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Debonding of well cement towards casing or rock, i.e. microannuli formation, is a typical failure mode of cement
barriers. Consequently, such microannuli may act as leak paths during leakages of downhole fluids such as
hydrocarbons or CO,. Current leakage models usually assume that microannuli have uniform geometries with
homogeneous apertures, which results in linear Darcy flow. However, several recent studies have shown that
microannuli do not have uniform geometries and subsequently, fluid flow through real microannuli is complex
and non-linear.

This paper presents results of CFD simulations of fluid flow through real microannuli geometries, where the
microannuli were experimentally created and visualized in 3D by X-ray computed tomography (CT). Simulations
were performed with three different fluids of varying viscosity and density — methane gas, liquid water, and
liquid oil. The results visualize how the non-uniform flow path geometry and surface roughness of real micro-
annuli create tortuous flow patterns, especially locally around bottlenecks and other heterogeneities. It is also
seen that these complex flow patterns result in non-linear dependencies between flow rate and pressure differ-

ence for the less viscous fluids, i.e. gas and water, whereas the more viscous oil display linear flow.

1. Introduction

Throughout the life cycle of a well, the integrity of well barriers must
be maintained to prevent uncontrolled flow of downhole fluids to the
surface, freshwater aquifers, or surrounding formations. Some wells
experience well barrier failures however (Bourgoyne et al., 1999; Vignes
and Aadnoy, 2010), and for example, considerable methane leakages
have been found for several plugged wells after well abandonment
(Watson and Bachu, 2009; Trudel et al., 2019).

Cement is an important well barrier material, and during well con-
struction, cement slurry is placed in the annulus between the formations
and the casing strings to provide zonal isolation (Nelson and Guillot,
2006). Good cement typically have gas permeability in the order of 10
pD (Oil & Gas UK, 2015) and water permeability in the order 0.01 uD or
less (Bachu and Bennion, 2009), and thus provides a good sealing to-
wards downhole fluids. However, defects could form in the cement
sheath from several mechanisms, such as shrinkage and exposure to
temperature and pressure variations during normal production opera-
tions (Bois et al., 2011; Nygaard et al., 2014; Therond et al., 2017).
Typical such defects are microannuli, i.e. when there is no or poor
bonding between the cement and the surrounding casing or formation.
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The presence of such cement sheath debonding might increase the
effective wellbore permeability (Duguid et al., 2013; Gasda et al., 2013).
Furthermore, microannuli may also form around cement plugs which
are placed in the wellbore after well abandonment (Nagelhout et al.,
2010; Vralstad et al., 2019; Corina et al., 2020).

In most cases, such microannuli represent a potential leakage
pathway for downhole fluids. In this regard, it is important to note the
difference between cement mechanical integrity and cement hydraulic
integrity (Bois et al., 2019), where mechanical integrity is the potential
presence of cracks and microannuli, and hydraulic integrity is the
resulting flow rates through these defects in the cement barrier. With
respect to zonal isolation, the hydraulic integrity is what matters, and it
is thus of importance to study and understand flow of downhole fluids
through microannuli. For example, a good understanding of microannuli
flow is essential when predicting potential future leak rates from plug-
ged and abandoned wells (Vralstad et al., 2019). However, in several
model predictions (e.g. Moeinikia et al., 2018; Ford et al., 2018), it often
assumed that microannuli geometries are homogeneous with uniform
apertures, where the resulting fluid flow follows linear correlations.
Moreover, several experimental studies of fluid flow though microannuli
assume such uniformity and estimate “equivalent” or “effective”
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Fig. 1. The cross-section of the configuration for the cement sheath samples.
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microannuli sizes based on the measured flow rates (Boukhelifa et al.,
2004; Nagelhout et al., 2010; Aas et al., 2016).

