
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2013/148508 Al
3 October 2013 (03.10.2013) P O P C T

(51) International Patent Classification: NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
G01 V3/32 (2006.01) G01 V3/38 (2006.01) RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,

TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
(21) International Application Number: ZM, ZW.

PCT/US2013/033508
(84) Designated States (unless otherwise indicated, for every

(22) International Filing Date: kind of regional protection available): ARIPO (BW, GH,
22 March 2013 (22.03.2013) GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

(25) Filing Language: English UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(26) Publication Language: English EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(30) Priority Data: MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

13/433,570 29 March 2012 (29.03.2012) US TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

(71) Applicant: BAKER HUGHES INCORPORATED
[US/US]; P.O. Box 4740, Houston, Texas 77210-4740 Declarations under Rule 4.17 :

(US). — as to applicant's entitlement to apply for and be granted a
patent (Rule 4.1 7(H))(72) Inventor: LI, Lilong; 7327 Bearden Falls Ln, Humble,

Texas 77396 (US). — as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.1 7(in))

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM, Published:
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, — with international search report (Art. 21(3))
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, — before the expiration of the time limit for amending the
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, claims and to be republished in the event of receipt of
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, amendments (Rule 48.2(h))
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(54) Title: CARBONATE PERMEABILITY BY PORE TYPING

1 -0.070449 0.020892 1.2082 0.02687

2 3.8808 0.056232 1.5018 0.089903

3 7.5038 0.26621 1.989 0.56366

4 9.7075 0.17123 1.4972 0.27291

Peak X Peak Peak Peak
position height width area

00 - 2 0 4 6 8 10 12 14

o Peaks = 4 Shape = Gaussian Error = 2.1622 Extra = 0

00 Log (T )

FIG. 2
(57) Abstract: A method for estimating a property of an earth formation includes: conveying a carrier through a borehole penetrat -

o ing the earth formation; performing nuclear magnetic resonance (NMR) measurements on a sensitive volume in the formation using
an NMR tool disposed at the carrier to provide a distribution of relaxation times; identifying peaks in the distribution of relaxation

o times; selecting at least one peak based on a characteristic of the at least one peak; and estimating the property using a relaxation
time associated with the at least one peak.



CARBONATE PERMEABILITY BY PORE TYPING

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Application No. 13/433570, filed

on March 29, 2012, which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Boreholes are drilled deep into the earth for many applications such as

hydrocarbon exploration, geothermal production, and carbon dioxide sequestration. Different

types of measurements are usually performed on a geologic formation tools in order to

efficiently use production resources. One type of important measurement is permeability.

Permeability relates to a measurement of the ability of a rock to transmit fluids generally

through connected pores. Permeability is determined from the pore sizes that can transmit

fluid and is usually measured using a nuclear magnetic resonance (NMR) tool disposed in a

borehole penetrating the geologic formation.

[0003] Carbonate is one type of geologic formation of interest. The pore system in

carbonate formations is usually heterogeneous, yet such heterogeneity does not mean that

different types of pores all contribute to fluid flow significantly. For example, in a micro-

interparticle dual porosity formation, the fluid flows mainly through interparticle pores and

the microporosity can be ignored in a permeability calculation. In an interparticle-vugg dual

porosity formation, if the amount of vuggy porosity is not high, simulation can show that the

permeability is not altered that much because of the presence of vuggy porosity.

[0004] In order to treat different types of pores differently, it is necessary to do pore

typing. Typically, in prior art NMR logging interpretation, pore typing is done with NMR

relaxation time cut-off values applied universally. The universally applied cut-off values

divided the pores into macro-, meso-, and micro-sized pores. Coates and SDR equations are

adapted to a hybrid set of equations such that one equation covers the high permeability part

of the formation and the other equation covers the low permeability part of the formation.

Unfortunately, pore typing based on universally applied sizes has limitations in resolving the

true carbonate characteristics in complex carbonate formations, each with a distinct set of

pores present. By relying on universally applied pore sizes, the prior art NMR logging

interpretation may fail to predict permeability accurately. Hence, it would be appreciated in

the drilling industry if techniques to determine formation permeability could be improved.



BRIEF SUMMARY

[0005] Disclosed is a method for estimating a property of an earth formation. The

method includes conveying a carrier through a borehole penetrating the earth formation and

performing nuclear magnetic resonance (NMR) measurements on a sensitive volume in the

formation using an NMR tool disposed at the carrier to provide a distribution of relaxation

times. The method further includes identifying peaks in the distribution of relaxation times,

selecting at least one peak from the identified peaks using a characteristic of the at least one

peak, and estimating the property using a relaxation time associated with the at least one

peak.

