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Abstract:

After long-term underground storage of CO» gas, leakage generated from the cement annulus in
the wellbore system is often detected due to unbalanced pressure, chemical attack, etc. In this
paper, nanoparticle injection technology is introduced to inject different types of nanoparticles
into the cementitious material for repairing the leakage paths through electrochemical means.
The pressure vessel is designed and built to provide a realistic underground environment with
high pressure and high temperature. The testing results are evaluated by the saturate-drying
method, charge-passed method, and X-ray microscopy (XRM) test. The results consistently show
that all types of nanoparticles tested in this paper can be successfully driven into the cement
annulus within the wellbore system. The pressure (6.89 MPa) and temperature (80 °C ) in the
pressure vessel, and the surrounding rock can directly affect the injection effectiveness. The
nanoparticle injection technology is proven to be beneficial to the cracked cement annulus for

preventing the leakage of CO; gas through the lab-scale wellbore system.
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1 Introduction

To control the total amount of greenhouse gases in the atmosphere, CO, emissions must be
controlled. Among available methods to control the emission of CO2, using a borehole to store
the CO2 has proven as one of the most effective techniques [1,2]. A borehole is often a wellbore
system that is mainly comprised of three parts: the steel casing, the cement annulus, and the rock
surrounding. The wellbore system is shown in Fig. 1. After the operation, the borehole is
cemented. The cement slurry is premixed on site and poured into the steel casing through which
it reaches the bottom of the well and moves up to fill the space between steel pipe and rock
formations [3]. The hydrated cement can help to provide zonal isolation and improve transport
efficiency [4]. This cementing process requires the cement in the borehole system to be light,
fluid, and highly resistant to the underground environment. To achieve this type of cement
behavior, the API standard 10A [5] provides a specific guide for different classes of oil well
cement: A, B, C, D, G, and H. According to the data collected by the Society of Petroleum
Engineers (SPE), more than 80% of the wellbore projects in the U.S. adopted Class G and Class
H cement due to their high-fluidity and high-temperature resistance [6]. Worldwide, the most
commonly used cement is Class G cement with over 95% of the wellbore project application
because of its finer size than Class H cement [6]. After a long-term installation of a wellbore
system, the CO; stored underground has the potential to leak because of degradation of the thin
and fragile cement annulus, the carbonation reaction of cement [7, 8], the corrosion of steel
casing, etc. [9, 10]. Among these factors, the cement annulus outside the steel casing is the

weakest point and is highly likely to leak, see Fig. 2 [11, 12].
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Figure 1 Well borehole system (a) side view (b) top view (Cross Section)
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Figure 2 Possible leaking pathways for underground CO; storage [14]

Several repairing methods for leaking boreholes have been investigated and developed. The
Electro-migration method is one of them [14]. This technique was first developed as an effective
method for extracting harmful ions out of the concrete in reinforced concrete structures by using
an external current. It was initially invented as part of the rapid chloride penetration test (RCPT)
in 1981 and later accepted as an ASTM standard C1202 [15-17]. Based on this standard, the
concentration of harmful ions in concrete can be measured, especially chloride ions, which can

cause steel corrosion in concrete and cracking of concrete cover due to the accumulation of rust.
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In the standardized test, the concentrations for the solutions are 3% sodium chloride and 0.3N
sodium hydroxide by mass. In recent years, this technology was further re-developed such that
beneficial particles could be driven into cementitious materials with the application of electrical
potential. One successful case was to drive nanoparticles into the cement disc samples [14],
shown in Fig. 3. It can be seen from the figure that the testing cell includes two compartments
that are connected by an external power. Compartment 1 (left-hand side), is called the “upstream
chamber”. The anions in the solution in compartment 1 are injected into the cementitious
material driven by the external current. In compartment 2 (right-hand side), the solution is
sodium hydroxide which is the same as in the ASTM standard. Different nanoparticles were
tested in the desktop unit device with the electron-migration method: different sizes of nanosilica,
and nanoalumina, etc. In the previous test results [14], the nanoparticles were successfully

injected into the cement disc, which proved the feasibility and effectiveness of this technology.

