DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof. Reference herein to any social initiative (including but not
limited to Diversity, Equity, and Inclusion (DEI); Community Benefits
Plans (CBP); Justice 40; etc.) is made by the Author independent of
any current requirement by the United States Government and does
not constitute or imply endorsement, recommendation, or support by
the United States Government or any agency thereof.



DOE Award No.: DE-FE0032062

Acoustic Emissions Sensing for Tracing Carbon
Dioxide Movement in Caprock of a Carbon Capture
Utilizations and Storage System (CCUS)

Final Technical Report

Submission Date: May 31, 2024

Prepared by: Technical POC:

Battelle Memorial Institute Slawek Winecki, Ph.D.

505 King Avenue E-mail: wineckis@battelle.org
Columbus, Ohio 43201-2696 Phone: (614) 424 — 4154
Address

Prepared for:
United States Department of Energy
National Energy Technology Laboratory

50

l-//" - U.S. DEPARTMENT OF NATIONAL ENERGY
\WE ENERGY | TECHNOLOGY LABORATORY

s

Final Technical Report


mailto:wineckis@battelle.org

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

Final Technical Report



Table of Contents

Page
I o T [ o3 o o E PSP P PP RPPPPPPRRPPR 1
2. The core flooding APPArAUS. .......c.vvireeiriiiee e e esiiisseee e e e s re e e s seeee e e e sreeesssneeeeeessnneseeeessnneeeennees 4
3. ACOUSLEIC SENSOIS USE ....ciueieieieiiiiiieee sttt e e s sttt e e e s sttt ee e e s st e e e asbeeeeeeeanbbeeeesensbneeessneeeeennnns 5
4, RESUIS Of the TESES. .. it e st e e s ibneeee s 9
5. Conclusions and possible future work
6. Electronic files submitted with this repOrt............coviiiiiie i 15
LR TE3 (=] (=T o] =L PSPPSR PUPPRR 15

Final Technical Report
DE-FE0032062



1. Introduction

The overall objective of this research project was to develop a non-invasive acoustic-emission
(AE)-based technology that can accurately predict the location and movement of CO; through a
confining layer in a carbon capture, utilization, and storage (CCUS) system. Specifically, the aim
was to explore the feasibility of using the Haines jumps AEs as a passive method to track
movement of CO- in reservoirs used for CCUS applications.

The Haines jumps mechanism of pore filling was recognized by William B. Haines in 1920s [1-
3]. The effect takes place when a fluid enters pores of a porous medium and displaces other
fluid, or air, that previously occupied these pores. The driving force behind this mechanism is
the capillary forces that are significant at the microscopic scale. The Haines jumps effect plays a
decisive role during percolation and storage of supercritical CO- (scCO,) into underground
reservoirs [4]. Different velocities of the CO- front, together with differences between properties
of scCO, and brine, produce various displacement patterns and variable CO- saturation levels.
Figure 1 shows a typical flow regime diagram describing these effects during CO: injection
underground.
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Figure 1: Drainage displacement patterns during CO> underground storage for different Haines
jumps flow regimes (figure reproduced from [4]).

Haines jumps are sudden movements of fluids that release energy, which at least partially
dissipates in the form of acoustic emissions (AEs). Several research groups looked at this type
of AEs both experimentally and theoretically [5-8]. These studies considered a simple case of
water displacing air at ambient pressure and temperature. Typical experimental evidence of the
Haines jumps is documented by macro photographs showing sudden, jump-like, displacement
of one fluid by another. These photographs show the majority of pores that are completely filled
with one of the liquids, but almost no pores simultaneously containing both liquids. Figure 2
shows typical photographic evidence of this type of Haines jumps displacement. The models of
the Haines jumps effect explain this finding in terms of capillary forces, and energies, that favor
the sudden and complete filling of individual pores. In most cases several pores are filled at
once; approximately 10 pores per jump is being recognized as common [7].
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Figure 2: The Haines jumps displacement patterns observed during drainage of water from a
bed of spherical glass beads (figure reproduced from [8]).

Experiments with water penetration into porous beds of sand grains or glass beads produce
easily detectable AEs with frequencies in the order of few to few tenths’ kHz. Numerous AEs
can be recorded by acoustic sensors placed near the bed. Figure 3 shows the typical AEs
recorded during these tests.
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Figure 3: AEs recorded during drainage and imbibition of water from sand (figure reproduced
from [5]).
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It is reasonable to assume that the Haines jumps occurring in a CCUS setting generate similar
AEs as the acoustic signals observed at ambient conditions in water-air system. The underlying
mechanism of these AEs, mainly a micro-scale hammer effect happening during rapid filling, or
emptying, of pores with fluid with different surface tension properties is expected to be the same
for both systems. The Haines jumps effect is driven by surface tension and capillary forces,
therefore, should be independent of absolute pressure. The wetting properties of sc CO, and air
are similar since both fluids do not wet surfaces of sand or common minerals.

