A Coupled Geomechanical, Acoustic,
Transport and Sorption Study of
Caprock Integrity in CO, Sequestration

DE-FE-23223

Manika Prasad
Colorado School of Mines

Co-I: Bill Carey (Los Alamos National Lab), Ronny Pini (Imperial
College)

Post-Docs and Students: LANL: L. Frash; CSM: S. Kumar, Y. Zhang, M.
Saleh, N. Joewondo

U.S. Departmentof Energy
National Energy Technology Laboratory
Carbon Storage R&D Project Review Meeting
Transforming Technology through Integration and Collaboration

August 18-20,2015



Agenda

Objectives and motivation

Initial work and error analysis

Adsorption setup and measurement protocol
Accomplishments to date

Permeability and acoustics measurements; simulations

Future work



Background

Carbon capture and storage in deep geological settings

Caprock seals and prevents buoyant migration of CO,
— Permeability of caprock ~ Nanodarcy
— Permeability of tight-gas shales ~ Nano to Microdarcy

CO, injection changes the state of stress in reservoir
rocks and in caprocks

Could faults or fractures develop in caprocks that
allow CO, transport and escape?



Hypothesis and Objectives

Hypothesis:
« Mechanical damage to shales does not necessarily lead to
high permeability and substantial leak rates
Objectives:

« Determine the behavior of intact and fractured caprocks when
exposed to supercritical CO, at elevated pressures

* Quantify adsorption, strain and acoustic properties of shales
with sorbed CO,

* Provide framework for monitoring, verification and accounting
(MVA) efforts of CO, sequestration and its effect on caprock



Accomplished to Date

Completed:
» Experimental Design Protocol
» Subcritical Adsorption on various fluids
« Sample Selection and Acquisition
« Organic-Rich Shales:
— Eagleford
— Bakken
— Utica
* Non-Organic-Rich Shales:

— Mancos

Ongoing:
* Acoustic Tests

« Equation of state
calculations

* High pressure and
temperature tests

* Triaxial tests for
strength and fracture
permeability
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Motivation

Preferential sorption of fluids depends on polarity of surfaces
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S. Kumar

Surface Area and Clay Content
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e Cryogenic N, is selectively blocked by nano-sized poresin the

organic matter

* OM pores are hydrophobic

* OM pore developmentstarts at the onset of oil window

* Presence of bitumen free OM pores
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Ngo, 2014

Prototype and Initial Measurements

T — QO "o Thermo Bath
Manometricsystem designed to
test CO, adsorption on synthetic —P4
13X zeolites e LS
— . el
o O "o
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Ngo, 2014

Error Analysis

System Properties 0.35 —Langmuir Model m Chareonsuppanimit et al 2012
Isotherm temperature: 140 °C & ..

Volume of RV=65ml g o rercentage
Volume of SV=65ml 8 o - oo
Sample Properties o+

Equilibrium pressure (psi)

Porosity: 10%
Grain density: 2.7 g/cc

, | . | Sample Mass Vay
Langmuir Parameters: Bath (?) 6436
b: 0.01 Q Components : 63:1
Vmax: 40 SCF/ton | S;/ Eve RIV 28 2;:2
100 28.0

Assuming connection volume to be zero ~ P2 T2



Error Analysis for Transducer Selection

Earlier prototype: 0.25% Tx accuracy

Error analysis: need Tx accuracy=
0.01% for reliable high pressure
iIsotherm results
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S. Kumar, M. Saleh, Y. Zhang

Adsorption Experiment Setup

Working Princip|e: — e :
* \Volumetric type apparatus RT3
4 o E

« Performs adsorption and - i
desorption measurements o | . | —
by precisely recording B ‘

pressure

-------------------

Material Balance:

ne=n; —n,

Vs Vc VA
ny = Py + +
Z(ps,Ts)RTs Z(ps,TC)RTc Z(pS,TA)RTA

11



S. Kumar, M. Saleh, Y. Zhang

Experimental Design

N
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Legends

SV: Sample vessel

RV: Reference vessel

MYV: Micro-metering Valve

CV: Charging vessel

V: Vacuum pump

SV: Safety pressure relief valve
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Schematic illustration of the supercritical adsorption apparatus
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S. Kumar, M. Saleh, Y. Zhang

