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Abstract

The migration of hydrocarbon fluids leakage
through cracks in the annular cement and CO>
storage is a major concern to the Petroleum
Industry. A significant risk is posed when
repairing leakage in a micro annuli channel with
smaller apertures. A low-viscosity sealant that
can create a long-lasting resilient seal is desired.
The solution to sealing these channels might lie
in a novel application using nano-silica Gel. In
this study, laboratory tests were carried out to
examine the capabilities of nano-silica gels to
seal these cracks. Analyzing its rheological
property, the gel strengths of nano-silica gels
were found to increase with an increase in nano-
silica concentration.

Additionally, it was discovered that as the
concentration of nano-silica rises, the sealing and
leakage pressures, defined as the pressures before
and after water breakthrough, respectively,
increase as well. With a typical 15%
concentration of nano silica in gel, a sealing
pressure gradient of 80.2 psi/in and a leakage
pressure gradient of 30 psi/in at a leaking rate of
1 cc/min were noted. To validate the validity of
the experimental results, a mathematical model
was developed to predict the leakage rate of
sealed fractures. The model suggests that the
young’s modulus of sealant is a key property of
nano-sealants and further investigations are
needed to validate the mathematical model for

guantitative use. This study suggests a novel
strategy for enhancing cement zonal isolation and
reducing cement failure's effects on the oil and
gas sector.
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Introduction

One of the most crucial activities in drilling
operations is cementing engineering. There are
many variables at play when a well fails. Because
of changes in the downhole environment, cement
is vulnerable to cracking during a well's life. It is
never acceptable to compromise the integrity of
the cement during drilling or production
operations. Leaks may develop at any moment
during the life of the well if the cement is not
properly completed and abandoned. Through
channels within the cement or between the
cement and its surroundings, fluids (water or
hydrocarbons) can migrate. When the wellbore
integrity is compromised, these channels form,
enabling formation fluids to move from the
formation to the surface. Water, gases, and
hydrocarbon compounds that escape through
cement pathways endanger people and the
environment.

Carbon Capture and Storage (CCS) has become a
key technology used for cutting CO emission to
the atmosphere to mitigate climate change.
However, the leakage of injected CO; is one of



the major environmental concerns. CO, leakage
through wells is one of the critical risks identified
in CO, sequestration operations (Duguid et al.,
2012; Zhang and Guo 2014; Duguid et al., 2016;
Guo, 2017). The leak is usually attributed to the
“flow behind pipe” which is referred to as fluid
flow through channels/fractures/cracks in the
annular space between well casing and formation
rock. The channels are usually caused by
insufficient placement of cement in the annulus.
The fractures/cracks can be induced by the cyclic
pressure and thermal loading in well operations
(Goodwin and Cook, 1992; Nygaard et al., 2011;
Weideman and Nygaard, 2014). Goodwin and
Crook (1992) analyzed cement sheath stress
failure in various conditions. CO; attack to the
cement sheath can accelerate the development of
the cracks (Nguyen et al., 2021; Zhang et al.,
2021).

The flow channels in the wellbore annulus can be
plugged using the conventional cement squeezing
technique because of the large cross-sectional
areas open for cement slurry to flow (Benge, 2009;
Hossain and Amro, 2010). Guo et al. (2017)
predicted radial cracks in cement sheath due to
casing internal pressure. Duguid et al. (2016)
found radial cracks of approximately 1/2-mm-
wide and 35- mm-deep in the sidewall-cores from
an actual cement sheath. These cracks are too
narrow to be sealed by cement squeezing because
of the high pressure required to inject cement
slurry of high viscosity. Recently nano-particle
solutions have been studied to seal the cracks.
Nguyen et al. (2022) performed a leak-off
assessment of nanoparticle-stabilized CO, foams
for fracture/crack applications. Olayiwola et al.
(2022) demonstrated promising properties of
nanoparticle-based gels to seal fractures in lab
conditions. However, gels are soft, and their
sealing performance depends on their mechanical
properties such as young’s modulus. It is highly
desirable to know the effect of gel mechanical
properties on its sealing performance under
different crack conditions.