If the Haines jumps AEs are generated underground due to movement of CO, there should be
a way to use these signals as a method of tracking CO2 plum movements. Figure 4 shows the
general idea of how this method would work. Acoustic sensors, preferably position-sensitive
fiber type, would be installed in multiple wells penetrating the CO; storage zone. Detection of
Haines jumps AEs would determine locations of CO-brine interface, allowing for its tracking.

— * Advantages:

= Passive, long-term detection
Wells fitted with

_~" acoustic sensors method
= Allows detection of CO, plume
e Ty boundary detection and its
d D/x movement
/// Zones where Haines jumps o .
V. €O; plume AEs may be detected Cha"enges.

= Weak, noise-like AE signal

= Short distance detection due to
large frequency and small
amplitude

= Multiple sensing wells required

Figure 4: Proposed concept of CO; plume tracking based on the Haines jumps AEs detection.

Such a method would be attractive since it would be passive and could be applied at any time,
even decades, after CO- injection is complete. Since the number of generated AEs events is
theoretically vast, about one AE event per 10 pores [5, 8]), even very slow movement of CO»
front would be detectable. The AEs would be generated for CO, front advance and retraction,
similarly as in the water-air case where both water drainage and imbibition create AEs. Of
course, such a detection method would be very challenging due to the very small amplitude of
Hains jumps AE and their resemblance to noise signals. The large frequency, in the tens of kHz
range, will further reduce amplitude of these signals due to significant attenuation of acoustic
signals at these frequencies. The current acoustic detection hardware and industry approaches
focus on much stronger signals generated by during seismic testing or by microseismic events
and may not be suitable for detection of Haines jumps AEs that are much smaller in amplitude
and closer to a noise-driven detection limit. A change of testing approach would be needed to
accommodate measurement of such minuscule signals.
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2. The core flooding apparatus

Introduction of sc CO, into a rock sample requires a special high-pressure apparatus capable of
maintaining high pressure (above ~1,200 psi) and elevated temperature (above ~ 40 °C) that
are needed to reach supercritical state of CO.. In addition, the apparatus needs to provide
controlled flow conditions for both sc CO, and brine fluids. Figure 5 shows the apparatus, which
was used for this purpose. It is a custom-built core flooding apparatus intended for
measurements of core permeability using different flids. This unit was manufactured by DCI
Corporation (North Salt Lake, UT).
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Figure 5: The core flooding apparatus.

This core holder is constructed to hold a cylindrical core, 1.5” in diameter, 6” long. Figure 6
shows the core prior to testing. Note that the side of the core is sealed with epoxy to ensure
fluids enter and leave the core only through its two ends. This arrangement enabled controlled
introduction of fluids and formation of a slowly moving front between them — the condition which
is expected to produce the Haines jumps AEs events.
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Figure 6: The core being prepared for testing.

3. Acoustic sensors used

The core experiments carried out used several types of acoustic sensors. The use of multiple
sensors was not outlined in the initial work plan; however, it was necessary once the difficulty of
detecting Haines jumps AEs became apparent. The sections below describe the sensors that
were used.

The first sensor type was a P&S (Navy V) piezoelectric disk, which was feeding an oscilloscope
used for data acquisition. Figure 7 shows a core with two sensors of this type, one mounted
axially, second mounted radially.

Axial P&S

Figure 7: The core sample with two P&S (Navy V) sensors.

A sampling rate for the P&S (Navy V) sensors was 10 kilo samples per second (ksps) to 2000
ksps (2 Msps). The very large rate of data acquisition was enabled by an oscilloscope.
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The second sensor type was an Enhanced Distributed Acoustic Sensor (EDAC) shown in Figure
8. This sensor is prepared by wrapping a fiber around the core, which is prepped with an epoxy
coating to remove roughness of the exposed core. Once the fiber is wrapped, an additional
layer of El cast epoxy is applied to ensure proper coupling and fiber protection. This fiber is
enhanced by the vendor by inscribing low reflectivity periodic Bragg grating.

Figure 8: Enhanced distributed acoustic sensor (EDAS) mounted on a sample core.

The maximum sampling frequency for the EDAS was approximately 16 kHz, which may be too
low to detect the Haines AEs.

In the next attempt, an 80-micron polyimide fiber was wound around the core and used as the
cavity of a Mach-Zehnder interferometer. This arrangement is shown in Figure 9.
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Figure 9: The fiber wound around the core and used as an interferometer cavity.

The interferometer sensor was sampled at the 200 ksps rate.

