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(57) Abstract: An apparatus for estimating
a nuclear magnetic resonance (NMR)
property of an earth formation penetrated
by a borehole, the apparatus including: a
logging tool having a source of a static
magnetic field configured to polarize a re-
gion of investigation in the earth forma-
tion; a transmitter antenna disposed at the
logging tool and configured to transmit
electromagnetic energy into the region of
investigation; at least one receiver sensor
disposed at the logging tool and config-
ured to receive NMR signals from the re-
gion of investigation in response to an in-
teraction between the static magnetic field
and the transmitted electromagnetic enet-
gy; and a processor configured to: receive
the NMR signals from the at least one re-
ceiver sensor; associate the NMR signals
received from the at least one receiver sen-
sor with an azimuthal direction at which
the NMR signals were received; and esti-
mate the property from the NMR signals
and the associated azimuthal directions.
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NMR-LWD IMAGING TOOL

BACKGROUND OF THE INVENTION

[0001] The invention disclosed herein relates to the field of nuclear magnetic
resonance (NMR) well logging apparatus and methods. More specifically, the
invention is related to acquiring and processing NMR signals to estimate a particular

property of an earth formation penetrated by a borehole.

[0002] Exploration and production of hydrocarbons generally requires precise and
accurate measurements of earth formations, which may contain reservoirs of the
hydrocarbons. Boreholes are typically drilled into the earth formations for the

exploration and production.

[0003] Well logging is a technique used to perform measurements of an earth
formation penetrated by a borehole. In one embodiment, referred to as logging-while-
drilling (LWD), a logging tool is used to perform the measurements during drilling
operations. The logging tool is attached to a drill string having a drill bit. Thus, as
the drill string rotates to turn the drill bit, the logging tool also rotates with the drill
string. Because of the rotation, most LWD measurements may then be averaged
about the 360 degrees of rotation to produce a value of a property of the earth
formation. Especially most LWD nuclear magnetic resonance (NMR) logging tools
use axisymmetric magnetic fields. Despite the tool rotating with the drill string, the
magnetic fields do not vary in the region of investigation and, hence, the rotation does
not influence the NMR measurement. Thus, the tools yield an average of the

formation property.

[0004] Many types of measurements may be performed with the well logging
technique. One type of measurement measures the response of nuclei in the earth
formation to a changing magnetic field in a technique known as nuclear magnetic
resonance (NMR) measurements. NMR measurements in LWD applications are
usually implicitly averaged about the 360 degrees of rotation to produce a measured

NMR property assumed to be symmetric around the borehole at a certain depth.
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However, this assumption may not be accurate. Properties of the earth formation may

not be symmetric around the borehole.

[0005] Therefore, what are needed are techniques that measure NMR properties of an
earth formation where the NMR properties are asymmetric about the borehole.
Preferably, the techniques associate an azimuthal direction with each NMR

measurement.
BRIEF SUMMARY OF THE INVENTION

[0006] Disclosed is an apparatus for estimating a nuclear magnetic resonance (NMR)
property of an earth formation penetrated by a borehole, the apparatus including: a
logging tool; a source of a static magnetic field, the source being disposed at the
logging tool and configured to polarize a region of investigation in the earth
formation; a transmitter antenna disposed at the logging tool and configured to
transmit electromagnetic energy into the region of investigation; at least one receiver
sensor disposed at the logging tool and configured to receive NMR signals from the
region of investigation in response to an interaction between the static magnetic field
and the transmitted electromagnetic energy; and a processor configured to: receive the
NMR signals from the at least one receiver sensor; associate the NMR signals
received from the at least one receiver sensor with an azimuthal direction at which the
NMR signals were received; and estimate the property from the NMR signals and the

associated azimuthal direction(s).

