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NMR BASED RESERVOIR WETTABILITY MEASUREMENTS

RELATED APPLICATIONS

[0001] This application claims the benefit of: U.S. Provisional Application Ser. No.
62/160,391 filed May 12, 2015 and entitled Deftermination of Wettability from Magnetic
Relaxation and Diffusion Measurements and to the United States Application

15/147,298 filed May 5, 2016.

FIELD OF THE INVENTION

[0002] The disclosed embodiments are related generally to subterranean formation
evaluation using nuclear magnetic resonance (NMR) and more particularly to an NMR
based method for determining reservoir wettability from magnetic resonance relaxation and

diffusion measurements.

BACKGROUND

[0003] Wettability refers to the tendency of a solid to be in contact with one fluid rather
than another. In wellbore drilling applications, the fluid phases may be water, oil, and/or
gas while the solid phase may be the minerals that make up the reservoir rock. The
wettability of reservoir rocks is known to affect the hydrocarbon distribution within a
subterranean formation and impact many aspects of reservoir engineering such as
hydrocarbon recovery, multiphase fluid flow, and formation pressure. Wettability may also
affect formation resistivity and dielectric properties.

[0004] Reservoir wettability may be measured using conventional laboratory techniques,
for example, Amott imbibition measurements or U.S. Bureau of Mines centrifuge capillary

measurements may be made on formation cores (also referred to as plugs). While these
1
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techniques are industry recognized, they can be overly sensitive to numerous factors and
are generally very time consuming (e.g., sometimes requiring many weeks to obtain a
reliable wettability measurement). These measurement techniques also generally require
significant sample conditioning (e.g., repeated cleansing, flushing, and rinsing) which is
time consuming and may cast doubt on the obtained wettability values.

[0005] Nuclear magnetic resonance (NMR) measurements that derive wettability from
one dimensional T; and/or T, spectra have also been disclosed (e.g., in commonly assigned
U.S. Patent Publications 2013/0261979 and 2013/0325348). One challenge in using these
1-D NMR methods is that they tend to require accurate knowledge of bulk relaxation times
and volumes (or S,,) for all fluids, the surface relaxivity, the pore size distribution, and the
separation of individual fluid responses. These methods can also be time consuming in that
they may further require multiple step data acquisition and extensive sample conditioning.
Therefore, there remains a need in the art for improved wettability measurement

techniques.

SUMMARY

[0006] A method for determining wettability of a subterranean formation (or a formation
core) is disclosed. The disclosed method includes either deploying a nuclear magnetic
resonance (NMR) logging tool in a subterranean wellbore or deploying a formation core
sample in a laboratory based NMR tool. The NMR logging tool or laboratory based NMR
tool includes a static magnetic field source and at least one radio frequency (RF) antenna.
The RF antenna (or antennas) transmit(s) at least first and second electromagnetic pulse
sequences into the subterranean formation and receives magnetic resonance signals

corresponding to the transmitted electromagnetic pulse sequences. The received magnetic
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resonance signals are processed to generate a two dimensional diffusion relaxation map (a
D/T, map) which is in turn processed to compute the wettability of the subterranean
formation.

[0007] The disclosed embodiments may provide various technical advantages. For
example, the disclosed embodiments may provide an NMR based methodology to
determine formation wettability (e.g., a formation wettability index) of a subterranean
formation or a formation core sample. Wettability measurements made using the disclosed
embodiments may advantageously correlate with conventional measurements, for example,
made using the U.S. Bureau of Mines methodology. Moreover the wettability
measurements may be made using downhole NMR measurements or using NMR
measurements made on fresh state formation core samples and require only a small fraction
of the time required to obtain conventional measurements.

[0008] This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary is not intended to identify key
or essential features of the claimed subject matter, nor is it intended to be used as an aid in

limiting the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a more complete understanding of the disclosed embodiments, and
advantages thereof, reference is now made to the following descriptions taken in
conjunction with the accompanying drawings, in which:

[0010] FIG. 1 depicts a drilling rig on which certain ones of the disclosed embodiments
may be utilized.

[0011] FIG. 2 depicts one example embodiment of an NMR logging tool.

3
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[0012] FIG. 3 depicts a flow chart of one disclosed method embodiment.

[0013] FIG. 4 depicts a flow chart of another disclosed method embodiment.

[0014] FIG. 5 depicts one example of a D-T, map generated from laboratory NMR
measurements that were obtained from a formation core.

[0015] FIG. 6 depicts a flow chart of one example embodiment for processing a D-T,
map to compute a wettability index value for a formation (or formation core).

[0016] FIG. 7 depicts the D-T,, map shown on FIG. 5 with identified water and oil signals.
[0017] FIGS. 8 and 9 depict the D-T, map shown on FIGS. 5 and 7 further illustrating
example embodiments for estimating DCLM,, and DCLM,,.

[0018] FIG. 10 depicts the D-T, map shown on FIGS. 5 and 7 and further illustrates
example selected water and oil regions.

[0019] FIG. 11 depicts a plot of the wettability index benchmark and the fresh state

wettability index obtained using the disclosed methodology.