Chamber with
nanoparticles

Chamber with
NaOH

| Disc sample

------- Mesh electrode

RN R TR R RR RN RN

L@ !
DC power source

Figure 3 Electro-migration chamber used for nanoparticle injection test [14]

Although the electro-migration test method has been successfully developed using the desktop
unit and well cement specimens [14], it has not been used in a realistic underground borehole
environment. The objectives of this study are to develop a realistic testing system to simulate an

underground borehole system and to use it to determine the application potential of this
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technology in a borehole system in a deep well. To simulate the underground environment, the
well cement samples must be cured under more realistic environmental conditions with their
original shape and size. Therefore, a lab-scale wellbore system was designed and developed
which can provide underground environmental conditions such as high temperature and high
pressure in the borehole system for an underground CO: storage formation. It should be
mentioned that “lab-scale” means only a short section of the borehole system can be tested in the
lab. The steel casing and the surrounding well cement are full scales as in an actual borehole
system. After the system was designed and constructed, specimens made of oil well cement were
placed in the simulated borehole system under high temperature and/or high pressure and then be
used for testing the nanoparticle injection technology developed based on the electro-migration
unit system. The temperature effect and pressure effect on the effectiveness of the injection

technology can be studied systematically.

2 Design and Development of Lab-scale Wellbore Test System

To provide the underground environment in the lab, a literature review for the temperature and
pressure range in the borehole environment was conducted firstly [18-22]. The temperature and
the pressure underground depend on the depth, and the pore pressure of the layers drilled which
may vary according to location. Usually, deep wells can be found with high pressure and shallow
wells with low pressure. The same situation is true for the temperature. The summary for the
literature review of the temperature and pressure ranges is listed in Fig. 4 and Table 1. From the
data collected, in 1 km depth underground, the hydrostatic pressure is about 9 MPa and the

temperature is around 62°C.
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where Pmin is the minimum pressure, Pmax is the maximum pressure, Payg is the average pressure,
Tmin 1S the minimum temperature, Tmax is the maximum temperature, and Taye is the average

temperature.

Two available testing systems were considered as the design references: ultrasonic cement
analyzer and precision pump system from Chandler Company [23] and well cement testing
system from Halliburton Company and Columbia University [24]. The first system is composed
of a UCA (ultrasonic cement analyzer) and a precision pump. The UCA can measure the
compressive strength and the chemical shrinkage of well cement under elevated temperatures
and pressures. The maximum curing temperature can reach 316°C and the pressure can reach
138 MPa with very high precision (+ 0.004 MPa). It is a desktop testing system, and the typical
size of a sample is quite small (65 mm height and 45 mm width). The second system was
designed and developed through a collaborative project between Halliburton Company and
Columbia University [24]. The system can measure the tensile strength and the chemical
shrinkage of well cement under elevated temperatures and pressures. The setup is specially
designed and is composed of 4 identical curing cylinders, which can test four samples at a time.
Heating is realized by heating tapes wrapped outside the cylinders. A series of tests were
conducted up to the temperature of 60°C, with a hysteresis of 2.8°C, and the pressure can go up
to a pressure of 13.1 MPa. The size of the sample is around 170 mm in height and 50 mm in
diameter. However, with a small size sample, it is difficult to inject the charged nanoparticles
into the pores and fractures of the cement annulus which is important for testing the repair
effectiveness of the wellbore system. Additionally, the steel casing and rock boundaries play an
important role in the development of cracks and defects in the cement sheath [25]. Therefore, a

test system should include full-scale cross-sectional geometry of steel casing, surrounding



120

121

122

123

124

125

126

127

128

129

130

131

132
133

cement layer, and rock boundaries. This full-scale wellbore system can provide two new

features:

(1) A 100% scale steel casing and cement annulus. A section of a real borehole system is used as
a sample, which can provide a realistic testing condition for the new injection technology, and

boundary conditions between the well cement and steel, and between cement and rocks.

(2) Real size cement annulus that allows the actual scale of injection devices to be installed on

the cement samples, and thus the selected nanoparticle solutions can be used for testing.