[0007] Also disclosed is a method for estimating a nuclear magnetic resonance
(NMR) property of an earth formation penetrated by a borehole, the method
including: conveying a logging tool through the borehole; generating a static magnetic
field in a region of investigation in the earth formation with the logging tool, the static
magnetic field being configured to polarize the region of investigation; transmitting
electromagnetic energy into the region of investigation with the logging tool,
receiving NMR signals with at least one receiver sensor disposed at the logging tool
from the region of investigation in response to an interaction between NMR signals
and the static magnetic field and the transmitted electromagnetic energy; associating

the NMR signals received from the at least one receiver sensor with an azimuthal
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direction at which the NMR signals were received; and estimating the property from
the NMR signals and the associated azimuthal direction(s).

[0008] Further disclosed is a machine-readable medium comprising machine-
executable instructions for estimating a nuclear magnetic resonance (NMR) property
of an earth formation penetrated by a borehole by implementing a method including:
receiving NMR signals with at least one receiver sensor from a region of investigation
in the earth formation; associating the NMR signals received from the at least one
receiver sensor with an azimuthal direction at which the NMR signals were received;
and estimating the property from the NMR signals and the associated azimuthal

direction(s).
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] 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,

wherein like elements are numbered alike, in which:

FIG. 1 illustrates an exemplary embodiment of a logging tool disposed in a
borehole penetrating the earth;

FIG. 2A and FIG. 2B, collectively referred to herein as FIG. 2, depict aspects
of the logging instrument configured to perform asymmetrical nuclear
magnetic resonance (NMR) measurements in a logging-while-drilling

application; and

FIG. 3 presents one example of a method for performing the asymmetrical

NMR measurements.
DETAILED DESCRIPTION OF THE INVENTION

[0010] Disclosed are embodiments of techniques for measuring asymmetrical nuclear
magnetic resonance (NMR) properties of an earth formation penetrated by a borehole.
The techniques disclose a logging tool for measuring the asymmetrical NMR
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properties and associating an azimuthal direction with the NMR measurements. The

techniques also disclose a method for using the logging tool.

[0011] The techniques call for an NMR logging tool having at least one transmitter
antenna coupled to a transmitter and one or more receiver antennas disposed about a
circumference or perimeter of the tool. Each receiver antenna is coupled to an
associated receiver, which generally includes a receiver amplifier. Each receiver
antenna is configured to have a receiver field orientation that is perpendicular to both
a static magnetic field and a magnetic field generated by the transmitter antenna in a
region of investigation. The orientation of the receiver field of each receiver antenna
is aimed in a circumferential direction around the borehole in the region of
investigation in the earth formation. Each receiving antenna is associated with an
azimuth, which also depends on the tool face. Thus, associated with the NMR signals
received at each receiver antenna for each region of investigation are (1) a depth in
the borehole at which the NMR signals were received, (2) an azimuth to the region of
investigation, and (3) a radial depth or distance to the region of investigation from the
borehole. With these three types of information associated with the NMR signals, a
three-dimensional image (or visual display of NMR properties) can be created for a
range of depths in the borehole. With two types of information such as (1) and (2)

associated with the NMR signals, a two-dimensional image can be created.

[0012] One advantage of the logging tool disclosed herein is that the receiver
antenna(s) is/are inductively decoupled from the transmitting antenna because the two
antennas are oriented orthogonally to each other. This lack of direct coupling
precludes the need for a decoupling transformer to cancel the voltage coupled from
the transmitter antenna to the receiver antenna to avoid overloading of the associated

receiver amplifier.

