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(57) Abstract

A nuclear magnetic resonance (NMR) apparatus
includes a carrier configured to be deployed in a
borehole, a magnet assembly configured to
generate a static magnetic field in an earth
formation, and at least one transmitting
assembly configured to generate an oscillating
magnetic field in a volume of interest within the
formation. The apparatus also includes a pulse
generator configured to apply a direct-echo
pulse sequence to the at least one transmitting
assembly, the direct-echo pulse sequence
having a plurality of successive pulses including
a first pulse and a second pulse configured to
generate a first direct NMR echo, and a third
pulse, the third pulse selected to at least
partially separate a stimulated NMR echo from a
second direct NMR echo occurring after the third
pulse. The apparatus further includes at least
one receiving assembly configured to detect the
first and second direct echoes of an NMR echo
train.
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MAGNETIC RESONANCE PULSE SEQUENCES AND PROCESSING

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Application No. 62/160401, filed

on May 12, 2015, which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Understanding the characteristics of geologic formations and fluids located
therein is important for effective hydrocarbon exploration and production. Formation
evaluation relies on accurate petrophysical interpretation derived from a diverse set of
logging technologies. One such technology, nuclear magnetic resonance (NMR), can be used
to estimate formation characteristics such as mineralogy-independent porosity and
permeability of rocks, to perform fluid typing and determine fluid volumes, and to estimate
fluid characteristics such as viscosity.

[0003] Processing results from NMR operations have indicated that porosity overcall
is a significant problem in formations with short relaxation time T, (e.g., on the order of
milliseconds (ms)) if T, is greater than T,. For example, NMR measurements in formations
having shale intervals have exhibited significant porosity overcall (in the order of 20 percent)

in some shale intervals, even though porosity in other regions was found to be correct.

SUMMARY

[0004] An embodiment of a nuclear magnetic resonance (NMR) apparatus for
estimating properties of an earth formation downhole includes a carrier configured to be
deployed in a borehole in the earth formation, a magnet assembly disposed in the carrier and
configured to generate a static magnetic field in the formation, and at least one transmitting
assembly disposed in the carrier and configured to generate an oscillating magnetic field in a
volume of interest within the formation. The apparatus also includes a pulse generator
configured to apply a direct-echo pulse sequence to the at least one transmitting assembly, the
direct-echo pulse sequence having a plurality of successive pulses, the plurality of successive
pulses including a first pulse and a second pulse configured to generate a first direct NMR
echo, and a third pulse, the third pulse selected to at least partially separate a stimulated NMR
echo from a second direct NMR echo occurring after the third pulse. The apparatus further
includes at least one receiving assembly disposed in the carrier and configured to detect the

first and second direct NMR echoes of an NMR echo train.
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[0005] An embodiment of a method of estimating properties of an earth formation
downhole includes deploying a carrier into a borehole in the earth formation, generating a
static magnetic field in a volume of interest within the formation by a magnet assembly
disposed in the carrier, and emitting pulses of an electromagnetic signal, by at least one
transmitting assembly disposed in the carrier, into the volume of interest to generate an
oscillating magnetic field, the pulses emitted as a direct-echo pulse sequence having a
plurality of successive pulses, the plurality of successive pulses including a first pulse and a
second pulse configured to generate a first direct NMR echo, and a third pulse, the third pulse
selected to at least partially separate a stimulated NMR echo from a second direct NMR echo
occurring after the third pulse. The method also includes estimating a property of the volume
of interest by a processor based on amplitudes of at least the first and second direct NMR

echoes of an NMR echo train resulting from the pulse sequence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The subject matter which is regarded as the invention is particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing
and other features and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings in which:

[0007] FIG. 1 depicts an embodiment of a formation measurement system that
includes a nuclear magnetic resonance (NMR) measurement apparatus;

[0008] FIG. 2 depicts an embodiment of a direct-echo pulse sequence for use in
transmitting an electromagnetic signal into a formation, the signal inducing an oscillating
magnetic field in the formation;

[0009] FIG. 3 depicts another embodiment of a direct-echo pulse sequence for use in
transmitting an electromagnetic signal into a formation;

[0010] FIG. 4 depicts a simulation of an embodiment of a direct-echo pulse sequence;

[0011] FIG. 5 depicts a simulation of another embodiment of a direct-echo pulse
sequence;

[0012] FIG. 6 is a flow chart that depicts an embodiment of a NMR measurement
method that includes transmitting an electromagnetic signal with a direct-echo pulse
sequence;

[0013] FIG. 7 is a flow chart that depicts an embodiment of a NMR measurement
method that includes correcting NMR signals and/or porosity values using porosity data

derived using a direct-echo pulse sequence.
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DETAILED DESCRIPTION

[0014] Methods, systems and apparatuses for measuring characteristics of an earth
formation using magnetic resonance techniques are described herein. Embodiments of
nuclear magnetic resonance (NMR) apparatuses, systems and methods utilize a direct-echo
pulse sequence that is effective in reducing or eliminating errors in measurement results due
to previously unconsidered second-order stimulated echo effects. The second-order
stimulated echo effect is significant, for example, in formations with fast relaxation times
(e.g., shale, heavy oil) and a T,/T; ratio > 1. The direct-echo pulse sequence is effective
especially for providing an accurate microporsity.

[0015] FIG. 1 illustrates an exemplary embodiment of a downhole measurement, data
acquisition, and/or analysis system 10 that includes devices or systems for in-situ
measurement of characteristics of an earth formation 12. The system 10 includes a magnetic
resonance apparatus such as a NMR tool 14. An example of the magnetic resonance
apparatus is a logging-while-drilling (L WD) magnetic resonance tool. The tool 14 is
configured to generate magnetic resonance data for use in estimating characteristics of a
formation, such as porosity, irreducible water saturation, permeability, hydrocarbon content,
and fluid viscosity.