The final drawing of the pressure vessel is shown in Fig. 5. The final design of the major vessel
dimensions is 1.4 m in diameter and 3 m in height. The pressure vessel has been designed to
comply with ASME Sec VIII, BPVC with a safety factor of 3.5 to carry 14.2 MPa internal

pressure and 90 °C temperature [26]. Because of the safety concerns, the temperature and

pressure were set up to 80 °C and 6.89 MPa, respectively.
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Figure 5 Pressure vessel (a) design (dimension in mm) (b) outlook

The concrete hollow cylinders were constructed to simulate the rock surrounding in a borehole
system. A large (61 cm in diameter) concrete hollow cylinder was built as a model of the rock
formations in a deep well. The cylinder was designed to fit in the pressure vessel (Fig. 6). The
inner diameter (35.6 cm) of the hollow cylinder was designed to fit the steel casing tube and
cementing sheath using the real dimensions in a well (Fig. 9). A ready-mix concrete design was
adopted (Table 2). The average strength (according to the supplier) of the concrete was 38 MPa
at 30 days. The compressive strength of a usual intact hard rock varies in the wide range of
30-400 MPa [27]. Depending on the crack and slip systems in the rock, the effective strength of
rocks is usually at the lower limits. Thus, the concrete strength of 38 MPa is a reasonable value

to match the mechanics of the real rock confinement conditions [28].

14"

721

48"

Figure 6 Casting hollow cylinders

Table 2 Concreate mix proportions (from the producer)

Varies Perm®  Units
Cement 174 kg
Fly Ash 44 kg
Sand 416 kg
#89 Agg. 78 kg
#56/57 Agg. 560 kg

10



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

AEA 0to 181 ml 97 ml

HRWR 0 to 2263 ml 927 ml
Hyd. Stab. 0to 181 ml 0 ml
NCA 0to 723 ml 0 ml
Water 86 kg

3 Materials and methods

3.1 Materials

The cement used in this study is the Class G cement from API standard. Based on the previous
successful experiences of nanoparticle injections [14], three representative nanoparticles were
selected for the tests using the newly-designed test system. The three nanoparticles are colloidal
nanosilica solution (CNS), nanoalumina, and nanogel. Table 3 and Table 4 list the material
parameters for three different nanoparticles used in this paper. The nanosilica and nanoalumina
are commercial products and nanogel is lab-mixed. Both nanosilica and nanogel have a negative
surface charge and nanoalumina has a positive surface charge.

Table 3 Material parameters of nanosilica and nanoalumina [14]
Nanoparticles  Size Weight % Manufacturer

AL O3 50 nm 20% Alfa Aesar®
Si0» 22 nm 40% Sigma®

Table 4 Mix design of nanogel [29]
Acrylamide (g)  Acrylicacid (g7  Methylene bisacrylamide (mg) Water (g)
20 10 1.5 300
3.2 Mix design

The mix design of well cement followed the API 10A Standard with a water to cement ratio of
0.44. In reality, the high porosity of cement was generated due to the high-speed transport into
the underground wellbore system. To simulate this property, the specified high-speed mixer was
used to prepare the cementitious materials. After mixing, the cement slurry was covered with

plastic wrap to keep moisture and demolded after 24 hours. The demolded cement annulus with a

11
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steel casing was transferred into a water bath at 38°C and atmospheric pressure for 48 hours.

After 48 hours, the samples were ready for testing.

3.3 Experimental methods

Different nanoparticle injection tests were designed to make sure all parts of the new testing
system work properly and examine the capability of the nanoparticle injection technology within
a realistic wellbore system. Firstly, the injection path of nanoparticles was optimized and
selected in different ways. This optimization process can help to improve the efficiency of
nanoparticle injection. To consider the environmental conditions underground, different tests
were further developed to use the three nanoparticles with different environmental testing
conditions: sample cured under room temperature and atmospheric pressure, sample cured under
80°C of temperature only, sample cured under 6.89 MPa of pressure only, sample cured under
both 80°C of temperature and 6.89 MPa of pressure. After the temperature and pressure effects
were selected, the lab-scale prototype test was conducted with the full-scale wellbore system.
The improvement of the resistance of water permeability of samples with injected nanoparticles

is later examined by X-ray microscopy (XRM).

