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Analysis of outer-casing echoes in simulations of ultrasonic

pulse-echo through-tubing logging
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ABSTRACT

Cased petroleum wells must be logged to determine the bond-
ing and hydraulic isolation properties of the cement. Ultrasonic
logging of single casings has been widely studied and is com-
mercially available. However, ultrasonic logging in multiple-
casing geometries is an unexplored topic despite its importance
in plug and abandonment operations. Therefore, current logging
technologies should be studied to evaluate whether they indicate
the potential for multiple-casing logging. In this study, we used
two finite-element models of pulse-echo logging. The first
model represents logging in the transverse cross section of a
double-casing well. The second model is a copy of the first,
but with the outer casing and formation removed so that the

pulse-echo transducer receives only a resonant first interface
echo from the inner casing. By subtracting the received signals
of the second model from those of the first, we can recover the
third interface echo (TIE) signal representing the resonant re-
flection from the outer casing. This signal is used to study what
information can, in principle, be drawn from TIEs in double-
casing geometries, with the caveat that TIEs can only approx-
imately be recovered in practical cases. We simulated variations
of the material in the annulus beyond the outer casing, of the
thickness of the outer casing, and of the eccentering of the outer
casing. We have determined that the first two of these variations
have only weak effects on the TIE, but that the eccentering of
the outer casing can, in principle, be found using the TIE arrival
time.

INTRODUCTION

As the production life of more and more oil fields is coming to an
end, plug and abandonment (P&A) operations are gaining more at-
tention from the industry and regulators. In these operations, the
well must be hydraulically sealed to permanently avoid leakage.
With the increase in the number of P&A operations in the near fu-
ture, the associated time and cost expenditures are set to increase
dramatically. It is therefore very important to look into more effi-
cient P&A methods that still safely ensure permanent sealing.

To avoid the time-consuming and expensive job of removing cas-
ings from the well, as many casings as possible should be left in
place. For hydraulic isolation to still be ensured, thorough knowl-
edge is required of the preexisting hydraulic barriers, such as ce-
ment, in the well at the time of P&A. Cement bond logs are
available in some cases, but these may be outdated by several dec-
ades, and may have been performed before additional casings were
inserted into the well. Thus, new logs must in most cases be made.

However, current logging methods have been developed for sin-
gle-casing geometries to evaluate, e.g., the casing thickness and the
bonding between the casing and the outside material. To use these
methods in, e.g., double-casing wells such as the one shown in Fig-
ure 1, the inner casings must be removed to gain access to the outer
casing. Logging can then be performed in the resulting single-cas-
ing system. Instead of performing this time-consuming and costly
process, it would be much preferable to use a method that allows
logging through multiple casings.

Publications on such multiple-casing logging are scarce, how-
ever. We therefore wish to evaluate the possibility of determining
information on cement bonding and hydraulic isolation behind
multiple casings using current logging technologies. As described
in more detail elsewhere (Viggen et al., 2016), we are particularly
interested in ultrasonic and sonic technologies because they can
provide single-casing logs with high azimuthal resolution. We wish
to determine the potential of these technologies, or their lack of it,
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for multiple-casing logging. To do so, we will start by studying the
simplest cases possible to study what can be achieved in principle
with a given method. There is little point in proceeding with more
complex and realistic cases, if a given technology does not show
potential in these more straightforward scenarios.

In this paper, we look at ultrasonic pulse-echo well logging, in
which a rotating transducer is dragged through the inner casing and
ultrasonic pulses are shot from the transducer onto the casing at
normal incidence. From the reflected signals recorded by the trans-
ducer, the thickness of the inner casing (which is affected by cor-
rosion) and the bonded material outside can be estimated (see, e.g.,
Havira, 1981, 1986; Hayman et al., 1991, 1998; Wright, 1993;
Wang et al., 2016).

The simplest multiple-casing logging case that we will examine
in this paper is that of through-tubing logging, with water between
the two casings shown in Figure 1. We choose these casings not to
be corroded or ovalized. Additionally, we choose the transducer to
emit a well-behaved pulse and to be well-centered (i.e., to rotate
around the center of the inner casing). The one geometric compli-
cation that we investigate is eccentering of the outer casing, where it
is no longer centered on the same axis as the inner casing, to de-
termine whether this eccentering can be measured.

