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Characterization of Annular
Cement Permeability of a Logged
Well Section Using Pressure—
Pulse Decay Measurements

The cement behind casings is an important barrier element in wells that should provide
zonal isolation along the well. The hardened cement does not always isolate permeable for-
mations, either due to placement issues or loads that over time compromise the integrity of
the barrier. The modern method used to characterize the annular material is ultrasonic
logging which provides essential information concerning the type of material behind
casing, but no measurement of the annular permeability. This study provides permeability
characterization of a casing-cement sandwich joint retrieved from a 33 years old produc-
tion well that has been logged at surface using a state-of-the-art ultrasonic tool. The joint
contains an interval of low-permeable cement that previously has prevented permeability
measurement by gas injection. A pressure—pulse decay test method has now been performed
that is based on monitoring the evolution of a pressure pulse through the joint. Long-term
pressure measurements show communication through the entire joint and are in qualitative
agreement with the log. A pressure diffusion model is used to estimate local permeability
along the joint, enabling comparison of log response and permeability. The low-permeable
region is relatively short, situated directly on top of a casing collar, and has permeability
that is orders of magnitude lower than the cement above and below. In the longer term,
results from this and related studies can be used as input for future sustained casing pres-
sure evaluations or for quantifying seepage risk behind casings for abandonment designs.
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1 Introduction casing, and its bonding to the casing, are to use sonic and ultrasonic
logging tools [1,22,23]. Such modern tools can identify the material
behind casing by combining pulse-echo and flexural wave attenua-
tion [23]. The ultrasonic measurement technique is sensitive to the
presence of gas behind casing and detects gas-filled microannuli
with micron-sized apertures behind the casing being logged [24].
Other modern developments related to this barrier verification
method include the usage of machine learning for improving data
processing [25-27]. Learning more about connections between
the log response and the conditions of the cement and its permeabil-
ity can help future decision-making concerning both SCP and well
abandonment operations.

The focus of this study is the permeability characterization of a
sandwich joint that has been logged both in a well and at the
surface using a modern pulse-echo and flexural attenuation tool.
The joint is 10 m long and consists of 0.244 m (9 5/8-in.) outer dia-
meter production casing, 0.340 m (13 3/8-in.) outer diameter inter-
mediate casing, and the annular cement sandwiched between the
casings. The joint was retrieved as part of the 2018 abandonment
operation on a North Sea well which had been in production for
more than 30 years at the time of abandonment. The joint, which
is referred to as Fish 11, is one of the 26 sandwich joints retrieved
from this well as part of this operation. In addition to Fish 11, a
second joint referred to as the transition joint was donated by the
operator for research purposes. Current research focused on these
two sandwich joints is summarized in Refs. [28,29], covering
surface re-logging, annular seepage measurements, and cement
core analyses.

Previous studies of the two joints have shown that the cemented

Providing zonal isolation behind casing strings and liners is a
critically important function of annular cement. Primary cementing
of casings is performed by mixing the cement slurry at surface and
normally injecting it down the well inside the casing that is to be
cemented, preceded and followed by one or more wiper plugs
and fluids, such as washes and spacer fluids [1]. Once in place,
the slurry will over time harden into a solid sheath of cement that
should act as a low-permeable barrier behind the casing, with
recommended permeability less than 200 udarcy [2]. Some wells
however develop sustained casing pressure (SCP) or surface
casing vent flows during their productive lifetime, which means
that zonal isolation between permeable formations and the surface
has not been achieved [3.4]. Incomplete drilling fluid displacement
or contamination [5-7], cement shrinkage [8,9], or thermal and
mechanical loads during construction or production [10-13] are
among the mechanisms that may generate fluid migration paths
behind casings and pressure buildup at the surface [14-16].

Once the cement slurry is in place, and it has hardened, the casing
shoe and the cement are normally tested through a pressure integrity
test or a leak-off test [17,18]. As SCP records and vertical interfer-
ence tests suggest that realistic microannuli and effective wellbore
permeabilities are of the order of tens of micrometer or about 1
darcy or less [19-21], conventional pressure integrity tests cannot
be relied upon for detecting such features behind casing. Instead,
the main ways of measuring the condition of the material behind
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part of the transition joint contains an effective microannulus of 23—
26 um. As will be discussed in more detail later, a complete perme-
ability characterization of Fish 11 has not been performed
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previously due to the presence of a low-permeable cement interval
that has prevented measurement of steady fluid seepage through the
joint. The purpose of this study was therefore to perform a complete
permeability assessment of Fish 11 using a pressure—pulse decay
method. The relevant low-permeable interval was readily identified
on the surface log of the joint and is located directly on top of the
casing collar of the inner casing. While conventional permeability
measurement of annular cement is normally performed by applying
a constant injection pressure and measuring the injection rate of the
working fluid, the pressure—pulse decay method is based on moni-
toring the evolution of a pressure pulse through the joint. A per-
ceived benefit of the pressure—pulse decay method over the
conventional method is that it enables permeability measurement
in a shorter period of time and is therefore better suited for charac-
terization of low-permeable materials. In much of the existing liter-
ature, the test method has been used to effectively measure
permeability of tight core material [30-32]. In full-scale and in
annular geometries, the method has recently been validated
against steady-state seepage results for the more permeable transi-
tion joint [33]. Pressure measurements of Fish 11 that are presented
in this study will be compared both to the surface acoustic imped-
ance map of Fish 11 and to a pressure diffusion model for the
cemented annulus of the joint. By calibrating the model to the pres-
sure measurements, effective local permeability along the annulus is
estimated and held up to the cement log. In addition to providing a
complete permeability characterization of the sandwich joint, the
results may in the longer term also be used as input for future sus-
tained casing pressure evaluations or for quantifying risk of seepage
behind casings for well abandonment designs [34,35].

