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WHILE-DRILLING APPARATUS FOR
MEASURING STREAMING POTENTIALS AND
DETERMINING EARTH FORMATION
CHARACTERISTICS AND OTHER USEFUL
INFORMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefits of priority from the
following U.S. patent applications:

[0002] i) Application Ser. No. 10/871,856, entitled
“WHILE-DRILLING APPARATUS FOR MEASURING
STREAMING POTENTIALS AND DETERMINING
EARTH FORMATION CHARACTERISTICS,” filed on
Jun. 18, 2004;

[0003] 1ii) Application Ser. No. 10/871,854, entitled
“WIRELINE APPARATUS FOR MEASURING STREAM-
ING POTENTIALS AND DETERMINING EARTH FOR-
MATION CHARACTERISTICS,” filed on Jun. 18, 2004;

[0004] iii)) Application Ser. No. 10/871,446, entitled
“COMPLETION APPARATUS FOR MEASURING
STREAMING POTENTIALS AND DETERMINING
EARTH FORMATION CHARACTERISTICS,” filed on
Jun. 18, 2004; and

[0005] iv) Application Ser. No.10/872,112, entitled
“METHODS FOR LOCATING FORMATION FRAC-
TURES AND MONITORING WELL COMPLETION
USING STREAMING POTENTIAL TRANSIENTS
INFORMATION,” filed on Jun. 18, 2004;

all of which are commonly assigned to assignee of the
present invention and hereby incorporated by reference in
their entirety.

[0006] This patent application is also related to the fol-
lowing commonly-assigned U.S. patent applications which
are hereby incorporated by reference in their entirety:

[0007] i) No. , entitled “WHILE-DRILLING
APPARATUS FOR MEASURING STREAMING POTEN-
TIALS AND DETERMINING EARTH FORMATION
CHARACTERISTICS AND OTHER USEFUL INFOR-
MATION” (Attorney Docket No. 60.1610);

[0008] i) No. , entitled “WHILE-DRILLING
METHODOLOGY FOR DETERMINING EARTH FOR-
MATION CHARACTERISTICS AND OTHER USEFUL
INFORMATION BASED UPON STREAMING POTEN-
TIAL MEASUREMENTS” (Attorney Docket No. 60.1634);

[0009] iii)) No. , entitled “WHILE-DRILLING
METHODOLOGY FOR ESTIMATING FORMATION
PRESSURE BASED UPON STREAMING POTENTIAL
MEASUREMENTS” (Attorney Docket No. 60.1635);

each such U.S. patent application being simultaneously filed
herewith.

BACKGROUND OF THE INVENTION

[0010]

[0011] This invention relates broadly to the hydrocarbon
industry. More particularly, this invention relates to appara-
tus and methods for measuring streaming potentials result-
ing from pressure transients in an earth formation traversed

1. Field of the Invention

Jul. 26, 2007

by a borehole. This invention also relates to manners of
making determinations regarding earth formation character-
istics as a result of streaming potential measurements. One
such characteristic is the permeability of the formation at
different depths thereof, although the invention is not limited
thereto.

[0012] 2. State of the Art

[0013] Streaming potential, also commonly referred to as
electrokinetic potential, is an electric potential generated by
an electrolyte (e.g., water) flowing through a porous
medium. The history with respect to the possibility of
making streaming potential measurements in a borehole is a
long one. In U.S. Pat. No. 2,433,746, Doll suggested that
vigorous vibration of a downhole apparatus in a borehole
could generate pressure oscillations and fluid movement
relative to the formation which in turn could give rise to
measurable streaming potentials due to an electrokinetic
potential phenomenon. In U.S. Pat. No. 2,814,017, Doll
suggested methods for investigating the permeabilities of
earth formations by observing the differences in phase
between periodic pressure waves passed through the forma-
tions and potentials generated by the oscillatory motion of
the formation fluid caused by these pressure waves. Con-
versely, a periodically varying electric current was sug-
gested to be used to generate oscillatory motion of the
formation fluid, which in turn generated periodic pressure
waves in the formation. Measurements were to be made of
the phase displacement between the generating and the
generated quantities and a direct indication of the relative
permeability of the formation thereby obtained.

