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Abstract: Microchannels located at the cement–rock interface can form potential pathways for
formation fluid leakage in oil and gas wells. The effects of geometric shape, quantity, and the
inclination angle of microchannels on the flow through cemented rock samples were explored. Finite
element 3D models were established based on modified micro-CT images obtained from physical
samples. The volume flow rate through different sections of cemented rock samples was extracted
after the fluid flow simulations. The numerical results showed that with the presence of a single
microchannel, the total volume flow rate could be higher than that of the base case by as much as
9%. Microchannel contact and cross-sectional areas were found to be the two most important factors
affecting the total volume flow rate. The overall volume flow rate increased with the increasing
cross-sectional area, contact area, and inclination angle of the microchannel. The total volume flow
rate for the cases with microchannels having the same cross-sectional area but different shapes
increased with the decreasing number of sides of the shape (from circular to triangular) due to the
increased contact area. The simulation results also revealed that the relative magnitude of the rock
permeability may influence the volume flow rate through each section.

Keywords: microchannel; cement interface; reconstruction; shape; flow simulation

1. Introduction

The greenhouse effect of methane gas is about 25 times greater than that of carbon
dioxide [1]. The leakage of methane, the main component of natural gas, from the oil
and gas wells is, therefore, considered to be part of the total fugitive greenhouse gas
emissions, which cause global warming [2]. In Alberta, approximately three-quarters of
the provincial methane emissions come from the activities of the upstream oil and gas
sector. As a result, oil and gas industry activities are considered to be the largest source
of methane emissions [1]. Failure of wellbore cement could provide methane leakage
pathways. Therefore, it is vital to identify and mitigate potential leakage pathways in oil
and gas wells to reduce greenhouse gas emissions.

Leakage of gas along a well may occur through the cement–casing interface, the
cement–rock interface, or through the pores and microchannels of the cement itself [3–5].
The leakage pathways may be closely related to cement failure or poor bonding of the
cement column. Previous research shows that a good quality bond at the cement interfaces
in the well, either at the cement–casing interface or at the cement–rock interface, can prevent
the occurrence of micro-annulus [6,7]. Recent research on wellbore integrity mostly focuses
on carbon capture and storage (CCS) wells. The objective of these studies was to investigate
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the influence of CO2-cement chemical reactions at the cement–casing interface [8,9] or the
influence of chemical reaction at the cement–rock interface [5,10,11].

Several experimental studies have been conducted to investigate microchannels at
cement–rock interfaces. Researchers at SINTEF have undertaken some work associated
with interface geometry [12] and defects of cement and micro-annular flow paths in the
cement–caprock interface [13]. Kabilan et al. [14] investigated the effect of geochemical and
geomechanical processes on the fracture permeability of composite Portland cement–basalt
caprock core samples. The microstructure of the samples used by both Kjøller et al. [13]
and Kabilan et al. [14] showed significant defects in the cement zone, which means that
flow could have been more influenced by those defects.

Yang [15] conducted a comprehensive investigation of wellbore cement integrity at
the micron scale, including the study of fractures in the cement matrix, the cement–casing
interface, and the cement–rock interface. Yang et al. [16] characterized the cement–casing
interface microstructure. Yang et al. [17] investigated the impact of stress-induced fractures
on the permeability of wellbore cement. They concluded that by compressing the cement
samples up to their uniaxial compressive strength limit, fractures created in the cement
matrix by uniaxial compressive strength tests are not likely to form continuous leakage
pathways. During these studies, micro-computed tomography or a “micro-CT” technique
was used to obtain the realistic three-dimensional (3D) geometry and the microstructure
of the cement matrix, the cement-formation, and the cement–casing interfaces because
of the non-destructive characteristic of the technique. A review of these previous works
revealed that there was no information available for the case of fluid flow through the
cement–rock samples which considers the effect of microchannels located at the cement-
formation interface.

So far, not much work has been undertaken to investigate the effects of microchannel
shapes and inclination angles on flow though the cement rock interface, mainly because it
is difficult to identify the actual microchannel geometry by using the current technology.
Instead, widely accepted solutions have been developed by assuming a fixed shape for
the fracture surface during the process of creating simulation models. Wang et al. [18]
conducted a numerical simulation study of gas seepage through coals by generating a
coal model with a single artificial fracture with different shapes and angles. However,
gas flow through coal may not reveal the true characteristics of fluid flow through the
cement–rock interface.

In an effort to better understand flow through the cement–rock interface, the main
objective of this study was set to investigate the effects of shape, cross-sectional area, inclina-
tion, and numbers of microchannels located at the rock-cement interface, on the volumetric
flow rate of water. Quantitative analyses and results regarding the abovementioned influ-
encing factors are the main contributions of this study, as they bring a new perspective to
the study of wellbore integrity.

2. Materials and Methods

A flowchart summarizing the methodology used for the study is shown in Figure 1.
Firstly, we modified CT images by controlling different variables such as shapes, cross-
sectional areas, quantities, and inclination angles of the microchannels. Then, 3D models
with finite element mesh were generated by importing modified CT images into the ScanIP
software. Finally, the mesh files were imported into the ANSYS CFX software to perform
CFD simulations of fluid flow through the rock-cement samples with microfractures, and
the results were further analyzed.

2.1. Determination of Dimensions of the Simulation Model

In this study, we numerically investigated how the presence of microchannels em-
bedded into physical models of the cement–rock interface would affect flow through this
interface. The physical rock–cement interface models were built from CT images of the
downscaled sample, shown in Figure 2a. The rock sample shown in Figure 2a was collected
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from a well located in Alberta. The rock is siltstone collected from a Notikewin formation.
The mineral and chemical composition of Notikewin rock is shown in Table 1. The cement
used for the preparation of the sample shown in Figure 2a is commercial abandonment
well cement. The cemented rock core sample in Figure 2a was conditioned at ambient
temperature (~21 ◦C) and at 1500 psi for 7 days. Once the sample was taken out of the
high-pressure cell, it was stored in sealed plastic bags to prevent water loss and isolate the
sample from contact with the air.

Figure 1. Flowchart of the methodology.