2 The Sandwich Joints and Fish 11

Detailed descriptions of the sandwich joints and some of their
main properties are provided in Ref. [28], but pertinent details
will be provided below for completeness. The well from which
the sandwich joints originated was originally constructed in 1985.
The production casing was cemented in two stages due to the exis-
tence of a weak zone, with the second stage being reverse circula-
tion cementing of the upper part of the production casing. The
sandwich joints were all retrieved from the interval that was
reverse cemented. The well developed a history of sustained
casing pressure also in the annulus behind the production casing.
For the purpose of the recent abandonment operation and for estab-
lishing the permanent surface barrier in the well, the upper part of
the production casing was first logged using a pulse-echo and flex-
ural attenuation logging tool. The log was subsequently used to
determine the upper cut position for retrieval of the production
casing above the top-of-cement, followed by cuts through produc-
tion casing, annular cement, and the intermediate casing, i.e., for
retrieval of the sandwich joints. Two of the retrieved sandwich
joints are shown in Fig. 1, as received onshore. Fish 11 is shown
to the left in this figure.

The Fish 11 was retrieved from a depth between 253.1 m and
263.6 m, and re-logged at surface using the same pulse-echo and
flexural attenuation logging tool as was used in the well. The acous-
tic impedance maps from surface logging at different casing pres-
sures (20, 30, and 40 bar) and under dry and wet conditions are
provided in Fig. 2 [28]. Here, dry conditions refer to the joint in
its initial condition as received onshore. After completing the dry
logging passes, attempts at waterflooding the cemented annular
space were performed to saturate the annulus with water and gener-
ate what is referred to as wet conditions in Fig. 2. Also shown in the
figure are tracks corresponding to azimuthally averaged acoustic
impedance measurements under dry and wet conditions. Finally,
the right-most track corresponds to the difference between
average impedances under wet and dry conditions.

As can be observed from the right-most track in Fig. 2, a marked
increase in average acoustic impedance was observed along most of
Fish 11 following waterflooding. These regions, at either end of the
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Fig. 1 Two cut and pulled sections from a North Sea well. The
Fish 11 is shown to the left.

joint, also exhibit significant portions of liquid-like material in the
acoustic impedance maps, suggesting hydraulic communication
and injectivity. The resulting increase in water-saturation in these
parts of the joint compared to the initial “dry” conditions produced
the increase in average acoustic impedance observed in the figure.
The average acoustic impedance measured over the interval
denoted by E in the figure remained largely unchanged, however.
The acoustic impedance map suggests mainly solid material in
this part of Fish 11. Waterflooding through interval E was not pos-
sible between logging passes, suggesting indeed a region of low-
permeable cement in this part of Fish 11. Subsequent efforts to
inject nitrogen through the joint were limited to the side of Fish
11 above interval E in Fig. 2; it was not possible to measure a
steady flowrate of nitrogen through the low-permeable cement in
interval E within reasonable experiment duration, and this has so
far prevented determination of permeability or effective microannu-
lus size in this part of Fish 11.

Before proceeding, it should be observed that Fish 11 was hung
off vertically from the rotary at Ullrigg, the test facility used for both
logging and subsequent testing of the sandwich joints, and surface
logged upside-down compared to its original orientation in the well
[28]. That is, the low-permeable cement interval E in the log was in
fact located directly above the production casing collar shown in the
log. The collar is located at a position of approximately 6.6 m along
the tracks in Fig. 2. The significance of this observation will be dis-
cussed in more detail below. Furthermore, the fact that the joint was
logged vertically implies no readily observed orientation of the
wide and narrow sides of the cemented, eccentric annulus in
Fig. 2. Below, an attempt will be made to identify the narrow and
wide sides based on azimuthal variations in acoustic impedance
and the transient pressure measurements.
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Fig. 2 Acoustic impedance maps from surface re-logging of Fish 11 under dry and under wet conditions and with 20, 30, or
40 bar pressure applied inside the 0.244 m (9 5/8-in.) casing from Ref. [28]. Also shown are tracks showing the azimuthally aver-
aged acoustic impedance at different casing pressures, and the difference in average acoustic impedances under wet and dry
conditions. Surface re-logging of the sandwich joint was performed upside-down relative to the original orientation in the well.

Due to low-permeable cement barrier in interval E, all prior per-
meability characterizations of Fish 11, which have relied on injec-
tion of nitrogen at a fixed injection pressure and measuring the
resulting flowrate, have been limited to that of the upper half of
the log in Fig. 2. In that part of Fish 11, gas seepage corresponding
to an effective microannulus of 10.6 ym has been measured [28]. In
the current study, experiments utilizing a pressure—pulse decay
method will be used to perform a complete permeability character-
ization of Fish 11, including the low-permeable interval E and the
waterflooded interval toward the bottom of Fig. 2.

In preparation of the complete permeability characterization,
pressure ports were installed at defined positions along the joint,
at the wide side and at the narrow side of the cemented, eccentric
annulus. The available test ports in Fish 11 are illustrated in
Fig. 3 and compared to the acoustic impedance map at the port
positions.