Measurement Protocol

— Determine SV and RV volumes by free space procedure
o Valve ﬁl
Components Valve 4 Valve 4 closed when Bath
— —> P2readsarounda —x: C ¢
at vacuum opens _ | omponents
predetermined value & iy
- Valve |
| 1 5 @

V\/hen Valve 5 When equilibrate, | & &
equilibrate, <~ -~ read P i S
reads Pgy 1 P RV.1 P2 T2

= Prv1Vry
Initial number of free molecules (Valve 5 closed): 1=
( ) Z (PRV,erIso)R Tiso
P Vegy+V
Final number of free molecules (Valve 5 open): ny = svatVsy +Vrv}
Z (PSV,erIso)R T'ys0
Number of adsorbed molecules in the system: n‘llds =nq — Ny
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B. Carey, L. Frash

In Situ Permeability Measurements

* Triaxial coreflood studies coupled with x-ray tomography
— New and unique LANL capability

— Deformation modes: Compression, direct shear, and tensile

fractures
> s R

» Experimental Limits

Max Pressure: 5000 psi
34.5 MPa

Max Temperature: 212 °F
100 °C

14



B. Carey, L. Frash

Triaxial Experimental System

Axial fluid —>
Pore fluid ——
Confining fluid —> 72
bleed

Measurements:
Deformation (strain gauge
and piston displacement)
Permeability

Pressure & Temperature
Acoustic velocity
Acoustic emission

Fluid samples

Triaxial System: Independent
Pore, Confining and Axial Pressure

ﬁ Ultrasonic transducers

~N

NN

7 ] [ \\ ,
P il

m

Neutron or X-ray Tomography

0444471~ <—— Confining fluid

-<—— Pore fluid
-—— Strain/acoustic
leads

Fluids:

Supercritical CO2

Brine

oil

Simultaneous injection of
two fluids
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B. Carey, L. Frash

Pre-Experimental Tomography

MG 5734 MG 5741

MG 5765 MG 5777

« Utica Shale provided by industrial partner Chesapeake Energy
« Mudstones (contain both clay and carbonates)
» Core were oriented both vertically and horizontally

16



B. Carey, L. Frash

Fracture Permeability Studies

As a function of shear-plane to bedding-plane angle

17



B. Carey, L. Frash

Fracture Permeability Studies
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S. Kumar

Acoustic Measurements

Wir e-C tion j TS
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Simultaneous acoustic and resistivity measurements during CO,
sorption

Plan also for simultaneous acoustic and resistivity measurements
with NMR relaxation times
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S. Kumar

First Subcritical Measurements

0.005 —

0.004 —

0.003 —
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0.002 —

0.001 —

0

0
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Relative Pressure
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1.2E-005

1.6E-005

20



N. Joewondo

Theoretical Models

Experimental

setup Finite volume Modified finite volume
Diffusion model Mi trolled Macro-pore
iffusion mode icro-pore controlle controlled
Sorption isotherm Langmuir isotherm for Zeolites
Analytical Model SOL Model POR Model

Derived from material
balance

21



N. Joewondo

Theoretical Models

Fractional approach to equilibrium, m Im_ []

0 L I I L

0 0.2 0.4 0.6 0.8
normalized time, V(Dt/r?) [-]

Finite volume diffusion model
fractional uptake curve as
increases, reproduced from Crank
1987

Simple analytical model for
micropore controlled
diffusion

Applied to manometric
apparatus (neglect valve
influence)

Dosing reservoir and uptake
reservoir at equilibrium

|deal gas assumed

22



N. Joewondo

Diffusion Models

{} SOL POR
G @; Fluid-solid Interface Pore G @D
O Pore O External Film
D O— Particles @ O— Particles

Micropore diffusion controlled Macropore diffusion controlled
— Mass transfer from bulk fluid — Mass transfer between bulk

to solid phase through fluid- and pore fluid phases via

particle interface external film on particle surface

with concentration gradient

— Linear driving force assumed
— Additional term: gas in pore

23



N. Joewondo

Sorbed Gas: SOL and POR models

Fractional uptake, m /m_ [-]
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Future Work

Measure high PT sorption simultaneously with acoustic & resistivity

Quantify errors in the approximation of average adsorbed gas phase

over wide range of pressure and temperature

Extend theoretical model to better represent physical process in shales
— combine macro- and micropore resistance to diffusion
— use measured sorption data for shales