3.3.1 Preliminary study on selecting the nanoparticle injection path

In the first test, commercial cylindrical forms for concrete piles were used as molds for casting
well cement surrounding the steel pipe. The diameter of the form is 30.5 cm which is close to the
real size of a cement annulus in the wellbore system. A long steel well pipe was cut into around
14 cm sections. The outer diameter of the steel pipe is 17.8 cm. This setup can be used to
simulate a short section of steel casing in an underground borehole. The purpose of the cut was

to reduce the weight of the experimental setup so that the steel pipe and surrounding cement

12
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could be handled. Before casting the cement into the mold: the lubrication oil was brushed onto
the surface of the steel pipe and the mold, which could assure easy demolding after the test for
analysis; the cross-section (the cutting edge) of the steel pipes was sealed with insulation tape to

make sure the charge path for the nanoparticle injection is clearly defined.

Figure 8 Injection I setup Figure 9 Injection II setup

In a borehole system, the experimental setup shown in Fig. 3 for the desktop nanoparticle
injection method must be modified. The injection must focus on a section or a part of well
cement that is damaged and thus models a leakage area. The positive and negative chambers are
still needed for the underground injection, and the question is how to place them in a borehole
system for leaking repair. To this end, two injection setups were designed and developed in the

first test.

The injection I setup is shown in Fig. 8. The electric current was driven in the vertical direction
between the two chambers, in this case, created by two funnels connected with a plastic pipe to
increase contact surface area. The two funnels were glued onto the top and bottom surfaces of the
cement sample. The injection circuit was only focused on one part of the sample and not the
entire cement ring. This is a more realistic situation because, in practice, only the potentially
leaking part of the cement would be repaired. The top chamber was filled with 22 nm CNS

solution connected with the negative polarity and the bottom-funnel was filled with 0.3N NaOH

13
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solution connected with the positive polarity. With this setup, the nanoparticles can be driven

from the top of the sample to the bottom with 60 V of externally applied volts.

Injection II setup is shown in Fig. 9. Similar to the Injection I method, the test was only focused
on the part of the cement wall. One funnel was glued on the side surface of the cement wall.
Wires connected with the negative polarity were submerged into the CNS solution. On the other
side, the positive polarity was directly connected with the steel pipe treated on the surface, so the
part of the steel casing is considered as a highly conductive path for the charges. Therefore, the
nanoparticles were driven in the horizontal direction from the outer surface of the cement wall to

the inner surface (to the steel casing).

The testing time was set to 100 hours. After the injection process, the injected part of the cement
wall was cut to measure porosity changes using the saturate-drying method according to the
ASTM C830 standard [30]. Each sample was submerged underwater in a vacuum vessel for 24
hours to achieve saturation. The weight of a saturated sample in the air was measured first, which
is called the saturated weight, W. Then, a hook scale was used to measure the weight of the
sample underwater, which is called suspended weight, S. W-S is the weight of water of the
volume displaced by the sample with irregular sample shape. So, the volume of the specimen can

be calculated from Equation 1, where pwaer = the density of water.

w-S

V,cm3 =

)

Pwater

The next step was to measure the weight of the sample under oven-dry conditions, Wop. All the

slides from the sample at different distances from the injection point were put into the oven with

14
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80 °C for 7 days. W-Wop = the weight of water in pores, and (W-Wop)/ pwateer = the volume of

pores. Finally, Equation 2 can be used to calculate the porosity of each slice.

W—WOD

Porosity = Lwater (2)

Vsample

The test data of the porosity was used to obtain a porosity profile from the injection point for
each testing condition. The porosity profiles were considered as an indicator of the effectiveness
of the injection method. The test data obtained from the slides without injection treatment was
used as the baseline data and compared to the data with injections. Since this is the first test
under room temperature and atmospheric pressure, only CNS particles were used. The samples
from the two injection setups were evaluated and compared to determine which injection process

is more efficient for use in the following tests with high temperature and high pressure.

3.3.2  Influence on the effectiveness of nanoparticle injection of high temperature/high pressure
In total three tests in this section were provided to analyze the effect of high temperature and
high pressure on the nanoparticle injection process: a test under high temperature only, a test
under high pressure only, and a test under both high temperature and high pressure. For each test,

three different types of nanoparticles were considered: nanosilica, nanoalumina, and nanogel.

