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Fluid Migration Characterization
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Fluid migration behind casings is a well integrity problem that can result in sustained
casing pressure, undetected leaks to the environment, and potentially very challenging
remediation attempts. Understanding the geometric dimensions and extent of annular
migration paths is important for diagnosing and effectively treating fluid migration and sus-
tained casing pressure problems in wells. In this study, permeability and micro-annuli sizes
in two full-scale cemented annulus test sections are measured using transient pressure-
pulse-decay and steady-state seepage measurements. One of the studied sections is a
cemented 9 5/8-in. and 13 3/8-in. casing section from a 30 years old Norwegian North
Sea production well. A model for predicting the transient pressure decay in annular sections
with non-uniform permeability is presented and the permeabilities of the two sections are
determined by fitting the transient model to pressure measurements at either side of the
test sections and at selected axial positions. For both sections, measured micro-annulus
sizes are within the range of effective wellbore permeabilities based on sustained casing
pressure records and previous vertical interference tests from other wells. The test sections
display measurable axial permeability variations with the bottom part of these vertical sec-
tions having the lower permeability. For the retrieved casing section, the axial permeability
variation occurs close to the middle of the test section and is attributed to the top-of-cement.
Increasing internal casing pressure is found to slightly reduce the equivalent micro-annulus
size, indicative of fracture-like response of the migration paths. Using two independent test
protocols, we have measured effective permeabilities as well as local permeability varia-
tions in full-scale test sections and found consistent results. The study suggests that the tran-
sient test procedure can be used to more effectively characterize low-permeable annular
cement where it is otherwise time-consuming or difficult to establish steady-state flow con-
ditions. [DOI: 10.1115/1.4052184]

Keywords: deep-water petroleum, petroleum engineering, petroleum wells-drilling/
production/construction

1 Introduction
The cement behind casings is an important structural barrier

element in wells for oil and gas production that should ensure
zonal isolation along the annulus and provide mechanical support
for the casing. The cement is usually placed behind the casing or
liner by pumping a sequence of fluids, including washing fluids,
spacer fluids, and the cement slurry, down the well inside the
casing. The fluids flow into the annulus and up toward the surface
from the bottom of the casing, displacing the original drilling
fluid from the annular space behind the casing.
Once hardened, a main function of the well cement is to prevent

the uncontrolled flow of fluids behind the casing. As discussed by
Bois et al. [1] and Patel and Salehi [2], the set cement is subjected
to mechanical and thermal loads that can comprise annular zonal
isolation. A consequence can be fluid migration problems leading
to sustained casing pressure or surface casing vent flows at the
surface. Brufatto et al. reported in 2003 that out of approximately
15,500 producing, shut-in and temporarily abandoned wells on
the outer continental shelf of the Gulf of Mexico (period 1973–
2003), 43% exhibited sustained casing pressure (SCP) on at least
one casing annulus [3]. A recent overview of world-wide statistics

related to barrier and well integrity failures is provided by Davies
et al. [4].
While cements that are cured under controlled and undisturbed

conditions exhibit low bulk permeabilities in the microdarcy
range [5], effective permeabilities in wells with sustained casing
pressure have been found to be several orders of magnitude
greater due to various flaws such as fractures or poor bond
between casing or formation and the cement [6–9]. Indeed, the
effective wellbore permeability of cemented annuli can be very dif-
ferent from the permeability of bulk cement due to flow along
micro-annuli or fractures.
Sustained casing pressure records, vertical interference tests,

cement logs, and operational data are important sources of informa-
tion about the actual wellbore permeability. Gasda et al. [10]
reported wellbore permeability measurements from vertical interfer-
ence tests and compared the permeabilities to cement bulk perme-
abilities measured on cored material from the side wall. While the
cement cores exhibited permeabilities of the order of microdarcy
to hundreds of microdarcy, the corresponding wellbore permeabil-
ities were at least 2 orders of magnitude greater than the bulk per-
meability [10]. Working with sustained casing pressure buildup
data from 238 wells, Checkai et al. determined the effective well-
bore permeabilities to be in the range from 1 microdarcy up to 1
darcy [11]. Assuming the leakage occurs outside a 9 5/8-in. produc-
tion casing, a 1 darcy permeability corresponds to a 70 μm micro-
annulus gap between the annulus cement and the outer 13 3/8-in.
casing [9]. Similar effective wellbore permeabilities have also
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been reported by Crow et al. [12] and Kang et al. [13]. When com-
bined with a model for fluid migration along the wellbore, sustained
casing pressure records can be used to assess properties of the
migration paths and leakage rates [14].
A new source of information concerning effective wellbore per-

meabilities is two sandwich sections consisting of production
casing (244.5mm or 9 5/8-in. outer diameter) and intermediate
casing (339.7mm or 13 3/8-in. outer diameter) with the annular
cement sandwiched in-between that were cut and retrieved to
surface as part of a recent abandonment operation in a Norwegian
North Sea well. The sections were cut in approximately 10m
lengths from the well interval between 119m and 263m vertical
depth as part of the surface plugging operation. The well was orig-
inally constructed and cemented in 1985 and experienced sustained
casing pressure during production. The well was permanently aban-
doned in 2018, and two of the retrieved sections were saved for
surface re-logging and characterization. The surface re-logging con-
firmed the log results acquired in the well prior to cutting and
retrieving the sections, namely, the existence of poor-to-moderate
cement bond to the inner casing and indications of gas on the ultra-
sonic cement log [15,16]. An initial comparison between the cement
logs and seepage records showed good, qualitative agreement
[15,16]. In this paper, I expand on the above by measuring wellbore
permeability, or the equivalent micro-annulus gap size, in one of the
two sandwich sections mentioned above, and in another, yard-
cemented full-scale annulus test section, using two different techni-
ques, namely, the transient pressure-pulse-decay method and
steady-state seepage measurements.
In laboratory tests, effective annular permeability or equivalent

effective micro-annulus of annular cement is often inferred from
measurements of volumetric flowrate as function of applied pres-
sure difference across the test sample. An alternative measurement
technique to the steady-state seepage measurements is the transient
pressure-pulse-decay method where the permeability is inferred
from the pressure propagation through the sample. The sample to
be tested is connected to an upstream and a downstream fluid reser-
voir, with sample and reservoirs initially at the same pressure. The
upstream reservoir is then isolated from the sample and the down-
stream reservoir by the closing of a valve and pressurized to a
higher pressure than the other two. The permeability measurement
starts by re-opening the valve and monitoring the pressure decay in
the upstream reservoir and the eventual pressure buildup in the
downstream reservoir. As explained later in this paper, the sample
permeability can be inferred from the rate at which the two reservoir
pressures approach the final, equilibrium pressure in the system.
When testing casing and annulus cement sections, as is done
here, the measured permeability reflects the dominating contribu-
tions to effective wellbore permeability, typically flaws such as
micro-annuli or fractures in the cement.
The pressure-pulse-decay method was first used by Brace et al. to