DETAILED DESCRIPTION

[0020] FIG. 1 depicts one example of an offshore drilling assembly, generally
denoted 10, that may be suitable for employing certain ones of the disclosed method
embodiments. In FIG. 1 a semisubmersible drilling platform 12 is positioned over an oil
or gas formation (not shown) disposed below the sea floor 16. A subsea conduit 18 extends
from deck 20 of platform 12 to a wellhead installation 22. The platform may include a
derrick and a hoisting apparatus for raising and lowering the drill string 30, which, as
shown, extends into borehole 40. The drill string includes a bottom hole assembly (BHA)
50 having a drill bit 32 and a nuclear magnetic resonance (NMR) logging while drilling

tool 60 which is described in more detail below with respect to FIG. 2. The BHA 50 may
4
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include substantially any other suitable downhole tools such as a steering tool, a downhole
drilling motor, a downhole telemetry system, a reaming tool, a measurement while drilling
tool, other logging while drilling tools, and the like. The disclosed embodiments are not
limited in regards to such tool deployments.

[0021] Tt will be understood that the deployment illustrated on FIG. 1 is merely an
example and that the disclosed embodiments are not limited to use with a semisubmersible
platform 12 as depicted. Nor is the disclosure limited to while drilling operations. The
disclosed embodiments are equally well suited for use with any kind of subterranean
logging operation, either on or offshore, as well as any kind of conveyance, for example,
including wireline, coiled tubing, or drill pipe (as in a logging while drilling operation).
[0022] FIG. 2 depicts one example embodiment of an NMR logging tool 60. In the
depicted embodiment NMR tool 60 includes a substantially non-magnetic tool body 62
(e.g.. a nonmagnetic drill collar in logging while drilling embodiments). A cylindrically
shaped permanent magnet 65 is deployed in the tool body and may include substantially
any suitable magnetic orientation (e.g., a permanent magnetization transverse to the tool
axis 61 as in the depicted embodiment). NMR tool 60 further includes at least one radio
frequency (RF) antenna 68 deployed in a corresponding antenna recess in the tool body 62.
[0023] It will be understood that substantially any suitable NMR tools may be employed.
Such tools may include a magnetic source (e.g., a permanent magnet or an electromagnet)
for generating a static magnetic field which is intended to polarize hydrogen nuclei in the
subterranean formation. Suitable tools further include one or more RF antennas for
transmitting and/or receiving electromagnetic radiation (e.g., AC magnetic pulses) to excite
and/or detect magnetic resonance in the hydrogen nuclei in the formation. Such

instrumentation is commercially available and well known in the art. For example, the
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CMR and MR Scanner tools available from Schlumberger Technology Corporation may
be employed. Suitable NMR logging tools are also disclosed, for example, in U.S. Patents
5,055,788 and 5,629,623.

[0024] The disclosed embodiments may also be directed to NMR evaluation of
subterranean core samples. As is known to those of ordinary skill in the art, the assessment
of formation characteristics acquired from formation cores is often crucial to the decision-
making process concerning development plans for petroleum wells that are being evaluated
as part of an exploration or production activity. These formation cores may be obtained,
for example, using downhole coring tools that drill into the sidewall of the wellbore to
obtain the core samples. U.S. Patent 7,500,388 discloses one example of a sidewall coring
tool. The formation cores may also be obtained from axial coring tools. Once acquired,
the core samples may be evaluated (as described in more detail below) by positioning the
sample in a laboratory NMR tool including a static magnetic source (e.g., a permanent
magnet or an electromagnet) and one or more RF antennas.

[0025] Referring now to FIG. 3, a flow chart of one disclosed method embodiment 100
for determining formation wettability is depicted. An NMR logging tool is deployed in a
subterranean wellbore at 102. As described above, the NMR logging tool includes a static
magnetic field source (e.g., a permanent magnet) and at least one RF antenna. The RF
antenna is energized such that it transmits at least two magnetic field pulse sequences into
the formation at 104. Corresponding magnetic resonance signals are received at 106 using
the transmitting antenna (or another antenna). The received magnetic resonance signals
(also referred to in the art as echoes) are processed at 108 to compute a two dimensional D-
T, map, which is in turn further processed at 110 to compute a wettability of the

subterranean formation (e.g., a wettability factor or a wettability index).
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[0026] Tt will be understood that logging method 100 may include substantially any
suitable logging operation, for example, including a wireline logging operation in which a
wireline NMR logging tool is deployed in the wellbore at 102 or a logging while drilling
operation in which an NMR logging while drilling tool is deployed in the wellbore at 102.
In one preferred embodiment, the logging tool includes a logging while drilling tool and
the RF energy (the electromagnetic pulse sequences) is transmitted and received at 104 and
106 at a single wellbore station (i.e., at a common measured depth) while the logging tool
is stationary in the wellbore. For example, the NMR measurements may be made at 104
and 106 when a new pipe stand is added to the drill string.

[0027] While not depicted in FIG. 3, it will be understood that method 100 may further
include storing the magnetic resonance signals in downhole memory. In one embodiment,
the stored signals may be processed at 108 and 110 at the surface (using a surface processor
or computer) after retrieving the NMR logging tool from the wellbore. The disclosed
embodiments are explicitly not limited in this regard as some or all of the processing may
be conducted downhole via a downhole processor (or processors) located in the drill string.
Moreover, the magnetic resonance signals may be transmitted to surface, for example, via
a wireline or wired drill pipe communication channel.