[0014] In U.S. Pat. No. 3,599,085, to A. Semmelink,
entitled, “Apparatus For Well Logging By Measuring And
Comparing Potentials Caused By Sonic Excitation”, the
application of low-frequency sonic energy to a formation
surface was proposed so as to create large electrokinetic
pulses in the immediate area of the sonic generator. In
accordance with the disclosure of that patent, the electroki-
netic pulses result from the squeezing (i.e. the competition
of viscosity and inertia) of the formation, and the streaming
potential pulses generate periodic movements of the forma-
tion fluid relative to the formation rock. The fluid movement
produces detectable electrokinetic potentials of the same
frequency as the applied sonic energy and having magni-
tudes at any given location directly proportional to the
velocity of the fluid motion at that location and inversely
proportional to the square of the distance from the locus of
the streaming potential pulse. Since the fluid velocity was
found to fall off from its initial value with increasing length
of travel through the formation at a rate dependent in part
upon the permeability of the formation rock, it was sug-
gested that the magnitude of the electrokinetic potential at
any given distance from the pulse provided a relative
indication of formation permeability. By providing a ratio of
the electrokinetic potential magnitudes (sinusoidal ampli-
tudes) at spaced locations from the sonic generator, from
which electrokinetic skin depth may be derived, actual
permeability can in turn be determined.

[0015] 1In U.S. Pat. No. 4,427,944, Chandler suggested a
stationary-type borehole tool and method for determining
formation permeability. The borehole tool includes a pad
device which is forced into engagement with the surface of
the formation at a desired location, and which includes
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means for injecting fluid into the formation and electrodes
for measuring electrokinetic streaming potential transients
and response times resulting from the injection of the fluid.
The fluid injection is effectively a pressure pulse excitation
of the formation which causes a transient flow to occur in the
formation. Chandler suggests a measurement of the charac-
teristic response time of the transient streaming potentials
generated in the formation by such flow in order to derive
accurate information relating to formation permeability.

[0016] InU.S. Pat. No. 5,503,001 (1996), Wong proposed
a process and apparatus for measuring at finite frequency the
streaming potential and electro-osmotic induced voltage due
to applied finite frequency pressure oscillations and alter-
nating current. The suggested apparatus includes an elec-
tromechanical transducer which generates differential pres-
sure oscillations between two points at a finite frequency and
a plurality of electrodes which detect the pressure differen-
tial and streaming potential signal between the same two
points near the source of the pressure application and at the
same frequency using a lock-in amplifier or a digital fre-
quency response analyzer. According to Wong, because the
apparatus of the invention measures the differential pressure
in the porous media between two points at finite frequencies
close to the source of applied pressure (or current), it greatly
reduces the effect of background caused by the hydrostatic
pressure due to the depth of the formation being measured.

[0017] Despite the long history and multiple teachings of
the prior art, it is believed that in fact, prior to field
measurements made in support of instant invention, no
downhole measurements of streaming potential transients in
actual oil fields have ever been made. The reasons for the
lack of actual implementation of the proposed prior art
embodiments are several. According to Wong, neither the
streaming potential nor the electro-osmotic measurement
alone is a reliable indication of formation permeability,
especially in formations of low permeability. Wong states
that attempts to measure the streaming potential signal with
electrodes at distances greater than one wavelength from
each other are flawed since pressure oscillation propagates
as a sound wave and the pressure difference would depend
on both the magnitude and the phase of the wave, and the
streaming potential signal would be very much lower since
considerable energy is lost to viscous dissipation over such
a distance. In addition, Wong states that application of a dc
flow to a formation and measurement of the response
voltage in the time domain will not work in low permeability
formations since the longer response time and very low
streaming potential signal is dominated by drifts of the
electrodes’ interfacial voltage over time. Thus, despite the
theoretical possibilities posed by the prior art, the conven-
tional wisdom of those skilled in the art (of which Wong’s
comments are indicative) is that useful streaming potential
measurements are not available due to low signal levels,
high noise levels, poor spatial resolution, and poor long-term
stability.

[0018] Indeed, it is difficult to obtain pressure transient
data with high spatial resolution as the borehole is essen-
tially an isobaric region. The pressure sensor placed inside
the borehole cannot give detailed information on the pres-
sure transients inside the formation if the formation is
heterogeneous. To do so, it is necessary to segment the
borehole into hydraulically isolated zones, a difficult and
expensive task to perform. Further, it will be appreciated that
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some of the proposed tools of the prior art, even if they were
to function as proposed, are extremely limited in application.
For example, the Chandler device will work only in drilled
boreholes prior to casing and requires that the tool be
stationed for a period of time at each location where mea-
surements are to be made. Thus, the Chandler device cannot
be used as an MWD/LWD (measurement or logging while
drilling) device, is not applicable to finished wells for
making measurements during production, and cannot even
be used on a moving string of logging devices.