Figure 2. Downscaled cement–rock sample (a) and its CT image (b) and simplified binarized CT
image (c).

Table 1. Mineral and chemical composition of the Notikewin rock [19].

Properties Details

Lithology Quartzose sandy siltstone

Mineralogical composition High amount of quartz with small amounts of dolomite, ankerite,
muscovite, and albite

Major element composition (unit: ppm) Si (340136), Ca (33333), Al (31364), Fe (14598), K (9092), Mg (6883)

The cement–rock sample was then scanned using micro-CT at a resolution of 11.92 µm.
Figure 2b is an example cross-sectional image of the sample shown in Figure 2a. According
to the CT image analysis, no through-going microchannels were observed in the CT images.
Figure 2b was then binarized (i.e., converted into an image with black and white colors
only) and simplified, as the white color only represents the cement–rock matrix (Figure 2c).
Under these circumstances, void structures such as cracks and interface gaps were not
considered in this study, and the main void structure is the microchannel which is illustrated
in Section 2.2.

The simplified binarized CT image was further divided into three phases: rock, cement,
and the interface between the cement and rock. The corresponding images are shown in
Figure 3. All binarized CT images have a size of 200 pixels × 201 pixels, which is equal
to a physical size of 11.92 mm × 11.98 mm. The wall thickness of the hollow cylinder
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rock column is 29 pixels, which is equal to an actual wall thickness size of 1.73 mm. The
diameter of the cement column is 123 pixels, which is equal to an actual cylinder diameter
of 7.33 mm. The interface region is composed of the cement and its thickness is 14 pixels,
which is equal to an actual wall thickness of 0.83 mm. The current study considered the
microchannels located at the interface region only and, therefore, the modification works
were performed on the CT images of the interface.

Figure 3. The binarized CT images. (a–c): rock phase, cement phase, interface between cement
and rock.

2.2. Determination of Microchannel Shapes

Cement paste is a heterogeneous material [20–22]. Even if it is under uniform loading
conditions, unlike the homogeneous isotropic materials, the stress distribution inside the
cement column will not be uniform [21]. Anisotropic stress distribution would result
in the diversity and the complexity of microcracks inside the material. When different
microcracks form a microchannel, the actual shape, size, and length of the microchannel
cannot be determined. Due to technical and instrumental limitations, the realistic structure
of microchannels is still unclear. In this case, it is suitable to first assume a pre-determined
shape for a microchannel. Theoretically, a complex shape can be considered as a combina-
tion of simple shapes. Therefore, it is better to first have a comprehensive understanding of
the effects of basic shapes of microchannels before studying the complex shapes.

Two kinds of fracture models are commonly used. One considers fractures that have a
polygonal shape, and the other considers those that have a circular or oval shape [23]. A
triangle is the polygon that has the least number of sides. A circle is a special polygon with
countless sides. The square and rectangle can be considered as similar shapes but with
different ratios of length and width. The same situation occurs in the case of a circle and an
oval. Therefore, in the current study, we have considered circular, oval, square, rectangular,
and triangular shapes of microchannels (Figure 4). The next step is to determine the
appropriate sizes for those shapes of microchannels.

Since the binarized CT image of the cement–rock sample is a cross-sectional view, we
actually use the term “size” of the artificial microchannel to indicate the cross-sectional area
of the microchannel. The maximum cross-sectional area of the microchannel is 64 pixel2,
which is equal to a physical size of 0.2273 mm2. This is because we assume that the
artificial microchannel is limited to the interface region and, therefore, it should not touch
the boundaries of the interface. Figure 4 shows various shapes and parameters of the
microchannels with a cross-sectional area of 64 pixel2 (0.2273 mm2). The height and
width of all shapes are rounded to the nearest integers because the minimum unit in the
graphical modification software is 1 pixel. It is anticipated that a microchannel with a
larger cross-sectional will have a greater effect on the results than that of the one with
a smaller cross-sectional area. Therefore, in order to minimize errors (due to the size
effect of the cross-sectional area), the artificial microchannel with a cross-sectional area
of 64 pixel2 (0.2273 mm2) were used to investigate the effect of the microchannel shape.
To investigate the effect of the size of the microchannel cross-sectional area, two more
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microchannel cross-sectional areas were used, which were 49 pixel2 (0.1741 mm2) and
36 pixel2 (0.1279 mm2).

Figure 4. Shapes of the simulated microchannels with a 64 pixel2 (0.2273 mm2) cross-sectional area.
(a–e): circular, oval, square, rectangular, triangular.

The microchannels were embedded into the binarized CT images of the cement–
rock interface using Macromedia Firework 8 software. To investigate the effect of the
microchannel shape, we have used only one single microchannel in each case. Figure 5
shows the modified CT images for different shapes of simulated microchannels with a
cross-sectional area of 64 pixel2 (0.2273 mm2). For example, a black circular shape with an
area of 64 pixel2 (0.2273 mm2) was drawn on the right-center of the white interface region,
which is the case shown in Figure 5a. A total of 93 images with such modifications were
prepared and named in order. For other shapes, similar steps were followed.

Figure 5. Modified CT images for different shapes of simulated microchannels with a cross-sectional
area of 64 pixel2 (0.2273 mm2). (a–e): circular, oval, square, rectangular, triangular.

2.3. Determination of Microchannel Quantities

In order to study the effect of microchannel quantity, more simulated microchannels
were added into the interface region. In this case, the microchannel shape was fixed to a
square and the microchannel cross-sectional area was fixed to 64 pixel2 (0.2273 mm2). The
main reason for this configuration was that the minimum grid in the graphical modification
software was a square with a side of 1 pixel. The square shape can perfectly fit the grid to
minimize errors in the cross-sectional area of the microchannel. The microchannel cross-
sectional area was chosen to be 64 pixel2 (0.2273 mm2) because the largest cross-sectional
area of the microchannel could have a more significant impact on the results. The number
of microchannels was changed from 1 to 5.