measure the permeability of granite cores under high pressure [17].
The theory for test interpretation was further developed by Hsieh
et al. [18], Dicker and Smits [19], and Jones [20] who solved the
linear pressure diffusion equation by way of Laplace transforms,
and Haskett et al. who generalized the solution to linear gas flow
through integral transforms [21]. Nonlinear diffusion effects due
to pressure-dependent material properties was explored by Marshall
[22] while Hannon [23] developed extended models for analyzing
heterogeneous cores and crushed samples. Pressure-pulse-decay
models for measurements on fractured, dual porosity cores were
recently discussed by Han et al. [24].
The main goal of this study is to further contribute to the knowl-

edge of effective wellbore permeabilities by studying full-scale
cemented annulus test sections, one of which has been retrieved
from an offshore production well. Furthermore, it will be shown
how transient measurements can be used as an alternative method
for permeability and micro-annulus characterization in full-scale
assemblies. An important motivation for the transient pressure-
pulse-decay measurement is that it enables significantly quicker
permeability characterization compared to the steady-state test

protocol. Especially in low-permeable test sections, it may be par-
ticularly difficult to establish truly steady-state conditions.
The outline of the paper is as follows. The two test sections are

presented in more detail in the next section. Next, the necessary
theory for interpreting the pressure-pulse-decay measurements is
introduced, focusing on both uniform permeability and a discontin-
uous permeability model that better represents the pressure propa-
gation through the two test sections studied in this paper. The
discontinuous permeability model is calibrated to transient mea-
surements in both test sections, before comparing effective perme-
abilities to those measured in steady-state seepage experiments.
Finally, I provide a summary and the main conclusions of the paper.

2 Test Assemblies
Two full-scale cemented annulus test sections are studied in this

paper. These are denoted “PWC Jig and Transition Joint”, respec-
tively, and are presented in more detail below.

2.1 PWC Jig. The first assembly to be studied consists of a 9
5/8-in. casing centralized inside a 13 5/8-in. casing. The distance
between the inlet and outlet ports at either end of the assembly is
11.1m, and one additional test port is positioned mid-way along
the section. The assembly was constructed primarily for research
purposes such as testing of cement verification methods and was
cemented vertically in Nov. 2015. The PWC Jig is shown laying
horizontally behind the test rack in Fig. 1.

2.2 Transition Joint. The second assembly studied herein is
denoted transition joint and consists of a 9.4m long section of a 9
5/8-in. casing inside a 13 3/8-in. casing. The transition joint is
one of a number of casing-in-casing sections that were cut and
retrieved from a production well in the Norwegian sector of the
North Sea in 2018 as part of establishing the required surface
plug in the well. A wellbore schematic showing the location of
the transition joint is provided in Fig. 2.
Two of the retrieved sections are shown in Fig. 3, with the transi-

tion joint positioned to the right. The well was originally cemented
in 1985 and had seen more than 30 years of production when it was
abandoned in 2018. The transition joint contains the 9 5/8-in. and 13
3/8-in. annulus top-of-cement about mid-way along the length of
the section. Previous analyses of the test section include surface
re-logging [15,16] which indicated the transition from cement to
mud from 4.5m to 5.8m measured from the bottom of the
section. This part of the well was cemented by reverse circulating
cement slurry down the annulus as the second stage of the
primary cementing operation of the 9 5/8-in. casing. Furthermore,
while the PWC Jig introduced above has been constructed for
research purposes and never been in a live well, the transition

Fig. 1 The PWC Jig placed horizontally for pressure testing
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joint has experienced drilling and production-related loads such as
thermal shocks.
The exposed annulus cross sections at the top and bottom of the

test section are shown in Fig. 4. The inner 9 5/8-in. casing is fully
eccentered inside the 13 3/8-in. casing, with only the 9 5/8-in.
casing collar providing an offset between the two casing walls
away from the collar. The eccentricity is estimated to be approxi-
mately 0.63 based on the nominal dimensions of the 9 5/8-in.
casing collar. The top of the test section contains a solid mass of
settled weighting material above the top-of-cement. The bottom
cross section to the right shows full cement coverage around the
annulus and also significant contamination in the form of local het-
erogeneities. Previous observations of gas migration through the
bottom cemented cross section indicated communication along
both cement-casing interfaces, that is both along the outer wall of
the inner casing and along the inner wall of the outer casing [16].
The ends of the sections have since been dressed with bulkheads
to allow testing under pressure and to avoid further drying of the
cement. A more detailed description of the transition joint, includ-
ing an initial examination of the cement, can be found in Ref. [16].
Inlet and outlet ports have been mounted on the end caps of the

assembly, ensuring full exposure of the entire annulus cross sec-
tions. In addition, a total of 14 pressure ports have been mounted
along the length of the transition joint, spaced approximately
every 1.2m, with 7 ports accessing the wide side of the eccentric
annulus and 7 ports accessing the narrow side.

3 Measurement Protocol
A combination of steady-state seepage measurements and transi-

ent pressure-pulse-decay measurements was performed on the two
test sections described above. The measurements were all per-
formed with the two assemblies in horizontal position, with pressure
transmitters mounted at each available test port. The pressure trans-
mitters have a working range of 0–60 bar and an accuracy of
±0.25% of the working range. Pressure was logged at a rate of
mainly 1–5Hz in the pressure-pulse-decay experiments. A tempera-
ture transmitter was also connected to the assemblies to monitor
possible temperature developments over the course of the test
program.
Steady-state seepage measurements were performed by connect-

ing the inlet port to a test pump while maintaining the outlet port
open. Once the measured pressure in the assembly was steady
and a constant flowrate observed through the outlet port, the
seepage rate was measured by collecting the effluent over a prede-
fined time interval. The measurement series continued by repeating
these measurements at different values of inlet pressure and possi-
bly by varying the port used as the outlet port. These steady-state
seepage measurements rely on achieving a steady flowrate
through the test section which can be difficult to achieve in low-
permeable test cells. Once the sections were fully saturated, the sec-
tions considered here required typically 20–30 min for stable flow at
each pressure differential.

Fig. 3 Two cut and pulled sections from a North Sea well. The
transition joint is shown to the right.