SUMMARY OF THE INVENTION

[0019] It is therefore an object of the invention to provide
methods and apparatus for measuring streaming potential in
an earth formation.

[0020] Tt is another object of the invention to provide
methods and apparatus for measuring streaming potentials in
a formation while drilling a borehole.

[0021] Ttis an additional object of the invention to provide
methods of determining formation characteristics using
streaming potentials measurements.

[0022] Another object of the invention is to provide meth-
ods of identifying dangerous drilling conditions, such as
under-balanced drilling conditions and/or fluid loss from
fractures, using streaming potential measurements.

[0023] A further object of the invention is to provide
methods of determining formation permeability and/or for-
mation pressure using streaming potential measurements.

[0024] 1In accord with these objects, which will be dis-
cussed in detail below, a logging-while-drilling apparatus
and methodologies for measuring streaming potential in an
earth formation are provided. For purposes herein, logging-
while-drilling (LWD) applications and measurement-while-
drilling (MWD) applications will be considered inter-
changeable. The apparatus and methodologies can be
utilized to find information relevant to the drilling opera-
tions. In particular, since the streaming potential measure-
ment relates directly to fluid flow, the streaming potential
measurements can be used to track flow of fluids in the
formation. In turn, this information may be used to find
information relevant to the drilling operations, such as
under-balanced drilling conditions, abnormal formation
pressures, open fractures, the permeability of the formation,
and formation pressure.

[0025] Additional objects and advantages of the invention
will become apparent to those skilled in the art upon
reference to the detailed description taken in conjunction
with the provided figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 is a schematic diagram of a drill string that
is suspended in a borehole together with a logging-while-
drilling apparatus that derives streaming potential measure-
ments in accordance with the present invention.

[0027] FIG. 2 is a cross-sectional view of the bottom-hole
assembly of the drill string, which embodies an exemplary
embodiment of a logging-while-drilling apparatus in accor-
dance with the present invention.

[0028] FIG. 3 is schematic representing a forward model
of an exemplary bottom hole assembly that embodies a
logging-while-drilling apparatus in accordance with the
present invention.
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[0029] FIG. 4 is a plot of an oscillating streaming potential
signal measured at electrode E1 and an over-balanced pres-
sure for the model of FIG. 3.

[0030] FIG. 5 is a section of the plot of FIG. 4 in an
expanded time scale.

[0031] FIG. 6 is a schematic diagram of the signal pro-
cessing operations that derive the various components of the
streaming potential signals measured by the logging-while-
drilling apparatus of FIGS. 1, 2 and 3.

[0032] FIG. 7A is a plot of pressure at a point near the
borehole surface.

[0033] FIG. 7B is a plot of pressure at an interior point of
the formation away from the borehole surface.

[0034] FIG. 8 is a plot of the DC, in-phase and out-of-
phase components of the streaming potential signal mea-
sured by the electrode E1 in conjunction with an oscillating
over-balanced pressure, which is generated by the model of
FIG. 3.

[0035] FIG. 9 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 with the isolation joint located 3 feet behind
the drill bit, which is generated by the model of FIG. 3.

[0036] FIG. 10 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 with the isolation joint located 5 feet behind
the drill bit, which is generated by the model of FIG. 3.

[0037] FIG. 11 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 with the isolation joint located 12 feet behind
the drill bit, which is generated by the model of FIG. 3.

[0038] FIG. 12 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
the electrodes F1, E2, E3, E4 with the isolation joint located
3 feet behind the drill bit, which is generated by the model
of FIG. 3.

[0039] FIG. 13 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
the electrodes F1, E2, E3, E4 with the isolation joint located
5 feet behind the drill bit, which is generated by the model
of FIG. 3.

[0040] FIG. 14 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
the electrodes F1, E2, E3, E4 with the isolation joint located
12 feet behind the drill bit, which is generated by the model
of FIG. 3.

[0041] FIG. 15 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3, E4 without an isolation joint, which is generated by
the model of FIG. 3.

[0042] FIG. 16 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 in conjunction with an under-balanced
drilling condition, which is generated by the model of FIG.
3.

[0043] FIG. 17 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
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the electrodes E1, E2; E3 and E4 in conjunction with an
under-balanced drilling condition, which is generated by the
model of FIG. 3.

[0044] FIG. 18 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 in conjunction with drilling through an open
fracture that is closed later by mudcake, which is generated
by the model of FIG. 3.

[0045] FIG. 19 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
the electrodes E1, E2, E3 and E4 in conjunction with drilling
through an open fracture that is closed later by mudcake,
which is generated by the model of FIG. 3.