The signal received by the transducer consists of multiple reflec-
tion components. We use the name first interface echo (FIE) for the
pulse reflection from the inner casing and the subsequent casing
thickness resonance triggered by the pulse. The wave transmitted
through the inner casing is reflected from the interface outside
the A-annulus (the annulus outside the inner casing). Part of it is
transmitted back through the inner casing again and picked up
by the transducer. We call this part the third interface echo
(TIE). In single-casing logging, only the FIE is analyzed. As de-
scribed by Miller and Stanke (1999), the single-casing TIE typically
represents an echo from the formation or other interfaces, which can
be filtered out to improve the logging results and remove log arti-
facts, such as galaxy patterns. However, the TIE is also potentially
useful in that it may provide information about the system outside
the inner casing. In a double-casing geometry with fluid between

B-annulus

Figure 1. Transverse cross section of the double-casing well geom-
etry and the pulse-echo transducer setup.

the two casings, the TIE represents the resonant reflection from
the second casing.

Inthispaper, wetesttheinitial hypothesis that variations of the second
casing and variations in the B-annulus beyond the second casing
can cause the TIE to vary in a significant and consistent manner.
The variations that will be examined in this study are, specifically

e variation of the material in the B-annulus;
e variation of the thickness of casing 2;
e variation of the eccentering of casing 2.

In this study, we used the finite-element method (FEM) to sim-
ulate the time-dependent propagation of the ultrasonic pulse in
wells. In these simulations, we can extract the TIE signal from
the total signal measured by the transducer. This is done through
an auxiliary model without a third interface shown in Figure 2b,
where the signal measured by the transducer corresponds to the
FIE component in the full simulations. This FIE signal can sub-
sequently be subtracted from the received signals in the full simu-
lations to isolate the TIE signal. Thus, the isolated TIE signal
represents what could be found from a hypothetical ideal TIE signal
processing algorithm, ideal in the sense that it completely removes
noise and the FIE signal from the full signal. Practical algorithms,
such as the one described by Miller and Stanke (1999) can only
asymptotically approach this ideal.

SIMULATION SETUP

Time-domain simulations were performed in a 2D transverse cross
section of the full geometry, using the FEM software COMSOL Mul-
tiphysics. Although FEM simulations are more time consuming than
analytically based modeling (Zeroug, 2000), they are more straight-
forward because the governing equations of the materials are simu-
lated directly with no approximation except linearity. Furthermore,
the FEM simulations do not require a cylindrically symmetric cen-
tered geometry unlike the analytically based models (although Zer-
oug [2004] indicates that it is possible to approximate eccentering in
such models as well). The motivation of using this particular software
and FEM over other simulation methods is the same as in Viggen
et al. (2016), with the additional benefit that the FEM can fit curved
geometries well using unstructured meshes, thus avoiding the “stair-
case approximation” of finite-difference methods.

The simulated cross section is shown in Figure 1. The outer diam-
eter of casing 1 is 2a, = 17.78 cm (7 in.), and its thickness is
a, —a; = dp, = 10.36 mm. For casing 2, its outer diameter is 2a4 =
24.45 cm (9% in.), and its thickness is a4 — a3 = dp, = 13.84 mm.
The borehole diameter is 2as = 32.39 cm (123 in.).

The parameters of the various materials used in the simulation are
shown in Table 1. Values of the S-wave speed were not available for
some of the solids, and in these cases, cg was found by an empirical
expression from Castagna et al. (1985). Unless otherwise men-
tioned, the interior and both annuli contained water. A low-reflect-
ing boundary condition, described in COMSOL Multiphysics:
Structural mechanics module user’s guide (Version 5.2, 2015),
was chosen for the outer edge of the system to simulate a semi-in-
finite formation domain.

In all simulations, the inner casing was kept perfectly centered
within the borehole, and the tool axis was kept perfectly centered
within the inner casing. The center of these circular structures de-
fines the origin of a polar coordinate system (r, ) as shown in
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Figure 1. When casing 2 is eccentered, it is shifted in the direction of
@ = 0". Due to the mirror symmetry of the eccentered geometry, it
was not necessary to simulate transducer orientations outside the
interval ¢ € [0°, 1807].