In each case, we assumed that the microchannel was tangent to the circular interface.
For microchannel numbers 1, 2, and 4, the square microchannels were drawn in the
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corresponding positions shown in Figure 6. When the number of microchannels was
3 and 5, the square microchannels were not only drawn in the corresponding positions,
but also rotated to certain positions so that each microchannel was tangent to the circular
interface. Under these conditions, for all cases, the distances between every two adjacent
microchannels were the same. The circular interface was divided equally by the artificial
microchannels and all microchannels were consistent. Figure 6 shows the modified CT
images for different quantities of simulated microchannels. Similarly, for each case, a total
of 93 images were prepared and named in order.

Figure 6. Modified CT images for different quantities of simulated microchannel with square shape
and cross-sectional area of 64 pixel2 (0.2273 mm2). (a–e): microchannel quantity = 1, 2, 3, 4, 5.

2.4. Determination of Microchannel Inclination Angles

A simulated microchannel with an inclination angle can be obtained by changing the
location of the microchannel in each cross-sectional CT image. A graphical description
of the process of generating a slanted microchannel is shown in Figure 7. Firstly, a black
circular shaped microchannel was embedded into the CT image at a location shown in
Figure 7a. This was considered the first CT image. Then, this black circular microchannel
was moved downward one pixel and was saved as the second CT image. By repeating
this step until the microchannel reached the position shown in Figure 7c, all the CT image
modifications were finished. Since these CT images are the cross-sectional view of the
interface region, by combining all the images in order, a three-dimensional model can
be formed, which is shown in Figure 7d. The top of the cylinder corresponds to the first
image and the bottom corresponds to the last image. The total moving distance of the
microchannel is the distance between the location of the first CT image and that of the last
CT image. In 3D view, the length of the red line in Figure 7d is the total moving distance of
the artificial microchannel. Different inclination angles can be achieved by changing the
value of the total moving distance.

Figure 7. Graphical description of forming a slanted microchannel in the interface region. (a–d): first
CT image, intermediate CT image, last CT image, 3D view of slanted microchannel.

The microchannel shape was fixed as a circle and a square, respectively, and the
microchannel cross-sectional area was fixed as 16 pixel2 (0.1279 mm2) for each microchannel
shape. The circular and square shapes were chosen to minimize errors in the cross-sectional
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area of the microchannel. The cross-sectional area was chosen to be 16 pixel2 (0.1279 mm2)
because this area provided the longest moving distance for the microchannel compared
with the larger one. Additionally, if the microchannel cross-sectional area were too small,
there would not be much difference in the final results, which is undesirable for data
analysis. Therefore, after determining the shape and cross-sectional area, the next step was
to determine the inclination angle of the microchannel.

In this study, we assumed that a microchannel was only located at the interface region
and thus the moving distance of the microchannel was limited. In the cross-sectional
view of the CT image, the maximum vertical movement for a 16 pixel2 (0.1279 mm2)
microchannel was 45 pixels (2.68 mm). Since the height of the 3D model was 93 pixels
(5.54 mm), the maximum inclination angle was around 25.82 degrees. In order to make a
uniform reduction in the inclination angle, the intermediate inclination angle was chosen to
be around 13.89 degrees and the smallest inclination angle was 0 degrees, which represented
the base case containing a vertical microchannel without any inclination. The different
moving distances of microchannels to form the desired inclination angles are shown in
Figure 8.

Figure 8. Moving distances of the microchannel to form different inclination angles.

When embedding inclined channels in micro-CT images of rock-cement samples,
the procedure for constructing each case was slightly different. In order to generate a
microchannel with a 25.82 degree inclination angle, the required moving distance of the
microchannel was 45 pixels. Each image had a thickness of 1 pixel and the required height
of the 3D model was 93 pixels. In this case, the microchannel was moved downward one
pixel for every two images, which formed a total of 90 images. The remaining 3 images
were the same as the last image. In this way, a total of 93 images were prepared and named
in order. On the other hand, when the inclination angle was equal to 13.89 degrees, the
required moving distance of the microchannel was 23 pixels. In this case, the microchannel
was moved downward one unit for every four images, which formed a total of 92 images.
The remaining one image was the same as the last image. In this way, a total of 93 images
were prepared and named in the order.

2.5. Establishment of a Three-Dimensional Model and Basic Settings of the Simulation

The first step of the numerical simulation was to create a physical model. In this study,
the modified CT images were imported into the ScanIP software to generate the finite
element mesh. Readers can refer to references [24,25] for detailed principles of the finite
element simulation method. Simulation of flow through a combined cement–rock sample
was then conducted using the ANSYS CFX program, which has been widely used to solve
3D engineering problems [26–29].

The microchannel was configured as the isothermal fluid domain, while cement,
interface, and rock were considered as isothermal porous domains with isotropic porosity
of 0.011, 0.014 and 0.04, respectively. The isotropic loss model was applied to all porous
domains, and the corresponding permeability valves of each can be found in Section 2.7.

As the simulation focused on single-phase flow in porous media, the most basic control
equation was used. Without a change in fluid density, the simulated flow can be treated
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as an incompressible viscous flow, which could be described by Navier–Stokes equation,
whose vector formula is given below,

ρ

[
∂υ

∂t
+ (υ·∇)υ

]
= ρf−∇p + µ∇2v (1)

The left side of Equation (1) denotes the inertial force, while ρf, ∇p, and µ∇2v on the
right side are the inertial force, body force, and viscous force, respectively. According to
a previous study [14], pressure differentials should be carefully selected to make sure the
Reynolds number is less than 10. As such, the Darcy law could be used when calculating
permeability in the post-process stage.

Based on experimental measurements, Kjøller et al. [13] reported that the bulk per-
meability of the interface was much higher than the permeabilities of the cement matrix
and the rock. Therefore, for the initial selection of permeability values, we have assumed
that the permeability of the interface is higher than those of the cement and the rock. Con-
sidering the Klinkenberg effect, the fluid type was set as water. The values of the primary
settings of the simulation parameters are listed in Table 2.

Table 2. Primary simulation parameters.