[0028] FIG. 4 depicts a flow chart of an altemative method embodiment 140 for
determining the wettability of a formation core. A subterranean formation core is acquired
at 142, for example, by actuating a formation coring tool in a subterranean wellbore. The
formation core is retrieved to the surface and positioned in a laboratory NMR tool at 144,
As described above, the laboratory NMR tool includes a static magnetic field source (e.g.,
a permanent magnet or an electromagnet) and at least one RF antenna. The magnetic field

source is used to generate a static magnetic field which penetrates the formation core at
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146. The RF antenna is then energized such that it transmits at least two electromagnetic
field pulse sequences into the formation core at 148. Corresponding magnetic resonance
signals are received at 150 using the transmitting antenna (or another antenna). As
described above with respect to FIG. 3, the received magnetic resonance signals may then
be processed at 108 to compute a two dimensional D-T, map, which is in turn further
processed at 110 to compute a wettability of the formation core.

[0029] The formation core acquired at 142 may include substantially any suitable
formation core sample. For example, the formation core may include a fresh state
formation core. By fresh state it is meant that the formation core is in an “as received”
condition not having undergone conventional sample preparation procedures such as
extensive cleaning, oil or brine flushing or re-saturation, and/or aging with various reservoir
fluids. The disclosed embodiments advantageously do not require the use of any such
sample preparation procedures.

[0030] With continued reference to FIGS. 3 and 4, the wettability may be computed at
110, for example, by (i) computing effective surface relaxivity values of water and oil from
the D-T, map using a generalized fluid diffusion model, (e.g., a model that includes
restricted diffusion in small pores and unrestricted diffusion in large pores) and (ii)
processing the surface relaxivity values of water and oil in combination to compute the
wettability.

[0031] It will be understood that methods 100 and 140 involve the collection of multi-
measurement NMR data to obtain the two dimensional D-T, map. To acquire such data,
the RF antenna transmits a plurality of electromagnetic pulse sequences into the
subterranean formation (or the formation core). A large number of corresponding echoes

are received by the RF antenna (or another antenna) for each of the pulse sequences to
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obtain a suite of NMR measurements. The echoes may be received at a number of different
wait times (WT) and inter-echo spacings (TE) with the total number of received echoes
often being in the thousands. Commonly assigned U.S. Patents 6,570,382 and 6,969,913,
each of which is incorporated by reference herein in its entirety, disclose example pulse
sequences that may be utilized in the present method.

[0032] As described above with respect of FIGS. 3 and 4, the received magnetic
resonance signals (i.e., the echoes) may be processed to generate a diffusion relaxation map
(referred to herein as a D-T, map). The D-T, map presents the received magnetic resonance
signals (the spin echo data) in a two-dimensional contour plot as amplitudes versus
diffusion (D) on the vertical axis and relaxation (T) on the horizontal axis. The D-T, maps
may be generated, for example, via processing the received magnetic resonance signals
using a two dimensional model-independent inversion code such as a maximum entropy
principle (MEP) code. The use of such MEP codes may be advantageous in that no a-priori
knowledge of fluid properties (such as diffusion coefficients or T, values) or even fluid
types are required. U.S. Patents 6,570,382 and 6,969,913 further disclose methods for
generating the D-T, maps.

[0033] FIG. 5 depicts one example of a D-T, map 160 generated from laboratory NMR
measurements that were obtained from a formation core sample. As described above, the
D-T, map presents the NMR spin echo data as amplitudes versus diffusion (D) on the
vertical axis 161 and relaxation (T,) on the horizontal axis 162. In the depicted
embodiment, the D-T, map is presented as a contour map in which the amplitudes are
delineated using pseudo-colored contours. It will be understood that the D-T, map may be
alternatively (and/or additionally) presented as a contour map in which the amplitudes are

delineated using grey scale contours, constant amplitude contour curves, or as three-
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dimensional maps in which the amplitudes are depicted in the third dimension. The
differences of diffusion properties among various fluids (e.g., oil, gas, or water) are
captured by the D-T, map and may be evident as separate and distinct peaks. In the depicted
map, first and second fluids are shown at 163 and 164. The theoretical responses of water
and oil may be optionally overlaid on the maps to help the interpretation and are shown in
FIG. 5 at 165 and 166. Representative one-dimensional diffusion and T, curves may also
be optionally overlaid to assist interpretation and are shown at 167 and 168.

[0034] FIG. 6 depicts a flow chart of one example embodiment for processing the D-T,
map at 110 to compute the wettability of the formation (or formation core). For example,
the map may be evaluated at 112 to identify water and oil signals in the map. The water
and oil signals identified at 112 may then be processed at 114 to compute the diffusion
coefficient log mean for water (DCLM,,) and oil (DCLM,) in the formation (or formation
core). The DCLM,, and DCLM, values may then be further processed at 116 to compute
corresponding effective surface relaxivity values of water pesr y and oil pers o These
effective surface relaxivity values may then be processed in combination (together) at 118
to compute the wettability value (e.g., W and/or IW) of the formation (or formation core).
[0035] FIG. 7 depicts the D-T, map shown on FIG. 5 with the water and oil signals
identified (as described above with respect FIG. 6 at 112). The water and oil signals may
be identified at 112 using substantially any suitable means, e.g., manual or automatic. For
example, in FIG. 7 water signal 163 is observed to intersect the theoretical water response
165. Likewise, the oil signal 164 is observed to intersect the theoretical oil response 166.
[0036] With continued reference to FIG. 6, representative values of DCLM,, and DCLM,,
in the water and oil signals may be estimated (or computed) at 114 from the D-T,, map using

substantially any suitable means. Example means are illustrated in FIG. 8 which depicts
10
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the D-T, map shown on FIGS. 5 and 7. DCLM,, may be estimated, for example, by
determining the diffusion value 173 at the intersection of the water peaks 171 and 172 in
the overlaid diffusion and T, curves 167 and 168 as depicted. Likewise, DCLM, may be
estimated, for example, by determining the diffusion value 177 at the intersection of the oil
peaks 175 and 176 in the overlaid diffusion and T, curves 167 and 168 as depicted.