The simulated transducer is a 2D cross section of a flat cylindrical
transducer. The simulated transducer’s face is shielded and slightly
concave, with a curvature radius of 20 ¢cm and a width of 25 mm. It
is positioned with 44 mm between its face center and the inner cas-
ing. The transducer boundaries were modeled in a simple fashion as
acoustically hard, as detailed transducer modeling is outside the
scope of this work. One side effect of this simplification is that
the transducer face is fully reflecting, in contrast to real transducers
that are partly absorbing. This causes secondary reflections from the
transducer to have unrealistically high amplitudes. In reality, the
reflection from the transducer face would reduce the amplitude
by an absorption factor, which is strongly dependent on the specific
transducer design. However, although these secondary reflections
are visible in some of the following figures (specifically, Figures 3
and 7), they do not affect the analysis or conclusions of this paper.

The transducer face transmits an apodized Gaussian pulse into
the simulated system by means of an imposed normal acceleration
boundary condition

Pu,
or?

= —Be (=/2*/2%) sin[2 xfy(t - 1,/2)] sin(s7z), (1)

where f = 250 kHz is the center frequency, ¢, = 4/f is the pulse
length, 67 ~ 4.00 ps is the time variance for a Gaussian pulse with
arelative bandwidth of 0.75, and s is a dimensionless spatial param-
eter that runs from zero to one over the length of the transducer face.
As all the simulated equations are linear, the amplitude B is arbitrary
and was chosen as B = 1 m/s>. The radiation pattern of a trans-
ducer can be calculated by its shape and size from expressions
found in e.g., Hovem (2012). This particular transducer produces
a far-field radiation pattern in which the width of the main lobe,
as measured from the angles where its amplitude is —3 dB com-
pared with the axial level, is 16°.

The received signal S(7) is given by a weighted and normalized
integral of the pressure p over the transducer face

1

S(t) - S_O

/1 p(s,t)sin(sz)ds. 2)
0

The normalization constant S, is chosen, such
that the FIE amplitude in S(¢) is 1. Due to this
normalization, the signals S(¢) are dimension-
less. This approach is in contrast to the more
sophisticated approach of some previous publi-
cations, such as Zeroug (1998), in which the in-
cident pressure is converted to voltage through a
more complex transducer modeling process.
However, this complexity would not be neces-
sary or relevant for the analysis in this paper;
we are interested in the form of the TIE for a sim-
ple and generic double-casing system, not in
modeling the output voltage in detail for a spe-
cific transducer in this system.

In the auxiliary model, the outer casing was
removed and the formation interface was re-
placed by a radiation boundary condition, as de-

042

scribed by COMSOL Multiphysics: Acoustics module user’s guide
(Version 5.2, 2015). With no reflecting third interface, the received
signal contains only the FIE component Sgg (). This FIE signal can
subsequently be subtracted from signals S(¢) received in the full
model to recover the TIE component Stig(¢) = S(#) — Sgp(#). Both
models are shown in Figure 2.

In both models, quadratic triangular elements were used with a
maximum size of dx . = (Cwaer/f0)/ 10, Cyater being the speed of
sound in water. The time step dt was chosen from Courant number
considerations so that cpgeel/(dXpax/dt) = 0.4, cpgee being the
speed of sound in steel. We validated that this resolution is sufficient
in a similar study (Viggen et al., 2016).

SIMULATION RESULTS

For our baseline case, the received signal S(¢) is shown in Fig-
ure 3 along with the FIE signal Sgg (#) from the auxiliary model and
the isolated TIE signal St (7) = S(f) — Sgie(?). In this case, the
geometry is unaltered and there is water in all annuli. For each sig-
nal, an envelope was determined using the Hilbert transform.

In the FIE signal, we see the reflected pulse peak at t = 68 ps. It
is followed by the decaying casing thickness resonance from which
the inner casing thickness and the A-annulus material impedance
can be found as explained by Hayman et al. (1991). Subsequent
pulses can be seen at t = 128 and 188 ps. These pulses have addi-
tionally been reflected off the transducer and the inner casing once

Table 1. The P-wave speed cp, density p, P-wave impedance
Z, and S-wave speed cg of simulated materials.

Material cp (m/s) p (kg/m?) Z (MRayl) cg (m/s)
Water 1481 1000 1.48 0
Foam cement 2250 1330 2.99 767
Marls 2400 2200 5.28 897
Class G cement 3700 1800 6.66 2017
Porous and saturated 3100 2300 7.13 1500
sandstone

Formation 4645 2200 10.2 2646
Steel casing 5780 7850 454 3190

b) 08t

042
90

0 0

Figure 2. Snapshot of pressure (interior and annuli) and radial displacement (casings) at
t = 50 ps for (a) the full model and (b) the auxiliary model.
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and twice, respectively. As previously mentioned, these reflections
are unrealistically strong due to the transducer being modeled as a
perfectly reflecting hard surface instead of a partially absorbing one.