Despite the merits and convenience of assuming microannuli uni-
formity, several experimental studies have shown that this approach is
too simplified. For example, X-ray computed tomography (CT) visuali-
zations of experimentally created cement microannuli have shown that
microannuli geometries are not uniform or homogeneous (De Andrade
et al.,, 2014, 2016; Vralstad et al., 2019). Real microannuli have
fracture-like and complex geometries with non-uniform apertures, and
do not always form around the entire circumference of the cement.
Furthermore, Skorpa and Vralstad (2018) used one of these experi-
mentally created microannuli as imported flow path geometry in
computational fluid dynamics (CFD) simulations and found that gas flow
thorough real microannuli can be complex and non-linear. Recently,
Stormont and co-workers performed several experiments where they
studied gas flow through different microannuli sizes (Stormont et al.,
2018; Garcia et al., 2019; Hatambeigi et al., 2020). They found that the
measured gas flow rates through these experimentally created micro-
annuli did not follow linear flow behaviour. Moreover, they also found

Fig. 2. The process of extracting microannuli geometries from experimental samples by using X-ray CT: (a) Illustration of sample cross-section. (b) A 2D CT image
showing defects in the cement sheath. (c) Segmentation of defects at cement-casing interface. (d) The stack of 2D CT images assembled into a 3D volume. (e) The final
3D volume of cement microannulus. f) Microannulus imported into CFD tool as flow path geometry.
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Fig. 3. Geometry of partial microannulus (Case 1), viewed from the front (a and b), the bottom (c), and the top (d).
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Fig. 4. Geometry of nearly complete microannulus (Case 2), viewed from the front (a and b), the bottom (c), and the top (d).
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Fig. 5. Geometry of theoretical microannulus (50 pm), viewed from the front (a and b) and the top (c).
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Table 1
Summary of the microannuli geometry cases.
Case # Geometry Description
Case 1 Experimental Partial microannulus
Case 2 Experimental Nearly complete microannulus
Case 3 Theoretical Uniform aperture of 50 pm
Case 4 Theoretical Uniform aperture of 350 pm
Case 5 Theoretical Uniform aperture of 750 pm
Table 2

Density and viscosity of fluids used in the CFD simulations.

Fluid type Density (kg/m>) Dynamic viscosity (Pa-s)
Methane gas 0.4911 14.09 x 107°

Water 940.7 2.25 x 107*

oil 710 3.5x 1073

that the microannulus aperture varied considerably around the
circumference of the cement and concluded that microannuli have
complex, non-uniform geometries. Consequently, they describe the
difference between mechanical aperture, which is the actual distance
across the microannulus opening, and the hydraulic aperture, which is the
estimated, average aperture assuming flow through smooth-walled
parallel plates (Stormont et al., 2018; Garcia et al., 2019; Hatambeigi
et al., 2020).

Therefore, to better understand actual flow through real micro-
annuli, it is important to take realistic microannuli geometries and
resulting flow non-linearities into account. In this paper, we have
expanded the previous work by Skorpa and Vralstad (2018) and used
new CT visualizations of experimentally created microannuli as im-
ported geometries in CFD simulations of fluid flow. We have used these
real microannuli geometries as flow paths for simulations with three
different fluids: methane, water, and oil. For comparison, simulations
with three different theoretical microannuli geometries with uniform
apertures were performed as well. The objective is to visualize and un-
derstand how different fluids flow through real microannuli geometries,
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and such improved understanding will enable more accurate predictions
of potential well leakage rates and thus contribute to improved well
integrity.

2. Methodology
2.1. Preparation and visualization of microannuli

The microannuli geometries used in this paper were obtained from
previously published work (De Andrade et al., 2016; Vralstad et al.,
2019), thus no new experiments were performed. The experimental
procedure to obtain the microannuli have been described in detail in
previous publications (De Andrade et al., 2014, 2016; Vralstad et al.,
2015; Vralstad and Skorpa, 2020), and only a brief summary is given
here:

Down-scaled cement sheaths were prepared experimentally, be-
tween a casing and a rock (Fig. 1) with a thickness of approx. 8 mm and a
height of 200 mm. The casing (carbon steel, API 5 L X-52) has an outer
diameter of 60.3 mm, surrounded by a cylindrical rock with an inner
diameter of 76 mm and an outer diameter of 150 mm.