[0037] With reference to FIG. 9, DCLM,, may alternatively (and/or additionally) be
estimated at 114, for example, by determining the diffusion value 178 at the intersection of
the water peak 172 in the overlaid T, curve 168 and the theoretical water response 165 as
depicted. Likewise, DCLM, may altermative (and/or additionally) be estimated, for
example, by determining the diffusion value 179 at the intersection of the oil peak 176 in
the overlaid T, curve 168 and the theoretical oil response 166 as depicted.

[0038] In another alternative embodiment DCLM,, and DCLM, may be computed
mathematically at 114 by computing the geometric mean of a diffusion distribution of
amplitudes over the diffusion space about the identified water and oil signal components.
For example, identifying the water and oil signals at 112 of FIG. 6 may include identifying
regions about these signals. Example regions are depicted at 181 and 182 on the D-T, map
shown on FIG. 10. DCLM,, and DCLM, may then be computed mathematically, for
example, as follows:

Dw,max
Zi:Dw,min a; lOgD Ci

DCLM; , = exp

ZDwfmax ) (1)
i:DW,min t

Do,max
Zi:quin a; - logD(;

DCLM; , = exp (2)

Z]:)ffmax a;
i=Do min
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[0039] where Dy, i and Dy, a4y represent minimum and maximum water diffusion
values at a first selected T, value in the water region 181 identified in 112, D,_,;;, and
Dy _max Tepresent minimum and maximum oil diffusion values at a second selected T,
value in the oil region 182 identified in 112, a; represents the distribution of amplitudes at
the selected T, value within the selected region 181 or 182, D(; represent the distinct
diffusion coefficient values in the selected region 181 or 182, and j represents a discrete T,
value with j_w representing a T, value in the water region 181 and j_o representing a T,
value in the oil region 182. It will be appreciated that Equations 1 and 2 compute DCLM,,
and DCLM, values at corresponding distinct and discrete T, values in the water and oil
regions 181 and 182. The selected T, values may include, for example, the T, values at the
water and oil peaks 172 and 176 in the overlaid T, curve 168. Other T, values may also be
readily selected.

[0040] In still another altemative embodiment average DCLM,, and DCLM, values may
be computed at 114, for example, over the entirety of the water and oil regions 181 and 182

selected at 112 of FIG. 6. These average values may be computed, for example, as follows:

%)% DCLM, 4

DCLM, ,, = ~
w

(3)

Yo, DCLM; ,

DCLM, , = ~
o

4)

[0041] where DCLM, , and DCLM, , represent the average DCLM,, and DCLM,, values,
N,, represents the discrete number of T, values between the minimum and maximum 7,
values in the water region 181, and N, represents the discrete number of T, values between

the minimum and maximum 7, values in the oil region 182.
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[0042] In yet another embodiment, diffusion coefficient log mean curves may be defined
by computing DCLM; ,, and DCLM; , over a discrete plurality of T, values, where j =
1,2,..Ny_N,.

[0043] As further described above with respect to FIG. 6, the estimated and/or computed
DCLM,, and DCLM,, values or DCLM; ,, and DCLM; , curves may then be further processed
at 116 to compute corresponding effective surface relaxivity values of water p.sr , and oil
Perro- The effective surface relaxivity values may be computed, for example, using a
generalized fluid diffusion model, (e.g., a model that includes restricted diffusion in small
pores and unrestricted diffusion in large pores).

[0044] As is known in the art, the time-dependent diffusion D(t) of a proton in a pore
space was described by Einstein in 1926 as follows:

<[x(®) =x(0)]*>

D) = — 5)

[0045] where the angular brackets < > denote the average of the square displacement x
of the proton from its initial position at time O to its position at time t. More recently Mitra
showed that for short times in which the diffusion length is much smaller than the pore size

scale, the diffusion coefficient is reduced from its bulk value D, as follows:

4 (D, tS
)

[0046] where D, represents the bulk fluid diffusion and S/V represents the surface to

D(t) = D, <1 (6)

volume ratio of the pore (and may therefore be an indicator of the pore size). In the case of
mixed saturation, S and V" are respectively the surface and volume of the fluid under

consideration.
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[0047] For long times (when the diffusion length is much larger than the pore size), the
diffusion coefficient is controlled by the fluid tortuosity in the pore system, for example as
follows:
D(t) » Doy = D, ™SHT (7
[0048] Where D, represents the diffusion at infinite time, represents the pore volume,
m represents the cementation exponent (which is related to the tortuosity of the pore space),
Sy, represents the water saturation, and n represents the saturation exponent.
[0049] It will be appreciated that the surface to volume ratio S/V in Equation 6 may be
determined from NMR relaxation, for example, as follows:
1/T, = 1/Tys + 1/Top + 1/Toy (3)
1/Tys = pegr - S/V &)
[0050] where T, represents the surface transverse relaxation, T, represents the bulk
fluid transverse relaxation, T,, represents the relaxation caused by diffusion, and pgss
represents the effective surface relaxivity across the relaxing fraction of the fluid’s interface
(the percentage of the fluid in contact with the solid matrix). The effective surface
relaxivity of water, p.ff ,, may be expressed mathematically, for example, as follows

when the rock is partially saturated:

I

Peffw = IL " Pw (10)

gw + low

[0051] where [, and I,,, represent the grain water and oil water interfaces and p,,
represents the intrinsic surface relaxivity of water. Note that Equation 10 reduces to
Pesr.w = Pw 1f the matrix is water saturated (such that all fluid interfaces are water grain

interfaces).