To find the temperature effect on the nanoparticle injection, a relatively high temperature of 80°C
was provided, which is referred to as the real underground temperature [18-22]. The sample for
the high-temperature test was prepared the same way as in the first test. Then, the sample was
transferred into the pressure vessel which was filled with water. The sample was placed in water
and high temperature for 48 hours. The temperature of the water in the pressure vessel reached

80 °C in 5 hours. A temperature gauge installed on the pressure vessel was used to monitor any
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temperature variations. After high-temperature curing, the sample was taken out of the pressure
vessel. The injection I process shown in Fig. 8 was used to injecting three different types of
nanoparticles as mentioned above. The same injection parameters were used in this ‘high
temperature’ test as in the first test under room temperature. After the injection, the surrounding
cement was cut into several slices. The porosities of the cement slices and penetration depth of

the nanoparticles were measured by using the same saturate-drying method.

To evaluate the pressure effect on the effectiveness of nanoparticle injection, relatively high
pressure of 6.89 MPa was applied in the pressure vessel. This pressure is referred to as the real in
an underground environment at 700 meters [18-22]. The same size of the cement sample was
prepared for the high-pressure test. After the sample was transferred into the pressure vessel,
which was filled with water, the pressure vessel was sealed and pressurized to 6.89 MPa. The
sample was in the vessel with high pressure and room temperature for 48 hours. After that, the

sample was taken out of the vessel for the nanoparticle injection process.

To simulate the simultaneous high temperature and high-pressure conditions and examine their
coupling effect on the injection technology, the third test was conducted. After 24 hours of the
hydration process, the sample was transferred into the pressure vessel filled with water. The
vessel was sequentially heated and pressured. This sequence was necessary because the high
temperature could increase the pressure in the vessel before the pressure pump is turned on. After
the high temperature was reached, the pressure vessel could be pressurized to 6.89 MPa. After 48
hours at high temperature and high-pressure treatment, the sample was taken out from the vessel

for the injection process with the different nanoparticles.

3.3.3 Lab-scale Prototype Test

16
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The objective of this prototype test is not only to simulate the real environment and geometry
conditions of an underground wellbore system with a steel casing and surrounding well cement
but also to check the influence of the surrounding rock formation simulated by the concrete
cylinder. After the high temperature and high-pressure coupling test, a full-size wellbore system

was built and tested with nanoparticle injection.

As discussed in Section 2, the cast concrete cylinder was used to simulate the rock surrounding.
The well cement was cast in the middle between the concrete surrounding and steel casing,
shown in Fig. 10. After curing under high temperature and high pressure for 48 hours, cement
cylinders were drilled out from the cement annulus with a coring drill, shown in Fig. 11. Four
cylinders were collected from the drilling process with 12.7 cm long and 7.6 cm diameter. Three

of them were used for the following injection process, shown in Fig. 12.

Figure 10 Sample took out from the vessel Figure 11 Coring samples from the cement

17
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Figure 12 Samples prepared for injection

3.3.4  Effect of nanoparticle injection by XRM test

The injected nanoparticles driven by electric fields are assumed to agglomerate in the porous
space and microcracking network in the well cement sheath, so the injection technique is
expected to help reduce the transport of fluid phase in the well cement of the borehole structure.
The efficiency of the nanoparticle injection technique is further examined by an X-ray
microscopy (XRM) test. Two small cylinders with a diameter of 1.3 cm were cored out from the
above specimens with a coring drill head. One is from an un-injected specimen and the other is
from the nanoparticle-injected specimen with colloidal nanosilica solution (CNS). The XRM
technique can image the 3D microstructure of the specimens in an intact manner and provide
temporal and spatial profiles of the fluid transport in the cement material. As shown in Fig. 13,
the effectiveness of the nanoparticle injection technique is examined by comparing the difference
in the water uptake rate in an un-injected and a nanoparticle-injected specimen immersed in

water.

18
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Figure 13 The sketch of the fluid transport to be imaged over time
For the XRM test, a clear cylinder mold was glued to the sample holder. The small cylinder
specimen was put in the center of the sample holder to conduct the first scan for the dry status of
the specimen. Then a thin layer of water (2 ml) was added to the bottom of the container. As the
cement sample gradually took up the water from the bottom of the container, two successive
scans were conducted for the wet specimen, which corresponds to early wetting age and later
wetting age. The same XRM test procedure was repeated for the two specimens, one un-injected
and one injected with nanoparticles. The clear sample container and the images of a dry scan and

wet scan are shown in Fig, 14. The XRM settings are given in Table 5.