[0016] An exemplary tool 14 includes a static magnetic field source 16, such as a
permanent magnet assembly, that magnetizes formation materials and a transmitter and/or
receiver assembly 18 (e.g., an antenna or antenna assembly) that transmits radio frequency
(RF) energy or pulsed energy that provides an oscillating magnetic field in the formation, and
detects NMR signals as voltages induced in the receiver. The transmitter assembly 18 may
serve the receive function, or distinct receiving antennas may be used for that purpose. It
can be appreciated that the tool 14 may include a variety of components and configurations as
known in the art of nuclear magnetic resonance or magnetic resonance imaging,

[0017] The tool 14 may be configured as a component of various subterranean
systems, such as wireline well logging and LWD systems. For example, the tool 14 can be
incorporated within a drill string 20 including a drill bit 22 or other suitable carrier and
deployed downhole, e.g., from a drilling rig 24 into a borehole 26 during a drilling operation.
The tool 14 is not limited to the embodiments described herein, and may be deployed in a
carrier with alternative conveyance methods. A "carrier" as described herein means any
device, device component, combination of devices, media and/or member that may be used to

convey, house, support or otherwise facilitate the use of another device, device component,
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combination of devices, media, and/or member. Exemplary non-limiting carriers include drill
strings of the coiled tube type, of the jointed pipe type, and any combination or portion
thereof. Other carrier examples include casing pipes, wirelines, wireline sondes, slickline
sondes, drop shots, downhole subs, bottom-hole assemblies, and drill strings.

[0018] In one embodiment, the tool 14 and/or other downhole components are
equipped with transmission equipment to communicate ultimately to a surface processing
unit 28. Such transmission equipment may take any desired form, and different transmission
media and methods may be used, such as wired, fiber optic, and/or wireless transmission
methods. Additional processing units may be deployed with the carrier. For example, a
downhole electronics unit 30 includes various electronic components to facilitate receiving
signals and collect data, transmitting data and commands, and/or processing data downhole.
The surface processing unit 28, electronics 30, the tool 14, and/or other components of the
system 10 include devices as necessary to provide for storing and/or processing data collected
from the tool 14 and other components of the system 10. Exemplary devices include, without
limitation, at least one processor, storage, memory, input devices, output devices, and the
like.

[0019] Magnetic resonance measurements are performed by the NMR tool, which
generates a static inhomogeneous magnetic field (By) in a volume within the formation (a
volume of interest) using one or more magnets (e.g., the magnetic field source 16). An
oscillating (e.g., RF) magnetic field (B;), which is at least substantially perpendicular to the
static magnetic field, is generated in the volume of interest. The volume of interest may be
circular or toroidal around the borehole, and/or focused or directed toward a specific angular
region (i.e., side-looking).

[0020] The surface processing unit 28, electronics 30 and/or other suitable processing
device includes a processor configured to generate electrical pulses and transmit the pulses to
the transmitter assembly, which in turn generates pulses of electromagnetic energy that
induce the oscillating field B, in the volume of interest. Such a processing device may be
referred generally as a pulse generator, which includes a microcontroller or other processor
that is capable of transmitting a pulse sequence. The pulse sequence can be programmed or
set based on parameters such as pulse duration, time intervals between pulses and time
between successive pulse sequences (wait time).

[0021] When exposed to the magnetic field By, the spin axes of hydrogen nuclei in
the formation precess around the direction of the By field with the Larmor frequency, which

is proportional to the strength of the magnetic field By. The direction of orientation of the
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field By in the formation volume of interest is referred to as the longitudinal direction or z-
direction.

[0022] Over time, the spin axes align themselves at distinct angles along the By field
and create a net magnetization (i.e., polarization), which will build up with the time constant

T,. T, of a fluid in a porous rock can be expressed as:
r_t. 1 (1)
Iy Tip Ty

[0023] T, is the T, relaxation time of the bulk fluid and is inversely proportional to
the viscosity, e.g., Tig of very heavy oil is very short. Tg is the surface relaxation and is
dependent on the pore size, e.g., Tig is very short (on the order of ms or less than 1 ms) for
clay-bound water.

[0024] The longitudinal magnetization cannot be measured directly, but it can be
manipulated by the B, field. The B, field will interact only with those spins at resonance
condition (where the B, field oscillating frequency is equal to or substantially equal to the
Larmor frequency), i.e., in an inhomogeneous By field, the B, frequency band defines the
sensed volume. For an NMR logging tool, the sensed volume is selected to be fully in the
formation.

[0025] When the B, field is turned on, the magnetization will be rotated around the B,
field by an angle proportional to the length of the pulse and to the strength of the B, field.
Ideally, the B, field is oriented perpendicular to the By field in the volume of interest, e.g., in
the x-y plane orthogonal to the longitudinal or z-axis, where the z-axis points along By in the
volume of interest.

[0026] While the hydrogen nuclei realign their spin axes as a result of the action of
the B, field, they do so at different rates because of inhomogeneities in the B, field. Upon
termination of the B; field the nuclear magnetization precesses freely around the By field.
Because of inhomogeneity of the By field, resulting in a spread of Larmor frequencies, the
bulk magnetization rapidly loses phase coherence (de-phases), which causes a rapid decrease
in the voltage induced in a receiver. This decrease is referred to as the free induction decay
(FID).

[0027] T, is a time constant known as the transversal relaxation. It describes the loss

of magnetization in the plane orthogonal to the By field. T, decay can be written as:

1 1 1 1
r_tr . rt.1 @)
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[0028] Typ is the T, relaxation time due to diffusion in the magnetic field gradient.
T,p depends on the inter-echo time (TE), on the molecular diffusion coefficient, D, and on
the By field gradient (G). For a low-magnetic-field-gradient tool, Typ is typically
considerably larger than T, and the recorded T, distribution is usually quite similar to the T,
distribution. The T)/T, ratio is usually between 1 and 3. However, in the presence of iron
minerals the internal field gradients increase significantly, which in turn enhances the T,
diffusion decay, i.e. Typ decreases, and T, gets smaller.