Investigation of CO. leak rate through
fractures/cracks sealed by nanoparticle falls in the
study area of leak of seal with a gap. The fluid
flow through the gap is fundamentally described
by the Hagen—Poiseuille equation (Jousten, 2008).
Lorenz and Persson  (2009) presented
experimental result for the leak rate of a rubber
seal with rectangular cross-section. They
compared the result to a theoretical model
developed based on the percolation theory and
their contact mechanics theory. They found good
agreement between theoretical model and
experiment. Persson (2022) investigated fluid
leakage around a rubber seal with cylindrical
cross-section based on the percolation at the
rough contact area. Uniform fluid pressure
distribution along the gap was assumed in these
investigations. This assumption is not valid for
studying the fluid leak rate through
fractures/cracks sealed by nanoparticle because
the fluid pressure varies greatly along the
fractures/cracks of hundreds of meters long in the
axial orientation of wellbore.

An experimental set-up was used to look at the
ability of Nano-silica gel to stop fluid leakage
through channels in the cement. There hasn't been
much research done on crosslinked micro-use
gels in cement zonal isolation. Additionally, this
study will provide petroleum engineers with a
fundamental understanding of how to apply
Nano-silica sealer for wellbore integrity
applications. In this study, it will be examined
how the concentration of nano-silica affects the
gelation characteristics of the sealant, its ability
to block routes, and its capacity to stop leakages.
The laboratory investigations include rheological
testing, gelation time predictions, blocking
effectiveness, and mechanical properties.

A prior assessment of CO; leak rate through
fractures sealed by nano-particle gels was carried
out in this study based on experimental
investigation and mathematical modeling. It was
found that the CO; leak rate is very sensitive to



fracture/crack width and young’s modulus of gel,
influenced by fracture/crack height and CO;
viscosity, and controlled by pressure differential.

Materials and Methods
Materials

Nano-Silica Gel - Nouryon Pulp and
Performance Chemicals Inc. supplied the nano
silica used in this investigation. DI water and
sodium chloride from Fisher Scientific were also
used in this experiment. The nano silica utilized
has grains that are 50 nm in size. According to the
supply specification, the silica that is utilized is a
colloidal, agueous dispersion that is alkaline and
has a solids content of around 50%. The surface-
modified amorphous silica particles have a
negative surface charge. The silica particles have
a broad particle size variety, are discrete, and
have a smooth, spherical form. For optimal
performance as an emulsion stabilizer, the
particles' surfaces have been treated with silanes.
The dispersion physically resembles a white
liquid that is a little bit more viscous than water.
The material was used exactly as it was supplied
from the company, with no chemical changes.

Brine - A brine solution was prepared using
commercially available NaCl with a purity of
99.99 percent.

Cement Core - All the cement core specimens
used in this investigation were prepared with
Class H cement and distilled water. Using a gas
pycnometer, the specific gravity of the cement
was determined to be 3.18. X-ray fluorescence
spectroscopy was used to determine the chemical
composition of Class-H cement (XRF).

Preparation of Cement Paste - The cement slurry
was blended at room temperature using a bottom-
drive blender with two speeds. A precise amount
of water was poured to the blender, and dry
cement was added in a consistent manner. The
blender was then combined on low speed for

around 15 seconds. The blender was then covered,
and the mixing continued for an additional 35
seconds at high speed (APl RP 10B-2).
According to API specification 10A for API
cement Class-H, the cement slurry's
water/cement ratio (WCR) was 0.38. (APl 2010).

Fracturing the Cement Cores - A two-inch
diameter tube was filled with the cement slurry
inside, closed on one end, and left open on the
other for 72 hours to solidify, resulting in the split
cement cores. The cement core was taken out of
the pipe after it had hardened. The dry core was
then gently pressed against the tile-saw blade
while it was running to split it into two halves.
Using proppant or thin-metal plate, the two pieces
of the core are then separated by the necessary
fracture width, as depicted in Fig. 1.
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Figure 1: A cut cement core section.