The casing/cement/rock specimens were mapped with X-ray
computed tomography (CT) by using a Siemens Somatom Sensation
medical CT scanner. The scanning process returned a stack of 200
sequential 2D cross-sectional images with a displacement of 1 mm/slice
at 140 kV. The radial resolution of the CT scan was approximately 200
pm. The stack of the 2D images was processed and reconstructed to
produce the 3D geometries by using the Avizo software (Thermo Fisher
Scientific, 2019), as illustrated in Fig. 2. In the process, cement defects
(dark areas) in the 2D-images were identified, where cement-casing
debonding were labeled with blue color. At the end of the process, the
2D images were stacked to produce full 3D volumes of cement-casing
microannuli. These 3D geometries were subsequently imported into
the CFD simulation tool, as described in section 2.3.

Fig. 6. Flow streamlines of methane gas at VP = 2.5 kPa/m through the microannulus of Case 1 at (a) the front face and (b) the back face. Note that each

microannulus face has a different range of fluid velocity.
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Fig. 7. Flow streamlines of methane gas at VP = 2.5 kPa/m through the microannulus of Case 2 at (a) the front face and (b) the back face.
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Fig. 8. CFD simulation results of pressure difference vs. flow rate for real microannuli geometries (Cases 1 and 2).
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Table 3
Summary of the averaged Forchheimer number for all fluid types flowing
through all microannulus geometries.

Geometry Cases Forchheimer number
Methane gas Water 0il
Experimental Case 1 0.74* 2.17 0.04
Cas” 2 0.13" 0.13' 0701
Theoretical Cas” 3 1x107° 3.7 x 1072 -15x 107%
Case 4 1.5x107* 0°01 3.3 x107°
Case 5 0.03 0.17' 7 %1071

f Forchheim.

¥ Negative sign indica.

2 rnumbereaceeds the critical value of 0.11.
b es the flow is linear-Darcy flow dominant.

2.2. Description of microannuli geometries

Two experimentally obtained microannuli (Cases 1 and 2) were
obtained from previous publications, where Case 1 has been shown by
Vrélstad et al. (2019) and Case 2 has been shown by De Andrade et al.
(2016). These two geometries were selected as examples of typical, real
microannuli. For comparisons, three theoretical microannuli with uni-
form apertures were prepared as well.

Fig. 3 shows the geometry of Case 1, which is a partial microannulus.
It is seen that casing-cement debonding dominates the area at the back
face, and there was only partial microannulus present at the upper half
of the front face. The microannulus at the back face is also vertically
connected from the bottom to the top of the specimen. The microannulus
aperture at the lower part is ~1 mm, and it increases along the z-di-
rection and the circumference toward the back face, with the largest
(~6 mm) found at the topmost of the back face. The volume of this
microannulus is 35.87 mL.

Fig. 4 shows the geometry of Case 2, which is a nearly complete
microannulus. It is seen that casing-cement debonding dominates the
entire interface circumference and is also vertically connected from the
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bottom to the top of the specimen. There are only a few cement-casing
contacts at the front face, and hence this microannulus nearly shapes
a complete microannulus. The microannulus aperture is generally uni-
form at ~0.8 mm, and the volume of the microannulus is 32.95 mL.

In addition to these two experimental microannuli, three hypothet-
ical microannuli (Cases 3-5) were prepared manually by using the CFD
simulation software. They share a similar geometry of smooth and
perfectly uniform thickness. Three different microannulus apertures
were prepared: 50 pm (Fig. 5), 350 pm, and 750 pm. 50 pm was chosen
to represent a typical value for average, hydraulic apertures found in
experimental studies (Boukhelifa et al., 2004; Aas et al., 2016; Stormont
etal., 2018), whereas 350 pm and 750 pm were chosen to approximately
match the obtained simulation results for Cases 1 and 2, respectively. A
summary of the geometry cases from both experimental and theoretical
microannuli is given in Table 1.