[0029] The B1 field is typically applied as a series of short duration pulses, which
may be rectangular or other shaped pulses. In an embodiment of a pulse sequence, the first
pulse is a “tipping pulse”, which acts to align the nuclear magnetization in the formation in a
direction perpendicular to the static field By, e.g., rotate the magnetization from the z-
direction into the x-y plane. After the tipping pulse, the nuclear magnetic moment of the
nuclei gradually return or “relax” to their alignment with the static field.

[0030] At a selected time after the beginning of the FID from the tipping pulse, a first
“refocusing pulse” is applied, which has a duration and amplitude selected to at least partly
reverse the magnetizations of microscopic volume elements. In consequence the coherent
macroscopic magnetization that was lost after the tipping pulse rephases now after the
refocus pulse, resulting in a so-called spin echo that induces a measurable voltage in the
receiving antenna. Hence, the tipping pulse, followed by a refocus pulse, generates a first
“direct echo”, the maximum amplitude of which is proportional to the porosity in the
formation.

[0031] In an inhomogeneous By field, a refocus pulse cannot keep all of the original
magnetization in the x-y plane and some of it is rotated into the z-direction. This
magnetization stored in the z-direction will not contribute to the first echo. However, a
second refocus pulse will recall some of the magnetization from the z-direction into the x-y
plane and will create a first “stimulated echo.” Simultaneously, the second refocus pulse will
also refocus the de-phased first direct echo and a second direct echo will be created.

[0032] The refocus pulses restore only the transversal magnetization that gets lost due
to the inhomogeneity of the By field. The loss of magnetization due to relaxation processes
cannot be restored and will happen with the time constant T, (with a contribution of T; due to
the stimulated echo contributions).

[0033] The timing of the pulses is typically selected in such a way that the time when
the second direct echo appears corresponds to the time when the first stimulated echo

appears. The sum of the two echoes is usually referred to as an NMR echo or simply as an
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echo. Further refocus pulses will also create direct and non-direct echoes which occur
simultaneously, resulting in overlapping echoes that are referred to below as contaminated
echoes or composite echoes. A “non-direct echo” is an echo formed by magnetization which
is not always in the x-y plane. The stimulated echo is usually a large-amplitude non-direct
echo. Some other non-direct echoes and non-stimulated echoes have small amplitudes. An
example of one such pulse sequence with composite echoes and often used in NMR is the
well-known Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, which has a constant time
2*1 = Tg between the refocus pulses, where “1” is the time between the tipping pulse and the
first refocusing pulse. The advantage of a CPMG-like sequence is its simplicity (equal
spacing between refocus pulses and echoes), the constant echo spacing (Tg) and relatively
high echo signals.

[0034] The CPMG pulse sequence parameters include wait time (Tw), echo spacing
(Tg), the number of echoes (Ng), and the number of sequence repetitions. Parameters may be
selected based on considerations such as anticipated formation properties and anticipated
fluid types and properties. Tw (the time elapsed between successive pulse sequences) can be
selected to measure different formation types and regions expected to have different T,
ranges. For example, longer wait times (Tyw) usually in connection with a larger number of
echoes, are useful for movable or non-wetting fluids, and shorter wait times (Tw) are useful
for shaly formations. Note that, for a CPMG pulse sequence, the inter-pulse time interval is
the same as the inter-echo time interval, TE.

[0035] In contrast to all other echoes, the first echo of a CPMG pulse sequence is a
“clean” direct echo and has no contribution from a non-direct echo. “Clean” in this context
means that the direct echo is affected by T, relaxation only, i.e. not affected by T, relaxation.
The echoes following the first echo are contaminated or composite echoes, i.e., their
amplitudes are sums of amplitudes of direct echoes and non-direct echoes.

[0036] The first echo from a CPMG pulse sequence is a clean direct echo. All the
other echoes from a CPMG pulse sequence are composite echoes. If T; equals T,, then the
amplitudes of the echo train decay exponentially except for the first few echoes (typically the
first two or three echoes). The amplitude of the first echo is significantly below the
exponential decay, while the amplitudes of the second and third echo are only slightly
different from the exponential decay. We call this effect the “first-order stimulated-echo
effect” (FOSTE). The occurrence of the effect is not tool specific (as opposed to the size of

the effect, which can vary, resulting in a specific first-order stimulated echo correction factor
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of a particular NMR tool) but is present for all NMR tools with inhomogeneous magnetic
fields, i.e. for all NMR logging tools.

[0037] First-order stimulated echo corrections may be applied to the echo train to
account for contributions of stimulated echoes. For example, a multiplicative correction
value (a STE correction value) may be applied to the amplitude of the first direct echo to
increase its amplitude to the level of the subsequent echoes that have stimulated echo
contributions. Individual correction values or factors “STEx” may be applied to echoes in the
echo train, where “x” is the echo number (e.g., the first direct echo is labeled echo 1, and
subsequent composite echoes would be labeled echo 2, echo 3 . . ).

[0038] STE correction values may be determined during the calibration process by
using a sample with known porosity (e.g., 100 p.u.) and long T2 value. Data has indicated
that, as expected the first echo shows lower amplitude, but also that the amplitudes of the
second and third echo are also slightly affected.

[0039] If T, is equal to or substantially equal to T,, numerical simulations and
experiments have shown that, excepting the first three echoes, the echo-train amplitude will
decay with the T, time constant. In this case, the first-order stimulated echo correction
factors STE1 to STE3 may be applied to the first three echoes to adjust their amplitudes to fit
the T, decay rate.

[0040] Such first-order STE correction factors for logging data do not take into
account that the magnetization that creates the stimulated echo has a mixed relaxation, i.e.,
during at least one inter-pulse time interval the relaxation is not in the x-y plane (with the T,
time constant) but in the z direction (with the T, time constant).