(a) fractured core before gel placement, (b)
fractured core filled with gel,

Gel Preparation - A simple experimental
procedure was used to create silica gels at room
temperature using Nano silica concentrations
ranging from 15% to 40%, salt concentration, and
water, as illustrated in Figure 2. The required
concentration of nano-silica particles was
initially synthesized. The 3%-concentrated brines
were then added to the nano-silica particle and
given time to gel. The rheological and elastic
characteristics of the resulting gel particles were
then assessed using an Anton Par Rheometer.
Figure 2 a & b shows the appearance of the nano-
silica gel before and after gelation. An OFITE
900 Rheometer was used to examine how the
concentration of nano-silica affects gel's
rheological and sealing properties.
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Figure 2: Appearance of Nano silica gel
(a) Before Gelation (b) After Gelation

~

Nano silica particles are dispersed in a stable
inorganic aqueous solution as colloidal silica. It
is distinct from other organic solutions due to the
substance's ease of handling and environmental
friendliness. The solution exists in ambient
conditions as a low viscosity fluid, like water,
which is advantageous for simple pumping.
Colloidal silica is thought to gel because of
particle collision, bonding, and aggregation into
long-chain networks. pH, salts or cations, particle
concentration level and temperature can cause
Nano silica solution to gel. Hydroxyl ion (OH) is
drawn to the surface of silica in aqueous solution
and forms the silanol (Si-OH) group.

The salt solution injected during the gelation
process functions as an activator or accelerator.
The generated SiO group begins connecting with
Si-OH to produce the siloxane bond when an
activator is present. Finally, it is possible to
imagine that long chain siloxane linkages arise
while silica gelation takes place. Gelation
happens when silica particle aggregation leads to
the formation of a consistent 3D structural
network. When fracture is induced in the well
cement, it may generate either macro or micro
sized fracture depending on the degree of
fracturing effect. Regardless of the fracture size,
nano-silica dispersion can penetrate through the
size of fracture because of its initial low viscosity.

Methods

The gel's passage during the cement setting is
described in Figure 3. The apparatus consists of a
2-inch Core holder, two syringe pumps, and two
accumulators with pistons. A 0.05-inch proppant
was inserted between the two pieces of the broken
core to gauge the fracture's width. Then, to create
a complete core, the two sections are taped
together. Then, confining pressure is applied to
the core holder's rubber sleeve to stop fluid
leaking around the fractured core and to simulate
the confining pressure circumstances. Brine and
nano-silica gel were injected into the core-holder
through the accumulator. Pressure transducers
were installed at the cell's intake, middle, and
outflow to track the gel's performance along the
fracture.

The Nano silica solution and the brine were co-
injected in the laboratory core flooding test until
the gel was formed inside the fractured core. An
injection test was carried out after the cement
core's cracks had been sealed with nano silica gel.
The gel strength created by Nano silica imbedded
in cement cracks during injection prevented fluid
migration through the cracks until the gel lost its
sealing strength, at which point water started to
leak through. The pressure that Nano silica gel
develops to close the fractures is referred to as the
sealing pressure, whereas the pressure that
develops after breakthrough is referred to as the
leakage pressure.

The duration of the fluid blockage by Nano silica
gel is a function of the gel strength developed
during gelation process. This strongly support the
fact that colloidal silica gel has enough strength
to resist holdback pressure of reservoir fluid to
escape through the fracture. The fundamental
benefit of nano silica in maintaining well
integrity is that the gelation mechanism
accelerates in downhole conditions. The
production of gel may be sped up when the
solution enters the fracture aperture and meets the



cement surface due to the possibility of bivalent
Ca2+ leaching out of the cement.

To simulate the initial condition where the
cement concrete is already filled with formation
fluid (normally water) before the silica injection,
brine was pumped into the core-holder using an
accumulator. After the brine was in place, a
steady flow rate of 1 cc/min of nano-silica
particle gel was injected into the core-holder. The
gel injection was continued till the formed gel
was seen at the exit and the injection pressure
differential across the fracture was steady. The
injection pressure was measured with pressure
sensors, and the angle of gel propagation across
the fracture was monitored with a high-resolution
camera. To test the gel's water sealing
performance, brine was introduced into the gel
packed fracture after the gel was set in place. The
brine was injected at a continuous flow rate of 1
cc/min through an accumulator. The brine
injection was continued till the pressure of the
brine injection was stabilized. Pressure
transducers were used to record pressure data in
the testing period as shown in Figure 3.
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Figure 3: Experimental Set-up for the
Injectivity Test

Eqn. 1 is applied to calculate the fracture
conductivity during the injection test.

_8.036 qudL
Cr = D dP (1)

Where q (flowrate) in cc/min, p (viscosity) in cp,
dL(core length) in inch, D (core diameter) in
inch and Cy (fracture conductivity) in md-ft.
Eqn. 2 is used to determine the hydraulic
aperture of the fracture, B.