The ambient condition tests with water-sand imbibition and drainage were carried out using the
American Scientific AS-1 hydrophone shown in Figure 10. This is an air-backed piezoelectric
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hydrophone that has high sensitivity and a bandwidth that matches the expected acoustic

emissions spectral content. Note that this type of hydrophone cannot be used at high-pressures
needed for scCO: tests.

AS-1 (Beneath
Sand)

Figure 10: The American Scientific AS-1 hydrophone used for ambient condition tests.

The next sensor used was a type 855 (Navy VI) piezoelectric disk. This sensor was used
externally, as shown in Figure 11, and imbedded into the core as shown in Figure 12. The
sensor was bonded to an aluminum interface disk and dipped in epoxy to isolate it from the
mineral oil environment inside the core holder confining space.

Figure 11: The type 855 (Navy VI) piezoelectric disk coupled externally to a core.
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_A"I'I'ype 855

Figure 12: The type 855 (Navy VI) piezoelectric disk embedded inside a core.

The next sensor type tested was the Fiber Optic Seismic Vector Sensor (FOSVS) sensor shown
in Figure 13. This sensor uses an optical fiber placed in a Michelson interferometer. The spring-
mass system provides a mechanical gain for acceleration signal (vibration). This sensor is part
of Paulsson’s downhole seismic sensor system.

Figure 13: The Fiber Optic Seismic Vector Sensor (FOSVS) attached to a core.

The next sensor was an Exelis PCMH-2 hydrophone shown in Figure 14. Exelis hydrophones
are not commercially available anymore as Harris Corporation bought Exelis to use the

hydrophones for Navy applications. They are great pressure-compensated, piezoelectric
hydrophones.
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Figure 14: The Exelis PCMH-2 sensor attached to a core.

The final, most refined, and most sensitive sensor was an optical hydrophone is a proprietary
design of Paulsson Inc.; therefore, it is not shown.

4. Results of the tests

The numerous tests carried out in this task failed to convincingly demonstrate the existence of
Haines jumps AEs in the sc CO2 + brine system. This outcome was not caused by experimental
factors. The ambient condition tests carried out with water penetrating sand detected clear
signal due to Haines jumps as shown in Figure 9. During this experiment, the amplitude of
acoustic signal was greatly increased once water started penetrating a bed of fine sand. The
test was carried out using American Scientific AS-1 hydrophone shown in Figure 10.
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Moment water was introduced
into sand bed.

Figure 15: Haines jumps AEs observed at ambient condition during water penetration.

1. This effect was not reproduced for the sc CO2 + brine high-pressure system. The best
illustration of the issue are the experiments carried out with the most sensitive
interferometer detectors used. Since the expected frequency of Haines jumps AEs is in
the tens of kilohertz range [6-8], the acoustic data is collected at the frequency of 200
kHz. The following data analysis procedure was used in these tests:

e Frequencies below ~2-3 kHz and above 99-100 kHz were eliminated by software filter.
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e The signal was divided into five frequency bands:
o 2-20 kHz
o 20-40 kHz
o 40-60 kHz
o 60-80 kHz
o 80-100 kHz
e Absolute value of collected signal is calculated.
e Average value of signal amplitude is calculated for each one-second period.
e A base 10 logarithm is calculated for each average value.

The above data analysis procedure captures the expected main characteristic of the Haines
jumps AEs — apparent increase of AE signal amplitude during passing of COz-brine front
through a porous core. In addition, an external microphone was placed outside of the core
holder and its signal was collected simultaneously with the acoustic sensor output. Acquisition
of the microphone signal contributed to analysis of the collected results, specifically it provided a
record of external acoustic background.

Figures 17-19 show results obtained with a high porosity Liver Rock core. Figure 16 shows a
cross section of this core and lists its characteristics.

¢ Liver Rock is from the Berea Sandstone family
which is a classic sedimentary rock primarily
comprised of primarily of quartz, some sand-sized
minerals, and held together by silica

¢ Permeability: 900-1200mD
* Brine Permeability: 500mD
* Air permeability: 900mD

* Porosity: 23-26%

* UCS (Unconfined Compression Strength): 3000-
3800 psi

* Homogeneous: Yes
* No visible laminations
* Formation: Upper Devonian

* Perm by: N2

Figure 16: Cross section and characteristics of the Liver Rock core.

The March 14" experiment (shown in Figure 17) does not show any significant change of
acoustic signal amplitude that could be correlated with changes of flow type.

The April 2" experiment (shown in Figure 18) shows a clear reduction of the acoustic signal
between the time CO: injection started (11:14 am) and the time of CO- breakthrough (12:30
pm). This change is observed only for the lowest frequency window, 2-20 kHz. These results
suggests that the larger signal amplitude, observed at other times, could be due to the Haines
jump AEs effect. However, this appears to be a one-time effect, which was not seen during the
March 14" experiment.
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The April 3™ experiment (shown in Figure 19) does not show significant changes of acoustic
signal that would be collated with the change of fluid type.