14



WO 2016/183268 PCT/US2016/031976

[0052] The effective surface relaxivity of oil pff , tends to be more complicated as the
distributions of very viscous oils can span several decades in relaxation and diffusion time.
Notwithstanding, in a narrow range of T, values the oil may be assumed to have a well-
defined mean diffusion coefficient such that p. s , may be expressed mathematically in a

similar manner to Equation 10, for example, as follows:

lyo

Peff o :I " Po (11)

g0 T low
[0053] where [, and I,,, represent the oil and oil water interfaces, and p, represents the
intrinsic surface relaxivity of oil.

[0054] A Padé approximation may be used to connect fast and slow relaxation regimes
and thereby combine Equations 6 and 7 to obtain a generalized diffusion equation, for

example, as follows:

Lp\?
a - LD + (m)
D(TZ) =Dy|1 vy 7 (12)

a-LD+(£—;) +vy

[0055] where Lp represents the diffusion length of the proton, L, represents the

heterogeneity length scale of the medium, and

4 1
a= .
NE Tys * pegy
D, 1 1
r=1 p =1 —mg=a~l =

[0056] It will be appreciated that the diffusion length of the proton L, is commonly much
less than the heterogeneity length scale Ly, such that the ratio Ly /Ly, is much less than 1.
It will further be appreciated that the far-right expression for y assumes that the water

saturation S,, (in Equation 7) is about equal to 1. The disclosed embodiments are, of course,

15



WO 2016/183268 PCT/US2016/031976

not limited in this regard as any saturation dependence may alternatively be regarded as a
reduced porosity (pore volume) - S,,.

[0057] With further reference to Equation 12 it will be understood that the generalized
diffusion coefficient D(T,) may be thought of as being expressed as a function of two
unknown parameters, namely the effective surface relaxivity p.ss and the cementation
exponent m. Thus in one disclosed embodiment the DCLM,, and DCLM,, values estimated
or computed at 114 of FIG. 6 may processed in combination with Equation 12 to compute
the corresponding effective surface relaxivity values of water p,ss , and oil pesf , at 116.
This may be expressed mathematically, for example, as follows:

Lo+ (E2)

aw Lo+ (12) 1]

DCLM,, = D,|1 y (13)

@ Lo+ (22)’

DCLM, = D,|1 vy 7
afLD+Qﬁ)+y_

(14)

[0058] where:

4 1
ay, = .
v 9\/E Tys Peffw
4 1
2%

- Nr . Tos “Peff o

[0059] Equations 13 and 14 may be solved for pef ¢ v, Perr 0. and m using substantially
any suitable numerical (mathematical) methods, for examples, using conventional solvers
or inversion routines. One such inversion routine may involve minimizing a least squares

cost function, for example, as follows:

16



WO 2016/183268 PCT/US2016/031976

min | Z w; (D(Ty;,x) DCLM;)’ (15)
J

[0060] where x is a vector (or function) of p, or of p and m, or of p, m, S,,, and n (where
p represents perr v OF Pesr o, depending upon which effective relaxivity value is being
computed), T,; and DCLM; represent the discrete coordinates of the diffusion coefficient
log mean curves on the D/T, map, D(TZ j» x) represents the generalized diffusion equation
described above with respect to Equations 12-14, and w; represent weighting functions,
e.g., the relative T, amplitudes at T;,; with respect to the sum of the T, amplitudes. This
sum may also be the fluid volume. The subscript j represents the j discrete T, values in
the selected water or oil regions.

[0061] Tt will be appreciated that the most robust inversion scenario may be to input m
from some other source or measurement and solve only for p. If m is not available, it may
be preferable to first solve for p,¢f , and m for the water region and then fix m to solve
for pess o using the oil phase, however, the disclosed embodiments are not limited in this
regard.

[0062] As described above with respect to FIG. 6, the effective surface relaxivity values
of water and oil p,ff , and p.sr , may be processed in combination at 118 to compute a
wettability factor W or a wettability index value IW of the formation (or formation core).
In a mixed oil/water system, the surface transverse relaxation given in Equation 9 may be

expressed, for example, as follows:

1 W(S) 16
1 1 W(S) 17
TZS _pW SO V ( )
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[0063] where Ty, py. Sw. S, and V are as defined above, S, represents the saturation of
oil (which in the absence of a gas phase equals 1  S,,), and W represents a wettability
factor (which is not necessarily the same quantity as the wettability index computed at 118).
The wettability factor W is defined herein as the percentage of the total surface wetted by
water such that W = 1 indicates a 100% water-wet condition, and W = 0 indicates a 100%
oil-wet condition.