[0041] NMR methods using prior art pulses sequences such as CPMG sequences
(LWD or wireline) can deliver an inaccurate micro-porosity (porosity characterized by very
short T2 values, such as clay-bound water (CBW), very heavy oil, or porosity from very
small pores in a carbonate rock). Such inaccuracies can deliver potentially significant
porosity overcall if the first echo, which is frequently affected by apparatus artifacts
(ringing), is not processed. The cause for the porosity overcall is the stimulated echo which
does not relax throughout with the transversal relaxation time, T,, but also relaxes for part of
the time with the longitudinal relaxation time T;. If T, is longer than T, the combined
relaxations, which contribute in variable proportions to the echoes, result in non-exponential
echo decay. Typically, the subsequent T, inversion leads to porosity undercall if the first
echo is processed, or to porosity overcall if the first echo is excluded from the processing.

This effect is referred to as the “second-order stimulated-echo effect” (SOSTE).
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[0042] Embodiments of NMR systems and methods described herein utilize a pulse
sequence, referred to herein as a “direct-echo pulse sequence”, which is configured to
separate the direct echo from the non-direct echo(es) following a refocusing pulse. In
contrast to the CMPG pulse sequence, the direct-echo pulse sequence may have a variable
time between refocus pulses. This direct-echo pulse sequence may be used to directly
compute accurate NMR porosity, or as a means to correct NMR data acquired and processed
with other methods and/or pulse sequences.

[0043] Use of the direct-echo pulse sequence is an effective technique for addressing
the second-order stimulated echo effect, as it fully or partially separates non-direct echoes
from direct echoes, resulting in clean or partially clean direct echoes. Porosity derived from
this sequence will thus not suffer (at least substantially) from the second-order stimulated
echo effect.

[0044] The direct-echo pulse sequence might have a variable time between refocus
pulses, so that the coincidence of direct and non-direct echoes can be avoided. The direct-
echo pulse sequence creates at least a second “clean” direct echo in addition to the first direct
echo (which was generated by the first pulse and is "clean" because it is not affected by
previous T1 relaxation). Thus, in contrast to pulse sequences such as the CPMG sequence,
the second refocusing pulse in the direct-echo pulse sequence generates a direct echo that is
separated from the stimulated echo.

[0045] FIGS. 2 and 3 illustrate embodiments of a direct-echo pulse sequence. The
pulse sequence begins with a tipping pulse, and is followed by a plurality of refocusing pulses
applied at selected times or after selected time intervals. A tipping pulse 40 is applied at an
initial time (also referred to as time zero), which includes a first FID 42. At a selected time
“1” after the tipping pulse 40 (a first time interval), a first refocusing pulse 44 is applied,
which induces another FID decay 46. A second refocusing pulse 48 produces yet another
FID decay 50. In addition, the first refocusing pulse 44 induces a first direct echo 52 (which
is clean) at time 21, and the second refocusing pulse induces a second direct echo 54 and a
separate stimulated echo 56. The second direct echo 54 is clean if At is chosen such that echo
54 does not overlap with the stimulated echo 56. “At” is further discussed below.

[0046] The second refocusing pulse 48 is applied at a second time interval after the
first refocusing pulse. The second time interval is not twice the first time interval between
the tipping pulse 40 and the first refocusing pulse 44. This is in contrast to pulse sequences
such as the CPMG sequence, where the time interval between refocus pulses is 2*t, where t

is the time interval between the tipping pulse 40 and the first refocus pulse 44. It is noted that
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the time or temporal location of a pulse is identified in relation to the action center of the
pulse. Thus, “between” two pulses means “between the action centers” of two pulses.

[0047] The second time interval is equal to a multiple of T increased or reduced by a
variable time value “At” (e.g., 2*t + At or 2*1 — At), which is selected to produce non-
overlapping or separate non-direct echoes and direct echoes. At may be determined
numerically based on selected rules, or determined experimentally or by NMR simulation.
For example, At is selected to lead to the smallest possible value of the time of the direct
echo(es) in such a way that the amplitude of the direct echo(es) is usable without additional
corrections due to the interference with a non-direct echo. The interference with a non-direct
echo might be either due to overlapping with a large-amplitude stimulated echo or due to
superposition with a non-direct echo of low amplitude. A direct echo which is not a clean
direct echo, but which can be used in further processing is a “slightly contaminated direct
echo”.

[0048] In one embodiment, shown in FIG. 2, the second time interval is equal to the
sum of T and At, where At is equal to the time interval between the direct echo 52 and the
second refocusing pulse 48 and equal to the time interval between the second refocusing
pulse 48 and the second direct echo 54. An exemplary value for 1 is about 0.4 ms and an
exemplary value for At is 0.2 ms.

[0049] In another embodiment, shown in FIG. 3, the second time interval is equal to
the sum of 2*t and At, where the time interval between the direct echo 52 and the second
refocusing pulse 48 is equal to T + At, and the time interval between the second refocusing
pulse 48 and the second direct echo 54 is also equal to T + At. An exemplary value for 71 is
about 0.2 ms and an exemplary value for At is also 0.2 ms.

[0050] The pulse sequence of FIG. 2 may be preferable because the direct echoes are
closer to time zero. However, direct echo 54 of this sequence might be affected by ringing, in
which case the sequence of FIG. 3 may be preferable because, with respect to the direct echo
54, the sequence is more robust against ringing.

[0051] The direct-echo pulse sequence can have more than three pulses, and the
multiple of T may be more than one or two. For example, to generate a third clean echo, the
time interval between the second refocusing pulse 48 and a third successive refocusing pulse
is selected so that the distance between the second refocusing pulse 48 and the third
refocusing pulse produces a third direct echo that is separate from the non-direct echoes

induced by the third refocusing pulse. In some cases, this third time interval can be quite
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large. For example, for the sequence of FIG. 3, the time interval between the pulse 48 and
the next refocusing pulse will be 5*1+2*At.