Both ends of the joint were fitted with bulkheads that provide
pressure seal for the annulus and the inner casing. The bulkheads
were also designed to provide communication to the entire
cemented cross section of the annulus at the ends. The bulkhead
ports were labeled P1 and P8, with P1 located at the fop of Fish
11, as seen from its original orientation in the well. This orientation
is indicated by the original measured cut depths at P1 and P8 in
Fig. 3.

The other ports, labeled from P2 up to P12, were drilled through
the cement either on the wide side of the eccentric annulus (even-
numbered ports) or on the narrow side of the annulus (odd-
numbered ports). These ports were drilled such that they locally
penetrate and communicate across the annulus between the two
casings. Originally, the first eight ports P1 through P8 were installed
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Fig. 3 lllustration of the pressure port locations relative to the
20 bar casing pressure wet acoustic impedance map from
Fig. 2. The depths of the end ports P1 and P8 refer to the mea-
sured depth of the cut positions in the well. Surface re-logging
of the sandwich joint was performed upside-down relative to
the original orientation in the well.
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Table 1 Configuration of test ports for Fish 11

Test ports Position measured from P1
P9/P10 12m

P2/P3 2.7m

P11/P12 4 m (at production casing collar)
P4/P5 53 m

P6/P7 8.0m

P8 10.6 m

in the joint. To improve the spatial coverage particularly in the low-
permeable end of the joint, four additional ports P9 through P12
were installed. The exact port positions, measured from P1, are pro-
vided in Table 1.

3 Experimental Method and Test Setup

The pressure—pulse decay measurements in Fish 11 reported in
this study were performed in Jun. 2021 utilizing the indoor test
hall of the Norwegian P&A Laboratories at NORCE in Stavanger,
Norway. The tests were performed using the same procedure as in
the previous study of the transition joint [33]. The Fish 11 sandwich
joint was placed horizontally and insulated to maintain stable body
temperature throughout the test program. The measurements were
performed by connecting a water-filled upstream reservoir to one
side of Fish 11 and a water-filled downstream reservoir of equal
volume to the other side. In this study, liquid bottles each of
1141 capacity were used as upstream and downstream reservoirs.
The sandwich joint and the two reservoirs are shown in Fig. 4,
from the pressure—pulse decay testing of the joint.

Pressure transmitters were mounted at the lines connecting the
reservoirs to the test section and at the 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. The pressure trans-
mitters used in this study had a working range of 0-250 bar and
an accuracy of +0.02% of the working range. Pressures were
logged at a rate of 1 Hz throughout each pressure—pulse decay
experiment. In addition to pressure, the temperatures of the two
reservoirs and of the exterior body of Fish 11 were monitored
throughout.

Before each experiment, both reservoirs and the sandwich joint
were brought to the same initial pressure of 20 bar. Once stabilized,
a valve between the upstream reservoir and the test section was
closed and the upstream reservoir was pressurized to approximately

Fig. 4 Positioning of Fish 11 for permeability characterization
using the pressure—pulse decay method. The two bottles at
either end of the joint correspond to upstream and downstream
reservoirs required for the transient pressure testing.
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30 bar, i.e., 10 bar higher than the joint and the downstream reser-
voir. The test then commenced by instantly opening the same valve
and monitoring the propagation of the pressure pulse through the
test section and at the downstream reservoir. As the permeability
of the sandwich joint varies locally, pressure—pulse decay experi-
ments were performed in both directions to better distinguish
these variations. All measurements reported in this paper used
water as working fluid. The same test method has previously
been validated using the more permeable second sandwich joint
and another full-scale annulus test cell in which permeability mea-
surements using the conventional steady-state method were avail-
able [33]. The pressure—pulse decay method was considered
highly relevant for Fish 11, as the method is perceived to be a
more effective approach for particularly low-permeable materials
or cement regions. In Fish 11, each test had a duration of approxi-
mately 16 h. As will be shown below, a significant pressure differ-
ence existed across the low-permeable segment at the end of the
test, indicating that complete equilibration would require a vastly
longer test period.

4 Pressure Measurements

In the following, pressure measurements along the wide sector
(i.e., even-numbered ports) will be presented and compared qualita-
tively to the acoustic impedance map in Fig. 3. Finally, comparison
between wide and narrow sector pressure ports will be shown in
order to highlight the few observed differences in hydraulic com-
munication along the opposite sides of the cemented annulus. The
presentation begins by considering measurements acquired with
the upstream reservoir connected to P1.

4.1 Testing From P1 (253.1 m) to P8 (263.6 m). Pressure
measurements along the wide sector of the annulus when testing
from P1 are shown in Fig. 5. The plot focuses on the pressure
response measured along the wide side of the sandwich joint, i.e.,
from P1 to P10, P2, P12, P4, P6, and eventually P8, as shown in
Fig. 3.

From the measurements, it is apparent that P1 and P10 are well
connected as they both reach at the same pressure within the first
25-30 min of the test and remain connected throughout. Following
P10, pressure is gradually built at port P2. Based on the comparison
between the acoustic impedance map and the port positions, P2 was
assumed to be located within a lower permeability region than P10.
These measurements support this assumption. An initial pressure
response within some 6—7 min was recorded, followed by a very
slow pressure buildup to a near-constant level that was some
1.3 bar below that of the upstream P1 and P10. Interestingly, as
the pressure measured at P2 started to stabilize after 3—4 h, a
gradual pressure increase was recorded at ports downstream of
the low-permeable region, i.e., on the collar sensor P12 and at P4,
P6, and also P8. The observation that P2 did not stabilize at the
same level as P1 and P10 in the test is attributed to the existence
of cement with higher permeability downstream of P2, i.e., from
P12 and onward to P8.