B =0.3937(>202)1 ()

In this equation, Hydraulic Aperture, B is
expressed in inches, Flowrate, Q in cubic
centimeters per minute, Viscosity, W is expressed
in centipoise (cp), Length of the core, L is
expressed in inches, Width, w is expressed in
inches, and the pressure drop, dP is expressed in
atmospheric pressure units (psi).

Results and Analysis.
This section summarizes experimental results of

tests for gel strengths, sealing pressures, and
leakage pressures of gels with different
concentrations of nano-silica. The gel's capacity
to plug cement fractures and reduce fluid
migration through fractured cement was
investigated using the Gel-Cement Plugging
Efficiency setup. Using Equations land 2, the
fracture conductivity and the hydraulic aperture
could be estimated.

Tab 1. Experimental result at different

flowrates
inj. Stabilized Cr (md- B

rate(cc/min)  Pressure (psi) ft) (inch)
1 75 0.54 0.073

2 113 0.71 0.081

3 173 0.69 0.08

4 265 0.61 0.076

Average 0.64 0.08

The gel injection pressure is shown in Table 1 for
various flowrates. The cement fracture that was
employed in this study has a diameter of 2 inches,



a length of 10 inches, and a width of 0.05 inches.
The pressure of the gel injection increases with
flowrate. The greatest flowrate of 4 cc/min was
used to reach the peak pressure of 265 psi. When
the flowrate was reduced to 3, 2, and 1 cc/min,
the injection steady pressure fell to 173, 113, and
75 psi, respectively. The Darcy law of flow,
which states that pressure drop increases as
flowrate increases, is supported by these data.
Average hydraulic aperture size and fracture
conductivity for the cement core were found to be
0.64 md-ft and 0.08 inches, respectively,
according to the results provided in Table 1.

Gel Strength — Figure 4 demonstrates that the
growth of gel strength is accelerated by
increasing the concentration of nano-silica. The
observed gel solution produced a gel strength of
504 100Ib/ft? for a 15% nano-silica concentration,
and when the nano-silica content was increased
to 40%, the gel strength increased to 8,492.6
Ib./100ft%. A saturation effect may be seen in the
leveling-off above the nano-silica concentration
of 35%. Due to the increased molecular weight
brought on by the nano-silica particles' presence
in the fluid, the gel's texture thickens as their
concentration rises. The hydroxyl groups
included in nano-silica particles' structure make it
easier to create a filler network in polymer chains
and increase gel strength. (Zareie, C. et al. 2019).
This is owing to the Nano-silica particle's
aggressive filler network, whose rheological
property increases as its concentration in the
solution increases (Havet G et al, 2003). This
increase in rheological feature raises the
corresponding gel strength by increasing the ionic
strength of the mixture solution (Gallagher &
Mitchell, 2002).

10000

8000

6000

4000

2000

Gel Strength (Ib/100ft2)

15 18 20 22 25 30 35 40

Nanosilica conc (%)

Figure 4: The gel strength versus nano-silica
concentration

Sealing and Leakage Pressures - Figure 5
displays the pressure curve for a fracture that was
sealed using a 15% concentration nano-silica
solution during the post-gel brine injection test.
The sealing pressure, or greatest point of injection
pressure, was 810 psi prior to brine breaching the
sealant. The strength of the sealant is determined
by this sealing pressure, which is equivalent to
802/10 = 80.2 psi/inch. Following the brine
breakout, the injection pressure dropped to a
steady leakage pressure of 300 psi. The flow must
be kept at a leakage pressure gradient of or 300/10
= 30 psi/inch. Therefore, the sealed fracture leaks
at a rate of 1 cc/min when there is a 300-psi
pressure difference.
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Figure 5: Pressure profile recorded during a brine
injection test.