2.3. Computational fluid dynamics (CFD) simulations

The procedure to perform the CFD simulations has been described in
detail in previous publications (Vralstad et al., 2015; Skorpa and Vral-
stad, 2018, 2020), but a detailed description is given here as well, along
with specific descriptions of the simulations in this work. The digitalized
microannuli geometries, as illustrated in Figs. 3-5, was imported into
the CFD simulation software, StarCCM+ (Siemens PLM Software 2017).
Each surface was manually repaired to maintain the unique structural
features and flow paths, and small/unconnected dead-ends were
removed to simplify the model. The inlet and outlet were defined at the
bottom and top of the geometries, respectively. A wall boundary was
used for the full geometry, except at the inlet and outlet surfaces, which
were set as pressure outlet. The volume mesh (approximately 10 million
faces) was generated using a polyhedral (for Case 1) and trimmer mesh
(Case 2 and theoretical microannuli) with 5 layers of prism mesh close to
the wall. The trimmer mesh was chosen to speed up both the meshing
and running process. To check the quality of the mesh, a
mesh-convergence study was performed with different mesh
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Fig. 9. The flow streamlines of water at VP = 2.5 kPa/m through the microannulus of (a) Case 3, (b) Case 4, and (c) Case 5 at the front face. Note that each case has a

different range of fluid velocity.
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Fig. 10. CFD simulation results of pressure difference vs. flow rate for theoretical microannuli (Cases 3-5).

configurations and number of faces to check the quality of the mesh.
A mass flow through the geometry was created by applying a pres-
sure at the bottom of the inlet, creating a pressure gradient (ranging
from 0.1 to 2.5 kPa/m) through the geometry. The pressure at the outlet
were fixed at 1 bar. The mass flow was modeled using segregated flow,
constant density, and steady state approximations, assuming laminar
flow through the geometry. Each simulation was run until numerical
convergence of the residuals (approximately 3000 iterations), and both
the mass flow and pressure drop were found to converge in due time
before this. Three different fluids were investigated: methane (gas),
water (liquid) and medium-light oil (liquid). The fluid properties, i.e. the
density (p) and the dynamic viscosity (i), were set at 120 °C and 1 bar
and were obtained from the CFD software, as summarized in Table 2. It
should be noted that for these values of pressure and temperature, it may
seem peculiar that water should be in liquid state, however these fluid
properties are representative for liquid water at elevated temperatures.

2.4. Non-linear fluid flow

Previous studies on fluid flow through microannuli and cracks in
cement have shown that the flow do not follow Darcian linearity, but can

be better explained by Forchheimer’s equation for visco-inertial flow
(Skorpa and Vralstad, 2018, 2020; Stormont et al., 2018; Garcia et al.,
2019; Hatambeigi et al., 2020). In Darcy flow, the flow rate is linearly
related to the pressure gradient, and the relationship of both parameters
is described by the following equation:

_ K
ve=iho €))

where VP is the pressure gradient along the flow direction (Pa/m), y is
the dynamic viscosity (Pa-s), k is the permeability (mz), Ay, is the cross-
sectional area of the specimen (mz), and Q is the volumetric flow rate
(m3/s).

Linear Darcy flow could be terminated and shifted into non-linear
flow if the flow rate is a large or significant inertial effect emerged, i.
e. an effect that is caused by the irreversible loss of kinetic energy due to
flow acceleration or deceleration (Chen et al, 2015). To explain
non-linear flow, Forchheimer (1901) added a quadratic term into the
Darcy equation that represents the inertial effect, expressed as:

—VP =AQ + BQ? 2
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Fig. 11. Comparison of CFD simulation results between experimental Case 1 and theoretical Case 4.
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2.5. Limitations
H bp
—VP=—0+= 3
R ®

where A and B are respectively the coefficients describing energy losses
due to the viscous and inertial dissipation mechanisms, p is the fluid
density (kg/m3), and f is called the non-Darcy coefficient.