A detailed view of these downstream pressure measurements is
provided in Fig. 6, where the temperature at the downstream reser-
voir is indicated by yellow curve. The collar sensor P12 responded
first to the downstream sensors (orange curve), followed in turn by
P4, P6, and P8. Interestingly, we observe relatively good communi-
cation between the collar probe and the other downstream sensors in
this case. The temperature measurement included in Fig. 6 suggests
that the downstream pressure response was indeed due to pressure
communication across the low-permeable cement and not due to
any systematic temperature variation in the system.

4.2 Testing From P8 (263.6 m) to P1 (253.1 m). Next, Fig. 7
shows the wide side pressure response when the upstream reservoir
was connected to port P8, i.e., when reversing the test direction.
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Fig.5 Pressure—pulse decay measurements in Fish 11 with the upstream reservoir
connected to P1 (test direction indicated by the vertical arrow to the right in the
figure)
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Fig. 6 Detailed view of the downstream pressure measurements in Fig. 5. The
upstream reservoir was connected to port P1 (test direction indicated by the vertical
arrow to the right in the figure). Also shown in the figure to the left is the measured tem-
perature at the downstream reservoir, connected to P8.
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Fig.7 Pressure—pulse decay measurements in Fish 11 with the upstream reservoir
connected to P8 (test direction indicated by the vertical arrow to the right in the
figure)
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Fig. 8 Detailed view of the downstream pressure measurements in Fig. 7. The
upstream reservoir was connected to P8 (test direction indicated by the vertical

arrow to the right in the figure).

The measurements indicate again relatively quick pressure com-
munication along the wide side of the annulus, from P8 to P6, P4,
and to P12, the latter of which corresponds to the orange curve. This
observation agrees well with that in Fig. 6, i.e., these locations are
well connected and there is quick pressure communication in this
part of the joint. Similar to Fig. 5, a very gradual pressure
buildup was observed at port P2, assumed to be in the low-
permeable cement region. After approximately 25-30 min since
the start of the test, the first response was observed on P2. The pres-
sure responses at the far downstream locations were significantly
slower, as shown in the detailed view in Fig. 8. As before, the tur-
quoise and red curves correspond to P10 and P1, respectively. The
measurements in Fig. 8 indicate good pressure communication
between these far downstream ports, in agreement with the observa-
tion in Fig. 7. Finally, the measurements shown in the detailed view
in Fig. 8 appear less smooth than when testing from P1, i.e., Fig. 6.
This was due to temperature compensation of the downstream pres-
sure measurements when testing from PS8; the temperature of the
downstream reservoir at P1 increased by more than 0.1 °C over
the course of the test, and this temperature increase corresponded
to a pressure increase of approximately 0.4 bar in the downstream
reservoir. As this is comparable in magnitude to the pressure
increase due to pressure communication across the collar
segment, the measurements in Fig. 8 have been compensated for
the temperature variation and should as such represent the actual
pressure transmission across the low-permeable zone. No such
compensation was done on the pressure measurements in Fig. 6
as the downstream reservoir was maintained at a practically cons-
tant temperature throughout that test.

4.3 Comparison of Wide and Narrow Sides of the
Cemented Annulus. From the acoustic impedance map in
Fig. 3, one can observe clear azimuthal variations in material type
along most of the sandwich joint. In the region of Fish 11
between P8 (263.6 m) and the collar (P11 and P12), a connected
region of liquid material behind the production casing was identi-
fied. As the joint was logged vertically and unoriented, it is not
clear from the map itself whether the liquid material primarily occu-
pies the wide or the narrow side of the annulus. Liquid was also
identified at the opposite end of the section between P1 (253.1 m)
and P9/P10.

In Fig. 9, comparisons of wide side (even-numbered) and narrow
side (odd-numbered) pressure measurements are provided. As indi-
cated by the title of each panel, they correspond to alternatively
testing from P1 and from P8, and focus on the pressure measure-
ments in the low-permeable region (P2 and P3) and between P1
(253.1 m) and adjacent to this low-permeable region (P9 and P10).

053004-6 / Vol. 144, MAY 2022

Pressure measurements acquired when testing from P1 are shown
in the left and center panel in the figure. Considering first the pres-
sure measurements at P9 and P10, in the left-most figure, a distinct
asymmetry between wide and narrow sides can be seen. While pres-
sure communication between the upstream reservoir at P1 and the
adjacent wide side port P10 was gradual and occurred over some
30 min, communication between the reservoir and the narrow side
port P9 was practically immediate. This observation suggests that
the liquid (blue) material at ports P9 and P10 in the acoustic imped-
ance map in Fig. 3 is indeed located at the narrow side of the
annulus, i.e., port P9 is connected to this liquid region in the acous-
tic impedance map.