The TIE signal starts increasing approximately # = 93 ps due to
the arrival of the wave, which has been transmitted through the inner
casing, reflected from the outer casing, and transmitted back
through the inner casing. Its additional traveltime 93 — 68 =
25 ps matches fairly well with the A-annulus traversal time
2(az — ay)/Cyaer = 26.3 ps. We can spot the TIE signal in the full
signal S(¢) from approximately ¢ = 100 ps. At approximately
t =119 ps, we can see an increase in the signal Stip(#) due to
the wave that has been reflected an additional time between the in-
ner and outer casings before finally being transmitted through the
inner casing. Additionally, at approximately ¢t = 154 ps, we can see
the TIE contribution of the pulse, which has been reflected off the
transducer face once, i.e., the pulse we can see at ¢ = 128 ps in
Skie(f). (Because this transducer reflection is unrealistically strong
due to the transducer being modeled as an acoustically hard surface,
this component of the TIE is correspondingly unrealistically strong
in our simulations. More realistically, the strength of this TIE com-
ponent would depend on an absorption factor determined by the
specific transducer design. We will, therefore, not discuss it further
in this paper.) The TIE signal may also include a weak echo from
the formation, but this is not readily visible in Figure 3.

In the following, we will focus on the first part of the TIE signal
because the later parts are typically obscured in S(#) by secondary re-
flections from the transducer face. For each simulation, we determine
the TIE arrival time g as the first time at which the TIE envelope
reaches 10% of its maximum value. We additionally determine a rep-
resentative TIE amplitude as the root-mean-square (rms) value

1 16 ps
ATTE = / S(tTIE + T)sz. (3)
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Figure 3. Received signal and its envelope for (a) the full model
and (b) the auxiliary model. Both models are shown in Figure 2.
(c) The TIE signal found as the difference of the two signals, with
a black bar that indicates the representative TIE rms amplitude Aqg
(equation 3) and the period over which it was determined.

The integration length of 16 ps corresponds to four periods of the
center frequency of the Gaussian pulse in equation 1. This length
was chosen to be long enough to give a representative amplitude
for the TIE, while being short enough to avoid any significant contri-
bution from the aforementioned multiple reflections of the TIE.

To evaluate the possibility of logging the thickness of the outer
casing and the outside bonded material, a series of simulations was
performed, one for each combination of five different materials in
the B-annulus and three thicknesses dp, of the outer casing. The
resulting values of Arg against the material impedance Zp are
shown in Figure 4, showing a linear but very weak variation of
Arng with Zg with different slopes for each thickness dp,.

From the complete TIE signals with applied Hann windows, the
frequency spectra and group delays were also determined and ex-
amined. For variations of the B-annulus material, the differences
were minor; we could not spot any obvious and consistent varia-
tions of the spectra. For variations of the outer casing thickness
dp,, the variations are somewhat larger; three examples are shown
in _Figure 5.

Another series of simulations was performed to examine the ef-
fect of casing 2 eccentering € up to a maximum of € = 18.80 mm.
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Figure 4. The TIE amplitude against B-annulus impedance Zg for
various outer-casing thicknesses dp,.
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Figure 5. Spectral magnitude and group delay of the TIE signal
for Zg = 1.41 MRayl, for (a) dp, = 13.84, (b) dp, = 12.12, and
(c) dp, = 10.36 mm. The dashed vertical lines indicate the casing
2 thickness resonance frequencies fp, = Cp gee/ (2dp, ).
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For each value of the eccentering, individual simulations were per-
formed for transducer orientations from ¢ = 0" to 180° in steps of
30°. Examples of the eccentered models are shown in Figure 6, with
examples of the received signals in Figure 7. All simulations were
performed with water in the B-annulus.

When the outer casing is eccentered in this
way, the third interface distance a (e, ¢) deviates
from the centered distance a; = aj(0, @) as a)

a;(e, ) = € cos(q)

+ \/ag —€2[1 = cos?(p)]. (4)

Thus, the additional propagation time of a ray
emitted from the transducer to the eccentered
third interface and back is

02

At(e, q)) — 2[a3/(€’ci) B 613] , (5)

where c, is the sound speed in the A-annulus.