[0013] For convenience, certain definitions are now presented. The term “azimuthal
direction” relates to a direction that is radial to the borehole at a certain angle when
viewed from along the axis of the borehole. The term “NMR measurements” relates
to spin-echo measurements or other nuclear magnetic resonance measurements of
nuclei in a material in the earth formation. In general, the nuclei are polarized by a
static magnetic field. The nuclei are then “tipped” from their polarized positions by a

pulse of electromagnetic energy, generally in the radio frequency (RF) range, and

4
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allowed to precess and relax towards their polarized positions. The nuclei emit
electromagnetic energy referred to as “NMR signals” during their precession in
relation to a characteristic of the earth formation. The NMR signals are measured and
associated with the characteristic. The term “receiver sensor” relates to a device
configured to receive the NMR signals. Non-limiting examples of a receiver sensor
include an antenna, an inductive coil, and a magnetic sensor such as an atomic
magnetometer. The term “winding” relates to one or more turns of a conductor
generally forming a coil that may be used as an antenna. When the winding has more
than one turn, the winding may be referred to as a solenoid. Associated with the
winding is an axis that defines the orientation of the coil. If the winding is wrapped

around a cylinder, then the axis is the longitudinal axis of the cylinder.

[0014] Various parameters may be selected for conducting the NMR measurements
depending on a characteristic of interest in the earth formation. In addition, a
sequence of the RF pulses known as Carr-Purcell-Meiboom-Gill (CPMG) spin-echo
measurement sequences may be used in the NMR measurements. Non-limiting
examples of these parameters include wait time between individual CPMG spin-echo
measurements, interecho spacing time for the CPMG sequences, magnitude of the
static magnetic field, and frequency, magnitude, and duration of the RF magnetic field

pulses.

[0015] Various parameters of the NMR signals may be measured to estimate a
characteristic of the earth formation. Non-limiting examples of these parameters
include longitudinal relaxation time constant (77}), transverse relaxation time constant

(T,), and parameters related to these time constants.

[0016] Reference may now be had to FIG. 1. FIG. 1 illustrates an exemplary
embodiment of a logging tool 10 disposed in a borehole 2 penetrating the earth 3.
The earth 3 includes an earth formation 4, which can include various layers 4A-4C.
The logging tool 10 is configured to perform NMR measurements of the earth
formation 4 from within the borehole 2. In the embodiment of FIG. 1, the logging
tool 10 is configured to perform the NMR measurements during logging-while-
drilling (LWD) operations. Accordingly, the logging tool 10 is attached to a drill
string § that includes a cutting device 6. The drill string 5 is rotated by a rotating
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device 11. As the drill string 5 rotates to turn the cutting device 6, the logging tool 10
also rotates. For reference, the logging tool 10 has a longitudinal axis 9.

[0017] The term “formation” relates to material outside the borehole. The formation

can include mud filtrate that has ingressed into the formation.

[0018] Referring to FIG. 1, an electronic unit 7 is disposed at the logging tool 10.
The electronic unit 7 can be configured to operate the logging tool 10 to perform the
NMR measurements or to process NMR data 12 obtained from the NMR
measurements. In addition, the logging tool 10 can be configured to record the NMR
data 12 for later retrieval when the logging tool 10 is removed from the borehole 2 or
to transmit the NMR data 12 to a processing system 8 located at the surface of the
earth 3. When transmitted to the processing system 8, the data 12 can be transmitted
in real time via a high-speed telemetry system such as a wired pipe system. But other

telemetry methods (e.g., mud pulsing) are possible too.

[0019] FIG. 2 depicts aspects of the logging tool 10. FIG. 2A illustrates a cross-
sectional side view of a section of the logging tool 10. Also illustrated in FIG. 2A is
a zone of investigation 20 in the earth formation 4. The zone of investigation 20 is
interrogated by the tool 10 to determine an NMR property and an azimuthal direction
associated with the NMR property. Referring to FIG. 2A, the logging tool 10
includes a source 21 of a static magnetic field By. The static magnetic field By in the
zone of investigation 20 is substantially perpendicular to the longitudinal axis 9 of the
tool 10. In one embodiment, the source 21 is a permanent magnet. In another

embodiment, the source 21 can be an electromagnet.