Parameters Values

Fluid flow regime Laminar
Fluid type Water at 25 ◦C
Domain type of the cement matrix Porous
Domain type of the rock Porous
Domain type of the interface Porous
Domain type of microchannel Fluid
Porosity of the cement matrix 0.011
Porosity of the rock matrix 0.04
Porosity of the interface 0.014
Permeability of the cement matrix 9.86923 × 10−19 m2

Permeability of the rock 6.908461 × 10−17 m2

Permeability of the interface 4.9346 × 10−16 m2

Initial velocity U = 0, V = 0.1, W = 0 m/s
Max iterations 1000
RMS residual level 1 × 10−5

Boundary condition Total inlet pressure (stable) = 10 psi
Static outlet pressure (relative) = 0 psi

As for boundary conditions, we assumed that the inlet was the entire lateral surface of
the rock phase while the outlet was the top surface of the 3D model. The bottom surface
of the sample was set as the no-flow boundary. Under these conditions, the whole 3D
model was developed by assuming the fluid was flowing from the reservoir towards the
top of the well. The inlet pressure was set at 10 psi and the outlet pressure was set as
atmospheric pressure. Assuming that the average distance between inlet and outlet was
equal to the height of the model, this setting would lead to a pressure gradient equivalent
of 12.5 MPa/m. A previous study measuring the permeability of dry Class G cement
sample with a length of 1 inch reported that the breakthrough pressure was varied from
30 to 110 psi [30], which corresponds to the pressure gradient ranging from 8 MPa/m to
30 MPa/m.

The pressure gradient assumed in our simulation study was within this pressure
gradient range and could therefore be realistically considered to match the experimental
results. Moreover, when conducting flow through cement modeling studies, Wei et al. [31]
used a pressure gradient ranging from 0 MPa/m to 5 MPa/m, and Kabilan et al. [14]
assumed a pressure gradient of 0.4 MPa/m. In our simulation study, we also assumed a
similar magnitude of pressure gradient to these two previous studies. Sample physical
geometry and boundary conditions for a 3D cement–rock model with an embedded circular
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microchannel which has a cross-sectional area of 64 pixel2 (0.2273 mm2) are shown in
Figure 9.

Figure 9. Physical geometry and boundary conditions for a 3D model with a circular simulated
microchannel with a cross-sectional area of 64 pixel2 (0.2273 mm2). (a) physical geometry, (b) bound-
ary conditions.

Instead of using the reconstruction method, the geometry shown in Figure 9 can also
be built using a traditional 3D drawing method. However, the geometry in this study
serves as a base case for future “complex geometry” that involves interactions between
artificial microchannels and realistic microstructures (such as geometries in [18]). The
reconstruction method is the only way to generate this “complex geometry”. Therefore, to
ensure consistency with possible future studies, the geometry must be generated using the
reconstruction method.

2.6. Mesh Independence Test

High-quality mesh is a prerequisite for accurate simulation results. To test the mesh
independence, three meshes with different densities were generated. They were named as
“medium”, “better”, “fine”, and “finer” meshes and the corresponding mesh quantities are
54,743, 91,001, 186,460 and 479,228, respectively (Figure 10). The mesh quality was carefully
inspected. Nine velocity measuring points (Figure 11a) were selected evenly along the
radial direction and were plotted in Figure 11b.

Figure 10. Meshes with different densities: (a) medium mesh, (b) better mesh, (c) fine mesh and
(d) finer mesh.
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Figure 11. Positions of selected velocity measuring points (a) and corresponding velocity profiles
under different meshes (b).

As can be seen from Figure 11b, the coarser mesh has a bigger difference when
compared with the finer mesh at the same position (e.g., 0.01065). Theoretically speaking,
the finer mesh is the ideal option for this simulation. However, it takes a significantly
longer computation time than the fine mesh. Additionally, the relative error of fine mesh
is 1.28%. Considering both computational cost and error, the fine mesh was selected in
this study.

2.7. Determination of Rock Permeability

Rock permeability was obtained from the experimentally measured data. In real field
applications, the cement column is usually in contact with different types of rock along the
well. As is described by the well-known Darcy’s law, any change in permeability would
directly affect the value of the volume flow rate. The three alternative cases shown in
Table 3 were assumed to investigate the effect of rock permeability on the volume flow rate.

Table 3. Rock permeability values used for three cases of simulation studies.

Case Rock Permeability (m2)

k1 (krock < kinterface) 6.908461 × 10−17

k2 (krock = kinterface) 4.9346 × 10−16

k3 (krock > kinterface) 1.70737 × 10−15

When studying the effects of rock–cement interface permeabilities, the shape of the
microchannel was fixed as square to minimize errors due to the approximation of the
cross-sectional area. The cross-sectional area of the microchannel was selected as 64 pixel2

(0.2273 mm2) because a larger area would lead to a higher impact on the final results. Three
different values of rock permeability were considered in the models, which were lower
than, equal to, and higher than the permeability of the cement–rock interface (as shown in
Table 3). The other simulation parameters remained unchanged, as listed in Table 2.

3. Results and Discussion
3.1. Effect of Microchannel Shape

To investigate the effects of the different microchannel shapes on the volume flow rate,
the cross-sectional area of the microchannel was fixed to be 64 pixel2 (0.2273 mm2). The
effects of five different microchannel shapes (i.e., circular, oval, square, rectangular, and
triangular shapes) on the volume flow rate were determined and then compared to the
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base case. In these analyses, the volume of all microchannels with different shapes was
assumed to be the same. This was achieved by keeping the heights and the cross-sectional
areas of all microchannel models the same. The graphical results of the velocity streamlines
for these cases are shown in Figure 12. The velocity streamlines show the direction of fluid
flow through the cement–rock sample. The highest velocities were always observed in the
microchannels, indicating that, compared with the base case, microchannels provided more
flowable paths for fluid to travel from the inlet to the outlet.

Figure 12. Effects of the presence of microchannels with different shapes on velocity streamlines
through a cement–rock sample. (a–f): circular, oval, square, rectangular, triangular, base case.

The mass flow through the cement, rock, interface and microchannel regions was
extracted through post-processing. The volume flow rate of water through each section
could be calculated by using Equation (1).

.
V =

.
m
ρ

(2)

where
.