Figure 8 is based on 29 simulations with vari-
ous eccenterings and transducer angles. It com-
pares the representative TIE amplitudes Arg for
the different cases. It also compares the differ-
ence in TIE arrival times with the predictions of equation 5 for
the eccentered and centered cases.

DISCUSSION

Different ultrasonic logging techniques pose different challenges.
For pitch-catch techniques, we can see from the received signals
shown, e.g., by Zeroug and Froelich (2003), Klieber et al.
(2015), and Viggen et al. (2016) that there is typically not a signifi-
cant overlap between the components corresponding to interaction
with the inner casing and those corresponding to interaction with
the third interface and beyond. This is in contrast to the pulse-echo
technique studied here, where the strong FIE and the weaker TIE
components overlap, making them more difficult to separate.

The results of this study must be seen in light of its approach.
Using simulations, which are not affected by noise, we are able
to recover noise-free TIE signals by subtracting the FIE signal.
In real-life cases, practical methods such as the one by Miller
and Stanke (1999) cannot completely eliminate the FIE and are still
susceptible to some degree to the effects of noise. Therefore, very
small variations in the TIE signal may be very difficult to use in real-
life cases, because they will be masked by noise as well as imper-
fections in the practical signal processing algorithms used to isolate
the TIEs in the total signal. To investigate the robustness of such
algorithms in later work, they could be used to estimate TIEs from
simulated transducer signals affected by realistic levels and types
of noise.

Additionally, this study neglects several attenuation mechanisms
that would weaken the received signals. In practice, the fluids in the
interior and the A-annulus would be attenuative, weakening FIE
and TIE signal. Also, although our 2D simulations can capture
the azimuthal spread of the resonating waves in the casings, they
cannot capture the waves’ longitudinal spread.

The results in Figure 4 for variation of the annulus impedance
show a clear linear trend in A against the impedance Zg. How-
ever, the differences are very small. For dp, = 10.36 mm, the rel-
ative difference in signal amplitudes is smaller than 4% between the
smallest and largest tested impedances. Such small variations will

b)

02

Figure 6. Snapshot as in Figure 2, with casing 2 eccenterings of (a) € = 9.40 and
(b) 18.80 mm and a transducer orientation of a 30° angle to the direction of eccentering.
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Figure 7. Received full signal and extracted TIE signal from the
cases shown in Figure 6 of 30° transducer angle and eccenterings
of (a) € =9.40 and (b) ¢ = 18.80 mm.
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be very difficult to detect in practice, indicating that the potential for
double-casing bonding logging is low with ultrasonic pitch-catch
technology.

The variation of the thickness of casing 2 leads to a greater varia-
tion in Ayg. For water in the outer annulus, we have a 15% variation
in A between the original geometry (dp, = 13.84 mm) and the
modified geometry with equal casing thickness (dp, = 10.36 mm).
Additionally, we can see that the amplitude of the TIE is reduced
when the two casings are of equal thickness. This could be ex-
pected, as the two casings have similar thickness resonance frequen-
cies in this case. Thus, the frequencies admitted through the inner
casing will to a greater degree also be admitted through the outer
casing instead of being reflected back. Consequently, the wave im-
pinging on the third interface is to a lesser degree reflected from the
third interface back toward the transducer.

Figure 5 shows that there are visible variations in the spectra for
the different values of casing 2 thickness dp,. However, although we
know from Hayman et al. (1991) how to determine the thickness
resonances for a single casing from FIE spectra, it is not clear
how the thickness resonances for the various outer casings can

Azimuthal angle ¢ (0)
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Figure 8. (a) The rms amplitudes of TIE signals as per equation 3
against casing 2 eccentering € and transducer angle ¢. (b) Additional
TIE propagation time against eccentering and transducer angle,
from simulations (marks) and from equation 5 (lines).

€ =18.80mm

€ =1410mm

Figure 9. For four different eccenterings, rays are shot from the
center of a hypothetical transducer face every 5°. Rays that would
hit the transducer face after specular reflection from the outer casing
are shown as black and rays that would not are shown as gray.

be determined from the TIE spectra. The casing 2 thickness reso-
nances shown in Figure 5 do not obviously coincide with any
extraordinary spectral features that are not also found elsewhere
throughout the spectra.