To accurately identify the type of fluid flow, the Forchheimer num-
ber is used to describe the criteria to enter non-Darcy flow. The For-
chheimer number, Fy, is defined as the ratio of pressure gradient
required to overcome inertial forces to that of viscous forces derived
from Eq. (2) (Chen et al., 2015):

_BQ*> BQ

F,=— =—%
A0 A (€3]
Zeng and Grigg (2006) suggested that 0.11 is the critical value of the
Forchheimer number, where values of Fy higher than 0.11 results in

non-linear flow.

There are several limitations in the procedure that affect the results,
which should be discussed. The main limitation is the resolution of the
CT instrument, which significantly influences the obtained microannuli
geometries. Currently, the radial CT resolution is approx. 200 pm, which
means that debonded areas smaller than this limit will not be detected.
Consequently, the microannuli geometries obtained in our studies have
relatively large apertures compared to other, experimental studies were
microannuli have been found to be significantly smaller than 200 pm
(Boukhelifa et al., 2004; (Nagelhout et al., 2010; Aas et al., 2016;
Stormont et al., 2018; Garcia et al., 2019). Subsequently, the resulting
flow rates obtained from our CFD simulations may be unrealistically
high. However, the aim of this paper is to study and understand flow
through real microannuli geometries, thus the obtained results are still
qualitatively important.

Another limitation is that it is assumed that the microannuli
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geometries are fixed and do not change during flow. This assumption is
incorrect as it is known that increased pressure differences may lead to
further cement debonding and thus increase the available flow path size
(Bois et al., 2019). Furthermore, it is also assumed that fluid only flows
through the microannuli, and not through the (porous) cement at all.
However, the permeability of cement is relatively low, and flow through
the cement can thus be neglected compared to microannuli flow.

3. Results and discussion
3.1. Experimental microannuli: case 1 and case 2

As examples of obtained simulation results, Figs. 6 and 7 show flow
streamlines of methane gas flow at VP = 2.5 kPa/m for Case 1 and Case
2, respectively. The fluid flow in the partial microannulus of Case 1
(Fig. 6) was mainly concentrated in the middle area of the back face,
with parallel and straight flow streamlines and high velocity. This
highway area, where fluid flows rapidly, was formed due to the highly
connected microannulus with thick apertures (see Fig. 3c). Meanwhile,
the flow at the neighboring area shifted into transverse streamlines to-
ward the front face with velocity reduction. At the lower part of the back
face, the fluid flow was tortuous with channeling streamlines along the
preferential paths due to the non-uniform presence of cement-casing
contacts. The local velocity of this flow was also highly varied, up to
30 m/s, which was likely due to the variation in the microannulus
aperture.

The flow streamlines from the nearly complete microannulus of Case
2 (Fig. 7) were mainly homogeneous at both front and back faces, with
wavy paralleled lines along the flow direction. However, near the area
with irregular contact of cement-casing, a channeling flow was indicated
(Fig. 7a). Furthermore, there were variations in fluid velocity along the
flow direction, up to 20 m/s, although it was less significant than for
Case 1.

Plots of pressure gradient versus resulting flow rate for each type of
fluid for Cases 1 and 2 are presented in Fig. 8. It can be seen from the
figure that non-linear curves are obtained for methane and water when
flowing through both partial (Case 1) and nearly complete (Case 2)
microannuli, whereas oil resulted in linear curves for both cases It is also
observed that the non-linearity found for curves in Case 2 was less
distinct than for Case 1, which is probably because Case 2 has a more
uniform geometry than Case 1.

Furthermore, as mentioned in section 2.4, the Forchheimer equation
can be used to describe non-linear flow through microannuli, where
0.11 is the critical value of the Forchheimer number (Fy) when the flow
becomes non-linear (Zeng and Grigg, 2006). Table 3 summarizes the
averaged F, values for each case and fluid type. It can be seen from the
table that in both Cases 1 and 2, large values of F,> 0.11 were observed
for methane gas and water, indicating non-linear flow. Moreover, values
of F,< 0.11 were found for oil, indicating linear flow, which verify the
observations in Fig. 8. These findings suggest that inertial effects are
more dominant in low viscous fluids, and that viscous effects are more
dominant in more viscous fluids.