Implement multilayer adsorption for macropores

Compare permeability of CO,, inert gas (N,) and water in fractured shale

Compile and compare permeability, acoustics, resistivity, and sorption data

25
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Milestones and Deliverables

Completion Date .
Task Description Deliverable
Reported | Actual |
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T3 M321  Eqlilibrium Adsorption Measurements
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Samples

6 M6.1 Sample Selection / Distribution 11/30/2015 Minutes of Meeting

5 M5.1 1/31/2016  4/30/2016 Report & Presentation



Gantt Chart

Gantt chart showing major milestones. The green color marks completed quarters
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Free Space Protocol

Measurement Protocol:

B

R O

Experiment starts with components at vacuum

Valve 6 opens

Valve 7 closed when transducer in the bath reads around a
predetermined valve

Readingin P2 and T2 is allowed to equilibrate, it reads Py
Valve 7 opens
Gas in RV expands in SV as well as sorbs in the sample

New Pressure reading in transducer after equilibrationis Py,

Number of free molecules in the system before Valve 7 opensis given by nq =

Number of free molecules in the system, after Valve 6 opens is given by ny =

Number of adsorbed molecules in the system s given by, n‘llds

=
U =
Sample vessel Valve _J

‘ Valve Actuator
Valve

Relief Valve 3%
0D

Valve Actuator

ﬁ ;
R _
\ = 9
L J 7
— z

. . z "4 9
Micro-metering Valve 1l

-
. =3 5 T

Vacuum/Vent

L cor ) {

Valve :\c(mlorﬂ fransducer 2 ™
l ‘ Valve Actuator

n 0

¥ L

Valve
\ ‘EJ Reference vessel
r -]

e —
LIL‘—Li Isothermal Bath

Prv1VRry

~ M

o

NRV
=
&
§ = Topump

o

NRV

I

————=—~- Charging Vesse

A

™ Line Filter

! From CO, Cylinder

- f—

Transducer 1

Thermocouple

Z(PRy 1T150)RT Iso

Psv1{Vry+Vry}

=ny— Ny

Z(Psy 1,T150)RT Is0
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Adsorption Cycle Protocol

Measurement Protocol: &
. . Valve
1. Experiment starts with components at vacuum A
Relief Valve g% 1 -
2. Valve 6 opens A UL g™
- . ﬂ‘ ol é—
3. Valve 7 closed when transducer in the bath reads around a T P &
predetermined valve in_;g;_a i -
4. Readingin P2 and T2 is allowed to equilibrate, it reads Pgy I““‘ I [ N .
5. Valve 7 opens L om0, Cyinder
Valve Actuator L X j*[_'l'mnsduccr 1
6. Gasin RV expandsin SV as well as sorbs in the sample L] L[ o PR
7. New Pressure reading in transducer after equilibrationis Pgy; e WU !

J Valve |
- Reference vessel

il "H*ﬁ

Isothermal Bath

, S Prv1Vry
Number of free moleculesin the system before Valve 7 opens is given by ny = ‘
Zp T RTI
(PRv,1.T1s0)™ " IS0
, I 1 _ Psva{Vey+Vry}
Number of free molecules in the system, after Valve 6 opens is given by n; =
Z(Pgy,1Tys0)RT1s0

ad

Number of adsorbed molecules in the systemis given by, n{** = ny — n} 32



Desorption Cycle Protocol

[x] This image cann

ot currently be displayed.
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Adsorption Cycle: 1st Data Point

______________________________________

Valve

1. Experiment starts with components at Vacuum . I
2. Assume opening Valve 4 introduces RV with gas, | [ | Bath Componénts
pressure of which is read as Py, 1by the transducer

| SV RV
—1 Valve I
* (alculated free molecules in the system
before Valve 5 opens: e Pry 1Vay TR TR T
€ =
L (PR, Tiso) 150 e d
ne =nf-ni®
From the known isotherm, Iterate the following o P& sy tVay)
to solve for the free molecule after Valve 5 < M = Z(p8, T1e)RTiso
le . v
opens, n,;~ and reading in transducerPgy ;: ;
nads _ Vmaxb PSV,l
1