Water level

i

Figure 14 Image of the sample container (left), dry scan (middle), and wet scan (right)

Table S Settings of X-ray microscopy tests

Position of - Position of Objective Bin EXI.) OSUWC " Filter Power Voltage Pixel size
source detector time
-60 mm 50 mm 0.4 1 3 sec Air  7W  80kV 18.461 pm

19
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After the scans of the specimens, the 3D images were reconstructed by Reconstruction software
developed by Zeiss to adjust the center shift and beam hardening. The images were then
imported in Dragonfly ORS to crop the unnecessary parts and exported as tiff images. The mean
intensity/greyscale of the image of a specimen as the height of the specimen is plotted for each
scan. The dry scan is subtracted from the two wet scans to identify the differences in un-injected
and injected specimens.

4 Results and discussion

4.1 Selecting the nanoparticle injection path

The test results for samples cured under room temperature and atmospheric pressure are shown
in Table 6. Both injection setups decrease the porosity of the sample. The setup for Injection I
creates a larger porosity change than Injection II, while more charge is passed with Injection II.
The current evolutions during the injection process are shown in Fig. 15. From the figure, it can
be concluded that the current during Injection I has a continuous drop. This is because of the
increasing resistance and sealing of pores and defects. Therefore, the large current drop
associated with Injection I indicates that more particles were penetrated (driven) into the sample.
On the other hand, the current evolution of Injection II had an unstable increase and decrease
from 5 to 25 hours. Later, the current was nearly constant. Based on these results obtained from
the first test, Injection I was selected for the next three tests because of its relatively high
injection efficiency. After the injection, agglomeration of nanoparticles was observed, which is

shown in Fig. 16.

Table 6 Test results for samples cured under room temperature and atmospheric pressure

Samples Cut samples far ~ Cut samples close Relative
. N N . Charge
without from injection to the injection porosity assed
injection (%) head (%) head (%) change (%) p
Injection I 43.05 41.71 41.12 3.06 2286+377

20



Injection II 42.73 42.21 41.69 1.81 4541+307
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333 Figure 15 Current evolution

334

335 Figure 16 Agglomeration on the funnels after the injection

336 4.2 Influence on the effectiveness of nanoparticle injection by high temperature/high pressure
337  The test results from the sample cured under high temperature and atmospheric pressure are
338 shown in Table 7. All types of nanoparticles are effective for decreasing porosity. The nanogel
339  showed the largest charge passed but smallest porosity changes of the cement sample. This
340  smallest porosity change is due to the expansion mechanism of nanogel after injection. The
341  volume of the expanded nanogel is larger than most of the pores in cement. This phenomenon

342  could cause further damage to the cement annulus from inner surface pressure [31]. The
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nanosilica provided the largest porosity changes of the cement sample. The current evolutions
during the injection tests are shown in Fig. 17. The currents dropped for all types of
nanoparticles that were injected with different levels of fluctuation. As mentioned earlier, a larger
current drop during the injection means the nanoparticles can penetrate further into the cement
sample. By cutting the sample into several slides along the direction of injection, the penetration
profile of the nanoparticles was captured, shown in Fig. 18. At a depth closer to the injection
surface, the porosity is lower, meaning more particles were injected and the porosity was reduced.
It can be concluded from the figure that all the nanoparticles were successfully driven into the

cement sample.

Comparing the untreated sample in this test with the first test without injection, the porosity of
the noninjected sample is decreased from 43.05% to 41.68%. This value is low because the
heating process during curing used in this test can accelerate the hydration process [32, 33] and

thus reduces the porosity, which is an expected result.

Table 7 Test results for samples cured under high temperature and atmospheric pressure

Porosity (%) Relative porosity change (%) Charge passed

Untreated 41.68 0 0
Nanoalumina 39.00 6.44 575
Nanosilica 38.83 6.85 3048
Nanogel 39.21 5.93 12928
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Figure 18 Porosity changes along the direction of injection

The same three types of nanoparticles were used in the injection test of samples cured under high
pressure (6.89 MPa) and room temperature. The results are shown in Table 8. Consistent results
are obtained as before, with nanosilica showing the highest change in porosity and nanogel is the
lowest change in the porosity of the cement sample, although the nanogel has the largest value of
the charge passed. The original porosity of the well cement decreased compared with the sample

cured under atmospheric pressure. It has previously been shown that a high-pressure curing
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environment can accelerate the hydration process of the cementitious material and cause a lower

porosity material, which is especially generated by the quick dissolution of C3S [34, 35, 36]. The

porosity profile is provided in Fig. 19. It can be seen that the porosity is lower near the injection.