By comparing Cases 1 and 2, it can also be seen from Table 3 that the
largest F, values are found for the partial microannulus geometry of Case
1. These large F,values suggest significant inertial effects, which could
be attributed to (i) frequent flow acceleration or deceleration and (ii) a
highly tortuous flow path (Chen et al., 2015; Zou et al., 2017). Both
attributes were confirmed by the fluid streamlines observed for Case 1 in
Fig. 6. Moreover, the less significant inertial effects, i.e. lower F,values,
observed for the nearly-complete microannulus geometry (Case 2), is
reflected by the fluid streamlines in Fig. 7 that show mostly parallel flow
paths with small velocity variations. Therefore, these findings suggest
that flow linearity is highly dependent on microannuli morphology,
where microannuli with more complex geometries increase the
non-linearity of the fluid flow.

Journal of Petroleum Science and Engineering 196 (2021) 107669

3.2. Theoretical microannuli: case 3 - case 5

As examples of obtained simulation results, Fig. 9 show flow
streamlines of water flow in the theoretical microannulus of Cases 3-5 at
VP = 2.5 kPa/m. Overall, the streamlines in these three microannuli
formed uniform and perfectly straight lines along the flow direction,
with a small variation of fluid velocity. The range of the fluid velocity in
each case increased as the aperture size increased. Plots of pressure
gradient versus resulting flow rate for all fluids for the theoretical
microannuli are presented in Fig. 10. It can be seen that fluid flow
through all theoretical microannuli resulted in linear curves. However,
the only exception was for water flow in the microannulus of Case 5,
with the thickest aperture of 750 pm, which could perhaps be attributed
to the high flow rates and the large density of water (Bxp, see Equation
(3.

Table 3 shows that fluids in all theoretical models of Case 3-5 result
in Forchheimer numbers less than 0.11, which verifies the observed
linearity in Fig. 10, except for water flow in the largest aperture of 750
pm (Case 5) where F, > 0.11. This observed linearity is expected as the
flow path in these microannuli is uniform, with small variations of ve-
locity (Fig. 9).

3.3. Comparison of experimental and theoretical microannuli

The results so far have confirmed and expanded previous findings by
Skorpa and Vralstad (2018), i.e. that fluid flow through microannuli is
non-linear and that the degree of non-linearity increases with increasing
microannuli non-uniformity. To elaborate this point further, it is fruitful
to compare to results for experimental microannuli with theoretical
microannuli. First, by comparing the results in Figs. 8 and 10, it is seen
that the obtained flow rates for theoretical microannulus with 50 pm
aperture (Case 3) are several orders of magnitude lower than the ob-
tained flow rates for the two experimental cases. For direct comparisons,
it is therefore more relevant to compare Cases 1 and 2 to Cases 4 and 5,
respectively, which are shown in Figs. 11 and 12.

From Fig. 11 it can be seen that the results for uniform microannulus
of Case 4 deviate significantly from the non-linear flow of methane gas
and water seen for the real microannuli in Case 1. Similar deviations are
also found for Case 2 vs Case 5 in Fig. 12, although less significant, since
the microannulus geometry of Case 2 is more uniform than Case 1.
Therefore, our findings indicate that it would be incorrect to assume
uniform microannuli apertures and geometries when estimating flow
through microannuli.

4. Conclusions

This study has demonstrated that fluid flow through microannuli is a
complex issue, and the following conclusions can be drawn:

e Fluid flow in real microannuli can be non-linear due to the inho-
mogeneous and irregular morphology of the flow paths.

e The non-linearity of fluid flow in real microannuli increases as the
microannuli geometries become more complex and heterogeneous.

e The Forchheimer number can be used to describe linear vs non-linear
flow, where the value 0.11 predicts the transition from linear to non-
linear.
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