V is volume flow rate (m3/s),
.

m is mass flow rate (kg/s), and ρ is fluid density (kg/m3).
Since the water density at a temperature of 25 ◦C is approximately 997 kg/m3 [32,33], the
calculation results based on this ρ value are shown in Table 4 for different microchan-
nel shapes.

According to the results shown in Table 4, the percentage of the increase in volume
flow rate varies from 9.15% to 10.02%. The highest volume flow rate occurs in the rock
section, which indicates that the shortest flow path exists in rock. Based on Darcy’s law,
the volume flow rate is inversely proportional to the distance between the inlet and the
outlet if other parameter changes are negligible. Compared with other paths from the inlet
to the outlet, the rock region is the first section that fluid flows through, which results in
the shortest flow path from the inlet to the outlet. Even though Darcy’s equation cannot be
directly applied to calculate permeability, the qualitative analyses indicate that the cement–
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rock samples with a microchannel have higher overall effective permeability values than
the base case.

Table 4. Effect of micro channel shape on the volume flow rate through cement–rock sample:
comparison of the base case (no microchannel) and case with 64 pixel2 (0.2273 mm2) microchannel.

Section
Volume Flow Rate (m3/s)

Base Case Circle 64 Oval 64 Square 64 Rectangle 64 Triangle 64

Cement 6.31 × 10−13 5.13 × 10−13 5.10 × 10−13 5.12 × 10−13 5.03 × 10−13 5.02 × 10−13

Interface 2.19 × 10−10 1.82 × 10−10 1.80 × 10−10 1.81 × 10−10 1.79 × 10−10 1.78 × 10−10

Rock 3.59 × 10−10 3.55 × 10−10 3.55 × 10−10 3.56 × 10−10 3.54 × 10−10 3.55 × 10−10

Microchannel / 9.51 × 10−11 9.75 × 10−11 9.60 × 10−11 1.02 × 10−11 1.04 × 10−10

Total 5.79 × 10−10 6.32 × 10−10 6.33 × 10−10 6.34 × 10−10 6.35 × 10−10 6.37 × 10−10

Percentage of increase / 9.15% 9.33% 9.50% 9.67% 10.02%

In addition, the actual values of the contact areas for microchannels of a 64 pixel2

(0.2273 mm2) cross-sectional area were extracted and summarized in Table 5. The contact
area (i.e., the lateral surface area of the microchannel) was calculated by multiplying the
perimeter of the cross-sectional shape of the microchannel by the height of the model. The
microchannel has the same cross-sectional area but different shapes will have different
perimeter values. Since the height of the model is constant, different perimeter values
will lead to different contact areas. The isoperimetric inequality in mathematics implies
that, among geometric shapes with equal cross-sectional area, the circle has the smallest
perimeter length.

Table 5. Effect of the microchannel contact area on the volume flow rate: data for cases with a
64 pixel2 (0.2273 mm2) microchannel.

Case Contact Area (m2) Volume Flow Rate (m3/s)
Percentage Increase
in Volume Flow Rate

Circle 64 1.02 × 10−5 6.32 × 10−10 9.15%
Oval 64 1.17 × 10−5 6.33 × 10−10 9.33%
Square 64 1.13 × 10−5 6.34 × 10−10 9.50%
Rectangle 64 1.43 × 10−5 6.35 × 10−10 9.67%
Triangle 64 1.60 × 10−5 6.37 × 10−10 10.02%
Base Case / 5.79 × 10−10 /

The results summarized in Table 5 reveal that, among all five microchannels with
different shapes, the circular one had the smallest contact area, which is consistent with
the statement of isoperimetric inequality. The results also suggest that the triangular shape
of the microchannel has the highest overall volume flow rate value. These results, also
plotted in Figure 13, confirm that there is a direct relationship between the contact area and
the overall volume flow rate. Overall, the results indicate that, as the number of sides of a
polygonal shape decreases, the volume flow rate increases.

3.2. Effect of Microchannel Size

For each microchannel shape, three different sizes of microchannel cross-sectional ar-
eas, 64 pixel2, 49 pixel2, and 36 pixel2 (equal to the physical area of 0.2273 mm2, 0.1741 mm2,
and 0.1279 mm2, respectively), were investigated. Tables 4, 6 and 7 show the volume flow
rate through cement–rock models containing microchannels with a cross-sectional area of
64 pixel2 (0.2273 mm2), 49 pixel2 (0.1741 mm2), and 36 pixel2 (0.1279 mm2), respectively.
The highest volume flow rate occurs through the rock section, which is consistent with the
findings from the previous section.
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Figure 13. Effect of the microchannel contact area on the volume flow rate: data for cases with
64 pixel2 (0.2273 mm2) microchannel.

Table 6. Volume flow rate through cement–rock sample: comparison of the base case (no microchan-
nel) and microchannels with a 49 pixel2 (0.1741 mm2) cross-sectional area.

Section
Volume Flow Rate (m3/s)

Base Case Circle 49 Oval 49 Square 49 Rectangle 49 Triangle 49

Cement 6.31 × 10−13 5.15 × 10−13 5.11 × 10−13 5.15 × 10−13 5.12 × 10−13 5.09 × 10−13

Interface 2.19 × 10−10 1.82 × 10−10 1.81 × 10−10 1.82 × 10−10 1.81 × 10−10 1.80 × 10−10

Rock 3.59 × 10−10 3.55 × 10−10 3.53 × 10−10 3.55 × 10−10 3.53 × 10−10 3.55 × 10−10

Microchannel / 9.36 × 10−11 9.58 × 10−11 9.40 × 10−11 9.54 × 10−11 9.77 × 10−11

Total 5.79 × 10−10 6.31 × 10−10 6.31 × 10−10 6.32 × 10−10 6.31 × 10−10 6.34 × 10−10

% of increase / 8.98% 8.98% 9.15% 8.98% 9.50%

Table 7. Volume flow rate through cement–rock sample: comparison of the base case (no microchan-
nel) and microchannels with a 36 pixel2 (0.1279 mm2) cross-sectional area.