[0006] Also disclosed is an apparatus for estimating a property of an earth formation.

The apparatus includes a carrier configured to be conveyed through a borehole penetrating

the earth formation, a nuclear magnetic resonance (NMR) tool disposed at the carrier and

configured to perform NMR measurements on a sensitive volume in the formation to provide

a distribution of relaxation times, and a processor coupled to the NMR tool. The processor is

configured to identify peaks in the distribution of relaxation times, determine an area under

each identified peak, select at least one peak based on the determined area of the at least one

peak using the determined peak areas; and estimate the property using a relaxation time

associated with the at least one peak.

[0007] Further disclosed is a non-transitory computer-readable medium having

computer executable instructions for estimating a property of an earth formation by

implementing a method that includes: receiving a distribution of relaxation times from a

nuclear magnetic resonance (NMR) tool that performed NMR measurements on a sensitive

volume in the formation; identifying peaks in the distribution of relaxation times; selecting at

least one peak based on a characteristic of the at least one peak; and estimating the property

using a relaxation time associated with the at least one peak.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The following descriptions should not be considered limiting in any way.

With reference to the accompanying drawings, like elements are numbered alike:

[0009] FIG. 1 illustrates an exemplary embodiment of a downhole tool disposed in a

borehole penetrating the earth;

[0010] FIG. 2 illustrates a distribution of NMR transverse relaxation decay time

constants;



[001 1] FIG. 3 illustrates a comparison of calculated permeability using the techniques

disclosed herein to experimentally determine permeability for 35 carbonate samples;

[0012] FIG. 4 illustrates a comparison of calculated permeability using prior art

techniques to experimentally determine permeability for 35 carbonate samples; and

[0013] FIG. 5 illustrates a flow chart for a method for calculating permeability of an

earth formation.

DETAILED DESCRIPTION

[0014] A detailed description of one or more embodiments of the disclosed apparatus

and method presented herein by way of exemplification and not limitation with reference to

the Figures.

[0015] Disclosed are apparatus and method for estimating permeability of an earth

formation with improved accuracy using nuclear magnetic resonance (NMR) data obtained

from an NMR tool. Improved accuracy derives from using a pore model customized for each

formation logged by the NMR tool. Statistically distinguishable peaks in size distribution of

pores are considered as separate types of pores in the rock formation. Depending on the

shape and relative weight of the peaks, the pore types that contribute to the majority of the

fluid flow are selected and the average size of these pore types are computed. The

permeability is then calculated using the average size of these selected pore types.

[0016] FIG. 1 illustrates a cross-sectional view of an exemplary embodiment of a

nuclear magnetic resonance (NMR) tool 10 disposed in a borehole 2 penetrating the earth 3,

which includes an earth formation 4 . The formation 4 represents any subsurface material of

interest. The NMR tool 10 is coupled to a carrier 5 and is conveyed through the borehole 2

by the carrier 5. In the embodiment of FIG. 1, the carrier 5 is a drill string 6 in an

embodiment known as logging-while-drilling (LWD). Disposed at a distal end of the drill

string 6 is a drill bit 7 . A drilling rig 8 is configured to conduct drilling operations such as

rotating the drill string 6 and thus the drill bit 7 in order to drill the borehole 2 . In addition,

the drilling rig 8 is configured to pump drilling fluid through the drill string 6 in order to

lubricate the drill bit 7 and flush cuttings from the borehole 2 . In one or more embodiments,

a stabilizer 13 may be used to limit lateral movement of the NMR tool 10 in the borehole 2 .

Downhole electronics 9 are configured to operate the NMR tool 10 and/or process

measurements or data received from the tool 10. Telemetry is used to provide

communications between the NMR tool 10 and a computer processing system 11 disposed at

the surface of the earth 3 . NMR data processing or operations can also be performed by the



computer processing system 11 in addition to or in lieu of the downhole electronics 9 . The

NMR tool 10 may operate intermittently, at particular intervals, or continuously during the

drilling process to provide NMR data for various depths in the borehole 2 and, thus, in the

formation 4 . In an alternative embodiment, the carrier 5 can be an armored wireline in an

embodiment known as wireline logging.