[0020] Referring to FIG. 2A, the logging tool 10 includes a transmitter 22. The
transmitter 22 transmits electromagnetic energy generally in the radio frequency (RF)
range into the zone of investigation 20 to generate a magnetic field Birx. The
magnetic field Bj.rx in the zone of investigation 20 is substantially parallel to the
longitudinal axis 9. The transmitter 22 in the embodiment of FIG. 2 includes a
transmitter antenna core 23 and transmitter winding 24 wrapped around the
transmitter antenna core 23. The transmitter antenna core 23 has a cylindrical shape

that is concentric with and parallel to the longitudinal axis 9. The transmitter winding
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24 may also form one or more solenoids with their axis substantially parallel to the

longitudinal axis 9.

[0021] Referring to FIG. 2A, the logging tool 10 includes a plurality of receiver
antennas 25. Each receiver antenna 25 in the embodiment of FIG. 2 includes a
receiver antenna core 26 and receiver antenna coil 27 wrapped around the receiver
antenna core 26. The axis of the receiver antenna coil 27 is oriented as a tangent to
the circumference of the logging tool 10. Also, the longitudinal axis to the receiver
core 26 is oriented as a tangent to a circumference of the logging tool 10 as shown in

FIG. 2B.

[0022] FIG. 2B illustrates a cross-sectional top view of the logging instrument 10.
As shown in FIG. 2B, associated with each receiver antenna 25 is a receiver RF field
Birx. [Each receiver RF field Birx is configured to intersect the region of
investigation 20. Thus, each receiver RF field B;.rx is sensitive to receiving NMR
signals, generally in the RF range, from the region of investigation 20. The NMR
signals are in response to the static magnetic field By and the transmitted magnetic
field B,.rx interacting with the nuclear spins of interest in the region of investigation
20. The interacting causes tipping of the nuclei in the region of investigation 20. The
tipping in turn causes the nuclei to precess thereby inducing the NMR signals in the
receiver antennas 25. The NMR signals have at least one characteristic, such as
amplitude, 7] or 7>, related to the material composition in the region of investigation
20. Thus, by measuring the NMR signals and the azimuthal direction from which the
NMR signals were received, a property of the earth formation 4 at a particular
location can be determined. The azimuthal direction can be determined by recording
the angular position (i.e., the azimuthal direction) of each receiver antenna 25 when

each receiver antenna 25 receives the NMR signals.

[0023] FIG. 3 presents an example of a method 30 for estimating a nuclear magnetic
resonance (NMR) property of the earth formation 4 penetrated by the borehole 2. The
method 30 calls for (step 31) conveying the logging tool 10 through the borehole 2.
Further, the method 30 calls for (step 32) generating the static magnetic field B in the
region of investigation 20 in the earth formation 4 with the logging tool 10, the static
magnetic field By being configured to polarize the region of investigation 20. Further,
the method 30 calls for (step 33) transmitting electromagnetic energy into the region

7
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of investigation 20 with the logging tool 10. The electromagnetic energy may be
transmitted as a series of CPMG pulses. Further, the method 30 calls for (step 34)
receiving NMR signals with at least one receiver antenna 25 from the region of
investigation 20 in response to the interaction between the nuclear spins of interest
and the static magnetic field and the transmitted electromagnetic energy. In general,
the NMR signals are transmitted to the receiving antenna 25 by nuclei precessing in
the region of investigation 20 due to the interaction. Further, the method 30 calls for
(step 35) associating the NMR signals received the at least one receiver antenna 25
with an azimuthal direction at which the NMR signals were received. Further, the
method 30 calls for (step 36) estimating the property from the NMR signals and the
associated azimuthal directions. Step 36 can include averaging all NMR signals

received from the at least one receiver antenna 25 for a specific azimuthal direction.

[0024] In order to increase the resolution of an image derived from the NMR
property, the amount of NMR signals or data obtained by each of the receiver
antennas 25 will have to increase. Therefore, an image of a bound fluid in the earth
formation 4 is a good option. Bound fluids usually have a short 7). Hence, the
measurement sequence for the bound fluid can have a short wait time and can be

carried out more frequently than a sequence that could measure the entire porosity.