Table 8 Test results for samples cured under room temperature and high pressure

Porosity (%) Relative porosity Change (%)  Charge passed
Untreated 41.97 0 0
Nanoalumina 39.72 5.35 733
Nanosilica 39.13 6.78 2414
Nanogel 40.04 4.60 11346
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Figure 19 Porosity changes along the direction of injection

The injection of samples cured under both high temperature and pressure showed similar results

as when the samples were cured under either high temperature or high pressure. Coupling of high

temperature and pressure can effectively accelerate the hydration process further. The porosity of

the untreated sample decreased compared with the sample under room temperature and

atmospheric pressure. From the porosity comparison shown in Table 9, all the nanoparticles have

been successfully driven into the samples with different levels. Among the three nanoparticles
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injected, nanosilica showed the best performance to decrease the porosity which is consistent
with the previous tests. The nanoparticles' penetration depth is shown in Fig. 20. It can be
concluded from the figure that all the nanoparticles were successfully driven into the cement
sample. At a depth closer to the injection surface, the porosity is lower, meaning more particles
were injected and the porosity was reduced.

Table 9 Test results for samples cured under high temperature and high pressure
Porosity (%) Relative porosity change (%) Charge passed

Untreated 41.26 0 0
Nanoalumina 38.91 5.68 842
Nanosilica 38.48 6.72 3075
Nanogel 39.51 4.24 12984
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Figure 20 Porosity changes along the direction of injection

4.3 Lab-scale Prototype Test
From the test results of the lab-scale prototype test, the effectiveness of the injection process is
confirmed not only from the saturate-drying method (Table 10), but also the charge-passed

method (Fig. 21). The obvious decrease of the porosity from the injected samples compared with
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the non-injected samples can be captured. The nanosilica showed the best performance compared
to the other two injected nanoparticles. This best performance was achieved not only because of
the amounts of nanosilica particles injected but also because of the pozzolanic reaction between
the CH crystals and injected nanosilica. With the excess of water and injected nanosilica particles,
the CH crystals can be transitioned to the C-S-H gel, which can provide a denser cement material

than in the past.

During the injection process, the current kept dropping which can indirectly prove the pores
sealing and the resistance increase. In addition, the nanoparticle penetration depth was also
recorded since the samples have been cut into several slices and measured the porosity
individually, shown in Fig. 22. From the figure, at depths closer to the inject surface, the porosity
is lower which means more nanoparticles have been injected. The influence of the boundary
condition from the concrete cylinder has also been captured since the boundary condition caused
the initial porosity to increase in the cement annulus by generating additional tangential stress in
the cement sheath. The tangential stress was mainly because of the shrinkage of the cement
annulus during the hydration process. Without the boundary condition provided by the concrete
cylinder, the total volume of cement annulus will be larger than with the concrete cylinder. The
cement placed under tangential stress will develop cracks and further potential leakages, shown
in Fig. 23. The phenomenon mentioned above can be proved by the porosity increase of the
untreated samples. The subsequent porosity decreases from the injection of all the nanoparticles
are improved compared with the sample with no outside boundary. This may be due to the
additional stress associated with the surrounding concrete cylinder. In the previous tests, there
was no concrete cylinder outside of the well cement, thus, the ring of well cement can shrink

freely in the radial direction. The concrete cylinder binds with the well cement and prevents the
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free shrinkage of well cement in the radial direction.

This additional stress may create damage

in the well cement. Among the three nanoparticles used, the nanogel showed an obvious

improvement of porosity change compared with the nanosilica and nanoalumina. This can be

explained by the particle size of the nanogel. As discussed before, the nanogel swelled after

injection into the cement sample. With larger porosity and more cracks, the nanogel is more

effective at filling the larger damage features induced during curing.