[0046] FIG. 20 is a plot of the DC component of the
streaming potential signal measured by the electrodes F1,
E2, E3 and E4 in conjunction with drilling through an open
fracture that is not closed by mudcake, which is generated by
the model of FIG. 3.

[0047] FIG. 21 is a plot of the in-phase and out-of-phase
components of the streaming potential signal measured by
the electrodes E1, E2, E3 and E4 in conjunction with drilling
through an open fracture that is not closed by mudcake,
which is generated by the model of FIG. 3.

[0048] FIG. 22 is a plot of the DC component of the
streaming potential signal measured by the electrode El
over a set of varying radial permeabilities and a vertical
permeability of 100 mD, which is generated by the model of
FIG. 3.

[0049] FIG. 23 is a plot of the DC component of the
streaming potential signal measured by the electrode El
over a set of varying vertical permeabilities and a radial
permeability of 100 mD, which is generated by the model of
FIG. 3.

[0050] FIG. 24 is a plot of the DC component of the
streaming potential signal measured by the electrode El
over a set of varying vertical permeabilities and a radial
permeability of 4 mD, which is generated by the model of
FIG. 3.

[0051] FIG. 25 is a plot of discrete log time derivatives of
the DC component of the streaming potential signal mea-
sured by the electrode E1 over a set of varying radial
permeabilities and a vertical permeability of 100 mD, which
is generated by the model of FIG. 3.

[0052] FIG. 26 is a plot of discrete log time derivatives of
the DC component of the streaming potential signal mea-
sured by the electrode E1 over a set of varying vertical
permeabilities and a radial permeability of 100 mD, which
is generated by the model of FIG. 3.

[0053] FIG. 27 is a plot of discrete log time derivatives of
the DC component of the streaming potential signal mea-
sured by the electrode E1 over a set of varying vertical
permeabilities and a radial permeability of 4 mD, which is
generated by the model of FIG. 3.

[0054] FIG. 28 is a plot of the ratio of the out-of-phase
component to the in-phase component of the streaming
potential signal measured by the electrode E1 over a set of
varying radial permeabilities and a vertical permeability of
100 mD, which is generated by the model of FIG. 3.
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[0055] FIG. 29 is a plot of the ratio of the out-of-phase
component to the in-phase component of the streaming
potential signal measured by the electrode E1 over a set of
varying vertical permeabilities and a radial permeability of
100 mD, which is generated by the model of FIG. 3.

[0056] FIG. 30 is a plot of the ratio of the out-of-phase
component to the in-phase component of the streaming
potential signal measured by the electrode E1 over a set of
varying vertical permeabilities and a radial permeability of
4 mD, which is generated by the model of FIG. 3.

[0057] FIG. 31 is a plot of the DC component of the
streaming potential signal measured by the electrode E1 in
conjunction with a set of over-balanced pressure values,
which is generated by the model of FIG. 3.

[0058] FIG. 32 is a diagram illustrating curve-fitting
operations that derive an estimate of formation pressure
while drilling based upon the magnitude of streaming poten-
tial measurements over a set of varying over-balancing
pressures.

[0059] FIG. 33 is a schematic diagram of a logging-while
drilling tool and a drill bit.

[0060] FIG. 34 is a schematic diagram of a drill bit and a
logging-while drilling tool with all electrodes insulated from
the rest of the tool.

[0061] FIGS. 35A and 35B are schematic diagrams of
multiple electrodes distributed about the circumference of a
drill collar.

DETAILED DESCRIPTION

[0062] Prior to turning to the Figures, some theoretical
considerations governing the physics of the invention are
useful. In reservoir rocks there exists a thin charged double
layer at the interface between the porous rock matrix and
water in the porous rock matrix. In typical conditions, the
matrix surface is negatively charged, and the water is
positively charged. When water moves under a pressure
gradient Vp, an electrical current i, is created with the water
current. The electrical current is proportional to the water
current, which is proportional to the pressure gradient:

i, =LVp, (€9

[0063] where L is a coupling constant which is a property
of the fluid-saturated rock.

[0064] Pressure transients are created in the formation by
many different operations that occur over the lifetime of a
well such as drilling, mud invasion, cementing, water and
acid injection, fracturing, and oil and gas production. Pres-
sure transient testing is an established technique to deter-
mine reservoir properties such as permeability, reservoir
size, and communication between different zones and
between different wells. As is set forth below, streaming
potential transients associated with the pressure transients
can also be used to determine these properties.

