 PVT data
. —Krg - CO, Brne
% 0.8 —Krw g Cutical temperature (OR) 547.56 1120.23
g 0.6 L —pe ig Critical pressure (psia) 1070.4 3540.9
E ;‘%3 Compressibility factor 0.255 0.2
P 04 t Acentric factor 0.224 0.244
= s Molecular weight (g/g mol) 4401 18.01
g2 % Volume-shift 019 0.065
0.0 . . © Binary interaction coefficients  0.09 0.09
0 0.2 0.4 0.6 0.8 1

[ 1|
I.- Water Saturation (Delshad et al. 2013)
]
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Genetic Algorithm

Algorithm 1 Genetic Algorithm

1:

INITIALIZE the parent population Py with Np.p solu-
tions generated based on prior knowledge or by random.
The initial offspring population Qo = @
EVALUATE each parent solution in Py
while termination condition is not achieved do
t<+—t+1
SELECT. Nyop superior solutions from the mating
pool Ry = Pr_1|JQ¢—1
UPDATE the parent population P; with the selected
solution,
CROSSOVER pairs of the parent solutions for cre-
ating Npop-sized Q¢
MUTATE the resulting offspring population Q¢
EVALUATE each offspring solution in Q+

o)

DEN INSTITUTE
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» Uses concepts from evolutionary biology (Goldberg, 1989)

Algorithm 2 Crossover

1: 1+ 1

2: while ¢ < Npop do

3: GENERATE a random probability p, € [0, 1]

4 SELECT two parent members p; and p;41

5: if p,. < p. then

6: GENERATE a crossover point r. S

{1,2,---,N}

7 i < (Pi,1 s Pisres Pitl,ret1, > Pit1,N) T
8: Qit1 < (Pit1,15 s Pid1,ms Dirot1s 5 Pi,N) L
9: else

10 Qi < Pi

11: qit+1 — Pit+1

12: 14142

Algorithm 3 Mutation

1: i+ 1

2: while ¢ < Npop do

3: GENERATE a random probability p,- € [0, 1]

4: if p» < pm then

5: GENERATE a mutation point 7, S
{1,2,---,N}

6: GENERATE the random mutation ¢7, €
7" 4]

T qi < (qi,1, 5 Qiyr =157 5 Qisry,+157 77 git1,n)"

8: 14 1+1
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» Upscale

runtime (s)

0)
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00000

Optimization Setup

20x144x144 mesh
» Parallel scalability test

log_permx

Abbvio=pdwbroo®

16
number of cores

20x36x36 mesh

LOG_PERMX

Abdvioapdvwproo |

GA parameters

Number of generations
Number of populations

Crossover probability
Mutation probability

Number of cores each experiment

10
20

0.9
0.1
16
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EOR Example Reservoir Model

 Reservoir size: 80ft x 3600ft x 3600ft

= : « 3 layers of overburden and underburden

ST ST OO S

S S OS TR SSS
S oSSSOS oS S

o5

<. S
S SRSt

¢« 26x36x36 elements on hexahedral mesh
e [nitial saturation: 40% oil, 60% water
 Initial pressure: 4650 psi

X-permeability

 Initial vertical stress 10054 psi, horizontal stress
o 7495 psi

= e Normal traction of 10054 psi on the top face

w ¢ Zero normal displacements (roller boundary) on
the rest five faces

mesh
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Coupled Flow-Mechanics Data

Table 1: Equation-of-state parameters for different components used in the simulation study

I
I
DEN INSTITUTE

CO, Cl C3 C6 C7+ N2
Critical temperature (° R) 547.56  343.08 665.64 913.5 1380.0 226.56
Critical pressure (psi) 1070.38  667.19 615.76 477.03 162.0 492.32
Critical Z-factor 0.30234 0.287368 0.280294 0.268127 0.2916 0.2916
Acentric factor 0.225 0.008 0.152 0.275 0.85 0.04
Molecular weight (g/g mol)  44.01 16.04 44.09 86 282  28.013
Parachor 49 77 150.3 250.1 289.6 87
Initial mole fraction 0.0184  0.5376 0.1015 0.0728  0.2697 0.0
Table 2: Parameters for UTKR3P and UTHYST

kiwo 0.5 | Khe = kg 0.54 | k. 0.65 | ki, =k, 0.8

Sorg  0.15 | Swrg = Swro 04 | Sorw 0.2 | Sgrw =Sgro  0.075

Civo 4.0 | Ciyg = Clog 40 | Ciow 238 | Cign =Cigo 2.2

Cox 0 [Swe=380c=8ec 0 |Lg 4 | my 2.25
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Coupled Flow-Mechanics Data

Table 3: Parameters for the foam model
Maximum resistance factor, FMMOB 100

Reference water saturation in dry-out calculation, FMDRY  0.43
Factor governing abruptness of dry-out calculation, EPDRY 100

Reference rheology capillary number, FMCAP 1E-07
Shear-thinning exponent, EPCAP 0
Watergas interfacial tension, (dyne/cm), IFTGW 5

Table 4: Young’s modulus and Poisson’s ratio for the Cranfield model, courtesy to White et al., 2017

Facies Layers E (psi) %

Overburden 1-3 2.2E+06 0.25
C 4-6 1.45E+06 0.31
B 7-11 2.68E+06 0.26
A 12 -23 1.45E+06 0.24
Underburden 24 - 26 2.2E+06 0.25
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