Moving on to the center panel in Fig. 9 and the pressures mea-
sured within the low-permeable region, there was now less differ-
ence between wide and narrow side measurements. The pressure
response was slightly faster along the narrow side (P3). When rever-
sing the test direction and connecting port P8 to the upstream reser-
voir, the right-most panel in the figure indicates again a minor
asymmetry between wide and narrow sides, suggesting a difference
in local permeability. Also in this case, pressure transmission along
the narrow side of the annulus progressed faster than along the wide
side. The remaining pressure measurements are not included in
these figures as they showed practically no difference in pressure
response between wide and narrow sides. That is, measurements
at the collar (P11 and P12) and between the collar and P8 gave
no discernible difference in pressure responses at the wide and
narrow sides while testing from either direction. This indicates azi-
muthal pressure communication in this part of Fish 11, which again
is in agreement with the acoustic impedance map which identifies
significant and connected regions of liquid material in the joint
from the collar to P8.

To conclude the qualitative comparison between the acoustic
impedance map and the pressure measurements, we note the follow-
ing main observations:

o Relatively quick pressure communication was observed along
Fish 11 from P8 through P6/P7, P4/P5, and to the collar and
ports P11/P12. The ports along the wide side (even-numbered)
were in all cases hydraulically well connected to ports along
the narrow side (odd-numbered). These observations agree
qualitatively with the identification of significant connected
regions of liquid material behind the production casing in
this part of the joint.

e Similar connectivity was observed at the other end of Fish 11,
from P1 through P9/P10. Studying the initial pressure transient
when testing with the upstream reservoir connected to P1, it
was found that the narrow side P9 was significantly better
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Fig. 9 Detailed views of measurements of pressure that were different along the wide and

narrow sides of the annulus in Fish 11

connected to P1 than the wide side P10 port was. The pressure
measurements suggest near full and unrestricted communica-
tion between P9 and P1. These observations are also in agree-
ment with the acoustic impedance map, considering the
identification of a significant liquid material region between
P9/P10 and P1 that covers approximately half of the circumfer-
ence of the inner casing. Furthermore, the asymmetric pressure
response suggests that the narrow side pressure port, P9, is
within the liquid material region in the acoustic impedance
log in Fig. 3, suggesting that the middle portion of the map cor-
responds to the narrow side of the annulus.

e The transient pressure measurements clearly indicated the
existence of a low-permeable region separating regions with
relatively quick pressure communication at either end of the
joint. Measurements at P2 and P3 ports which are both
within the region of low-permeable cement showed some
asymmetry between wide and narrow sides, with the narrow
side producing the slightly quicker response. The acoustic
impedance map identified narrow channels of liquid-like mate-
rial in this interval, and their position is consistent with the
assumption of the narrow side of the annulus being along
the middle portion of the map.

The above comparisons between transient pressure measure-
ments and the acoustic impedance map give highly consistent qual-
itative results concerning the rate of pressure communication at
either side of the low-permeable interval and of communication
across the eccentric annulus. In the next section, a pressure diffusion
model will be introduced that connects the measured transient pres-
sure evolution in Fish 11 to the local annulus permeability. By cal-
ibrating the model to the pressure measurements, permeabilities can
be assigned to the different annular regions in Fish 11.

s S—

5 Pressure—Pulse Decay Model for Fish 11

As the full-scale transient pressure tests were performed similar
to how pressure—pulse decay experiments are more traditionally
performed on cores [30-32], a physical model for the pressure prop-
agation through Fish 11 can be developed within this established
framework. In the following, the pressure evolution model used
in our previous study will be further generalized to three main
regions of different permeabilities [33]. Consider now the model
geometry shown in Fig. 10, where the test direction is assumed to
be from P1 to P8 with the upstream reservoir connected to P1.

The three regions are defined by their local, effective permeabil-
ity k; with k; being the permeability of the region adjacent to port
P1, and the locations of the interfaces, 7|, and £,3, measured
from P1. These characteristics of Fish 11 were not established at
the time of the experiments and will be determined below by cali-
brating the pressure diffusion model presented in this section to
the transient measurements.

Within each of the three regions, it is assumed that the pressure p
evolves according to the one-dimensional diffusion equation

dp ki dp )
dt  pedx? 0
where ¢ is time and x is the axial position, measured from the
upstream reservoir. When using the one-dimensional diffusion
equation, it is assumed that the pressure at a given axial position
along the test section is the same around the circumference of the
annulus. It is also assumed, for simplicity, that the annulus can be
considered as a single permeability medium. Further, k; (i=1, 2,
3) denotes the local permeability, x4 is the viscosity of the
working fluid, and ¢ denotes the compressibility of the region,
which is given by the combined compressibility of the working

LT—

\\___/ \\____/
P8 Down-
Upstream —
=l reservoir
0 ks
cuV eV,
] x =745 x =14, —

Fig. 10 lllustration of the geometry used for defining a pressure diffusion model to represent
the pressure—pulse decay measurements in Fish 11. The reservoirs are oriented as they would

for a test from P1 to P8.
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fluid and the elastic compliance of the casing and annular cement.
At an interface x = £ between adjacent regions, the pressure and
the flux are required to be continuous [36]:

. . dp dp
dp=lmp kg T

(@)

x—>L- x—{+

Finally, at the upstream and downstream reservoirs, the following
boundary conditions apply:

ksA dp

dpa
Cres,d Vi ? = P dr

d kAd
Cres,uV Pu 177]7

u = 3
dr u dx ©)

P
x—>0 x—L

where the test direction is as per Fig. 10, ¢, and V, denote the
compressibility and volume of the upstream reservoir, respectively,
and p,, is the pressure of the upstream reservoir. The same quantities
Cres.a» Va, and p, are also defined for the downstream reservoir.
Finally, A denotes the annular cross-sectional area of Fish 11. As
initial condition, the pressure throughout Fish 11 is set equal to
the downstream reservoir, i.e., p(x, t=0)=p,, and the upstream
reservoir is set equal to the higher pressure initial pressure used in
the tests, p,(t=0)>py(t=0). A similar pressure diffusion model
with a single, internal permeability interface was presented in
Ref. [33]. As that joint contained the top-of-cement along the
middle of the joint, this acted as a natural permeability interface
in the transition joint. Its location, and the permeability of the
regions on either side, were determined by calibrating the model
to measurements made in the transition joint.