The simulations of varying eccentering showed that the TIE sig-
nal nearly disappears for large eccenterings and angles close to
@ = 90". This happens because the wave transmitted through the
inner casing hits the outer casing at an oblique angle, so that it
is reflected away from the transducer. To shed some light on this,
we may use a ray-tracing example. Here, a ray is traced directly
forward from the transducer face to the outer casing. With a new
direction given by specular reflection at the casing, it is then traced
back toward the transducer face. For a given eccentering, the re-
flected ray will hit the transducer face at some angles, and at some
angles it may miss. Figure 9 shows the angles at which the reflected
rays would hit and miss the transducer face for several different
eccenterings.

However, although the ray-tracing examples give an idea of
which cases are more and less problematic, they do not correspond
perfectly to more realistic transducer pulses. Rays are a high-fre-
quency approximation, being perfectly narrow and nondiffracting,
whereas in reality pulses have a certain physical width. As an ex-
ample, the disturbance in the A-annulus that is visible in Figure 6
spans almost from ¢ = 0" to 60°. Pulse components at wider angles
may still be reflected back toward the transducer.

The TIE arrival times shown in Figure § are largely as expected
from the ray-tracing approximation. However, for the most extreme
eccentering, the TIE signal arrives well before the expected time for
the angular interval ¢ € [60°, 120°]. We believe this is due to the
aforementioned pulse width effect. Referring to Figure 6b, the outer
casing is closer to the transducer face at, e.g., the point (aj, 60°)
than it is directly in front of the at the transducer at (a},30).
For transducer angles closer to ¢ = 90°, the wave impinging on
the outer casing will only be reflected back to the transducer from
angles where the outer casing is closer.

The TIE arrival times At can, therefore, be used to directly deter-
mine small eccenterings. For larger eccenterings and transducer an-
gles ¢ ~ 90", the TIE amplitude Ay is lower, and the signal arrives
earlier than ray-based theory predicts. Nevertheless, even in the case
of full eccentering, the TIE signals at ¢ = 0” and 180° are strong and
the arrival time is accurate, giving sufficient information to determine
the eccentering distance and angle even for very strong eccenterings.
Additionally, systematic measured changes in amplitude Aty with
angle can support the determination of the casing eccentering. As
shown in Figure 8, relatively high A values coincide with normal
incidence on the outer casing.

Casing eccentering may also be measured from pitch-catch mea-
surements (Zeroug and Froelich, 2003; Viggen et al., 2016). The
pitch-catch technique has the advantage of the payload signal typ-
ically being strong, distinct, and not obscured by another signal (see
also Klieber et al., 2015). In contrast, the pulse-echo technique gives
a TIE signal that is relatively weak and must be separated from the
FIE signal. However, in cases where only pulse-echo measurements
are available, it may be useful to estimate the position of the outer
casing from the TIE arrival time. Additionally, the pulse-echo ec-
centering measurements can be useful as a complement to other
logging techniques.
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CONCLUSION

The introduction posed the initial hypothesis that variations of
and beyond the second casing can cause significant and consistent
variations of the pulse-echo TIE. In this study, we have examined
this hypothesis for several specific variations.

When varying the outer annulus’ material impedance Zg and the
casing 2 thickness dp,, the rms value A of the early part of the
TIE signal was seen to vary in response. However, these variations
were quite weak, and it is therefore unlikely that it will be possible
to apply ultrasonic pulse-echo techniques to reliably log the thick-
ness of the outer casing or the material bonded on the outside of the
outer casing.

The eccentering of the outer casing was also varied, and it was
found that Aqg and the TIE arrival time are dependent on the ec-
centering distance and the transducer angle. The TIE arrival time in
our simulations agreed well with the expected arrival time except at
very large eccenterings where the TIE signal is nearly absent for a
range of angles. These pulse-echo eccentering measurements can be
useful when no other such measurements are available, and as a
complement to other logging techniques.

We may posit two final hypotheses. First, that the variations of
the TIE with the outer casing thickness and the B-annulus material
are too subtle to be reliably used in through-tubing logging. Second,
that the TIE arrival time varies significantly and consistently with
the eccentering of the outer casing and the transducer angle; even
though the TIE nearly disappears at some angles for extreme eccen-
terings, the eccentering can still be determined from measurements
at other angles. It remains to be seen whether the second hypothesis
holds in more realistic cases. For logging the thickness of the outer
casing and the bonding beyond, the results of this study encourage
us to rather look at other options.
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