[0064] Inspection of Equations 16 and 17 leads to the concept of effective relaxivities of
water and oil by grouping all the terms other than the S/V ratio into single term, for

example, as follows:

w
Peffw = pr_ (18)
w
1 W 1 W
Peff o= Po S, = Po 1 s, (19)

[0065] where perrw and pesr o Tepresent the effective relaxivities of water and oil as
defined above with respect to Equations 10 and 11.

[0066] In laboratory experiments, after cleaning, the rock is saturated with either
water or oil such that S,, = 1 or S, = 1, and hence, the effective relaxivity is equal to
the intrinsic relaxivity of the saturating fluid for a given state of wettability of the rock.
In laboratory experiments in which the rocks are successively saturated with water then oil,
the respective fluids tend to plot on the theoretical water line and oil line in the D /T, map
(with S, =1 or S, = 1) such that Equations 18 and 19 may be further reduced, for

example, as follows:
Peffw = pwW

Peff o = PR Pw a w)
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[0067] where pr = po/pw. The wettability factor W may then be expressed, for
example, as follows:

peff_w

W =
Pefrw + Pefro/ PR)

(20)

[0068] A wettability index [W may be expressed alternatively as the mathematical
difference between the fraction of the surface wetted by water W and the fraction of surface
wetted by oil 1 W, for example, as follows:

_ (Peff_w Peff_o/PR)
(Pesrw t Perro/PrR)

w=2w 1 (21)

[0069] In rocks that are partially saturated with water and oil as in the case of “fresh
state” or “as received” core samples or in downhole NMR logging measurements W and

IW may be expressed, for example, as follows:

_ peff_W(Sw) -
e (Perr w(Sw) + Perr.o(So)/Pr) (22)
Woew 1= Perrw®s)  Perro.)/Pr) o3

B PerrwSw) + Perr o(S,)/Pr)
[0070] where perrw(Sw) indicates that p.rr\ is a function of Sy, and pers o(Soy)
indicates that p.ff , is a function of S,. It follows in situations where pess  (Sy) may be
approximated by the product pers w - Sy and where Sy, = S, that the saturation terms
cancel out in Equations 22 and 23, and that the wettability equations of the partially
saturated cases are similar to those of the fully saturated cases (given in Equations 20 and
21). Thus, it may be advantageous in certain applications to make use of Equations 20 and

21 in partially saturated rocks, particularly when S,,, and Archie’s n are highly unknown.
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[0071] With respect to Equations 20-23, it will be appreciated that while W varies from
0 to 1 (from fully oil wet to fully water wet conditions) that /W varies from -1 to 1 under
the same conditions.

[0072] In Equations 20-23 wettability values may be computed directly from the
effective relaxivity of water and the effective relaxivity of oil as described above. In
Equations 22-23 the wettability values are also related to the saturation of water and the
saturation of oil in the formation (or formation core). In certain embodiments the saturation
of water and the saturation of oil may also be determined directly from the D/T, map. For

example, the pore volume may be computed as follows:
= > > aG0 24)
Joi

[0073] where a(j, i) represents the amplitude at each pixel in the map at the discrete
diffusion and relaxation values (j, ). The total water and oil volumes ,, and , may be

expressed, for example, as follows:

W=D al,0 (25)
Twiw
0= Y a0 (26)

jo io
[0074] where j_w and i_w define the identified water region and j_o and i_o define the
identified oil region in the D/T, map. The water and oil saturations S,, and S, may then be
defined as ,,/ and ,/ . In the absence of gases, the oil saturation S, may also be
definedas 1 S,
[0075] The various disclosed embodiments are now described in further detail by way of
the following example, which is intended to be an example only and should not be

construed as in any way limiting the scope of the claims. Eight fresh state formation cores
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were obtained from a mature carbonate field. The wettability of each of the formation cores
was determined using a methodology similar to method 140 described above with respect
to FIGS. 4 and 6. In particular, the water and oil regions on the D/T, map were identified
manually. Diffusion coefficient log mean curves for the water and oil regions were
computed over a discrete plurality of T, values using Equations 1 and 2. The effective
relaxivity values of water and oil were determined via minimizing a least squares cost
function as described above with respect to Equation 15. A first inversion was used to
solve simultaneously for the effective relaxivity of water pess,, and the cementation
exponent m. The cementation exponent was then fixed and a second inversion was used
to solve for the effective relaxivity of oil pesr ,. A wettability index was computed using
Equation 23 with the water and oil saturations obtained via Equations 24 and 25 as
described above. Conventional wettability values were also obtained for each of the
samples using the Amott-Harvey and the U.S. Bureau of Mines methods.

[0076] FIG. 11 depicts a plot of the wettability index benchmark (obtained using the
conventional methodologies) and the fresh state wettability index obtained using the
disclosed methodology. The benchmark values ranged from about -0.65 (mostly oil wet)
to about +0.5 (mostly water wet). Corresponding fresh state wettability index values ranged
from about -0.6 to about +0.3. Moreover, a strong correlation was observed between the
fresh state methodology and the U.S. Bureau of Mines methodology with a correlation of
R? = 0.74.