Fig. 4 Exposed top (left) and bottom (right) of the transition joint

Fig. 2 Well schematic of the production well from where the
transition joint was retrieved. The transition joint is a
casing-in-casing section consisting of 9 5/8-in. production
casing, annular cement, and 13 3/8-in. intermediate casing.
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Transient pressure-pulse-decay measurements were performed
by connecting an upstream fluid reservoir to the inlet port and a
downstream fluid reservoir to the outlet port of the section to be
tested. Liquid bottles, each of 114 l capacity, were used as upstream
and downstream reservoirs. Pressure transmitters were mounted at
the lines connecting the reservoirs to the test section and at pressure
ports along the length of the test section. A set of valves were used
to connect or isolate the fluid reservoirs and the test section.
In preparation for testing on each section, the compressive

storage of the two reservoirs and of the test section was measured.
The compressive storage of a closed vessel is taken as the ratio of an
injected volume of fluid to the corresponding increase in vessel
pressure and was measured by pressurizing the closed test section
with water as the working fluid, followed by bleeding down the
pressure in steps while measuring the effluent at each step. The
compressive storages of the components are needed in order to fit
the pressure decay model to the pressure measurements, as shown
in the following section. A needle valve was used to take the pres-
sure down in steps. The same procedure was performed to also
measure the compressive storage of the two reservoirs.
Before starting a measurement, the two reservoirs and the test

section were brought to the same initial pressure which varied
between 5 bar and 45 bar in the tests performed in this study.
Once stabilized, the valve between the upstream reservoir and the
test section was closed and a test pump was used to increase the
upstream reservoir pressure to a predefined, higher pressure than
the test cell and the other reservoir. The test commenced by
rapidly opening the valve and monitoring the propagation of the
pressure pulse through the test section and the downstream reser-
voir. Once the pressure had stabilized throughout the system, the
test was repeated at the same or a different initial pressure. If
testing at the same initial pressure, the final, stabilized pressure at
the end of the previous test was bled down before pressurizing to
the initial pressure level. To identify differences in the permeability
or the micro-annuli between the top and the bottom of the sections,
pressure-pulse-decay experiments were performed in both direc-
tions, from bottom to top, and then from top to bottom of the sec-
tions. All measurements reported in this paper used water as
working fluid.
Since the PWC Jig and the transition joint were both cemented

vertically, I will refer to the bottom and top of the sections as
seen when they were cemented. For the transition joint, in particu-
lar, this means that the material above the top-of-cement is located
toward the top of this section. To measure the permeability of the
sections, steady-state flow tests and transient pressure tests have
been performed both from the bottom to the top and from the top
to the bottom. Testing from bottom to top will be referred to as
the standard test direction, and tests performed from top to
bottom as tests performed in the reverse direction. As such, the stan-
dard test direction is considered most relevant for fluid migration in
a well, that is toward the surface. An important motivation for also
testing the sections in the reverse direction was to detect possible
variations in permeability or equivalent micro-annulus size along
the length of the sections. Finally, for the transition joint, tests
have been performed with an applied pressure inside the inner
casing. A constant pressure of 10, 20, or 30 bar has been applied
to the casing to study how elastic expansion of the inner casing
affected the measured permeability of the annulus cement both
when performing steady-state measurements and transient
pressure-pulse-decay experiments.

4 Model of Pressure-Pulse-Decay Experiments
The model for interpreting pressure-pulse-decay measurements,

covering the cases of uniform, effective permeability and a discon-
tinuous permeability profile, will be presented in this section. Both
effective permeability and effective micro-annulus will be used to
characterize the zonal isolation qualities of the annulus cement.
The concept of micro-annulus is motivated by previous studies

that have found the cement-casing and cement-formation inter-
faces as likely leakage pathways, and that these pathways
exhibit fracture-like responses to changes in stress and effective
pressure [9]. While most of the literature on pressure-pulse-decay
measurements use permeability, studies of cement-casing and
cement-formation geometries use the concept of micro-annulus to
characterize interface leakage pathways. The two concepts can be
used interchangeably, as the effective permeability k̂ and the equiv-
alent effective micro-annulus ĥ are related by

k̂Â � Ŵĥ3

12
(1)

where Â is the cross-sectional area of the annulus and Ŵ is the cir-
cumference of the micro-annulus. Assuming the effective micro-
annulus is located at the outer cement interface, Ŵ = 2πR̂o with
R̂o the inner radius of the outer casing.

4.1 Uniform Permeability. Consider first a test section of
uniform permeability (or equivalent uniform micro-annulus size,
as explained above) and assume that fluid flow through the
section can be described by the Darcy flow equation:

v̂ =
k̂

μ̂
−
d p̂
dx̂

( )
(2)

where v̂ is the fluid velocity, k̂ is the effective permeability, μ̂ is the
fluid viscosity, and d p̂/dx̂ is the pressure gradient. Here, and in the
following, a hat symbol is used to denote quantities with physical
dimensions and units. Using the Darcy equation in combination
with the principle of mass conservation, the pressure diffusion equa-
tion

d p̂
dt̂

=
k̂

μ̂ĉ

d2p̂
dx̂2

(3)

is obtained for the pressure evolution inside the test cell with com-
pressibility ĉ. It is here assumed that the material and fluid proper-
ties k̂, μ̂, and ĉ can be considered constant within the test pressures
of each experiment; in this idealized case, the experiments are
described by a linear diffusion equation.
The test cell is connected to an upstream and a downstream reser-

voir of known initial volumes. The upstream reservoir volume will
be denoted by V̂u and the effective compressibility of the upstream
reservoir and water by ĉres,u. The same quantities V̂d and ĉres,d are
defined for the downstream reservoir. Boundary conditions for
the pressure diffusion equation (3) are derived by considering the
flow of fluid from the upstream reservoir to the test cell and the
associated decrease in upstream reservoir pressure, p̂u:

V̂uĉres,u
d p̂u
dt̂

=
k̂Â

μ̂

dp̂
dx̂

(4)

where again the Darcy equation has been substituted for the bulk
velocity. At the downstream reservoir, the corresponding boundary
condition reads

V̂dĉres,d
d p̂d
dt̂

= −
k̂Â

μ̂

dp̂
dx̂

(5)

As initial conditions, it is assumed that the test cell and the down-
stream reservoir are maintained at stable and uniform pressure
p̂d(t̂ = 0). The upstream reservoir is isolated from the rest of the
assembly by a closed valve and pressurized to an elevated pressure
p̂u(t̂ = 0) > p̂d(t̂ = 0). The valve is opened and the test starts at t̂ = 0.