The sealing pressures of gels with various
amounts of nano-silica are shown in Figure 6. It
demonstrates how the sealing pressure rises as the
concentration of nano-silica does. Under the 25%
nano-silica  concentration, the leveling-off
indicating the saturation effect is not visible.
Figure 7 depicts the leakage pressures of gels
containing different concentrations of nano silica.
It shows that the leakage pressure increases as
nano silica concentration does. There is no
leveling-off at a nano silica concentration of 25%,
indicating the saturation effect.
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Figure 6: The maximum sealing pressures for
nano-silica gels of different concentrations
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Figure 7: The leakage pressures for nano-silica
gels of different concentrations
Mathematical Modeling of Leakage Rate

Figure 8 depicts a process of fluid-channeling in a gel-
filled fracture. Due to the deficiency of gel placement

in the fracture, fluid can enter the fracture under fluid
pressure. Fluid squeezed into the gel-sealed fracture
compresses the gel and induces stress and strain in the
gel. The shrinkage of gel in the direction perpendicular
to the fracture is equal to the width of fluid channel:

we(x) = e(x)wy ©)

where we(x) is the channel width at point x, e(x) is the
strain in the gel at point x, and ws is fracture width
which is assumed to be constant. The strain is
expressed as

s(x) = T2 =12 4)

where s(x) is the stress at point x, p(x) is the fluid
pressure at point x, and E is Young’s modulus of gel
with nanoparticles. Substituting Eq. (4) into Eq. (3)
gives:

we(x) = Lp(x). 5)

Hagen—Poiseuille equation (Jousten, 2008) takes the
following differential form in consistent units:

dp(x) _ 12p v(x)
dx  wl(®) (6)

where the fluid velocity can be expressed as

wm=h£m (7)

where h is the height (or depth) of fracture which is
assumed to be constant. Substituting Eq. (7) into Eq.
(6) yields:

dp(x) _  12pQ
dx  hwl@) (8)



Figure 8: Fluid-channeling in a gel-filled
fracture. (a) fracture before gel placement, (b)
fracture filled with gel, (c) fluid squeezed into
gel-sealed fracture, (d) pressure-induced stress
in gel

Substituting Eqg. (5) into Eq. (8) gives:

dp(x) _ _ _12uE3Q )

dx hwg3p3(x)

which is integrated as

3
[y v @dp() = ~ T 52 [ dx (10)

where p; is the pressure at flow inlet point (x = 0), p2is
the pressure at flow outlet point (x = L), and L is
fracture length. The result of the integration is

48uE3QL
p1=[ph+ T (11)

This equation takes the following form in U.S. oilfield
units.

4| 4 , 0.144pE3QL

P1= [P+ (12)

3
hwf

where pressures p; and pz are in psi, dynamic viscosity
m is in cp, young’s modulus E is in psi, flow rate Q is
in ft¥/s, fracture length L is in ft, fracture height (or
depth) hiisininch, and fracture width ws is in inch. The
flow rate is solved from Eq. (12) to obtain:

_ 6.94hwi(pi-p3)
UE3L

Q (13)

Predicting the leakage rate with Eq. (13) requires
the data for young’s modulus of sealant, the nano
silica gel in this case. Unfortunately, this piece of
information is not found from literature. Figure 9
presents a sensitivity test of fracture leakage rate
against the uncertain value of Young’s modulus
of sealant. It indicates that the leakage rate
declines sharply with Young’s modulus
according to Eq. (13). If the mathematical model
is correct, the Young’s modulus of the nano-silica
gel should be about 3,050 psi for sealant with 15%
nano-silica gel presented in Figure 5.
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Figure 9: Model-calculated fracture leak rate
sensitized to Young’s modulus of sealant.

Conclusions

A series of tests were carried out in this study to
investigate the sealing properties of nano-silica gels
for sealing underground fractures/cracks near oil/gas
production and CO; sequestration wellbores. The
following conclusions are drawn.

1. A resilient Silica seal can be created at room
temperature by mixing Nano Silica solutions, Salt,
and Water.

2. Up to a concentration of 35% nano silica, the gel
strength of nano silica gels gets stronger with
increasing nano silica concentration. Above the
35% concentration, the line flattens out, illustrating
the saturation effect.

3. The concentration of nano-silica causes an increase
in the sealing pressure, which is the maximum
pressure before water breakthrough. Under the 25%
nano-silica  concentration, the leveling-off
reflecting the saturation effect was not seen. The
sealing pressure gradient is 80.2 psi/in when nano-
silica is present in gel at a typical concentration of
15%.