[0077] Table 1 tabulates the cementation exponent m, the effective relaxivities of water
Perrw and oil p.rr o, wettability index computed for each of the eight formation core
samples. The benchmark wettability index values computed using the Amott-Harvey and

the U.S. Bureau of Mines methods are also listed.
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Table 1
Core
Sample m Pefrw | Pefro | IW | Amott | USBM 1 | USBM 2
1 2.28 4.37 5.38 -0.61 -0.30 -0.37 -0.19
2 2.18 4.73 2,71 -0.31 -0.39 -0.30 -0.17
3 2.02 5.12 4.46 -049 | -0.36 -0.66 -0.50
4 1.72 5.83 0.98 0.28 -043 0.08 0.18
5 2.45 3.77 0.80 0.17 0.15 0.46 0.46
6 2.36 4.14 1.72 -0.16 0.10 -0.19 -0.45
7 2.25 4.44 428 -0.53 -0.69 -0.12 -0.42
8 2.26 435 1.44 -0.05 -0.24 0.06 0.04

[0078] The observation that the disclosed methodology provides suitable wettability
measurements using fresh state core samples suggests that suitable wettability
measurements may also be obtained using downhole NMR measurements (e.g., as
described above). One challenge in obtaining suitable wettability measurements using
downhole NMR measurements may be acquiring NMR data having a sufficiently high
signal to noise ratio so that the water and oil signals in the D/T, map can be distinguished.
This challenge may be overcome, for example, via taking sufficient time to acquire the
NMR measurements. Measurements made at a single station, for example as described
above, may have a suitably high signal to noise ratio. Moreover, a-priori knowledge of the
NMR relaxation properties of the formation oil may be processed in combination with the
NMR resonance data to generate the D/T, map and thereby distinguish between the water
and oil signals. The disclosed embodiments are, of course, not limited in these regards.

[0079] NMR based methods for obtaining formation wettability measurements and

certain advantages thereof have been described in detail. It should be understood that
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various changes, substitutions and alternations can be made herein without departing from

the spirit and scope of the disclosure as defined by the appended claims.
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CLAIMS

What is claimed is:

1. A method for determining wettability of a subterranean formation, the
method comprising:

(a) deploying a nuclear magnetic resonance (NMR) logging tool in a
subterranean wellbore, the logging tool including a static magnetic field source and a radio
frequency (RF) antenna;

(b) causing the RF antenna to transmit first and second electromagnetic pulse
sequences into the subterranean formation;

© receiving magnetic resonance signals at the RF antenna corresponding to
said transmitted electromagnetic pulse sequences;

(d processing the magnetic resonance signals received in (c) to generate a two
dimensional diffusion relaxation map;

(e processing the diffusion relaxation map generated in (d) to compute a

wettability value of the subterranean formation.

2. The method of claim 1, wherein (e) further comprises:

(1) processing the diffusion relaxation map using a generalized fluid diffusion
model to compute effective surface relaxivity values of water and oil; and

(i1) processing the effective surface relaxivity values of water and oil to compute

the wettability value of the subterranean formation.
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3. The method of claim 1, wherein (e) further comprises:

(1) identifying water and oil signals in the diffusion relaxation map generated
in (d);

(i)  estimating or computing a diffusion coefficient log mean value for each of
the water and oil signals identified in (i);

(i11)  processing the diffusion coefficient log mean values for the water and oil
signals to compute corresponding effective surface relaxivity values of water and oil;

(iv)  processing the effective surface relaxivity values of water and oil in

combination to compute the wettability value of the subterranean formation.

4, The method of claim 3, wherein (ii) comprises:

estimating a diffusion value at a water peak in a T, curve to obtain the diffusion
coefficient log mean value for the water signal; and

estimating a diffusion value at an oil peak in a 7, curve to obtain the diffusion

coefficient log mean value for the oil signal.

5. The method of claim 3, wherein the diffusion coefficient log mean values

for the water and oil signals are computed in (i1) using the following equations:

ZDWJ”‘”‘ ap logDC;

i=Dy mi
DCLM; ,, = exp wa,max

M a;
=Dy, min *

Do,max
Zi:quin a; - logD(;

DCLM; , = exp Do
Zi:bo,min {
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Wherein DCLM; , and DCLM,; , represent the diffusion coefficient log mean values
for the water and oil signals, Dy, _in and Dy, _ax TEpresent minimum and maximum water
diffusion values in the identified water signal, D, _,,, and D,_;,4, T€present minimum and
maximum oil diffusion values in the identified oil region, a; represents a distribution of
amplitudes at a discrete T, value in the D/T, map, DC; represent distinct diffusion
coefficient values in the identified water or oil region, and j represents a discrete T, value
with j_w representing a T, value in the identified water region and j_o representing a T,

value in the identified oil region.

6. The method of claim 3, wherein the effective surface relaxivity values of
water and oil are computed in (iii) by minimizing a least squares cost function including a

generalized fluid diffusion model.

7. The method of claim 6, wherein minimizing the least squares cost function

1s expressed mathematically as follows:
: 2
min || Z w; (D(Ty;,x) DCLM;)
)

wherein x is a vector of the effective surface relaxivity value of water or oil, T;;
and DCLM,; represent discrete coordinates of a diffusion coefficient log mean curve on the
diffusion relaxation map, D(TZ I x) represents the generalized diffusion fluid model, and

w; represent weighting functions.
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8. The method of claim 3, wherein the wettability value of the subterranean

formation is computed using at least one of the following equations:

peff_w
W =
(Perrw + Pefr o/ PR)
IW=2W 1= (Pesrw  Perro/PrR)

B Perrwt Perro/Pr)

peff_w(Sw)

W orrw G + porr oGP0

~ (PerrwSu)  Perr o(S)/Pr)

IwW=2wW 1=
PerrwSu) + PerrolSs)/PrR)

wherein W and IW represent the wettability value, pess  and peyy , represent the
effective surface relaxivity values of water and oil, pp represents a ratio of an intrinsic
surface relaxivity of oil to an intrinsic surface relaxivity of water, and S,, and S, represent

water and oil saturation values.