The pressure diffusion model defined above is solved by Laplace
transforming the diffusion equation (1) in each interval. The inte-
gration constants are fixed through the boundary conditions in
Egs. (2) and (3). Finally, the complete solution is numerically
inverted to the time-domain using the Stehfest algorithm [37].

To close the above equations, measurements are required of the
effective compressibility of Fish 11, ¢, and of the two reservoirs,
Crese AN Cres 4. These were measured by pressurizing each of
these vessels individually to an initial pressure of 20 bar (for Fish
11) or 30 bar (for the two reservoirs) and then bleeding the pressure
down in steps while collecting the effluent. At the relevant test pres-
sures, plotting the vessel pressure as a function of drained volume
yields a linear curve with negative slope. The magnitude of
the slope is taken as (¢V)™' or the inverse of the compressive
storage of the vessel, ¢V, where V is the vessel volume. The com-
pressive storage defines the required volume to be injected or pro-
duced to change the vessel pressure by a unit pressure.

Measurements of vessel pressure for both Fish 11 and the two
reservoirs as a function of the drained fluid volume are provided
in Fig. 11.

35
Bottles P1
| Bottles P8
30 K Fish #11, P1
e Fish #11, P8
= 25 N
= 20 -
: _ p=po— fT‘
2 15 &
E
= 10
5 X
0
0 50 100 150 200 250
Drained volume, AV (millilitre)
Fig. 11 Measurements of vessel pressure as a function of

drained volume for determination of the compressive storage
of the reservoirs and Fish 11

053004-8 / Vol. 144, MAY 2022

The reservoirs are labeled “Bottles P1” and “Bottles P8.” As the
relevant working pressures for the tests discussed above are
between 20 and 30 bar, measurements from this range were used
to produce a linear fit to the equation shown in the figure. For the
reservoirs, a compressive storage Of CresyVy® Cres.aVa=0.21-
10~ m*/Pa is found. For Fish 11, the end ports P1 and then P8
were used for compressive storage estimation. Since the low-
permeable cement region effectively isolates the far side of the
joint and since the annular volumes are different on either side of
the low-permeable cement, two different slopes are found in
Fig. 11. Normalizing the measurements to the entire annular
volume of Fish 11, a compressive storage of ¢V=1.6-10"'"m%/
Pa is found. The corresponding value for the Transition joint was
found to be ¢V=2.1-10""" m*/Pa [33].

5.1 Comparison Between Model Results and Experiments.
It now remains to determine the locations £;, and £,3 and the effec-
tive permeability of each region. Based on the evidence in the
acoustic impedance map, it will be assumed that £»; is at the
collar of the production casing, i.e., coinciding with ports P11
and P12 in Fig. 3. From the assessment above, it is further antici-
pated that the second interface, x ={,, is located between P1 and
ports P2/P3. A more precise determination of this interface position
and the associated permeability of each region will be made by
comparing the model results to measured data below. While it is
apparent from Fig. 9 that the effective permeability may be different
along the wide and narrow sides of the annulus, a single, effective
value will be used for each region in the model of Fish 11.

Following an iterative process that consists of adjusting the
second interface position and the permeability values, satisfactory
agreement between model predictions and measurements has been
achieved when testing both from P1 and from P8. In what
follows, model predictions based on the following assumptions
will be shown and compared to the experimental measurements:

e Interface positions are located at £;,=2.35 m and {3 =4 m,
measured from port P1

e Permeability in 0 <x<{|,: k; =6.7 mdarcy (13.5 um equiva-
lent microannulus)

e Permeability in £}, <x<{p3: k; =16.7 ymdarcy (1.8 ym equiv-
alent microannulus)

e Permeability in {53 <x<L: k3 =10.0 mdarcy (15.4 yum equiva-
lent microannulus)

The conversion between permeability k; and effective microannu-
lus above is based on the assumption that the effective microannu-
lus is located adjacent to the inner wall of the outer casing, and the
equivalence between the Darcy equation and the Hagen—Poiseuille
result for flow between flat plates, i.e., kKA < Wh/ 12, with W the cir-
cumference of the inner wall of the outer casing and / the microan-
nulus gap width [21].

Shown in Fig. 12 are the pressure measurements (points) along
the wide side of the annulus when testing from P1 and the numerical
model predictions (lines) using the permeability interface positions
specified above. A detailed view of the downstream sensor mea-
surements and model prediction is provided in Fig. 13.