Section
Volume Flow Rate (m3/s)

Base Case Circle 36 Oval 36 Square 36 Rectangle 36 Triangle 36

Cement 6.31 × 10−13 5.18 × 10−13 5.17 × 10−13 5.17 × 10−13 5.16 × 10−13 5.16 × 10−13

Interface 2.19 × 10−10 1.83 × 10−10 1.83 × 10−10 1.83 × 10−10 1.83 × 10−10 1.83 × 10−10

Rock 3.59 × 10−10 3.56 × 10−10 3.55 × 10−10 3.54 × 10−10 3.56 × 10−10 3.56 × 10−10

Microchannel / 9.07 × 10−11 9.11 × 10−11 9.14 × 10−11 9.20 × 10−11 9.20 × 10−11

Total 5.79 × 10−10 6.30 × 10−10 6.30 × 10−10 6.29 × 10−10 6.31 × 10−10 6.31 × 10−10

% of increase / 8.81% 8.81% 8.64% 8.98% 8.98%

In order to compare the effects of the different sizes of microchannel cross-sectional
areas simultaneously, three sets of data, shown in Table 8, were also plotted in Figure 14.
The numbers one to five represent different shapes of microchannel (varying from circle
to triangle). According to the results shown in Figure 14, for each shape of microchannel,
the volume flow rate increases with the increasing microchannel cross-sectional area. This
finding is consistent with the underlying physics of the process implied by Darcy’s law,
which also states that volume flow rate is proportional to cross-sectional area. Moreover, for
a microchannel with a cross-sectional area of 36 pixel2 (0.1741 mm2), the volume flow rates
for all shapes are close to each other. Therefore, it can be assumed that there is not much
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difference in the volume flow rate for different shapes if the microchannel cross-sectional
area is lower than 0.1741 mm2.

Table 8. Volume flow rate through a cement–rock sample: effect of variable microchannel shape and
the size of the cross-sectional area.

Microchannel Shape
Volume Flow Rate (m3/s)

0.2273 mm2 (64 Pixel2) 0.1741 mm2 (49 Pixel2) 0.1279 mm2 (36 Pixel2)

1. Circle 6.32 × 10−10 6.31 × 10−10 6.30 × 10−10

2. Oval 6.33 × 10−10 6.31 × 10−10 6.30 × 10−10

3. Square 6.34 × 10−10 6.32 × 10−10 6.29 × 10−10

4. Rectangle 6.35 × 10−10 6.31 × 10−10 6.31 × 10−10

5. Triangle 6.37 × 10−10 6.34 × 10−10 6.31 × 10−10

Figure 14. Volume flow rate through a cement–rock sample: effect of variable microchannel shape
and cross-sectional area.

For further analysis of the contact area size effect, the contact area data for 49 pixel2

(0.1741 mm2) and 36 pixel2 (0.1279 mm2) cases were also extracted (Table 9). As the
microchannel cross-sectional area decreases, the linear relationship between the contact
area size and the volume flow rate becomes weaker. This may be because, for smaller
microchannel cross-sectional areas, there is not much difference between the actual values
of the volume flow rates, which causes the data to cluster on the graph.

Table 9. Contact area of microchannels with variable shape and cross-sectional area.

Microchannel Shape
Contact Area (m2)

0.2273 mm2 (64 Pixel2) 0.1741 mm2 (49 Pixel2) 0.1279 mm2 (36 Pixel2)

1. Circle 1.02 × 10−5 9.37 × 10−6 7.43 × 10−6

2. Oval 1.17 × 10−5 1.05 × 10−5 7.77 × 10−6

3. Square 1.13 × 10−5 9.73 × 10−6 8.19 × 10−6

4. Rectangle 1.43 × 10−5 1.00 × 10−5 8.17 × 10−6

5. Triangle 1.60 × 10−5 1.14 × 10−5 9.18 × 10−6

Another reason could be the error caused by not being able to control the microchannel
cross-sectional area accurately. The actual cross-sectional area of the embedded microchan-
nel depends on the meshing of the 3D model, and the meshing is automatically generated
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by the software rather than manually controlled. Thus, there is an inevitable error because
of the meshing methodology used for the development of the simulation model.

3.3. Effect of Microchannel Quantity

When analyzing the effect of the presence of multiple microchannels, the microchannel
cross-sectional area was fixed to be 64 pixel2 (0.2273 mm2) and the microchannel shape
was assumed to be a square. Effects of the number of microchannels varying from zero (no
channel) to five on the volume flow rate were investigated. Figure 15 shows the graphical
results of velocity streamlines, which illustrate the direction of fluid flow through the
cement–rock sample. Compared with the single microchannel case, multiple microchannels
provided more flowable paths for fluid to travel from the inlet to the outlet. The color of
the streamlines indicates that relatively higher outlet velocity occurs through the interface
with the increasing number of microchannels.

Figure 15. The velocity streamlines for cases with multiple microchannels and base case. (a–f):
microchannel quantity = 1, 2, 3, 4, 5, 0 (base case).

To perform numerical analysis, the value of the total volume flow rate was calculated
based on the value of the mass flow rate extracted through post-processing. The total
cross-sectional area, which was the total outlet area of the microchannels, and the total
contact area, were also extracted. The percentage increase in the volume flow rate was
calculated as compared to the base case. The summary of the results is shown in Table 10.

According to the data shown in Table 10, the percentage increase in the total volume
flow rate escalates from 9.50% to 36.27% when the number of microchannels is increased
from 1 to 5. Compared with the single microchannel case, the total volume flow rate for
multiple microchannel cases increases significantly. Figure 16a was plotted using the data
summarized in Table 10. The trend line of the data shows that the slope of the curve
decreases as the number of microchannels increases. Therefore, it can be expected that if
the number of microchannels further increases, the percentage increase in the volume flow
rate will rise at a declining rate.
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Table 10. Effects of the number of microchannels on the volume flow rate.