[0052] To balance considerations of accuracy and the desire to have more clean
echoes at the earliest possible times after the tipping pulse (for a proper characterization of
clay-bond-water, for example), the time 5*t+2*At between the second and third refocus
pulses in an extended FIG. 3 can be reduced so that the non-direct echoes and direct echoes
are not completely separate, i.e., have some overlap. For example, the timing of the third
refocusing pulse can be selected in such a way, to create a direct echo which is only slightly
contaminated by a non-direct echo, i.e., the non-direct echo has only a small contribution to
that echo (an example of this is shown in FIG. 5).

[0053] In one embodiment, a correction referred to as a Direct Echo (DE) correction
is applied to the direct echoes resulting from the direct-echo pulse sequence to correct for the
different amplitudes of the (clean) direct echoes. The corrected direct echoes may then be
used to estimate porosity and/or T2 of the formation.

[0054] The DE correction is performed to correct the amplitude of all direct echoes
(clean or contaminated) except the first one. In some cases, DE correction is similar to STE
correction discussed above. For example, the amplitude of one or more direct echoes is
multiplied by a DE correction value.

[0055] The DE correction values are determined during the calibration process in a
similar way as the STE correction values. For example, values for the DE correction are
determined by acquiring direct echo amplitudes with a calibration sample for which T2 (and
T1) is much longer than the total acquisition time of the direct-echo pulse sequence. The
amplitudes of the direct echoes are ADEx, whereby “x” is the number of the direct echo. The
DE correction value for the direct echo number “x” is DEx=ADE1/ADEx.

[0056] Inversion of an echo-train recorded with the direct-echo pulse sequence will
lead to a T, distribution which is not affected (or only slightly affected) by the second-order
stimulated echo effect. The direct-echo pulse sequence can be used as a standalone pulse
sequence. In this case it will provide porosities which are not affected (or only slightly
affected) by the second-order stimulated echo effect. In some embodiments, the direct-echo
pulse sequence is used in conjunction with one or more CPMG sequences or other sequences.
In such embodiments, data from the direct-echo pulse sequence provides a means to apply a
second-order stimulated echo correction on the CPMG or other pulse sequence data.

[0057] For example, a direct-echo pulse sequence can be recorded with the same wait

time as a relatively short CPMG pulse sequence, e.g., a wait time corresponding to expected
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T, values associated with clay-bound water. Using the resulting data sets together allows for
estimation of the porosity error, e.g., porosity overcall. The porosity overcall can be
subtracted from the T, distribution of the longer sequence based only on CPMG data. An
alternative way is the multiplication of the porosity estimated using a CPMG sequence with a
correction factor. This correction factor might depend on T, and/or T;.

[0058] FIGS. 4 and 5 show simulations of embodiments of the direct-echo pulse
sequence, which illustrate pulse sequences that utilize both clean direct echoes and slightly
contaminated direct echoes. NMR signals are RF signals and, after down conversion into
base band, split into in-phase and quadrature channels, both channels being shown in FIGS. 4
and 5 after phase correction. FIG. 4 shows a numerical simulation of a pulse sequence that
includes a tipping pulse 60 at time zero, a first refocusing pulse 62 at time t, a second
refocusing pulse 64 at time 2%t + At, and a third refocusing pulse 66 at time 3*t + 2*At. In
this embodiment, T = about 0.4 ms and At = about 0.2 ms. First and second echoes 68 and 70
are clean direct echoes. Echo 72 is the first stimulated echo, echo 74 is a composite echo
having a relatively large part of the stimulated echo (a contaminated echo), and echo 76 is a
direct echo of the clean direct echo 70, but having also a relatively small contribution of a
non-direct echo. Hence, echo 76 is a slightly contaminated direct echo.

[0059] FIG. 5 shows a similar pulse sequence using a time interval of 2%t + At
between first and second refocusing pulses, where T = about 0.2 ms and At = about 0.2 ms. In
this example, echoes 68 and 72 are clean direct echoes and echo 74 is a slightly contaminated
direct echo.

[0060] FIG. 6 illustrates a method 80 for performing an NMR measurement operation
that includes using a direct-echo pulse sequence, as a stand alone or in conjunction with a
CPMG or other conventional pulse sequence. The method may be performed in conjunction
with the system 10, but is not limited thereto. The method 80 includes one or more of stages
81-84 described herein, at least portions of which may be performed by a processor (e.g., the
surface processing unit 28). In one embodiment, the method 80 includes the execution of all
of stages 81-84 in the order described. However, certain stages 81-84 may be omitted, stages
may be added, or the order of the stages changed.

[0061] In the first stage 81, an NMR or other magnetic resonance measurement tool is
deployed into a borehole. In one embodiment, the tool (e.g., the tool 14) is deployed as part
of a wireline operation, or during drilling as part of a LWD operation.

[0062] In the second stage 82, a static magnetic field By is generated in a volume of

interest in the formation, and a pulsed signal is transmitted from at least one transmitting
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antenna according to the direct-echo pulse sequence, which in turn generates an oscillating
magnetic field B in the volume of interest. At least one receiving antenna detects NMR
signals from the volume in response to the interaction between the nuclear spins of interest
and the static and oscillating magnetic fields, and generates raw NMR data. The raw NMR
data includes spin echo trains that may be measured at a plurality of depths. The echo trains
include direct and non-direct echoes as discussed above.

[0063] Detecting the raw NMR data may include detecting both direct and non-direct
echoes, or detecting the direct echoes (clean and contaminated) and either not detecting the
non-direct echoes or discarding the non-direct echoes. For example, if only T, information is
desired, only the clean and slightly contaminated direct echoes need be considered. If
information regarding T is desired, the direct echoes are used to determine T, and further
information regarding T, may be acquired using both direct and stimulated echoes.

[0064] In the third stage 83, in one embodiment, before using the amplitude of the
direct echoes to estimate the porosity and/or T2, a DE correction is performed to correct the
amplitude of all direct echoes except the first one. In some cases, DE correction is similar to
STE correction discussed above.

[0065] At least two clean direct echoes are acquired and identified, and the DE
correction is applied to the clean direct echoes. The DE correction can be extended to
include also slightly contaminated direct echoes.