The only conclusion, which can be drawn from the three experiments carried out with the Liver
Rock core is that the Haines jumps AEs were not detected.
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Figure 17: Results of the March 14, 2024, experiment carried out with the Liver Rock core.
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Figure 18: Results of the April 2, 2024, experiment carried out with the Liver Rock core.
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Figure 19: Results of the April 3, 2024, experiment carried out with the Liver Rock core.

The second core type teste, using the high-sensitivity optical interferometer hydrophone, was

the Kentucky sandstone. Figure 20 shows a cross section of this core and lists its

characteristics. Figures 21-22 show results obtained with this core. This rock has a much lower

permeability as compared with the Liver Rock.

* Nominally 1.5 D X 6" L

* Brine Permeability: 0.1 —4 mD
* Porosity: 14-19%

* 24-33 ml Pore Volume

* UCS (Unconfined Compression Strength): 5000-
7000 psi

* Homogeneous: Yes
* No visible laminations

* Perm by: KCI

Figure 20: Cross section and characteristics of the Kentucky sandstone core.
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Figure 21: Results of the May 2, 2024, experiment carried out with the Kentucky sandstone

core.
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Figure 22: Results of the May 3, 2024, experiment carried out with the Kentucky sandstone
core.
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The May 2™ experiment (shown in Figure 21) shows a slight increase of amplitude of low
frequency signal (2-20 kHz) between 13:10 and 14:20, however, this change does not correlate
with changes of fluid type.

The May 3™ experiment (shown in Figure 22) produced two short periods of increased AE signal
amplitude: 10-20 mins after start of CO; injection, and immediately after brine injection. This
result could be an indication of the Haines jump AEs effect. However, this again appears to be a
one-time effect which was not seen during the May 2" experiment.

The conclusion, which can be drawn from the experiments carried out with the Kentucky
sandstone is identical to the outcome of tests with the Liver Rock, namely that the Haines jumps
AEs were not detected.

Table 1 summarizes the results obtained with the high-sensitivity optical fiber interferometer
detector.

Table 1. Summary of experiments carried out with the [proprietary high-sensitivity fiber
optic interferometer hydrophone.]

Brine & CO2: 1 ml/min No significant variation of AE
March 14, 2024 (constant flow mode) ’ amplitude
Liver Rock brine: 3 ml/min Significantly reduced AE
» permeability: 900 - April 2, 2024 COz2: 1 ml/min amplitude between CO:2 injection
1,200 mD (constant flow mode) start and CO2 breakthrough
* porosity: 23-26% brine: 3 ml/min

No significant variation of AE

April 3, 2024 CO2: 1 ml/min e e

(constant flow mode)
Brine & COz: variable flow, Periods of lower and higher AE

May 2, 2024 <0.1 ml/min amplitude that are NOT
Kentucky sandstone (constant pressure mode) correlated with type of fluid
* permeability: 0.1- Increase of AE amplitude during
4 mD Brine & COz: variable flow, two periods (2-20 kHz range):
« porosity: 14-19% May 3, 2024 <0.1 ml/min » 10-20 mins after start of CO2
(constant pressure mode) injection

+ after brine injection

5. Conclusions and possible future work

The main conclusion of the core flooding tests is that the Haines jumps AEs effect was not
observed in any of our experiments carried out in the scCO; high-pressure environment. The
reason behind this outcome has not yet been determined. Physics suggests that this effect
should be independent of absolute pressure since it is driven by capillary forces and differences
in surface tension coefficient.

Detection of the Haines jump AEs signal is very challenging since this signal has noise-like
characteristics consisting of numerous small amplitude events. This type of effect can be
detected in an environment with sufficiently high signal to noise ratio. Our experiments did not
provide such conditions since the high-pressure apparatus included several pumps,
compressors, etc. These components increased the acoustic background.

Future efforts to detect the Haines jumps AEs should include changes of the experimental
procedure as follows:
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* A larger confining space around the core should be used to allow the use of more
sensitive sensors. The current core holder design limits the sensor size to about 2”.

* The core holder should be isolated from the flow system. For instance, a new core
holder can be vertically mounted and isolated in vibration isolation mounts.

» Sources of acoustic background should be better controlled. Tests carried out during
night would significantly reduce external noise.

6. Electronic files submitted with this report.

The following electronic files are submitted as appendices to this report:
e The Excel file COR.Test.Matrix.January.2023.to.May.2024.xIsx containing:
o List of core tests carried out, including parameters used during testing.
o List of cores used.

e Power Point presentations describing core tests and their results (51 files)
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