4.2 Dimensionless Equations and Analytical Solution. To
proceed, the governing equations are expressed in terms of the
dimensionless pressure, time, and position defined as follows:
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p =
p̂ − p̂d(0)

p̂u(0) − p̂d(0)

t =
k̂

μ̂ĉL̂2
t̂

x = x̂/L̂

where L̂ is taken to be the axial length of the test cell. Expressed in
terms of the dimensionless quantities, the governing equation and
boundary conditions are:

dp
dt

=
d2p
dx2

(6a)

γu
dp
dx

=
dpu
dt

at x = 0 (6b)

γd
dp
dx

= −
dpd
dt

at x = 1 (6c)

Here, γu = ĉV̂/(ĉres,uV̂u) denotes the ratio of the compressive
storage in the test cell to that of the upstream reservoir. The test
cell volume is denoted by V̂ . Similarly, γd denotes the compressive
storage ratio of the test cell to the downstream reservoir. The initial
condition for the dimensionless pressure is now p(x= 0, t= 0)= 1
and p(x> 0, t= 0)= 0.
The solution of the diffusion equation above is most readily

obtained by Laplace transform [25]. Combining the general solution
of the pressure diffusion equation with the boundary conditions of
Eqs. (6b) and (6c), Hsieh et al. [18] and Dicker and Smits [19] found
the following result for the pressure difference between the two
reservoirs:

pu(t)− pd(t)

= 2
∑∞
m=1

γu(γ
2
d + θ2m)− (−1)mγd

��������������������
(γ2u + θ2m)(γ

2
d + θ2m)

√[ ]
exp(−θ2mt)

θ4m + θ2m(γu + γ2u + γd + γ2d)+ γuγd(γu + γd + γuγd)

(7)

where θm are the roots of the equation

tan θ =
(γu + γd)θ

θ2 − γuγd
(8)

In this work, the roots of Eq. (8) are found using the bisectionmethod
of Ref. [26]. This method works by repeatedly bisecting an interval

known to contain the root of the equation. Focusing now on config-
urations where the two reservoirs are identical, we plot the first three
roots θm− (m− 1)π, as function of γ= γu= γd in Fig. 5.
At “late-times” in the pressure-pulse-decay experiment, the pres-

sure difference between the reservoirs is dominated by the first term
in the sum in Eq. (7), resulting in single exponential behavior. This
is illustrated in Fig. 6, where the full solution is seen to follow a
single exponential solution represented by the dotted line following
an initial transient. It is observed that the duration of the initial transi-
ent increases with increasing compressive storage of the test cell rela-
tive to the reservoirs. However, at later times (t≥ 0.1 for the cases
considered here), the pressure difference can be approximated by

ln pu(t) − pd(t)
( )

= constant − θ21t (9)

where θ1 is the first, non-zero root of Eq. (8).

4.3 Heterogeneous Permeability Model. As full-scale test
sections may exhibit locally varying permeability, the model intro-
duced above will now be generalized to allow for a discontinuous
permeability inside the sample, represented by a step change from
a constant permeability to a different constant permeability at a
position ℓ, measured from the bottom of the test cell. Following
the model derived by Hannon [23], denote the permeability in 0 <
x< ℓ by k̂1 and that of the adjacent section ℓ< x< 1 by k̂2. The
ratio of the permeabilities is denoted λ2 = k̂1/k̂2. At x= ℓ, continuity
of pressure and of flux is required, resulting in two additional
boundary conditions at the interface:

lim
x�ℓ−

p(x, t) = lim
x�ℓ+

p(x, t)

λ2
∂p
∂x

∣∣∣∣
x�ℓ−

=
∂p
∂x

∣∣∣∣
x�ℓ+

As per Ref. [23], the dimensionless time is defined using k̂1 as scale
for the permeability. Consequently, the pressure diffusion equation
in 0 < x< ℓ and the boundary condition at x= 0 are the same as
before, Eqs. (6a) and (6b). These equations are combined with
the following diffusion equation in ℓ< x< 1 and boundary condition
at x= 1:

∂p
∂t

=
1

λ2
∂2p
∂x2

∂pd
∂t

= −
γd
λ2

∂p
∂x

Fig. 5 The first three roots of Eq. (8) as function of compressive
storage ratio γ. The ratio is assumed equal for the upstream and
downstream reservoirs, γu= γd.

Fig. 6 Numerical evaluation of the reservoir pressure difference
for different values of γ for the uniform permeability case. The
upstream and downstream reservoirs are here assumed to
have the same compressive storage ratio. The black dotted line
is obtained from Eq. (9), with θ1 the first root of Eq. (8) for γ=2.
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The linear pressure diffusion equation is solved with a Laplace
transform method, and numerical inversion by the Stehfest algo-
rithm is used to obtain the test cell and reservoir pressures in the
time domain [27].
In Fig. 7, the effects of permeability heterogeneity on the pressure

evolution (solid lines) is demonstrated by comparing with uniform
permeability results (dashed lines). To facilitate the comparison, it
is assumed that k̂1 is equal to the permeability of the uniform
sample, so the time scale is the same for the two simulations.
Finally, γu= γd= 2 in this example, and the heterogeneous sample
is assumed to have a permeability discontinuity at ℓ= 0.5, with per-
meability ratio λ= 0.25. In addition to the upstream and down-
stream reservoirs, the pressure evaluated at x= ℓ is also plotted
for the two models. As expected, the early-time evolution of the
upstream pressure is the same in the two models, since the perme-
ability of the interval 0 < x< ℓ is the same. The evolution toward the
final test pressure of pf = γd/(γu+ γd+ γuγd)= 1/4 is more rapid for
the heterogeneous sample, since the permeability in ℓ< x< 1 is 16
times higher than that of the uniform model. As a result, the mid-
point pressure in the heterogeneous model follows more closely
that of the downstream reservoir, due to the high permeability
and better connectivity.
In Fig. 8, the same system as in Fig. 7 is considered, but nowwith a

reversed pressure pulse direction. Thus, the pulse propagates from
the “downstream reservoir” through the high-permeability segment
in ℓ< x< 1 and to the “upstream reservoir” through the low-
permeability segment in 0 < x< ℓ. As expected, a reversed trend

can be observed, where now the downstream and mid-point pres-
sures approach the same value very quickly, followed by a slower
decay toward the final pressure. The apparent sensitivity to test direc-
tion seen in Figs. 7 and 8 can be used to identify permeability varia-
tions along test sections, as will be shown when discussing test
results below.
This heterogeneous permeability model is fitted to pressure mea-

surements by determining the position of the permeability disconti-
nuity, ℓ, the permeability ratio, λ2, and also the magnitude of k̂1.
To connect k̂1 to the effective permeability, k̂eff , that is derived
from the pressure difference across the entire test specimen, I take
k̂1 = k̂eff λ2 + ℓ(1 − λ2)

[ ]
. Here, it is assumed that the flux corre-

sponding to k̂eff and a unit pressure drop over the entire specimen
are the same as the flux corresponding to piece-wise constant pres-
sure drops in the sections of k̂1 and k̂2. This assumption connects
k̂1 to the pressure drop between the reservoirs. Finally, λ and ℓ are
determined iteratively by fitting model predictions to the pressure
measurements.