4. As the concentration of nano-silica increases, the
leakage pressure—defined as the pressure that
stabilizes after water breakthrough—increases.
Under a 25% nano-silica concentration, the trend
remains unchanged. To produce a leakage rate of 1
cc/min with a standard 15% concentration of nano-
silicain gel, a leakage pressure gradient of 30 psi/in
is needed.

5. To anticipate the leakage rate of sealed fractures, a
mathematical model was created. According to the
model, the leakage rate of a sealed fracture is

directly proportional to fracture height, fracture
width raised to the third power, pressure
differential raised to the fourth power, and
inversely proportional to fluid viscosity, Young's
modulus of sealant raised to the third power, and
fracture length.

6. The mathematical model's sensitivity analysis
shows that as the sealant's Young's modulus is
raised, the leakage rate of sealed fractures rapidly
decreases. To efficiently seal cracks, strong
sealants with high Young's modulus values need be
created.

7. Further investigations are needed to measure the
Young’s modulus of nano-particle gels and
validate the mathematical model for quantitative
use. Without further validation, the model may
only be used qualitatively for analyzing factors
affecting the sealing performance of fracture
sealants.
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Nomenclature

M — Dynamic viscosity, cp
B — Hydraulic Aperture, inch
Cr — Fracture Conductivity, mD-ft
CO, - Carbon dioxide
DP — Pressure Drop, psi
E — Young’s Modulus, psi
h — Fracture height, inch
L — Fracture length, ft
P — Fluid pressure, psi
P: — Flow inlet pressure, psi
P, — Flow outlet pressure, psi
PSI — Pounds per square inch
Q — Flowrate, ft3/s
% — Velocity, ft/s
W, — Channel width, inch
Wi — Fracture width, inch
X — Point Location, inch
€ — Strain in the gel, psi
— Stress, psi



References

API, R. P. 2013. 10B-2: APl Recommended Practice
10B-2, Recommended Practice for Testing Well
Cements. APl RP 10B-2.

Aravindan, V., and Vickraman, P. 200). A novel gel
electrolyte with lithium difluoro(oxalato)borate salt
and Sh,0s; nanoparticles for lithium ion batteries,
Solid State Sciences, Volume 9, Issue 11, November
2007, Pages 1069-1073. https://doi.org/10.1016/].
solidstatesciences.2007.07.011.

Benge, G. 2009. Improving wellbore seal integrity in
CO; injection wells, paper SPE 119267 presented at
the SPE/IADC Drilling Conference and Exhibition
held in Amsterdam, The Netherlands, March 17-19,
20009.

Carette G.G., Malhotra V.M. 1982. Early-Age
Strength Development of Concrete Incorporating Fly
Ash and Condensed Silica Fume, Canmet Report No.
MRP/MSL 82-102 Canmet, Energy, Mines and
Resources, Canada, Ottawa, 1982, p. 25.

Duguid, A., Butsch, R., Carey, JW., Celia, M.,
Chugunov, N., Gasda, S., Ramakrishnan, T.S., Stamp,
V., and Wang, J. 2012. Pre-injection Baseline Data
Collection to Establish Existing Wellbore Leakage
Properties, 11th International Conference on
Greenhouse Gas Technologies, Kyoto, Japan,
September 2012, Energy Procedia, 2013:37:5661 —
5672.

Duguid, A., Guo, B., & Nygaard, R. 2016. Well
Integrity Assessment of Monitoring Wells at an Active
CO2-EOR Flood. Energy Procedia, 114 (November
2016), 5118-5138.
https://doi.org/10.1016/j.egypro.2017.03.1667.

Duguid, A., Guo, B., and Nygaard, R. 2016. Well
integrity assessment of monitoring wells at an active
CO2-EOR flood, paper presented at the 13th
International Conference on Greenhouse Gas Control
Technologies (GHGT-13) held in Lausanne,
Switzerland, 14-18 November 2016.

Fu, C., Guo, B., Liu, N. 2022. Leak off assessment of
nanoparticle-stabilized CO, foams for fracturing
applications, Journal of Natural Gas Science and
Engineering, Vol. 100, 2022, No. 104493.
https://doi.org/10.1016/j.jngse.2022.104493.

Gallagher, P. M., & Mitchell, J. K. 2002. Influence of
colloidal silica grout on liquefaction potential and
cyclic undrained behavior of loose sand. Soil
Dynamics and Earthquake Engineering, 22(9-12),
1017-1026.