Number of
Microchannels

Cross-Sectional
Area (m2) Contact Area (m2)

Total Volume Flow
Rate (m3/s) Percentage of Increase

0 0 0 5.79 × 10−10 /
1 2.44 × 10−7 1.13 × 10−5 6.34 × 10−10 9.50%
2 4.92 × 10−7 2.25 × 10−5 6.85 × 10−10 18.31%
3 7.41 × 10−7 3.37 × 10−5 7.32 × 10−10 26.42%
4 9.85 × 10−7 4.51 × 10−5 7.65 × 10−10 32.12%
5 1.27 × 10−6 5.91 × 10−5 7.89 × 10−10 36.27%

Figure 16. (a) Percentage of increase in the volume flow rate vs. number of microchannels, and
(b) effect of increasing number of microchannels on the volume flow rate.

The main reason for the significant increase in volume flow rate due to the presence of
multiple microchannel cases is because both the total outlet area and the total contact area
of microchannels increase. Figure 16b shows the direct relationships between volume flow
rate and these two aerial factors. For both trend lines, the slopes decrease as the number
of microchannels increases. Overall, the graphical results confirm that the major factors
affecting the volume flow rate are the total cross-sectional area and the total contact area of
the microchannels.

3.4. Effect of Inclination Angle

To study the effect of the fracture inclination angle on the volume flow rate, the mi-
crochannel cross-sectional area was assumed to be 16 pixel2 (0.1279 mm2), and the circular
and square microchannel shapes were selected. Three cases with different inclination
angles (measured from a vertical position) were investigated as 0◦, 13.89◦, and 25.82◦. The
0◦ inclination angle refers to a vertical microchannel. The slanted microchannel forms
an oblique cylinder, where the sides are not perpendicular to its bases. The height of the
cylinder, whether it is straight vertical or oblique, should be the same (i.e., measure the
perpendicular distance from the base to the top surface).

Therefore, the volume of the oblique cylinder is the same as that of the straight vertical
cylinder if the cross-sectional area and height are the same. In such a case, the volumes of the
vertical and the slanted microchannels are constant. Figure 17 shows velocity streamlines
through the cement–rock samples.
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Figure 17. The velocity streamlines for vertical and slanted microchannel cases: (a) circular 0◦,
(b) circular 13.89◦, (c) circular 25.82◦, (d) square 0◦, (e) square 13.89◦, (f) square 25.82◦.

As the inclination angle increased, the flow direction had a tendency towards the
microchannel rather than going directly upward. The main difference between a straight
vertical microchannel and a slanted microchannel is the contact area of the microchannel.
The slanted microchannel with a larger contact area will enable fluid to contact and access
the channel more easily.

The volume flow rate was calculated based on the mass flow extracted through post-
processing. The cross-sectional area and contact area were also extracted. The summary
of the results for circular and square shaped microchannels is shown in Tables 11 and 12,
respectively.

Table 11. Volume flow rate and contact area of slanted microchannels with circular shape.

Case Inclination Angle, α (Degree) Volume Flow Rate (m3/s) Cross-Sectional Area (m2) Contact Area (m2)

Circle-i2 25.82 6.29 × 10−10 3.22 × 10−8 4.40 × 10−6

Circle-i4 13.89 6.28 × 10−10 3.20 × 10−8 4.33 × 10−6

Base case 0 6.25 × 10−10 3.18 × 10−8 4.31 × 10−6

Table 12. Volume flow rate and contact area of slanted microchannels with square shape.

Case Inclination Angle, α (Degree) Volume Flow Rate (m3/s) Cross-Sectional Area (m2) Contact Area (m2)

Square-i2 25.82 6.30 × 10−10 4.84 × 10−8 5.28 × 10−6

Square-i4 13.89 6.29 × 10−10 4.64 × 10−8 5.18 × 10−6

Base case 0 6.28 × 10−10 4.84 × 10−8 5.12 × 10−6

Results shown in Figure 18a indicate that the microchannel contact area increases with
an increasing inclination angle. Combining the results from Figure 18b, we conclude that
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the increase in the contact area is the major reason why the volume flow rate increases with
the increasing inclination angle of microchannels.

Figure 18. (a) Contact area vs. inclination angle for slanted microchannel models with a 16 pixel2

(0.1279 mm2) circular microchannel and a 16 pixel2 (0.1279 mm2) square microchannel, respectively;
(b) volume flow rate vs. contact area for slanted microchannel models with a 16 pixel2 (0.1279 mm2)
circular microchannel and a 16 pixel2 (0.1279 mm2) square microchannel, respectively.

3.5. Effect of Rock Permeability

There are three cement–rock models in which we embedded microchannels to investi-
gate the effect of rock permeability on the volume flow rate. In each case study, we used
the same microchannel shape and size: that is, a square shape and a 64 pixel2 (0.2273 mm2)
cross-sectional area. Figure 19 shows the velocity streamlines demonstrating the direction
of fluid flow through the cement–rock sample. The color of the velocity streamlines repre-
sents the magnitude of the local velocity value at a specific position. In Figure 19a, the rock
had lower permeability than the interface and, as a result, higher outlet velocity streamlines
were observed in the interface region. When the rock permeability was equal to interface
permeability, which was the case in Figure 19b, higher outlet velocity streamlines were
observed both in the rock and in the interface sections. As the rock permeability became
higher than the interface permeability, which was the case in Figure 19c, the outlet velocity
streamlines through the rock section were higher than those of the interface section.

Figure 19. The velocity streamlines for cases with different rock permeability. (a–c): k1
(krock < kinterface), k2 (krock = kinterface), k3 (krock > kinterface).
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The volume flow rates through individual sections are summarized in Table 13. Ac-
cording to the results shown in Table 13, as rock permeability becomes higher, the volume
flow rate through each section increases. This means that a higher rock permeability enables
rock to transmit more fluids. Such fluids flow through the rock section and then enter the
interface, microchannel, and cement sections.

Table 13. Volume flow rate through cement–rock samples with microchannels and variable rock
permeability.