[0025] In another embodiment of the logging tool 10, the source 21 can be configured
to provide the static magnetic field B, with an axial gradient (along borehole axis) in
the zone of investigation 20. By utilizing frequency sensitive acquisitions of the
NMR signals or frequency analysis of the NMR signals, the position of the origination
of components of the NMR signals can be determined and allocated in the axial
direction. In this embodiment, the axial gradient can be used to increase the

resolution of the image in the axial direction along the borehole.

[0026] While the embodiment of the logging tool 10 illustrated in FIG. 1 is
configured for LWD, the logging tool 10 can also be configured for non-LWD
operations. In non-LWD operations, the logging tool 10 can be configured to be
conveyed by a wireline, a slickline, or coiled tubing. In one embodiment of the
logging tool 10 used for non-LWD operations, the logging tool 10 can be configured
to rotate the receiver antenna(s) 25 to provide 360° coverage of the borehole 2. In
another embodiment of the logging tool 10 used for non-LWD operations, the logging
8
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tool 10 can have one or more stationary receiver antenna(s) 25 configured to provide

the 360° coverage of the borehole 2.

[0027] In support of the teachings herein, various analysis components may be used,
including a digital system and/or an analog system. For example, the electronic unit 7
or the processing system 8 may include the digital and/or analog system. The
system(s) 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 (digital or analog) and other such
components (such as resistors, capacitors, inductors and others) 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 relevant by a system designer, owner, user or

other such personnel, in addition to the functions described in this disclosure.

[0028] Further, various other components may be included and called upon for
providing for aspects of the teachings herein. For example, a power supply (e.g., at
least one of a generator, a remote supply and a battery), vacuum supply, pressure
supply, cooling component, heating component, motive force (such as a translational
force, propulsional force or a rotational force), magnet, electromagnet, sensor,
electrode, transmitter, receiver, transceiver, antenna, controller, optical unit, electrical
unit or electromechanical unit may be included in support of the various aspects

discussed herein or in support of other functions beyond this disclosure.

[0029] Elements of the embodiments have been introduced with either the articles “a”
or “an.” The articles are intended to mean that there are one or more of the elements.
The terms “including” and “having” are intended to be inclusive such that there may
be additional elements other than the elements listed. The conjunction “or” when
used with a list of at least two terms is intended to mean any term or combination of

terms.
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[0030] It will be recognized 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.

[0031] While the invention has been described with reference to exemplary
embodiments, it will be understood 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 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, but that the invention will include all embodiments

falling within the scope of the appended claims.

10
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CLAIMS

What is claimed is:

1.

An apparatus for estimating a nuclear magnetic resonance (NMR) property of

an earth formation penetrated by a borehole, the apparatus comprising:

(a) a logging tool;

(b) a source of a static magnetic field, the source being disposed at the
logging tool and configured to polarize a region of investigation in the
earth formation;

(c) a transmitter antenna disposed at the logging tool and configured to
transmit electromagnetic energy into the region of investigation;

(d) at least one receiver sensor disposed at the logging tool and configured
to receive NMR signals from the region of investigation in response to
an interaction between the static magnetic field and the transmitted
electromagnetic energy; and

(e) a processor configured to:

® receive the NMR signals from the at least one receiver sensor;

€3] associate the NMR signals received from the at least one receiver
sensor with an azimuthal direction at which the NMR signals were
received; and

(h) estimate the property from the NMR signals and the associated

azimuthal directions.

The apparatus of claim 1, wherein the processor is further configured to
associate a distance from the borehole to the region of investigation with the
NMR signals received from the region of investigation and including the

distance in the property.

The apparatus of claim 1, wherein the processor is further configured to
associate the NMR signals with a depth in the borehole at which the NMR
signals were received and including the depth in the property.