5 PWC Jig Measurements
5.1 Steady-State Seepage Measurements. To determine the

effective micro-annulus size from steady-state measurements, a
constant pressure difference Δ p̂ was maintained across the test
cell, and the resulting steady-state flow rate Q̂ was measured at
the outlet port. The measurements were used to determine the
micro-annulus size ĥ using the cubic law equation

Q̂ =
Ŵĥ3

12μ̂
Δp̂
L̂

(10)

Here, Ŵ is the circumference of the micro-annulus assumed to be at
the cement-outer casing interface and as defined in Eq. (1). The dis-
tance between the inlet and outlet ports is denoted L̂. A summary of
the test results when testing in the standard direction (from bottom
to top) is provided in Table 1.
If the permeability or micro-annulus was uniform between inlet

and outlet ports, we would expect the mid-point pressure to be
the average of the inlet and outlet pressures. However, it is observed
in Table 1 that the mid-point pressure was systematically lower than
the average, suggesting higher permeability and larger micro-
annulus size in the upper part of the section, between the mid-point
and the outlet ports in Table 1. A tendency for increasing micro-
annulus size with increasing test pressures is also seen, attributed
mainly to elastic expansion of the casing. In Table 2, steady-state
seepage measurements are listed for the reverse flow direction.
The “outlet” pressure specified in the table was measured by a pres-
sure transmitter in close proximity to the open outlet port. A consid-
erable pressure was recorded by the transmitter, indicating
significant choking through the outlet port. No such choking was
observed for the tests reported in Table 1 and the outlet pressure
therefore set to zero when testing in that direction. For the effective
micro-annulus size listed in Table 2, the cubic law in Eq. (10) is
used together with the inlet and outlet pressures in Table 2. The
same effective micro-annulus sizes were found when reversing
the flow (Table 1). Consistent with the results above is the

Fig. 7 Comparison of model pressure evolution for a uniform
test cell (dotted lines) to that of a heterogeneous cell (solid
lines) characterized by λ=0.25 and ℓ=0.5. Here, γu= γd=2.

Fig. 8 The same configuration as in Fig. 7, but with reversed
pressure pulse direction

Table 1 Micro-annulus size from steady-state leakage tests in
the PWC Jig obtained using Eq. (10) when testing from bottom
to top

Pressure (bar)
Flowrate Micro-annulus

Inlet Mid-point Outlet (ml/min) (μm)

16.96 3.59 0 165 60
23.96 5.63 0 262 63
32.96 8.63 0 406 65
42.81 12.65 0 615 69
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observation that the top part of the section (between inlet and mid-
point in Table 2) resulted in a smaller pressure drop than the bottom
part. This suggests less flow restriction between the inlet and mid-
point in Table 2 compared to between mid-point and the outlet. In
the following section, the permeability differences between the
upper and lower parts of the test section will be studied in more
detail using the transient pressure records.

5.2 Pressure-Pulse-Decay Measurements. Measurements
used to determine the compressive storage of the upstream and
downstream reservoirs and of the PWC Jig are shown in Fig. 9.
As indicated in the equation in the figure, the inverse of the slope
is taken as the compressive storage. For PWC Jig, ĉV̂ = 1.71 ×
10−10 m3/Pa, while the reservoirs are taken as
ĉres,uV̂u = ĉres,dV̂d = 7.90 × 10−11 m3/Pa. Consequently, the ratio of
compressive storage between the test cell and the reservoirs is
approximately 2.16. The first root of Eq. (8) for this value of γ is
θ1= 1.769, which is found using the bisection method.
In Fig. 10, the measured pressure difference across the test cell is

plotted as function of time, t̂, and for different initial pressures in the
downstream reservoir and test cell. Initially, the upstream reservoir
pressure was approximately 10 bar higher than the test cell and
downstream reservoir in each test case. The black dashed lines
that overlay the measurements indicate the curve fit to the linear
portion (“late time”) of the measurements. Using Eq. (9) and the
definition of dimensionless time, the slope of the curve is given by

slope = −
θ21k̂Â

μ̂L̂ĉV̂
(11)

when plotted against time. The permeability k̂ is then found from
the slope, using Eq. (11). The permeabilities found from Fig. 10

and the equivalent micro-annulus widths are listed in Table 3. As
seen from the slope of the curves in Fig. 10 and as reflected in
the permeability and micro-annuli listed in Table 3, there was an
increase in measured permeability and micro-annulus gap width
with increasing test pressures. Furthermore, when comparing
similar test pressures between Table 3 and the steady-state measure-
ments in Table 1, one observes good quantitative agreement when
comparing similar average pressure conditions inside the test cell.
To further explore the pressure-dependence indicated in Table 3,

the micro-annulus size is plotted as function of initial test pressure
in Fig. 11. A linear increase in effective micro-annulus size with
increasing initial pressure is observed, and measurements are
fitted to a linear function of the form ĥ( p̂) = ĥ0 + Δĥ p̂, where h0
is the residual micro-annulus in the absence of applied annulus pres-
sure. A least-squares curve fit results in ĥ0 = 54 μm and Δĥ ≈ 0.8
μm/bar based on these measurements.
Similar trends of micro-annulus size have been reported by Stor-

mont et al. previously. Their results show a decrease in gap size
with increasing external confining pressure, and an increase in
gap size with increasing pore pressure under constant confining
pressure [9]. To model the effect of increasing test pressure on
micro-annulus size seen in Fig. 11, one may assume that the
dominant effect of pressure is to radially expand the outer casing.
In this case, the pressure-dependent micro-annulus is ĥ( p̂)=
ĥ0 + ûr( p̂), where the thin-walled closed-ends cylinder result
ûr( p̂) = (1 − ν/2) p̂�̂R2

/(Êδ̂) may be used to estimate the radial
expansion of the casing. Here, ν and Ê are Poisson’s ratio and
Young’s modulus of the casing, respectively, δ̂ is the wall thickness,
and �̂R is the average radius of the outer casing. Using standard

Table 2 Micro-annulus size from steady-state leakage tests in
the PWC Jig obtained using Eq. (10) when testing from top to
bottom

Pressure (bar)
Flowrate Micro-annulus

Inlet Mid-point Outlet (ml/min) (μm)

16.53 14.19 2.44 156 63
22.68 19.73 3.83 230 65
33.63 29.42 7.85 376 69
45.78 41.10 11.86 597 73

Fig. 9 Compressive storage of PWC Jig and the reservoirs. The
equation in the plot gives the relationship between the pressure
change from the initial value p̂0 and the corresponding drained
volume ΔV̂ through the compressive storage ĉV̂.

Fig. 10 Measured pressure differences between upstream and
downstream reservoir as function of time for different initial pres-
sures and testing in the standard direction with the upstream
reservoir connected to the bottom end. The legend indicates
initial downstream and test cell pressures. The upstream reser-
voir was initially pressurized to 10 bar above the test cell and
the downstream reservoir.

Table 3 Permeability and micro-annulus widths measured from
pressure decay test when testing in the standard direction (from
bottom to top)

Initial pressures
(bar)

Permeability, Micro-annulus,
p̂u p̂d k̂ (m2) ĥ (μm)

15 5 5.10 × 10−13 57.4
25 15 8.00 × 10−13 66.8
35 25 1.07 × 10−12 73.7
45 35 1.48 × 10−12 82.0
55 45 1.93 × 10−12 89.6
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values for a 13 5/8-in. casing, ûr( p̂)/ p̂ ≈ 0.7 μm/bar, represented
by the solid line in Fig. 11. Although not in complete numerical
agreement with the pressure-dependence seen in the figure, the sim-
plistic linear elastic model still captures the correct qualitative linear
behavior and supports the hypothesis of dominant flow along dis-
crete micro-annulus paths. The difference between the elastic
model predictions and the measured values could be due to the exis-
tence of additional leakage paths not reflected in the simpler model,
such as paths along the interface between the cement and the inner
casing, or that new leakage paths are opened as the test pressure
increases.