[0065] The modeling of the reservoir pressure p can be
carried out with multiphase flow models. For the modeling
of the streaming potential, it is useful to start with the
diffusion equation of a single-phase flow:
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where k is the permeability, p is the viscosity, ¢ is the
porosity, and ¢ is the fluid compressibility.

From the modeled pressure field p, the streaming potential
v can be calculated by solving the Poisson Equation:

-V-oVv=V-LVp, ©)
[0066] where o is the electrical conductivity.

[0067] From Eq. (2) it follows that the time At for a
pressure transient and the associated streaming potential
transient created at the borehole surface to diffuse through a
distance Ax into the formation is given by:

pep @

2
Ar~ T(Ax) .

[0068] The early time pressure and streaming potential
transients are sensitive mainly to reservoir properties near
the borehole, and the late time transients are sensitive to
reservoir properties both near the borehole and farther away
from the borehole. By interpreting the measured transients
in a time ordered fashion, reservoir properties at different
distances to the borehole can be determined. The interpre-
tation of pressure transients in this time ordered fashion is an
established art. For example, early time pressure transients
are used to determine damage to permeabilities of “skin”,
and late time pressure transients are used to determine
reservoir boundaries. As is set forth below, streaming poten-
tial transients associated with the pressure transients can be
used to determine these properties.

[0069] The applications are much more limited if the
steady state values of the streaming potentials are the only
measurements available. At a steady state, equation (2)
becomes

k 5
V.SVp=0. ®
u

The pressure drop Ap across a depth interval Ax is then
proportional to

Ap o i—‘Ax. ©

The drop in the streaming potential Av is related to Ap by

7
AV =——Ap, M

9=
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which is proportional to

17 8
AV o« A, ®
ak

[0070] The steady state streaming potential can only give
information on the average value of a reservoir property and
as a result is dominated by intervals with high values of
(Lw)/(ok). It is believed that in the presence of a mudcake,
the steady state streaming potential is dominated by the
mudcake and is insensitive to reservoir properties. The
permeability of the mudcake is extremely low, and the
steady state pressure drop mainly exists across the mudcake.

[0071] While in principle it is possible to determine res-
ervoir properties at all distances to the borehole (i.e., radially
from the borehole) by interpreting the transients in a time
ordered fashion, the critical question in practice is whether
the measurements can be made with sufficient quality:
accuracy, spatial resolution, and stability over long time. It
is difficult to get pressure transient data with high spatial
resolution as the borehole is essentially an isobaric region.
A pressure sensor placed inside the borehole cannot give
detailed information on the pressure transients inside the
formation if the formation is heterogeneous. To do so, it
would be necessary to segment the borehole into hydrauli-
cally isolated zones, a difficult and expensive task to per-
form. On the other hand, the borehole is not an equipotential
surface for electric current flow. Thus, streaming potential
transients may be measured by an array of electrodes placed
inside the borehole and electrically isolated (i.e., insulated)
one from the other and can provide equivalent information
to that of hydraulically isolated zone pressure transient
testing because the streaming potential is determined by the
pressure gradient. In fact, by utilizing an array of isolated
streaming potential electrodes, the streaming potential can
be measured with a higher spatial resolution than hydrauli-
cally isolated zone pressure transient testing.

[0072] Formation properties vary from place to place
(inhomogeneity) and may also vary with direction at a given
place (anisotropy). Consequently, the streaming potential at
a particular depth may vary around the circumference of the
borehole. For example, a fracture that crosses the borehole
at an oblique angle can produce significant changes in
streaming potential with azimuth. Another example is per-
meability anisotropy, which modifies the flow distribution
resulting from a pressure transient. Since the flow distribu-
tion affects the streaming potential, permeability anisotropy
can also produce azimuthal variations in streaming potential.
Thus, azimuthal measurements of streaming potential may
be interpreted to determine inhomogeneity and anisotropy of
formation properties.

[0073] Given the theoretical understandings above,
according to one aspect of the invention, an apparatus and
method for measuring streaming potentials while drilling a
borehole is provided. In particular, during drilling, a pres-
sure difference between the formation and the borehole
creates mud invasion and pressure transients, and thus,
streaming potential transients. In wells drilled with an oil-
based mud, a streaming potential will exist if the mud
contains a water fraction.