Section
Volume Flow Rate (m3/s)

k1 (Krock < Kinterface) k2 (Krock = Kinterface) k3 (Krock > Kinterface)

Cement 5.12 × 10−13 9.02 × 10−13 1.02 × 10−12

Interface 1.81 × 10−10 3.50 × 10−10 4.13 × 10−10

Rock 3.56 × 10−10 2.73 × 10−9 9.70 × 10−9

Microchannel 9.60 × 10−11 3.28 × 10−10 5.75 × 10−10

Total 6.34 × 10−10 3.41 × 10−9 1.07 × 10−8

Table 14 summarizes the average outflow velocities in each section obtained by di-
viding the volume flow rate by the corresponding cross-sectional area. The results show
that, for all cases, the highest average outflow velocity occurs in the microchannels. When
the rock permeability is lower than the interface permeability, a relatively higher average
outflow velocity occurs in the interface region. When the rock permeability is equal to or
higher than the interface permeability, the rock has a higher average outflow velocity than
the interface.

Table 14. Average outflow velocity through a cement–rock sample with microchannels and variable
rock permeability.

Section
Average Outflow Velocity (m/s)

k1 (Krock < Kinterface) k2 (Krock = Kinterface) k3 (Krock > Kinterface)

Cement 1.19 × 10−8 2.11 × 10−8 2.39 × 10−8

Interface 7.72 × 10−6 1.49 × 10−5 1.76 × 10−5

Rock 6.32 × 10−6 4.84 × 10−5 1.72 × 10−4

Microchannel 3.94 × 10−4 1.35 × 10−3 2.36 × 10−3

Total 5.16 × 10−6 2.77 × 10−5 8.70 × 10−5

4. Limitations of the Study

The models used in this simulation study were built on some simplifying assumptions;
therefore, the application of the results should be considered to have some limitations.
Mud cakes are formed by the deposition of solid particles in mud under the effect of
differential pressure during drilling [34]. They act as physical barriers with low permeability
for fluid flow [35]. The model developed in this simulation study did not consider the
existence of mud cakes, which in reality may be a major factor affecting fluid flow through
the interface, as mud cake permeability is significantly different from rock, cement, and
interface permeability. However, in real field applications, a filter cake may not always be
present even with good cementing practices (e.g., using a spacer/pre-flush before sending
the cement downhole). Conditions like sufficient volume, velocity, and contact time of a
well-designed spacer/preflush should remove the mud filter cake.

Microchannels are assumed to be located at the cement–rock interface and they are
extended all the way from the top to the bottom of the model. The five shapes considered
in the study are simple and basic shapes. In reality, the microchannels may consist of
irregular shapes and have different cross-sectional areas. When forming microchannels
with different inclination angles, it was difficult to precisely control the location and
pathway of the microchannels. In other words, the simulation study only considered the
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ideal cases and controlled variables to determine the effect on the overall volume flow rate.
Unfortunately, we do not have the relevant facilities to 3D-print the samples to conduct
comparison experiments. For further validation of the model predictions, a 3D printing
technique, such as 3D-printed samples, could be used to validate the simulation results.
Squelch [36] proposed that 3D-printed rock could provide novel ways to visualize rock
microstructure and fluid–rock interactions at the rock surface. Such 3D-printed rock might
be used to create idealized rock samples with microchannels that can be used to validate
the model’s results from simulation studies like the one presented here.

For all simulation models, we assumed that there were no existing defects in the
cement–rock sample. Due to the limited resolution of micro-CT (11.92 µm), the CT image
analysis only focused on through-going microchannels. Since no through-going microchan-
nels were observed in the CT images, the real microstructure revealed in the binary images
was very limited. While the actual microstructure might contain some defects (with a size
smaller than 11.92 µm), such as local fractures and voids inside the sample, these defects
cannot be observed by the micro-CT used in this study. Simulations used in this study did
not consider those local fractures and voids. Finally, average porosity and permeability
properties were assumed for each section. In reality, porosity and permeability values can
be distributed heterogeneously within the rock and the cement matrix.

5. Conclusions

The presence of microchannels in the cement–rock interface is of significant concern
as these channels may form possible gas leakage pathways in oil and gas wells. The main
objective of this study was to investigate the effect of microchannels (>11.92 µm) present
in the cement–rock interface on the volume flow rate of formation fluid leakage in oil
and gas wells. Idealized models of cement–rock samples containing microchannels with
different shapes, cross-sectional areas, quantities, and inclination angles were developed,
and the CFD modeling technique was used to study the fluid flow characteristics through
these idealized models. According to the simulation results, the following conclusions can
be offered:

1. Compared with the cement–rock interface containing no microchannels (i.e., base
case), all the cases with simulated microchannels have a relatively higher overall
volume flow rate of formation fluid leakage.

2. The main factors affecting the overall volume flow rate of formation fluid are the
microchannel cross-sectional and contact areas. Increasing the magnitude of both
factors would cause the overall volume flow rate to also increase.

3. For microchannels that have the same cross-sectional area, microchannels of different
shapes will have different perimeter values, which directly affects the contact area of
a microchannel. As the number of sides of a polygonal shape decreases (from circular
to triangular shape), there is a relative increase in the overall volume flow rate.

4. For microchannels that have the same shape, as the cross-sectional area of the mi-
crochannel increases, the overall volume flow rate also increases.

5. For microchannels that have the same shape and cross-sectional area, an increasing
number of microchannels increases the volume flow rate significantly because both
the cross-sectional area and contact area increase simultaneously.

6. For microchannels that have the same shape and cross-sectional area, a higher inclina-
tion angle of microchannels (measured from the vertical direction) yields a relatively
higher overall volume flow rate, due to the higher contact area of the microchannel.

7. The relative magnitude of rock permeability (as compared to cement matrix and
cement–rock interface permeabilities) may influence the volume flow rate through
each section.

This study also provides a new perspective on the wellbore integrity study: the 3D
reconstruction method, which was used to build the geometry shown in Figure 9, can be
presented as a solution for the “complex geometry” that involves interactions between
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artificial microchannels and realistic microstructures (such as geometries in [18]), as a
reconstruction method is the only way to generate the “complex geometry”.

Future research should focus on refining the current physical model by considering in
situ conditions (e.g., using samples that are exposed to compressive stress), and establishing
physical samples that contain artificial microchannels. The application of micro-PIV in
characterizing microchannel flow will be also considered. The effect of microchannels
beyond the resolution of the micro-CT remains to be elucidated.
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