[0017] The NMR tool 10 includes NMR components configured to perform NMR

measurements on a sensitive volume 12 in the formation 4 . The sensitive volume 12 has a

generally toroidal shape surrounding the borehole 2 . The NMR components include an

arrangement of magnets 14 that is configured to generate a static magnetic field having a

decreasing field strength or magnitude with increasing radial distance from the NMR tool in

the sensitive volume 12. A radio frequency (RF) coil 15 or antenna is used to produce pulsed

RF fields substantially orthogonal to the static field in the sensitive volume 12. The nuclear

spins in the sensitive volume 12 align themselves partly along the static magnetic field,

applied by the magnets 14, forming a macroscopic nuclear magnetization. A pulsed RF field

is applied to tip the nuclear magnetization into the transverse plane, resulting in a precession

of the magnetization. Such a tipping pulse is followed by a series of refocusing pulses and

the resulting series of pulse echoes (also referred to as spin echoes or NMR signals) is

detected by a receiver coil 16 or antenna.

[0018] The pulse sequences may be in the form of a Carr-Purcell-Meiboom-Gill

(CPMG) sequence or, alternatively, an optimized rephasing pulse sequence (ORPS). ORPS

is similar to CPMG but the pulse widths are optimized for the actual field distributions of the

static and alternating fields. The alternative sequence may be used to maximize signal and

minimize RF power consumption. The NMR signals include a longitudinal relaxation time

constant (referred to as Ti) and a transverse relaxation time constant (referred to as T2) . The

term "relaxation" relates to the nuclear magnetization precessing towards equilibrium. From

the NMR signals, a distribution of transverse relaxation time constants (referred to as a T2

distribution) is obtained. The T2 distribution relates amplitude to T2 or a function of T2 such

as a logarithmic function.

[0019] One way of obtaining pore size distribution is to look at the NMR T2

distribution. Figure 2 illustrates a NMR T2 spectrum having four distinct peaks where

amplitude is plotted on the vertical axis and Log2(T2) is plotted on the horizontal axis. Each

of the peaks is fit with a Gaussian curve. The peak with the maximum underlying area is

then easily found. Depending on the shape and relative position of the peaks, one or more

peaks are selected to compute the average position of the peaks (and, hence, average pore



size) and the overall underlying area of these peaks. As one processing example, if the

neighboring or adjacent peaks have more than 60% of the area of the maximum peak, those

peaks are included in the calculation of average pore size and the overall area under the

associated Gaussian curves.

[0020] From the overall area under the selected peaks, one can compute the

corresponding porosity using Equation (1).

In Equation (1), 0ave is the porosity corresponding to those peaks selected for inclusion, Save

is the total area corresponding to the peaks selected for inclusion, 0T is the total porosity, and

ST is the total area of all the peaks.

[0021] The log-mean of the T2 for the included peaks is computed according to

Equation (2).

∑i(log2 T2 ) *
∑;0;

T2ave = 2 (2)

In Equation (2), T2ave is the average T2 value corresponding to those peaks selected for

inclusion. The summations are done over those peaks. The porosity for peak i, 0 is
.

calculated the same way as 0ave (i.e., 0 = 0T —), and T2 is the T2 reading at the middle ofsT

the corresponding Gaussian peak.

[0022] Using the T2ave calculated in Equation (2), the permeability is then calculated

using Equation (3).

k = a02
ave pT2ave

2 (3)

In Equation (3), k is the permeability, p is the surface relaxivity, and is a constant.

[0023] FIG. 3 illustrates the results of calculations using the above equations for 35

carbonate samples varying from floatstones to dolostones, grainstones and wachestones. The

center diagonal line represents an exact match, while the two other diagonal lines represent a

one order of magnitude error. FIG. 4 illustrates the results of calculations using the prior art

technique of universal pore typing (i.e., applying a set of universal cut-off values to estimate

pore types). As with FIG. 3, the center diagonal line in FIG. 4 represents an exact match,

while the two other diagonal lines represent a one order of magnitude error. As can be seen

by comparing FIG. 3 to FIG. 4, there are genuine improvements to permeability calculations

using the equations and calculation techniques disclosed herein.



[0024] FIG. 5 is a flow chart for a method 50 for estimating a property of an earth

formation. Block 5 1 calls for conveying a carrier through a borehole penetrating the

formation. Block 52 calls for performing NMR measurements on a sensitive volume within

the formation with an NMR tool disposed at the carrier to provide a relaxation time

distribution. The NMR measurements are generally performed at a plurality of depths in the

borehole such that the estimated property corresponds to the plurality of depths in the

formation. Block 53 calls for identifying one or more peaks in the relaxation time

distribution. Block 54 calls for selecting at least one peak from the identified peaks using a

characteristic of the at least one peak. This block can include determining an area under each

of the identified peaks where the peak area is a characteristic used for the selecting. This

block can also include fitting a Gaussian curve to each of the identified peaks and

determining the area under each Gaussian curve as the peak area. Further, this block can

include selecting the peak having the largest area and one or more other peaks meeting one or

more selection criteria. One selection criterion may be that the one or more other peaks are

adjacent to the peak having the largest area. Another selection criterion may be selecting

those peaks having an area that meets or exceeds a percentage of the area of the peak having

the largest area. Block 55 calls for estimating the property using the relaxation time data

associated with the at least one peak. In one or more non-limiting embodiments, the

relaxation time associated with each peak is the relaxation time at the middle of the Gaussian

curve or at a center of gravity of the area of the selected peak. The property in one or more

embodiments is permeability.