Jul. 26, 2007

[0074] Turning now to FIG. 1, a schematic illustration of
a borehole 10 drilled into a formation 12 by a rotary drilling
apparatus that employs a while-drilling streaming potential
measurement tool in accordance with the present invention.
The drilling apparatus includes a drill string 14 composed of
a number of interconnected tubular drill collar sections
(including the six shown as 15A, 15B, 15C, 15D, 15E, 15F)
supporting at their lower end a drill collar 16 terminated by
a drill bit 17. At the surface, the drill string 14 is supported
and rotated by standard apparatus (not shown), thereby
rotating the drill bit 17 to advance the depth of the borehole
10.

[0075] A recirculating flow of drilling fluid or mud is
utilized to lubricate the drill bit 17 and to convey drill
tailings and debris to the surface 18. Accordingly, the
drilling fluid is pumped down the borehole 10 and flows
through the interior of the drill string 14 (as indicated by
arrow 19), and then exits via ports (not shown) in the drill
bit 17. The drilling fluid exiting the drill bit 17 circulates
upward (as indicated by arrows 20) in the region between the
outside of the drill string 14 and the periphery 21 of the
borehole, which is commonly referred to as the annulus.

[0076] The bottom portion of the drill string 14, including
the drill bit 17, the drill collar 16 and at least one tubular drill
collar section connected the drill collar 16 (e.g. drill collar
section 15F), is referred to as a bottom hole assembly 100.
In accordance with the present invention, the bottom hole
assembly 100 includes capabilities of measuring streaming
potential while-drilling as described below in more detail.
The while-drilling measurements are observed in the bore-
hole 10 with the bottom hole assembly 100 located in the
borehole during drilling, pausing, tripping or other opera-
tions.

[0077] As shown in the cross-section of FIG. 2, the bottom
hole assembly 100 includes a series of interconnected ele-
ments including the tubular drill collar section 15F, the drill
collar 16 and the drill bit 17. The drill collar section 15F
includes a metal body 101 and three external ring electrodes
102-1, 102-2, 102-3 that are spaced apart longitudinally and
mounted on a suitable insulating medium (e.g., insulating
pads 103-1, 103-2, 103-3) that electrically insulates the
electrodes from the metal body 101. The drill collar section
15F also includes a pressure sensor 104 mounted thereon for
measuring the downhole pressure.

[0078] The drill bit 17 is interconnected to the bottom of
the drill collar 16 by a threaded coupling 105. The top of the
drill collar 16 is interconnected to the bottom of the drill
collar section 15F by an insulation joint 106 that electrically
insulates the metal body of the drill collar section 15F from
the drill collar 16 and the drill bit 17. The insulation joint
106 allows the metal body of the drill collar 16 and drill bit
17, collectively, to be used as a measuring electrode for
streaming potential measurements and also allows the metal
body 101 of the drill collar section to be used as a voltage
reference electrode for streaming potential measurements as
described below in more detail. In the preferred embodi-
ment, one of the electrodes (102-1) is located adjacent to (or
on) the insulating joint 106. In this configuration, the electric
streaming current created by the spurt loss at the drill bit 17
is forced to flow further out in the formation 12 and into the
drill string above the isolation joint 106. With the electrode
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102-1 placed adjacent to (or on) the isolation joint 106, it
will have a strong signal even if it is a good distance behind
the drill bit 17.

[0079] An annular chassis 107 fits within the drill collar
section 15F and the drill collar 16. The annular chassis does
not provide an electrical short circuit between the drill collar
section 15F and the drill collar 16. Preferably, the annular
chassis ends at the isolation joint and an insulated wire
connects electronics inside the annular chassis to the drill
collar 16. Alternatively, if a portion of the annular chassis
extends below the isolation joint, it is made of a non-
conductive material (for example, made of fiberglass
epoxy). The annular chassis 107 houses wiring that is
electrically coupled via insulated feed-throughs (not shown)
to the electrodes 102-1, 102-2, 102-3, the pressure sensor
104, the metal body of the drill collar/drill bit (which is used
as a measuring electrode for streaming potential measure-
ments), and the metal body 101 of the drill collar section 15F
(which is used as a reference electrode for streaming poten-
tial measurements). The drilling fluid flows through the
center of the annular chassis 107 as shown by the arrows
108. The annular chassis 107 also preferably includes inter-
face electronics and telemetry electronics which interface to
an MWD mud pulse telemetry system located in a separate
drill collar. The MWD mud pulse telemetry system gener-
ates oscillating pressure waves that propagate upwards
inside the drill string, and which are detected by a pressure
sensor mounted on the drilling rig. The mud pulse telemetry
system encodes the downhole measurements, which are
decoded by the surface-located data processing equipment
(e.g., a processor and associated data storage). The data
processing equipment receives data signals representative of
the streaming potentials measured by the electrodes as well
data signals representative of the pressure measured by the
pressure sensors. Such data signals are analyzed to obtain
answer products as discussed below.