L 1+bPS‘?V,1 34



Adsorption Cycle: 2" Data Point

1. Experiment starts with Valve 5 closed

* Calculated free molecules in the system

before Valve 5 opens: Pry 1 Vay

Z (PRV,l»TIso)RTISO

From the known isotherm, Iterate the following
to solve for the free molecule after Valve 5
opens, n;’e and reading in transducerPgy ,:

n; = P ik

e

<

ny

Valve

I
Q Bath Components

SV RV
| Valve |
P2 T2

/e ads ads

— e
n, =N; —ny;™ —Ny

he _ Py 2 Vs +Vey}

ZPSe'V’2,Tlso) RTISO

ads _ Vmaxb PSeV,Z
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Adsorption Cycle: it" Data Point

Valve 4 Valve 4 closed when
Valve 5 Closed > » P2readsarounda
opens :
predetermined value
When Valve 5 When equilibrate,
equilibrate, |« opens read P
reads Py, P RV

-

Number of free moleculesin the
system before Valve 5 opens:

PryiVey

ads
n; + ni_l

Z (PRV,i»TIso)RTISO

Number of free moleculesin the

system, after Valve 5 opens:

o Pgy i{VsytVey}
"z (PSV,i»TIso)RTISO

Bath Components

Number of adsorbed moleculesin

the system:

ads _ ! ads
n™=" =n;—n; - n;_4
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Erroneous Transducer Reading

* Modify the assumed pressure (ng,i) and calculated
pressure (va,i) values using the known transducer

accuracy (tError % = +e)

* Calculated free molecules in the system
PEy 1(1 £ &/100)Vzy

Z (PRV,l»TIso)RTISO

before valve 5 opens:

From the known isotherm, Iterate the following
to solve for the free molecule after Valve 5
opens, n;’e and reading in transducerPgy, ,:

ns =

______________________________________

Valve

I
Q Bath Components

— Valve I
—EH
n’e P2 T2

1
o

nz‘e = ng — ngds _ nilds

nl,e - PS?V,Z (1 T 9/100){V5V+VRV}

< : ZP §V,2'T150)RTI S0
ads — Vinaxb Psy o (1 £ ¢/100)
1

1 1+bP§,(14e/100)



Erroneous Transducer Reading

* Modify the assumed pressure (ng,i) and calculated
pressure (va,i) values using the known transducer

accuracy (tError % = +e)

* Calculated free molecules in the system
PEy 1(1 £ &/100)Vzy

Z (PRV,l»TIso)RTISO

before valve 5 opens:

From the known isotherm, Iterate the following
to solve for the free molecule after Valve 5
opens, n;’e and reading in transducerPgy, ,:

ns =

______________________________________

Valve

I
Q Bath Components

— Valve I
—EH
n’e P2 T2

1
o

nz‘e = ng — ngds _ nilds

nl,e - PS?V,Z (1 T 9/100){V5V+VRV}

< : ZP §V,2'T150)RTI S0
ads — Vinaxb Psy o (1 £ ¢/100)
1

1 1+bP§,(1+e/180)



Adsorption Isotherm Construction

Adsorptlon Cycle, )
Error Analysis Motivation: 2
ads 5 Desorption

* Obtain most accurate L =
Py, ngds - Adsorption

pressure readings Y s g

0

* Determine minimum g

accuracy needed for the £

pressure transducers Desorption Cycle, :

Adsorption amount §

. . 0

* Optimize amount of Py = H

sample P 5"’5 2

p ngies <

SV i

>

Pressure
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S. Kumar, M. Saleh, Y. Zhang

A Closer Look

 Pump and Cylinder not Shown
« Schematic is to Scale

Micro-metering Valve E

Valve Actuator

Valve Actuator

Relief Valve %@—

Valve Actuator

Valve

= NRV

>4
T §——— To pump

Transducer 2

Valve I
e

Vacuum/Vent

hE~

}

== Charging Vessel

Line Filter

From CO, Cylinder

~————f

|

T Transducer 1

Valve Actuator Thermocouple

Sample vessel Valve

2 r‘!?ﬂ
Ll
{ —*@

Valvi

e
Reference vessel

Isothermal Bath
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End of Presentation
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N. Joewondo

Equations of State

SOL POR

COSOL(VC V) +qoVs =c(V; = V) + qVy  Copop(Ve = Vp) + Co,Vp + qoVs = c(V. —Vg) +c,V, + qVg

_ o
dt dt VC _VS E= — VC—VB

2 iy =)

~ = kg — 4 dg dc= .
at vt S v, = k(e ~ 5V,

qr = f(c); langmuir
’ q= f(cp); langmuir

42
Improve equations presentation