The apparatus of claim 1, wherein the static magnetic field in the region of
investigation is substantially perpendicular to a longitudinal axis of the

logging tool.

11
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10.

11.

12.

13.

The apparatus of claim 1, wherein a magnetic field generated by the
electromagnetic energy transmitted into the region of investigation is

substantially parallel to a longitudinal axis of the logging tool.

The apparatus of claim 1, wherein a receiving field associated with each
receiver sensor is substantially perpendicular to:

(a) the static magnetic field in the region of investigation; and

(b) a magnetic field in the region of investigation generated by the

transmitted electromagnetic energy.

The apparatus of claim 1, wherein the source of the static magnetic field

comprises a permanent magnet.

. The apparatus of claim 1, wherein the transmitter antenna comprises a

transmitter winding wrapped around a cylindrical core that is concentric to a
longitudinal axis of the logging tool, the transmitter winding having an axis

substantially parallel to a longitudinal axis of the logging tool.

The apparatus of claim 1, wherein the at least one receiver sensor comprises a
receiver winding wrapped around a receiver core having a longitudinal axis

that is oriented as a tangent to a circumference of the logging tool.

The apparatus of claim 9, wherein the receiver core comprises a shape

configured to be sensitive to a sensitive volume in the region of investigation.

The apparatus of claim 1, wherein the receiver sensor comprises as least one
of an antenna, an inductive coil, a magnetic sensor, and an atomic

magnetometer.

The apparatus of claim 1, wherein the processor is further configured to
display the property as an image with a 360-degree representation about the

borehole.

The apparatus of claim 12, wherein the image is of a bound fluid of the earth

formation.
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14.

15.

16.

17.

18.

The apparatus of claim 12, wherein the image is at least one of porosity of the
earth formation, a boundary between two layers of the earth formation, a
longitudinal relaxation time constant 7}, and a transverse relaxation time

constant T5.

The apparatus of claim 1, wherein orientations of the transmitter antenna and
the at least one receiver sensor are configured to decouple the transmitter

antenna from the at least one receiver sensor.

The apparatus of claim 1, wherein the logging tool is configured to be
conveyed by at least one of a drill string, a wireline, a slickline, and coiled

tubing.

A method for estimating a nuclear magnetic resonance (NMR) property of an

earth formation penetrated by a borehole, the method comprising:

(@) conveying a logging tool through the borehole;

) generating a static magnetic field in a region of investigation in the
earth formation with the logging tool;

(©) transmitting electromagnetic energy into the region of investigation
with the logging tool;

(d) receiving NMR signals with at least one receiver sensor disposed at the
logging tool from the region of investigation in response to an
interaction between NMR spins and the static magnetic field and the
transmitted electromagnetic energy;

(e) associating the NMR signals received from the at least one receiver
sensor with an azimuthal direction at which the NMR signals were
received; and

® estimating the property from the NMR signals and the associated

azimuthal directions.

The method of claim 17, further comprising:
(a) associating a distance from the borehole to the region of investigation
with the NMR signals received from the region of investigation; and

(b) including the distance in the property.

13
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19.

20.

21.

The method of claim 17, further comprising:
(a) associating the NMR signals with a depth in the borehole at which the
NMR signals were received; and

(b) including the depth in the property.

The method of claim 17, further comprising displaying the property as an

image with a 360-degree representation about the borehole.

A machine-readable medium comprising machine-executable instructions for
estimating a nuclear magnetic resonance (NMR) property of an earth
formation penetrated by a borehole by implementing a method comprising:

(a) receiving NMR signals with at least one receiver sensor from a region
of investigation in the earth formation;

(b) associating the NMR signals received from the at least one receiver
sensor with an azimuthal direction at which the NMR signals were
received; and

(©) estimating the property from the NMR signals and the associated

azimuthal directions.

14
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Associated Azimuthal Directions
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