[0080] The streaming potential values measured by the
electrodes are passive voltage readings, which can be made
in a highly resistive borehole by using high impedance
electronics. In wells drilled with oil-based mud, the elec-
trodes need to be as large as possible and placed as close as
possible to the formation to reduce electrode impedance.

[0081] It will be appreciated by those skilled in the art that
in order to properly analyze the data signals derived from the
electrodes and/or pressure sensor of the bottom hole assem-
bly 100, a model of mudcake built up during drilling should
be included in the forward model. Drilling muds are
designed to prevent significant loss of borehole fluid by
forming a nearly impermeable barrier —mudcake—on the
borehole wall. The mudcake consists of clays and fine
particles that are left behind when mud invades a permeable
formation. Accurate models of mudcake formation and mud
filtration such as disclosed in E. J. Fordham and H. K. J.
Ladva, “Crossflow Filtration of Bentonite Suspensions”,
Physico-Chemical Hydrodynamics, 11(4), 411-439 (1989)
can be utilized. With an appropriate model, the streaming
potential information derived from the electrodes and/or
pressure sensor of the bottom hole assembly 100 can yield
various answer products that are applicable to a wide variety
of applications such as drilling safety and formation evalu-
ation. For example, the applications within drilling safety
include the early detection of under-balanced condition in
over-pressured zones, early detection of fluid loss through
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fractures and faults, and the estimation of formation pres-
sure. In other examples, the applications within formation
evaluation include the estimation of formation permeability
and the evaluation of fractures.

[0082] An exemplary model is illustrated in the schematic
diagram of FIG. 3. In this model, the electrode 102-1
(referred to below as electrode “E2”) is located at the
mid-point of a 0.5 ft long isolation joint 106 with the
electrodes 102-2 and 102-3 (referred to below as electrodes
“E3” and “E4”, respectively) located in the midpoint of 1 ft
long surface insulating sections 102-2, 102-3, which are
offset by 1 ft and 4 fi, respectively, from the top of the
insulation joint 106. Three different lengths (3 ft., 5 ft and 12
ft) of the drill collar 16 are used. The drill collar/drill bit is
referred below as electrode E1. The metal body of the drill
collar section 15F defines a reference electrode. The bore-
hole is a vertical well. The conductivity of the formation is
1 S/m, the conductivity of the annulus is 10 S/m, and the
conductivity of the drill collar 16 and the drill bit 17 is 107
S/m. The mud pump and the mud pulse telemetry cause the
bottom-hole pressure to oscillate. The mud pulse telemetry
system can create pressure pulses of a few hundred psi
(pounds per square inch) at frequencies from below 1 Hz to
above 20 Hz. The difference between the bottom hole
pressure and the formation is taken to be

pP=po+ plsin(Zn%)

where the initial pressure p, is assumed to be 500 psi as an
example of over-balanced drilling, and is assumed to be
-500 psi as an example of under-balanced drilling. The
oscillating pressure from the mud pulse telemetry system is
P, which is assumed to be is 35 psi, and the period of the
mud pulse signal is T, which is assumed to be 1 second. In
the following examples, the rate of penetration of the drill bit
is assumed to be constant at 33 ft/hr till the drilling stops.
The drill bit and the drill collars located above it are assumed
to be in an impermeable formation (12A of FIG. 1) until time
t=0, when the drill bit cuts into a permeable formation (12B
of FIG. 1). For times t<0, there is no streaming potential
because there is no fluid flowing into, or out of, the imper-
meable formation. For times t>0, the fluid in the borehole
flows into the permeable formation (over-balanced situa-
tion), or fluid from the permeable formation flows into the
borehole (under-balanced situation). The amount of perme-
able formation exposed to the borehole is given by the rate
of penetration multiplied by the time, t. At time t=800
seconds, the drilling stops with the drill bit having pen-
etrated 7.3 ft into the permeable formation; but the mud
pump and the mud-pulse telemetry continue to operate. In
the over-balanced case, a mudcake continues to form and
reduces the flow of fluid into the formation. In the under-
balanced case, the fluid continues to flow out of the forma-
tion since mudcake cannot form.