[0025] In support of the teachings herein, various analysis components may be used,

including a digital and/or an analog system. For example, the downhole electronics 9 or the

surface computer processing 11. 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 (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

non-transitory 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.

[0026] 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), cooling component, heating component,

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.

[0027] The term "carrier" as used 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, combination of devices,

media and/or member. Other 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, bottom-hole-assemblies, drill string inserts, modules, internal housings and substrate

portions thereof.

[0028] 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. The terms "first" and

"second" are used to distinguish elements and are not used to denote a particular order. The

term "couple" relates to coupling a first component to a second component either directly or

indirectly through an intermediate component.

[0029] 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.

[0030] 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.



CLAIMS

What is claimed is:

1. A method for estimating a property of an earth formation, the method

comprising:

conveying a carrier through a borehole penetrating the earth formation;

performing nuclear magnetic resonance (NMR) measurements on a sensitive volume

in the formation using an NMR tool disposed at the carrier to provide a distribution of

relaxation times;

identifying peaks in the distribution of relaxation times;

selecting at least one peak from the identified peaks using a characteristic of the at

least one peak; and

estimating the property using a relaxation time associated with the at least one peak.

2 . The method according to claim 1, wherein the property is permeability.

3 . The method according to claim 1, wherein the NMR measurements are

performed at a plurality of depths in the borehole.

4 . The method according to claim 1, wherein selecting comprises determining an

area under each identified peak.

5 . The method according to claim 4, wherein the characteristic of the at least one

peak is the area under the at least one peak.

6 . The method according to claim 5, wherein identifying comprises fitting a

curve to each of the identified peaks.

7 . The method according to claim 6, wherein the curve is a Gaussian curve.

8. The method according to claim 6, wherein determining comprises determining

an area under the fitted curve for each identified peak.

9 . The method according to claim 4, wherein selecting further comprises

selecting a peak having a largest area under the peak.

10. The method according to claim 9, wherein selecting further comprises

selecting a peak that is adjacent to the peak having the largest area.

11. The method according to claim 10, wherein the adjacent peak has an area that

meets or exceeds a threshold.

12. The method according to claim 4, wherein estimating the property using a

relaxation time associated with the at least one peak comprises using T 2ave calculated as



T 2 = 2

where ∑ is a summation over zpeaks, T2i is a ^reading within the z-th peak, and 0 = 0 —s

where is total porosity for the zpeaks, S i is the area under the z-th peak, and S T is a total

area under all of the selected peaks.

13. The method according to claim 12, wherein the ^reading is at a center of

gravity of the z-th peak.

14. The method according to claim 12, wherein the ^reading is at a middle of a

Gaussian curve fitted to the z-th peak.

15. An apparatus for estimating a property of an earth formation, the apparatus

comprising:

a carrier configured to be conveyed through a borehole penetrating the earth

formation;

a nuclear magnetic resonance (NMR) tool disposed at the carrier and configured to

perform NMR measurements on a sensitive volume in the formation to provide a distribution

of relaxation times; and

a processor coupled to the NMR tool and configured to:

identify peaks in the distribution of relaxation times;

determine an area under each identified peak;

select at least one peak based on the determined area of the at least one peak using the

determined peak areas; and

estimate the property using a relaxation time associated with the at least one peak.

16. The apparatus according to claim 15, wherein the property is permeability.

17. The apparatus according to claim 15, wherein the NMR measurements are

performed at a plurality of depths in the borehole.

18. The apparatus according to claim 15, wherein the carrier comprises a wireline,

a slickline, a drill string, or coiled tubing.

19. A non-transitory computer-readable medium comprising computer executable

instructions for estimating a property of an earth formation by implementing a method

comprising:

receiving a distribution of relaxation times from a nuclear magnetic resonance (NMR)

tool that performed NMR measurements on a sensitive volume in the formation;

identifying peaks in the distribution of relaxation times;



selecting at least one peak based on a characteristic of the at least one peak; and

estimating the property using a relaxation time associated with the at least one peak.
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