Table 10 Test results for samples from lab-scale prototype test

Porosity (%) Relative porosity change (%) Charge passed
Untreated 42.13 0 0
Nanoalumina 39.67 5.84 756
Nanosilica 38.68 8.19 2590
Nanogel 39.45 6.37 11956
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Figure 21 Current evolution
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Figure 23 (a) Tangential stress ¢ provided by the concrete cylinder (b) Without concrete
cylinder, the volume of cement annulus is decreased with deformation of ¢
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4.4 XRM test result and analysis

For each 3D image scan of a specimen, the mean intensity value is calculated across the

cross-sections for all the images of each scan. For each specimen, the intensity of the dry scan is

subtracted from the two wet scans, which should theoretically leave only the water phase in the

two wet scans for early wetting age and late wetting age. Then, the shift of intensity between

each scan is removed by matching the same value at the end of the curve, i.e. the top of the

specimen, assuming that the top is not wet yet after the test. The results for the two specimens

are shown in Fig. 24.
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(a) Un-injected specimen
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(b) Nanoparticle-injected specimen
Figure 24 Difference in mean cross-section intensity between the wet scans and dry scan of each
specimen as a function of the specimen height

The differences in shapes of the curves are due to the redistribution of the water profile over time.
As shown in both figures, as time continues, the water content in the specimen decreases in the
bottom region and goes up to wet the upper part of the specimens, i.e., the profile of water
content over the height of the specimen becomes less steep as time continues. The first steep
drop of the curves in both figures indicates the submerged bottom of the specimen. The second
group of less steep slopes corresponds to the gradual water uptake inside the specimen through
the microcracking and porous network. The end of the second group of slopes corresponds to the
wetting front inside the specimens. The different groups of slopes and peaks could be due to
different mechanisms of the wetting process. By comparing un-injected and
nanoparticle-injected specimens, it can be seen that the slope of the curves in the upper part of
the specimen is much flatter in the nanoparticle-injected specimen than the un-injected specimen,

and the wetting front of the nanoparticle-injected specimen is lower than that of the un-injected
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specimen, which implies that nanoparticle-injected specimens show and improved ability to
hinder the water uptake through the height.

S  Conclusions

In this paper, the lab-scale wellbore testing system was designed and developed to provide the
underground environment and integrity of the wellbore structure. Different types of nanoparticles
were studied, and their effects on repair leakages of well cement were assessed and compared.
The effectiveness of the electro-migration method was evaluated under different environmental

conditions of high temperature and high pressure.

Based on the results provided, the following conclusion can be drawn:

(1) The main feature of the new testing system is a large high-pressure and high-temperature
vessel with controllable temperature and pressure. The pressure vessel can provide 80 °C of
temperature and 6.89 MPa of pressure simultaneously to reproduce the underground environment.
More importantly, it can house a full-scale assemble of a borehole system with a steel casing,
cement annulus, and surrounding rock formation. Full-scale wellbore systems can be placed into
the pressure vessel for curing. Then, the nanoparticle injection technology can be used on the

cement samples.

(2) Five different tests were developed and conducted for using the new test system with the
temperature of 80 °C and/or pressure of 6.89 MPa. The results showed that high temperature and
high pressure can accelerate the hydration process and the surrounding rock can generate more
cracks on the cement sheath. The injection process can be affected by the accelerated hydration

and production of cracks.
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(3) Three different types of nanoparticles were applied in the tests designed for the new testing
system. All the tests showed that the nanoparticles can be successfully injected into the cement
samples not only by using the saturate-drying method, but also the charge-passed method.
Comparing these nanoparticles, the nanosilica particles showed the best performance to seal the
pores and cracks and increase the resistance of the well cement to leaking CO». This performance
is not only because of the physical filling of nanoparticles but also because of the chemical

reaction between nanosilica and CH crystals.

(4) The effectiveness of nanoparticle injection has been examined with companion X-ray
microscopy (XRM) tests. The water uptake rate and moisture spatial distribution in an
un-injected and a nanoparticle-injected specimen were compared. It was found that, in both cases,
as the wetting continues, the moisture content moves up in a specimen submerged in water. The
nanoparticle-injected specimen shows a better ability to hinder the water uptake in the cement
sheath over time and space, which is an indication of the effectiveness of the nanoparticle
injection technology.
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