[0066] For example, a sequence such as that shown in FIG. 4 is selected, and direct
echoes are detected. In this example, the direct echoes are echo 68 (the first clean direct
echo), echo 70 (the second clean direct echo), and echo 76 (the third direct echo, which is
slightly contaminated). DEx values based on data using known media (e.g., water samples)
are applied to the direct echoes to correct the direct echoes.

[0067] In the fourth stage 84, a T2 or porosity value is estimated using the amplitude
of at least two direct echoes from the direct-echo pulse sequence and the DE correction value.
For example, the DE correction is performed and a T2 inversion is applied to derive T2
and/or porosity values. The DE correction and T2 inversion may be performed consecutively
or simultaneously (i.e., in a single processing step).

[0068] Alternatively, instead of T2 inversion, a fit of an exponential function or a sum
of at least two exponential functions to the at least two DE-corrected direct echoes may be
employed to estimate T2 or porosity.

[0069] FIG. 7 illustrates a method 90 for performing an NMR operation, which

includes acquiring NMR signals using the direct-echo pulse sequence in conjunction with a
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CPMG or other type of pulse sequence. The method may be performed in conjunction with
the system 10, but is not limited thereto. The method 90 includes one or more of stages 91-
98 described herein, at least portions of which may be performed by a processor (e.g., the
surface processing unit 28). In one embodiment, the method 90 includes the execution of all
of stages 91-98 in the order described. However, certain stages 91-98 may be omitted, stages
may be added, or the order of the stages changed.

[0070] In the first stage 91, an NMR or other magnetic resonance measurement tool is
deployed into a borehole, and NMR data is acquired by generating a static magnetic field By
in the surrounding formation volume, and transmitting a pulsed signal using a pulse sequence
such as a CPMG pulse sequence with a wait time (Tw) sufficient to polarize some or all (or
nearly all) of the borehole fluids. This wait time is referred to as a long wait time (long Ty),
and the echo train acquired using the long Tw, which can have a large number (e.g., on the
order of many hundreds to few thousands) of echoes, is referred to as a “long echo-train”.
Optionally, first-order STE correction is applied to the long echo train.

[0071] In the second stage 92, a second pulse sequence such as a CPMG pulse
sequence is applied to the formation with a Tw (referred to as a short Tyw) that is shorter than
that associated with the “long echo-train”. In one embodiment, the short Ty is selected so
that the time is sufficient to polarize only clay bound water or another selected fluid or
formation material. The acquired echo-train is referred to as a “CPMG short echo train” or a
“CPMG trainlet”, which typically has fewer echoes than the long echo train. Optionally,
first-order STE correction is applied to the trainlet. Although the CPMG trainlet is derived
using a CPMG sequence, other suitable sequences may be used instead. Thus, terminology
used herein that includes “CPMG” is not intended to limit any embodiments to using only
CPMG sequences.

[0072] In the third stage 93, an echo train is acquired using a direct-echo pulse
sequence as discussed above. This echo train may be referred to as a “direct-echo trainlet.”
The Tw used for this pulse sequence may be of any selected length. In one embodiment, the
direct-echo pulse sequence is applied with a wait time that is substantially the same or similar
to the short Tw used for the second pulse sequence, although the Tw used for the direct-echo
pulse sequence may be different than that used for the second pulse sequence. DE correction
may be applied to the direct-echo trainlet.

[0073] In the fourth stage 94, the long echo train is inverted to obtain an initial T,

distribution. In one embodiment, the first echo in the long echo train is excluded from the
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inversion. The initial T2 distribution is used to create a “pseudo echo trainlet”, by applying
the initial T2 distribution over the short TW.

[0074] In the fifth stage 95, a porosity value is derived from the CPMG trainlet,
which is referred to as the “CPMG trainlet porosity”. In one embodiment, the pseudo echo
trainlet is subtracted from the CPMG trainlet, and the result is inverted to estimate the CPMG
trainlet porosity. In one embodiment, the first echo is excluded from the inversion.

[0075] In the sixth stage 96, a porosity value is derived from the direct-echo trainlet,
which is referred to as the “direct-echo trainlet porosity”. In one embodiment, the pseudo
echo trainlet is subtracted from the direct-echo trainlet, and the result is inverted to estimate
the direct-echo trainlet porosity.

[0076] In the seventh stage 97, the difference between the CMPG trainlet porosity
and the direct-echo trainlet porosity is a porosity mismatch. Typically, the CPMG trainlet
porosity is larger than the direct-echo trainlet porosity, and the porosity mismatch is a
porosity overcall.

[0077] In the eighth stage 98, the initial T2 distribution is adjusted as a function of the
difference or discrepancy between the CPMG trainlet and the direct-echo trainlet. For
example, the adjustment might be the subtraction (or correction) of the porosity overcall from
the porosity distribution. A simple implementation would be to correct only the CBW
porosity.

[0078] In one embodiment, the correction is not equally distributed over all porosity
bins. Porosity bins with short T2 values will be proportionally more affected than the porosity
bins with large T2.

[0079] Although the method 90 is described as using inversion of a CPMG echo train
or trainlet without using the first echo, the method is not so limited. For example, the method
90 may include an inversion where the first echo is used in the inversion. The effect of the
first echo on the final result may be diminished, for example, by reducing or altering the
weight of first echo amplitude using a weighting factor.

[0080] Embodiment 1. A nuclear magnetic resonance (NMR) apparatus for
estimating properties of an earth formation downhole, the apparatus comprising: a carrier
configured to be deployed in a borehole in the earth formation; a magnet assembly disposed
in the carrier and configured to generate a static magnetic field in the formation; at least one
transmitting assembly disposed in the carrier and configured to generate an oscillating
magnetic field in a volume of interest within the formation; a pulse generator configured to

apply a direct-echo pulse sequence to the at least one transmitting assembly, the direct-echo
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pulse sequence having a plurality of successive pulses, the plurality of successive pulses
including a first pulse and a second pulse configured to generate a first direct NMR echo, and
a third pulse, the third pulse selected to at least partially separate a stimulated NMR echo
from a second direct NMR echo occurring after the third pulse; and at least one receiving
assembly disposed in the carrier and configured to detect the first and second direct NMR
echoes of an NMR echo train.