9. The method of claim 1, wherein:

the nuclear magnetic resonance (NMR) logging tool comprises a logging while
drilling tool; and

the logging while drilling tool is substantially stationary in the wellbore while
causing the RF antenna to transmit first and second electromagnetic pulse sequences into
the subterranean formation in (b) and receiving electromagnetic resonance signals at the

RF antenna corresponding to said transmitted magnetic pulse sequences in (c).
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10. The method of claim 1, further comprising;
storing the magnetic resonance signals received in (¢) in downhole memory;
retrieving the NMR logging tool from the subterranean wellbore; and

wherein the processing in (d) and (e) is performed at a surface location.

11.  The method of claim 1, wherein the method further comprises transmitting
the magnetic resonance signals received in (c) to a surface location such that the processing

in (d) and (e) is performed using a surface processor.

12. A method for determining wettability of a formation core, the method
comprising:

(a) acquiring a formation core sample from a subterranean wellbore;

(b) deploying the formation core sample in a nuclear magnetic resonance
(NMR) tool, the NMR tool including a static magnetic field source and a radio frequency
(RF) antenna, magnetic flux from the static magnetic field source penetrating the formation
core sample;

© causing the RF antenna to transmit first and second electromagnetic pulse
sequences into the formation core sample;

(d receiving magnetic resonance signals at the RF antenna corresponding to
the electromagnetic pulse sequences transmitted in (c);

(e processing the magnetic resonance signals received in (d) to generate a two
dimensional diffusion relaxation map;

® processing the diffusion relaxation map generated in (e) to compute a

wettability value of the formation core sample.
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13. The method of claim 12, wherein the formation core sample comprises a

fresh state formation core.

14. The method of claim 12, wherein (e) further comprises:

(1) processing the diffusion relaxation map using a generalized fluid diffusion
model to compute effective surface relaxivity values of water and oil; and

(i1) processing the effective surface relaxivity values of water and oil to compute

the wettability value of the subterranean formation.

15. The method of claim 12, wherein (e) further comprises:

(1) identifying water and oil signals in the diffusion relaxation map generated
in (e);

(i1) estimating or computing a diffusion coefficient log mean value for each of
the water and oil signals identified in (i);

(i11)  processing the diffusion coefficient log mean values for the water and oil
signals to compute corresponding effective surface relaxivity values of water and oil;

(iv)  processing the effective surface relaxivity values of water and oil in

combination to compute the wettability value of the subterranean formation.

16. The method of claim 15, wherein (ii) comprises:
estimating a diffusion value at a water peak in a T, curve to obtain the diffusion

coefficient log mean value for the water signal; and
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estimating a diffusion value at an oil peak in a 7, curve to obtain the diffusion

coefficient log mean value for the oil signal.

17. The method of claim 15, wherein the diffusion coefficient log mean values

for the water and oil signals are computed in (ii) using the following equations:

ZDWJ”‘”‘ a; - logDC;

=Dy min
DCLM; ,, = exp wa,max

i:DW,min t
ZDofmax

DL, = exp | 2

a; - logD(;

i=Dy min ¢

wherein DCLM; , and DCLM; , represent the diffusion coefficient log mean values
for the water and oil signals, Dy, _in and Dy, _ax TEpresent minimum and maximum water
diffusion values in the identified water signal, D, i, and Dy,_mqx Tepresent minimum and
maximum oil diffusion values in the identified oil region, a; represents a distribution of
amplitudes at a discrete T, value in the D/T, map, DC; represent distinct diffusion
coefficient values in the identified water or oil region, and j represents a discrete T, value

with j_w representing a T, value in the identified water region and j_o representing a T,

value in the identified oil region.

18. The method of claim 15, wherein the effective surface relaxivity values of

water and oil are computed in (iii) by minimizing a least squares cost function including a

generalized fluid diffusion model.
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19. The method of claim 18, wherein minimizing the least squares cost function

is expressed mathematically as follows:

. 2
min || Z w; (D(Ty;,x) DCLM;)
J

wherein x is a vector of the effective surface relaxivity value of water or oil, T;;
and DCLM,; represent discrete coordinates of a diffusion coefficient log mean curve on the
diffusion relaxation map, D(TZ I x) represents the generalized diffusion fluid model, and

w; represent weighting functions.

20. The method of claim 15, wherein the wettability value of the subterranean

formation is computed using at least one of the following equations:

peff_w
W =
(Perrw t+ Perro/Pr)
IW =2W 1= (peff_W peff_o/pR)
Perrwt Perro/Pr)
W = peff_w(Sw)
(peff_w(Sw) + peff_o(So)/pR)
S S
IW=2W 1= (peff_W( w) peff_o( 0)/pR)

B Perrw(Su) + Pesr o(S.)/Pr)

wherein W and IW represent the wettability value, pess  and peyy , represent the
effective surface relaxivity values of water and oil, pp represents a ratio of an intrinsic
surface relaxivity of oil to an intrinsic surface relaxivity of water, and S,, and S, represent

water and oil saturation values.
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