The two figures indicate that the model captures the main features
observed in the experiments, including the rapid pressure commu-
nication between P1 and P10, the partial pressure buildup in the
low-permeable region (P2), and the gradual, connected pressuriza-
tion downstream of the low-permeable region. We note a small,
initial pressure offset among the measurements shown in Fig. 13
that is not present in the model results where the initial pressure
is set to 20 bar everywhere except in the upstream reservoir. In
spite of this initial difference between measurements and model pre-
dictions, we observe an excellent correspondence between the mea-
sured and predicted pressure buildup rates at later times in the test.

Ideally, the same model should be capable of describing the
reverse pressure—pulse decay tests, i.e., when the upstream reservoir
was connected to port PS. In Fig. 14, comparison is provided
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Fig. 12 Comparison of pressure—pulse decay measurements

with the upstream reservoir at P1 to predictions of the calibrated
pressure diffusion model

Pressure (bar)

0 2 4 6 8 10 12 14 16 18

Time (hours)

Fig. 13 Detailed view of the downstream pressure measure-
ments and model predictions from Fig. 12

between measurements (points, up to nearly 15 h) and model pre-
dictions (lines, drawn to approximately 24 h). While some variation
is seen in the pressure measurement and model prediction within the
low-permeable region (yellow points and curve, P2), the overall
pressure response is well represented by the calibrated model intro-
duced above.

More detailed views of the early-time evolution of the pressures
measured adjacent to the upstream reservoir and the late-time evo-
lution of the downstream pressures are provided in Fig. 13. Begin-
ning with the early-time pressure responses to the left in the figure,
it can be observed that the measurements appear to stabilize at a
slightly lower value than the model predictions, but that the time
until stabilization is approximately the same in both experiments
and in the model results. The slight difference between measured
and modeled pressure levels in the left figure is attributed to uncer-
tainty in the compressive storage assessment of this side of Fish 11.

Moving on to the downstream pressure measurements at the far
side of the low-permeable cement, i.e., P10 and P1 (blue and red
points) in the right graph in Fig. 13, it can be observed that the
model predicts accurately the pressure buildup rate from approxi-
mately 6 hours into the test. As pointed out above and seen by
the less smooth pressure measurements in the figure, temperature
compensation of the pressure measurements were necessary to
eliminate approximately 0.4 bar of temperature-induced pressure-
drift in the downstream reservoir connected to P1. The initial pres-
sure response within the first 4 h at both P1 and P10 suggests that

Journal of Energy Resources Technology

P8, P6, P4, P12

Pressure (bar)

P2

P10, P1
0 2 4 6 8 0 12 14 16 18
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Fig. 14 Comparison of pressure—pulse decay measurements
with the upstream reservoir at P8 to predictions of the calibrated
pressure diffusion model

temperature compensation has not completely eliminated this
effect, and this could explain the numerical offset between mea-
sured and predicted pressures.

To quantify the deviations between pressure measurements and
model predictions, the root-mean-square deviation (RMSD) has
been evaluated for each pressure port as

RMSD =

where p; denotes pressure measurement at time t=t;, p; is the cor-
responding model prediction at the same pressure port and at the
same time, and N denotes the total number of pressure measure-
ments in the time-series. The RMSD values have been evaluated
for pressure measurements at each port and for either test direction
and are summarized in Table 2.

The largest deviations are associated with the offsets between
measurements and model predictions at ports P4 and P12 when
testing from P8, as seen in the left graph of Fig. 15. In spite of
the small offset between model and measurements, the calibrated
model is considered to satisfactorily represent the actual behavior
of Fish 11 when testing from either side.

6 Discussion

A summary of the main output from the transient pressure mod-
eling is provided in Fig. 16, where the three regions, their position,
and permeability are indicated and compared to the acoustic imped-
ance map. Also indicated along the acoustic impedance map is the
likely orientation of the narrow side of the eccentric annulus based
on the qualitative assessment of the pressure measurements dis-
cussed above. This assumed orientation is largely based on the pres-
sure responses when testing from P1 but is also supported by the

Table 2 Root-mean-square deviations for the time-series
measurements and model predictions

Test port Testing from P1 (bar) Testing from P8 (bar)
P1 0.17 0.09
P2 0.13 0.13
P4 0.04 0.22
P6 0.03 0.14
P8 0.04 0.17
P10 0.17 0.06
P12 0.07 0.21
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Fig. 15 (a) Detailed view of pressure measurements and model predictions adjacent to the upstream reservoir and (b) down-
stream the low-permeable interval. The upstream reservoir is connected to port P8.
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= (1.8 pm) ==

6.7
— millidarcy
(13.5 pm)

>

s P1, 253.1m

Likely narrow side

Fig. 16 Comparison of the acoustic impedance map of Fish 11
and the calibrated pressure diffusion model

observation in Fig. 15 that wide side ports P4 and P6 appear con-
nected. The orientation indicated in the figure assumes that the
tool itself did not rotate as it was pulled up along the joint.

As remarked above, the effective microannulus of the cemented
annulus between P8 and ports P4/P5 was previously measured to be
10.6 um. The measurement was made by applying up to 5 bar nitro-
gen pressure at port P8 and keeping either P4 or P5 open to atmo-
sphere and recording the injection rate at P8 [28]. As shown in
Fig. 16, an effective microannulus of 15.4 ym is found in this part
of the joint based on the transient pressure—pulse decay experiments
and the subsequent model calibration. The slightly higher result
found from the pressure—pulse decay experiments can be attributed
to the higher test pressures applied as part of the transient tests,
which can affect the permeability by elastic deformation of the
casings and annular cement. However, when considering that the
two methods of measuring the permeability or effective microannu-
lus are entirely independent, and that the measurements were per-
formed more than 12 months apart, the agreement between the
two is considered satisfactory and the measurements consistent.