[0081] Embodiment 2. The apparatus of any prior embodiment, wherein the center of
the first pulse and the center of the second pulse are separated by a first time interval 1, and
the center of the second pulse and the center of the third pulse are separated by a second time
interval that is not substantially equal to 2.

[0082] Embodiment 3. The apparatus of any prior embodiment, wherein the second
time interval is substantially equal to a sum of T and a time value At, a sum of a multiple of t
and the time value At, or a difference between a multiple of T and the time value At, the time
value At being substantially equal to half of 7.

[0083] Embodiment 4. The apparatus of any prior embodiment, further comprising a
processor configured to perform a correction of at least one of the first and second direct
NMR echoes.

[0084] Embodiment 5. The apparatus of any prior embodiment, wherein the
correction is performed by applying the direct-echo pulse sequence to a calibration sample
and using a plurality of direct echoes acquired from the calibration sample, or wherein the
correction is performed based on an NMR simulation.

[0085] Embodiment 6. The apparatus of any prior embodiment, further comprising a
processor configured to estimate at least one of a porosity value and a T, value of the
formation based on the NMR echo train.

[0086] Embodiment 7. The apparatus of any prior embodiment, further comprising a
processor configured to acquire at least one separate NMR echo train and perform a
correction of NMR data associated with the at least one separate NMR echo train, the
correction based on the first and second direct NMR echoes.

[0087] Embodiment 8. The apparatus of any prior embodiment, wherein the at least
one separate NMR echo train includes a first echo train acquired using a first CPMG-type
sequence, the first CPMG-type sequence and the direct-echo pulse sequence having a wait

time that is substantially the same.
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[0088] Embodiment 9. The apparatus of any prior embodiment, wherein the
correction is based on an inequality between a porosity derived from the first CPMG-type
sequence and a porosity derived from the direct-echo sequence.

[0089] Embodiment 10. The apparatus of any prior embodiment, wherein the at least
one separate NMR echo train includes a second echo train acquired using a second CPMG-
type pulse sequence having a wait time that is longer than the wait time associated with the
first CPMG-type sequence and the direct-echo pulse sequence, and the processor is
configured to correct a T, distribution obtained from the second CPMG-type pulse sequence
based on the inequality.

[0090] Embodiment 11. A method of estimating properties of an earth formation
downhole, the method comprising: deploying a carrier into a borehole in the earth formation;
generating a static magnetic field in a volume of interest within the formation by a magnet
assembly disposed in the carrier; emitting pulses of an electromagnetic signal, by at least one
transmitting assembly disposed in the carrier, into the volume of interest to generate an
oscillating magnetic field, the pulses emitted as a direct-echo pulse sequence having a
plurality of successive pulses, the plurality of successive pulses including a first pulse and a
second pulse configured to generate a first direct NMR echo, and a third pulse, the third pulse
selected to at least partially separate a stimulated NMR echo from a second direct NMR echo
occurring after the third pulse; and estimating a property of the volume of interest by a
processor based on amplitudes of at least the first and second direct echoes of an NMR echo
train resulting from the pulse sequence.

[0091] Embodiment 12. The method of any prior embodiment, wherein the center of
the first pulse and the center of the second pulse are separated by a first time interval 1, and
the center of the second pulse and the center of the third pulse are separated by a second time
interval that is not substantially equal to 2.

[0092] Embodiment 13. The method of any prior embodiment, wherein the second
time interval is substantially equal to a sum of T and a time value At, a sum of a multiple of t
and the time value At, or a difference between a multiple of T and the time value At, the time
value At being substantially equal to half of 7.

[0093] Embodiment 14. The method of any prior embodiment, further comprising a
processor configured to perform a correction of at least one of the first and second direct
NMR echoes.

[0094] Embodiment 15. The method of any prior embodiment, wherein the

correction is performed by applying the direct-echo pulse sequence to a calibration sample
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and using a plurality of direct echoes acquired from the calibration sample, or wherein the
correction is performed based on an NMR simulation.

[0095] Embodiment 16. The method of any prior embodiment, further comprising a
processor configured to estimate at least one of a porosity value and a T, value of the
formation based on the NMR echo train.

[0096] Embodiment 17. The method of any prior embodiment, further comprising a
processor configured to acquire at least one separate NMR echo train and perform a
correction of NMR data associated with the at least one separate NMR echo train, the
correction based on the first and second direct NMR echoes.

[0097] Embodiment 18. The method of any prior embodiment, wherein the at least
one separate NMR echo train includes a first echo train acquired using a first CPMG-type
sequence, the first CPMG-type sequence and the direct-echo pulse sequence having a wait
time that is substantially the same.

[0098] Embodiment 19. The method of any prior embodiment, wherein the
correction is based on an inequality between a porosity derived from the first CPMG-type
sequence and a porosity derived from the direct-echo sequence.

[0099] Embodiment 20. The method of any prior embodiment, wherein the at least
one separate NMR echo train includes a second echo train acquired using a second CPMG-
type pulse sequence having a wait time that is longer than the wait time associated with the
first CPMG-type sequence and the direct-echo pulse sequence, and the processor is
configured to correct a T, distribution obtained from the second CPMG-type pulse sequence
based on the inequality.