5.3 Permeability Variation. To investigate permeability var-
iations between the bottom and top part of the jig, consider as a spe-
cific example the full time-based measurement series for the test
with 25 bar upstream reservoir pressure and 15 bar downstream
reservoir pressure, shown in Fig. 12. The points in the figure are
pressure measurements and the dashed lines are results of the
uniform permeability model, using the permeability from Table 3
as input. A comparison shows that the measured upstream pressure
decreased more slowly than that predicted by the uniform perme-
ability model. At the same time, the measured pressure at the mid-

point approached the final pressure slower than the model predic-
tions. The downstream pressure measurements however agree
well with the response predicted by the uniform permeability
model. The solid lines in Fig. 12 correspond to the results of the het-
erogeneous permeability model where now λ= 0.55 and ℓ= 0.4 in
that model. This value of ℓ suggests that the permeability transition
occurs at a distance 0.4L̂ from the bottom of the section, with L̂ the
total section length. The permeability of the bottom section is taken
as k̂1 = k̂eff λ2 + ℓ(1 − λ2)

[ ]
, where k̂eff = 8.0 × 10−13 m2 is the

effective permeability from Table 3 for the 25 bar and 15 bar
initial reservoir pressure. This parameter combination produces
the solid lines in Fig. 12, suggesting that k̂1 ≈ 0.58k̂eff and
k̂2 ≈ 1.92k̂eff , i.e., a ratio of approximately 3.3 between the high-
permeable upper part and the low-permeable bottom part of the
PWC Jig. In terms of micro-annulus size, this parametrization cor-
responds to approximately 56 μm gap size in the bottom part of the
jig and 83 μm in the top part. When comparing the solid lines (het-
erogeneous permeability model) and the dashed lines (uniform per-
meability model) to the measurements (points) in Fig. 12, it is seen
that heterogeneous model better reflects the pressure decay than the
uniform model does.
To confirm the characterization of the test section permeability,

the time-based measurement series for the reverse test direction is
shown in Fig. 13. The trends seen in Fig. 13 from comparing mea-
surements to the uniform and the heterogeneous models confirm the
observation of higher permeability in the upper part of the section.
The heterogeneous permeability model, using the same parametri-
zation as above, i.e., λ= 0.55 and ℓ= 0.4, results in an improved
quantitative fit, as seen from the solid lines in Fig. 13.

6 Transition Joint Measurements
As per the PWC Jig, also the transition joint was tested from

bottom to top and in the reverse direction from top to bottom in
order to identify and confirm spatial variations in the permeability.
From previous surface re-logging of the section [15,16], the transi-
tion between annulus cement and the material above the cement has
been found to occur between approximately 4.5m and 5.8m mea-
sured from the bottom of the test section. Previous pressure mea-
surements have indicated that the material above the cement does
not provide any significant resistance to flow, whereas the cement
in the bottom half covers the entire eccentric cross section and pro-
vides a better seal. These observations motivate a representation of

Fig. 11 Increase in effective micro-annulus gap with increasing
initial test pressures. The dashed line is the best linear curve fit
to the measurements and the solid line represents predicted
micro-annulus based on radial expansion of outer casing.

Fig. 12 Comparison of pressure measurements (points) with
model predictions based on uniform permeability (dashed
lines) and a heterogeneous permeability model (solid lines) for
the PWC Jig. The initial pressure in the test jig and the down-
stream reservoir was close to 15bar, while the upstream reser-
voir was pressurized to approximately 25bar.

Fig. 13 Comparison of pressure measurements (points) with
model predictions based on uniform permeability (dashed
lines) and a heterogeneous permeability model (solid lines) for
the PWC Jig in the reverse test direction (from top to bottom).
The initial pressure in the test jig and the downstream reservoir
was close to 15bar, while the upstream reservoir was pressur-
ized to approximately 25bar.
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the test section as a sample with discontinuous permeability in the
region of the top-of-cement. For the transition joint, steady state
and transient pressure measurements have also been performed
both with no internal casing pressure and with approximately 10,
20, and 30 bar internal casing pressure.

6.1 Steady-State Seepage Measurements. In Table 4, stable
flowrate measurements are reported for varying internal casing pres-
sure at nearly constant inlet pressure applied to the bottom of the
section. As expected, the measurements show a decline in leakage
rate as the inner casing pressure increases. This observation can
be attributed to elastic expansion of the inner casing in response
to the pressure, and a subsequent compression of the annular
cement and reduction in micro-annulus size.

6.2 Pressure-Pulse-Decay Measurements. To facilitate the
pressure-pulse-decay analysis of the transition joint, the compres-
sive storage of the test section and the liquid reservoirs were deter-
mined following the same procedure as for the PWC Jig. The results
for the test section and the bottles are shown in Fig. 14. As before,
the compressive storage is extracted from the slope of the dotted
lines which are linear curve fits to the measurements. I find ĉV̂ =
2.1 × 10−10 m3/Pa for the test cell and ĉres,uV̂u = ĉres,dV̂d = 7.46 ×
10−11 m3/Pa for the reservoirs. The storage ratio is found to be
higher than for the PWC Jig, γ= 2.81. The corresponding first
root of Eq. (8) is found to be θ1= 1.936 using the bisection method.
Pressure-pulse-decay test results with no internal casing pressure

(0 bar) and with applied, constant internal casing pressure (30 bar)
are shown in Fig. 15. The standard test direction (from bottom to
top) was used, with the upstream reservoir connected to the
bottom of the section. Comparing first the results with no applied
pressure inside the casing, the same trend as per the PWC Jig test

section is observed, namely, a steeper slope at the higher test pres-
sure. This suggests a higher effective permeability at 20 bar com-
pared to 10 bar initial pressure. Also included in the lower left of
the figure are the slopes of the dashed lines. The values are listed
for the measurements in the same order, from top to bottom, as
per the entries in the legend. Fitting to the “late-time”measurements
generally produced R2 values equal to or larger than 0.99.
Application of inner casing (borehole) pressure can affect the

cement log response in the field, potentially improving the acoustic
contact between casing and annulus material. To test whether an
internal casing pressure will affect the effective permeability of
the transition joint, pressure-pulse-decay and steady-state seepage
measurements have been performed also with 30 bar internal
casing pressure. While the surface re-logging did not identify a dis-
tinct change in acoustic properties of the annulus material when
logged with inner casing pressure [15,16], the permeability is
seen to decrease slightly with increasing borehole pressure, as indi-
cated by the arrows in Fig. 15. Combining the calculated slopes
from Fig. 15 with the compressive storage of the reservoirs and
the test section, the effective permeabilities and equivalent micro-
annulus widths in Table 5 are obtained. Once again, the annular
cross-sectional area between the production casing and the outer
intermediate casing is used as basis for determining the permeability
values in Table 5, and the micro-annulus is assumed located at the
interface between the annulus cement and the inner wall of the outer
13 3/8-in. casing. The effective permeabilities are about 2 orders of
magnitude greater than the permeability measured from intact