053004-10 / Vol. 144, MAY 2022

The permeability or effective microannulus of the annular cement
next to P1 and at the collar have not been possible to measure pre-
viously by gas injection. The transient pressure—pulse decay mea-
surements presented above clearly demonstrate pressure
communication through the interval with low-permeable cement.
When testing either from below the collar, as originally oriented
in the well (i.e., from P8), or from above, a clear pressure response
on the far side of the low-permeable interval was found after some
6-8 h. The calibrated numerical model recreated the qualitative fea-
tures observed in both experiments and gave satisfactory quantita-
tive agreement to transient pressure measurements.

By qualitatively inspecting the original pulse-echo and flexural
attenuation log from the well, shown in Ref. [28], one can identify
additional relatively short intervals with cement bond quality
similar to that of the low-permeable interval in Fish 11. A
common feature among these intervals is that they tended to be
above the casing collars of the production casing. This part of the
well is nearly vertical and was cemented by bullheading a neat
Class-G cement slurry down the annulus. Being apparently con-
nected to the geometric feature of the collar, the locally improved
cement bond is thought to be associated with vertical sedimentation
of cement particles on top of the collar after the cement slurry was
pumped in place and/or by improved fluid displacement due to nar-
rower annular cross section at the collar. While remaining inconclu-
sive, a current hypothesis is that the lack of anti-settling additives in
the neat slurry resulted in sedimentation of individual cement parti-
cles or settling of flocs of particles on top of the collars [1]. An
increased concentration of cement particles on top of the collar
would result in a higher cement density and, at least in the case con-
sidered here, a better cement bond to casing and lower permeability
compared to annular cement below or further above the casing
collar. In their review of the inter-particle potential and application
of the electric double-layer model to neat cement slurries, Yang
et al. [38] found that normal, neat cement slurries tend to be coag-
ulated suspensions. That is, the inter-particle potential is considered
to be attractive and without a secondary minimum that could result
in a flocculated suspension. In a coagulated suspension, particles
rapidly and irreversibly approach the primary minimum of the
potential function, resulting in vertical settling of flocs containing
particles of different size [38]. In their study of sedimentation and
settling in cement slurries, Stiles and Baret [39] compared experi-
mental measurements to models for free sedimentation in a stable
dispersion and for settling of flocs of cement particles. Their
study found that the model based on settling of flocs correlated
better to experimental measurements than the free sedimentation
model, consistent with the subsequent analysis of Yang et al.
[38]. Further studies are required to finally conclude on the
precise mechanism that gave rise to the low-permeable cement
intervals at the collars of the production casing in this well.
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Finally, it should be pointed out that modeling the sandwich joint
Fish 11 as done above, i.e., by three regions of different effective
permeability is necessarily a simplification and only an approxima-
tion of the actual, local permeability variations along the joint. The
discretization of Fish 11 shown in Fig. 16 has in this study been
found to provide a relatively good representation of transient pres-
sure evolution at both short time-scales (close to the upstream reser-
voirs) and also longer time-scales (several hours, downstream).
While the actual conditions of the cement in the annular space
remain unknown, the pressure—pulse decay measurements pre-
sented in this study have provided new and improved insights
into correlations between ultrasonic logs, here represented by the
acoustic impedance map and the effective annular permeability.

7 Summary and Conclusion

This study has focused on the acoustic impedance map and the
permeability characterization of Fish 11, a sandwich joint retrieved
from a 33 years old production well. Where previous attempts at
measuring the annular permeability of the cement were limited to
the more permeable segment of the joint, the current study utilizes
a pressure—pulse decay method for complete permeability evalua-
tion. The test method relies on monitoring the evolution of a pres-
sure pulse through the joint and is equivalent to transient pressure
testing of low-permeable core material. Excellent qualitative agree-
ment is observed between pressure measurements and the acoustic
impedance map of the joint, and the quantitative analysis of the
pressure measurements yields local permeability values for
the annular cement. A clear correspondence is found between the
region of lowest permeability and highest acoustic impedance.

Previous experiments using the pressure—pulse decay method for
permeability characterization have shown good quantitative agree-
ment with available steady-state seepage data. Also in the current
study, we find agreement between the two test methods where it
was possible to perform steady-state measurements. The main
advantage of the transient measurement protocol is that it enables
characterization of low-permeable regions where it otherwise is
very time-consuming or difficult to establish steady seepage. The
main results of this study are summarized visually in Fig. 16,
where the detailed acoustic impedance map is connected to the per-
meability measurements. As the current prevalent method for mea-
suring the condition of the material behind casing is sonic and
ultrasonic logging tools, this information can serve as input for
linking log responses and seepage potentials. The results can poten-
tially also be valuable for future sustained casing pressure evalua-
tions or for quantifying risk of seepage behind casings for well
abandonment designs [34,35].
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Nomenclature

compressibility, M™LT?, 1/Pa
microannulus gap width, L, m
permeability, L2, darcy,
pressure, ML"T‘z, Pa

time, 7, s

axial coordinate, L, m

cross section, L%, m?

axial length of sandwich joint, L, m
volume, L3, m’
circumference, L, m

viscosity, ML~ 7! , Pa-s
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