[0100] In connection with the teachings herein, various analyses and/or analytical
components may be used, including digital and/or analog subsystems. The system may have
components such as a processor, storage media, memory, input, output, communications link
(wired, wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors and other such components (such as resistors, capacitors, inductors, etc.) to
provide for operation and analyses of the apparatus and methods disclosed herein in any of
several manners well-appreciated in the art. It is considered that these teachings may be, but
need not be, implemented in conjunction with a set of computer executable instructions
stored on a computer readable medium, including memory (ROMs, RAMs), optical (CD-
ROMs), or magnetic (disks, hard drives), or any other type that when executed causes a
computer to implement the method of the present invention. These instructions may provide

for equipment operation, control, data collection and analysis and other functions deemed
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relevant by a system designer, owner, user, or other such personnel, in addition to the
functions described in this disclosure.

[0101] One skilled in the art will recognize that the various components or
technologies may provide certain necessary or beneficial functionality or features.
Accordingly, these functions and features as may be needed in support of the appended
claims and variations thereof, are recognized as being inherently included as a part of the
teachings herein and a part of the invention disclosed.

[0102] While the invention has been described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted for elements thereof without departing from the
scope of the invention. In addition, many modifications will be appreciated by those skilled
in the art to adapt a particular instrument, situation or material to the teachings of the
invention without departing from the essential scope thereof. Therefore, it is intended that
the invention not be limited to the particular embodiment disclosed as the best mode

contemplated for carrying out this invention.
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CLAIMS
What is claimed is:

1. A nuclear magnetic resonance (NMR) apparatus (14) for estimating properties
of an earth formation (12) downhole, the apparatus comprising:

a carrier configured to be deployed in a borehole (26) in the earth formation (12);

a magnet assembly (16) disposed in the carrier and configured to generate a static
magnetic field in the formation (12);

at least one transmitting assembly (18) disposed in the carrier and configured to
generate an oscillating magnetic field in a volume of interest within the formation (12) ;

a pulse generator configured to apply a direct-echo pulse sequence to the at least one
transmitting assembly (18), the direct-echo pulse sequence having a plurality of successive
pulses, the plurality of successive pulses including a first pulse (40) and a second pulse (44)
configured to generate a first direct NMR echo (52), and a third pulse (48), the third pulse
selected to at least partially separate a stimulated NMR echo (56) from a second direct NMR
echo (54) occurring after the third pulse (48); and

at least one receiving assembly (18) disposed in the carrier and configured to detect
the first and second direct NMR echoes of an NMR echo train.

2. The apparatus of claim 1, wherein the center of the first pulse (40) and the
center of the second pulse (44) are separated by a first time interval 1, and the center of the
second pulse (44) and the center of the third pulse (48) are separated by a second time
interval that is not substantially equal to 2.

3. The apparatus of claim 2, wherein the second time interval is substantially
equal to a sum of T and a time value At, a sum of a multiple of T and the time value At, or a
difference between a multiple of T and the time value At, the time value At being substantially
equal to half of 1.

4. The apparatus of claim 1, further comprising a processor (28) configured to
perform a correction of at least one of the first (52) and second direct NMR echoes (54).

5. The apparatus of claim 4, wherein the correction is performed by applying the
direct-echo pulse sequence to a calibration sample and using a plurality of direct echoes (52)
(54) acquired from the calibration sample, or wherein the correction is performed based on an
NMR simulation.

6. The apparatus of claim 1, further comprising a processor (28) configured to
estimate at least one of a porosity value and a T, value of the formation based on the NMR

echo train.
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7. The apparatus of claim 1, further comprising a processor (28) configured to
acquire at least one separate NMR echo train and perform a correction of NMR data
associated with the at least one separate NMR echo train, the correction based on the first
(52) and second direct NMR echoes (54).

8. The apparatus of claim 7, wherein the at least one separate NMR echo train
includes a first echo train acquired using a first CPMG-type sequence, the first CPMG-type
sequence and the direct-echo pulse sequence having a wait time that is substantially the same.

0. The apparatus of claim 8, wherein the correction is based on an inequality
between a porosity derived from the first CPMG-type sequence and a porosity derived from
the direct-echo sequence.

10. The apparatus of claim 9, wherein the at least one separate NMR echo train
includes a second echo train acquired using a second CPMG-type pulse sequence having a
wait time that is longer than the wait time associated with the first CPMG-type sequence and
the direct-echo pulse sequence, and the processor is configured to correct a T, distribution
obtained from the second CPMG-type pulse sequence based on the inequality.

11. A method (80) of estimating properties of an earth formation (12) downhole,
the method (80) comprising:

deploying a carrier into a borehole (26) in the earth formation (12);

generating a static magnetic field in a volume of interest within the formation (12) by
a magnet assembly (16) disposed in the carrier;

emitting pulses of an electromagnetic signal, by at least one transmitting assembly
(18) disposed in the carrier, into the volume of interest to generate an oscillating magnetic
field, the pulses emitted as a direct-echo pulse sequence having a plurality of successive
pulses , the plurality of successive pulses including a first pulse (40) and a second pulse (44)
configured to generate a first direct NMR echo (52), and a third pulse (48) , the third pulse
(48) selected to at least partially separate a stimulated NMR echo (56) from a second direct
NMR echo (54) occurring after the third pulse (48); and

estimating a property of the volume of interest by a processor based on amplitudes of
at least the first (52) and second direct NMR echoes (54) of an NMR echo train resulting
from the pulse sequence.

12. The method (80) of claim 11, wherein the center of the first pulse (40) and the
center of the second pulse (44) are separated by a first time interval t, and the center of the
second pulse (44) and the center of the third pulse (48) are separated by a second time

interval that is not substantially equal to 2.
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13. The method (80) of claim 12, wherein the second time interval is substantially
equal to a sum of T and a time value At, a sum of a multiple of T and the time value At, or a
difference between a multiple of T and the time value At, the time value At being substantially
equal to half of 1.

14. The method (80) of claim 11, further comprising a processor configured to
perform a correction of at least one of the first (52) and second direct NMR echoes (54).

15.  The method (80) of claim 14, wherein the correction is performed by applying
the direct-echo pulse sequence to a calibration sample and using a plurality of direct echoes
(52) (54) acquired from the calibration sample, or wherein the correction is performed based

on an NMR simulation.
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