Table 4 Measured permeability and micro-annulus from
steady-state leakage tests, using the difference between inlet
and outlet pressures for approximating the friction pressure
gradient

Pressure (bar)
Flowrate Micro-annulus

Inlet Outlet Casing (ml/min) (μm)

34.70 0 0 51.6 31
34.98 0 0 44.0 29
34.64 0 10.12 36.9 27
34.39 0 20.60 30.7 26
33.09 0 30.45 24.7 24

Fig. 15 Measured pressure differences between upstream and
downstream reservoir as function of time for different combina-
tions of initial upstream and downstream pressures. The stan-
dard test direction (from bottom to top) was used, with the
upstream reservoir connected to the bottom end of the test
section. The legend indicates initial downstream and test cell
pressures with inner casing pressure specified in the parenthe-
ses. The upstream reservoir was initially pressurized to 10bar
above the test cell and the downstream reservoir. The numbers
on the lower left corner correspond to slopes of the dashed
lines, listed for the measurements in the same order as per the
entries in the legend.

Fig. 14 Compressive storage of transition joint and bottles used
as upstream and downstream reservoirs

Table 5 Measured permeability and equivalent micro-annulus
for the transition joint when testing from bottom to top

Initial pressures (bar)
Permeability, Micro-annulus,

p̂u p̂d p̂csg k̂ (m2) ĥ (μm)

20 10 0 7.43 × 10−14 30.2
20 10 30 5.21 × 10−14 26.8
30 20 0 1.19 × 10−13 35.2
30 20 30 8.24 × 10−14 31.2
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cement cores from the bottom of the transition joint [28], supporting
the observation that cement-casing interfaces and not bulk cement
are likely the dominating annular flow paths, in agreement with pre-
vious works such as Ref. [6]. Furthermore, the effective micro-
annulus sizes in Table 5 are within the range of that determined
from effective wellbore permeabilities, as presented in Ref. [9].
Results from pressure-pulse-decay measurements when testing in

the opposite direction are shown in Fig. 16. As per Fig. 15, here the
slopes of the dashed lines are included in the lower left of the figure.
The values are listed for the measurements in the same order, from
top to bottom, as per the entries in the legend. The “late-time” mea-
surements generally produced R2 values equal to or larger than 0.99.
The results are qualitatively similar to those when testing the

standard direction and one observes a steeper slope for the higher
initial test pressure and a reduction in negative slope when pressure
is applied inside the casing. A difference in the early-time behavior
in Fig. 16 is noted when comparing to Fig. 15, suggesting a more
rapid upstream pressure decrease when testing from top to
bottom. Finally, effective permeabilities and equivalent micro-
annuli widths based on Fig. 16 are listed in Table 6.

6.3 Permeability Variation. Finally, to study the variation in
permeability between the bottom cemented half of the section and
the permeability of the solid mass above the top-of-cement, con-
sider the time-based pressure measurements acquired at intermedi-
ate test ports between the upstream and downstream reservoirs. As
specified above, a total of 14 ports were drilled into the section, with
even-numbered test ports drilled into the wide side of the eccentric

annulus and odd-numbered ports into the narrow side. The test ports
were positioned approximately every 1.2m along the section, with
each port drilled across the annulus to access both casing-cement
interfaces. In the following, I will show pressure measurements
from the two reservoirs and three pairs of pressure ports along the
test section. Here, pressure ports P3 and P4 are positioned 2.4m
from the bottom of the test section, accessing the narrow and
wide sector of the annulus, respectively. Ports P7 and P8 are posi-
tioned 4.7m from the bottom, while ports P11 and P12 are 7.1m
from the bottom. Previous results suggested that P7 and P8 are in
the transition zone between cement and the solid mass above the
top-of-cement, while P11 and P12 are above the top-of-cement.
In Figs. 17 and 18, pressure records are plotted for a test with

approximately 22 bar initial pressure in the test cell and the down-
stream reservoir, and approximately 30 bar initial pressure in the
upstream reservoir. The upstream reservoir was connected to the
cemented bottom end of the transition joint. Minor differences
between the opposite side P3 and P4 ports and the opposite side
P7 and P8 ports are noted, suggesting slightly better communication
between the upstream reservoir and the pressure ports on the narrow
side compared to the wide side. The pressure at ports P7 and P8 and
at ports P11 and P12 is also seen to follow the downstream reservoir

Fig. 16 Measured pressure differences between upstream and
downstream reservoir as function of time for different combina-
tions of initial upstream and downstream pressures. The
reverse test direction (from top to bottom) was used. The
legend indicates initial downstream and test cell pressures
with inner casing pressure specified in the parentheses. The
upstream reservoir was initially pressurized to 10bar above
the test cell and the downstream reservoir. The numbers on
the lower left corner correspond to slopes of the dashed lines,
listed for the measurements in the same order as per the
entries in the legend.

Fig. 17 Comparison of pressure measurements at the two
reservoirs and at three locations along the wide side of the test
cell annulus (points) with model predictions based on the hetero-
geneous permeability model (solid lines) for the transition joint.
The initial pressure in the test jig and the downstream reservoir
was close to 15bar, while the upstream reservoir was pressur-
ized to approximately 25bar. The heterogeneous pressure diffu-
sion model is parameterized by λ=0.2 and ℓ=0.575.

Table 6 Measured permeability and micro-annulus from
pressure decay test when testing from top to bottom

Initial pressures (bar)
Permeability, Micro-annulus,

p̂u p̂d p̂csg k̂ (m2) ĥ (μm)

20 10 0 3.99 × 10−14 24.5
20 10 30 3.01 × 10−14 22.3
30 20 0 1.01 × 10−13 33.4
30 20 30 5.50 × 10−14 27.3

Fig. 18 The configuration is the same as in Fig. 17, but the inter-
mediate pressure measurements are now acquired from the
narrow side of the test cell annulus
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pressure closely, confirming high permeability and nearly immedi-
ate pressure communication in the upper part of the test section,
around and above the cemented interval.
Figures 19 and 20 correspond to testing in the reverse direction.