Goodwin, K.J., and Crook, R.J. 1992. Cement sheath
stress failure. SPE Drilling Engineering, 7(4), 291-

10

296. https://doi.org/10.2118/20453-PA.

Guo, B. 2017, Statistical Analysis of CO, Exposed
Wells to Predict Long Term Leakage through the
Development of an Integrated Neural-Genetic
Algorithm. Report to U.S. DOE for project DE
FE0009284. 29 July 2017.

Guo, B., Wei, N., Song, J., and Lee, J. 2017. Prediction
of the Maximum Allowable Bottom Hole Pressure in
CO> Injection Wells, Journal of Petroleum Science
and Engineering, Vol. 156, July 2017, Pages 575-581.

Guo, B., Zhang, P., and Liu, N. 2022. A Feasibility
Study of Injecting Nanofluids into Oil and Gas Wells
to Seal Cement Cracks. Energy Science and
Engineering (June 2022).

Havet, G., & Isayev, A. I. 2003. A thermodynamic
approach to the rheology of highly interactive filler-
polymer mixtures. Part [Il. Comparison with
polystyrene/nanosilica mixtures. Rheological
acta, 42(1-2), 47-55.

Hossain, M.M. and Amro, M.M. 2010. Drilling and
completion challenges and remedies of CO; injected
wells with emphasis to mitigate well integrity issues,
paper SPE 133830 presented at the SPE Asia Pacific
Oil &Gas Conference and Exhibition held in Brisbane,
Queensland, Australia, October 18-20, 2010.

Jousten K. 2008. Handbook of Vacuum Technology.
Weinheim: Wiley-VCH Verlag GmbH and Co., 2008.

Lorenz, B. and Persson, B.N.J. 2009. Leak rate of seals:
Comparison of theory with experiment. Europhysics
Letters (May 2009), 86, doi: 10.1209/0295-
5075/86/44006.

Nguyen, V, Olayiwola, O, Guo, B and Liu, N. 2021.
Well Cement Degradation and Wellbore Integrity in
Geological CO2 Storages: A Literature Review.
Petroleum & Petrochemical Engineering Journal
(July 26, 2021), Vol. 5, No. 3 DOI: 10.23880/ppej-
16000269.

Nygaard, R., Salehi, S., and Lavoie, R. 2011. Effect of
Dynamic Loading on Wellbore Leakage for the
Wabamun Area CO, Sequestration Project, paper
CSUG/SPE 146640 presented at the SPE Canadian
Unconventional ~ Resources  Conference  held
November 15-17, 2011 in Calgary, Canada.

Olayiwola, O., Nguyen, V., Yousuf, N., Baudoin, N.,
Liu, N., & Guo, B. (2022). Experimental Investigation
of Nanosilica Gel Properties for Well Integrity
Remediation. Energy & Fuels.

Persson, B.N.J. 2022. Fluid Leakage in Static Rubber
Seals,  Tribology  Letters  (2022), 70:31.
https://doi.org/10.1007/s11249-022-01573-8


https://www.sciencedirect.com/author/18433790600/vanchiappan-aravindan
https://www.sciencedirect.com/science/article/abs/pii/S1293255807001677#!
https://www.sciencedirect.com/journal/solid-state-sciences
https://www.sciencedirect.com/journal/solid-state-sciences/vol/9/issue/11
https://doi.org/10.1016/j.jngse.2022.104493
http://www.sciencedirect.com/science/journal/09204105/156/supp/C

Weideman, B. and Nygaard, R. 2014. How Cement
Operations affect your Cement Sheath Short- and
Long-Term Integrity, 2014 AADE Fluids Technical
Conference and Exhibition, April 15-16, 2014,
Houston, Texas. AADE-14-FTCE-20.

Zhang, P., Guo, B., and Liu, N. 2021. Numerical
Simulation of CO2 Migration into Cement Sheath of
Oil/Gas Wells. Journal of Natural Gas Science and
Engineering (June 2021)
www.elsevier.com/locate/jngse
https://doi.org/10.1016/j.jngse.2021.104085.

Zhang, X. and Guo, B. 2014. A Review of CO;
Behavior During Geological Storage and Leakage
Assessment, International Journal of Recent
Development in Engineering and Technology
(October 2014), Vol. 3 (4), 14-23.

11