Again, near-immediate pressure communication in the upper half of
the test section is observed. The pressure at ports P11 and P12
respond almost immediately to the advancing pressure pulse,
while P7 and P8 in the transition zone inside the test cell follow
soon after.
The solid lines in Figs. 17–20 correspond to model predictions

with λ= 0.2 and ℓ= 0.575, suggesting a permeability ratio of 1/25
between the bottom part cement and the solid mass above the
top-of-cement. The choice of ℓ= 0.575, which results in reasonable
agreement between pressure measurements and model predictions,
suggests the effective permeability variation to occur at approxi-
mately 5.4m from the bottom of the section and that nearly all
the pressure drop occurs in this bottom part of the section. As
pointed out in the description of the test section above, surface
re-logging indicated the transition from cement to “mud” to occur
between 4.5m and 5.8m [15], agreeing well with the observed per-
meability variation in these tests. Finally, the equivalent micro-
annulus of the cemented bottom part of the transition joint, which
is measured to be approximately 30 μm, is within the range of effec-
tive wellbore permeabilities found in other wells from previous sus-
tained casing pressure and vertical interference tests, as reported in
Refs. [10,11].

7 Discussion
In Fig. 21, a comparison of measured micro-annulus sizes for the

PWC Jig is provided, showing values obtained with both the
steady-state method and the transient pressure-pulse-decay
method. As the effective micro-annulus size is sensitive to the
applied test pressure, the values are plotted as function of either
the initial downstream reservoir pressure, p̂d , or half the applied
injection pressure in the case of steady-state measurements. For
both samples and all tests reported here, an increase in effective per-
meability and equivalent micro-annulus gap size are found with
increasing test pressures, both for the transient and the steady-state
measurements. As indicated in Fig. 11, the increase in effective per-
meability can be linked to the elastic expansion of the test cell
caused by the higher pressure. The simplistic interpretation is
based on the assumption of a dominant seepage path along the
outer casing and cement interface and that the pressure expands
the casing radially. While this appears to be a reasonable approxi-
mation for the PWC Jig, where cement shrinkage during curing is
a likely reason for the fairly high permeabilities, the transition
joint shows seepage paths along both casing interfaces and
through flaws in the cement, as visualized in Refs. [16,28]. In
these more complex cases, the effective micro-annulus characteriza-
tion is not necessarily a true description of the dimensions of the
seepage paths. However, it remains a practical means of assessing
the sealability of the annulus cement and comparing seepage mea-
surements across different samples and at different pressures.
The uniform and heterogeneous permeability pressure diffusion

models utilized to interpret pressure-pulse-decay measurements
are based on the linear diffusion equation with pressure-indepen-
dent material properties. The linear theory for transient pressure
measurements is well developed and straight-forward to apply for
measurement analyses. As initial conditions in the experiments
reported above, a pressure pulse of approximately 10 bar has been
used, which is of the same order of magnitude as the initial pressure
in the test cell and the downstream reservoir. Although the choice of
a significant pressure pulse can improve measurement accuracy, it
could also introduce complicating nonlinear diffusion effects [29],
as will be discussed below.
It is observed that the permeability or equivalent micro-annulus

measurements for both the PWC Jig and the transition joint
suggest an increasing value of permeability and an increasing effec-
tive micro-annulus size with increasing initial downstream test pres-
sures. Consequently, in the case of a large initial pressure pulse, the
pressure-variation in permeability may be non-negligible and have
an effect on the diffusion through the test section. Pressure-
dependent material properties lead to a pressure-dependence in the
diffusion coefficient and also a quadratic term ∂ p̂/∂x̂

( )2
in the

Fig. 19 The configuration is the same as in Fig. 17, but now in
the reverse direction (the upstream reservoir connected to the
top (“mud”) part of the test section and the downstream reservoir
to the bottom, cemented end)

Fig. 21 Comparison of measured micro-annulus size for the
PWC Jig when measuring with the steady-state method or the
pressure-pulse-decay method

Fig. 20 The configuration is the same as in Fig. 18, but now in
the reverse direction (the upstream reservoir connected to the
top (“mud”) part of the test section and the downstream reservoir
to the bottom, cemented end)
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diffusion equation (3). The magnitude of the quadratic term will be
proportional to the size of the pressure pulse, Δ p̂ = p̂u(0) − p̂d(0),
and compressibility factors that describe the pressure-dependence
of material properties, such as ĉk̂ = (1/k̂)∂k̂/∂ p̂ for the permeability.
While the quadratic pressure term can be eliminated through the
Cole–Hopf transformation p→ ln(βp*)/β [22,30], the pressure-
dependent diffusion coefficient and boundary conditions complicate
the solution of the diffusion equation when the pressure-dependence
is not known in advance.
Consider in Fig. 22 the permeability measurements for the PWC

Jig from Table 3 as function of the initial pressure in the test jig
and the downstream reservoir. The solid line in the figure represents
a curve fit to a single exponential k̂( p̂) = k̂0exp(ĉk̂ p̂), where we find
ĉk̂ = 3 × 10−7 1/Pa, and ĉk̂Δ p̂ = 0.3 ≫ 0 for these experiments. This
would suggest that nonlinear effects could influence the experiments
and interpretation. However, repeat tests with a smaller initial pres-
sure difference between the reservoirs did not indicate systematic
deviations from the above results. Furthermore, the permeability
measurements from the experiments above avoided the early-time
behavior where the pressure difference is large and utilize late-time
measurements where the pressure difference across the test cells is
of a few bars or less, and where there should be less spatial pressure-
variation in the permeability. The quantitative agreement between
measurements in both test cells and the heterogeneous permeability
model suggests that the linear model is able to capture the dominant
late-time diffusion effects in the experiments.

8 Summary and Conclusion
I have studied the permeability and equivalent micro-annulus in

two full-scale cemented annulus test cells denoted PWC Jig and
transition joint, where the latter originates from a 30 years old Nor-
wegian North Sea production well that was abandoned in 2018. I
have characterized the two test sections using a combination of tran-
sient pressure and steady-state seepage measurements, focusing pri-
marily on the pressure-pulse-decay method and identification of
permeability variations in the test cells. To this end, a transient
model that predicts the pressure response through the system has
been presented and fitted to experimental pressure measurements
from the two reservoirs and from selected axial positions along
the test cells. An important motivation for introducing the transient
pressure-pulse-decay test protocol is to enable quick and reliable
permeability measurement.
In conclusion, two independent test protocols are outlined and it

is shown that they produce consistent measurements of permeability
of full-scale cemented test sections. Overall, good quantitative
agreement is found between pressure-pulse-decay measurements
and comparable steady-state seepage tests on the same sections.
Measured permeability variations are consistent with the

top-of-cement in one of the test cells and more competent bottom
cement in the other. The permeabilities of the sections are sensitive
to inner casing pressure and to the annular test pressure. These
observations agree with previous work that found fracture-like char-
acter of migration paths behind casing. Finally, these results indi-
cate that the transient test procedure can be used to more
effectively characterize low-permeable annular cement where it is
otherwise difficult to establish steady-state flow conditions. Transi-
ent pressure testing of less permeable sections than those studied
here will be pursued as part of future work.
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