[0083] An oscillating streaming potential signal may be
derived from a differential voltage measurement (block 601
of FIG. 6) between the reference electrode and one of the
four electrodes (e.g., E1, E2, E3, or E4), which is herein
referred to as the “measuring electrode”. For example, an
oscillating streaming potential signal derived from the drill
collar/drill bit (electrode E1) and an overbalancing pressure
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is shown in the graph of FIG. 4. A section of FIG. 4 is shown
in expanded time scale in FIG. 5. Between time t=0 and
t=800 seconds, the drill bit cuts into the permeable formation
(12B). At t=800 seconds, electrodes E1, E2, and E3 are in
the permeable formation, while E4 remains in the imper-
meable formation.

[0084] In the over-balanced case, mud filtrate invades the
permeable formation, producing a streaming potential. Most
of the invasion occurs at the cutting face of the drill bit,
which continuously removes mudcake. Behind the drill bit’s
cutting face, mudcake forms on the borehole wall and
inhibits further invasion. When the drilling stops at t=800
seconds, the invasion also stops, and the streaming potential
rapidly decreases.

[0085] In the under-balanced case, formation fluids flow
into the wellbore along the entire length of the borehole in
the permeable formation, as well as at the cutting face of the
bit. Because mudcake cannot form, the streaming potential
does not decrease once the drilling stops.

[0086] Alternatively, separate DC and AC components of
the oscillating streaming potential signal can be acquired as
shown in FIG. 6. The DC component is acquired in block
602 by averaging the oscillating streaming potential signal
output by the differential voltage measurement of block 601
over time. The AC component is acquired in block 603 by
filtering out the DC component (and other unwanted com-
ponents) of the oscillating streaming potential signal output
by the differential voltage measurement of block 601. Fur-
thermore, the in-phase component and the out-of-phase
component of the streaming potential signal (hereinafter
referred to as AC components) can be acquired in block 605
by synchronous detection of the AC component of the
streaming potential signal (output by block 603) with the AC
component of the bottom hole pressure measured by the
pressure sensor (output by block 604). The AC component
of the bottom hole pressure is acquired in block 604 by
filtering out the DC component (and other unwanted com-
ponents) of the pressure signal output by the pressure.
Importantly, the AC of the oscillating streaming potential
signal are less subject to noise contamination than the DC
components of the oscillating streaming potential signal.

[0087] The origin of the out-of-phase component of the
streaming potential signal can be understood in the follow-
ing way. The oscillating bottom hole pressure will diffuse
into the formation. At an interior point in the formation the
pressure will have a phase difference with the bottom hole
pressure. The phase difference depends on the distance to the
borehole and on the formation permeability and the fluid
properties. The streaming current at an interior point will be
in phase with the pressure gradient at that point and have a
phase difference with the bottom hole pressure. The stream-
ing current at each interior point gives a contribution to the
streaming potential at the measuring electrode; the contri-
bution is in phase with the pressure gradient at the interior
point. The streaming potential at the measuring electrode is
the integral of the contributions from all points in the
formation. Therefore, there will exist an out-of-phase com-
ponent of the streaming potential signal.

[0088] Since the pressure is governed by the diffusion
equation rather than the wave equation, the response of the
pressure at some distance away from the source becomes
diffuse. At large distance away, the detailed information

Jul. 26, 2007

about the source, both spatially and temporally, will be lost
in the pressure. Therefore, the oscillatory part of the pressure
should diminish with increasing distance to the source of the
pressure disturbance. The pressure at a point near the
borehole surface is plotted in FIG. 7A, and the correspond-
ing pressure at an interior point of the formation away from
the borehole surface is plotted in FIG. 7B. It can be seen the
amplitude of the oscillatory part as a percentage of the DC
part does decrease significantly as one moves away from the
source. Consequently, the AC component of the streaming
potential has shallower depths of investigation than the DC
component.

[0089] The DC, the AC in-phase component, and the AC
out-of-phase components of a streaming potential signal
measured by the electrode E1 are shown in FIG. 8. The
in-phase and out-of-phase components are plotted at differ-
ent scales from the DC component, with the AC components
multiplied by a factor of 10 for clarity. These AC compo-
nents saturate earlier than the DC component and decline
more rapidly when the drilling stops. These properties reflect
the short-range nature of the AC components of the stream-
ing potential signal.

[0090] The phase difference between the bottom hole
pressure and the streaming potential depends on formation
permeability. The potential use of the phase difference in the
determination of formation permeability will be discussed in
a later section.

[0091] The streaming potential signals measured by the
four electrodes E1, E2, E3 and E4 i are dependent upon the
positions of the electrodes along the drill string as well as the
position of the isolation joint 16 along the drill string. The
streaming potential signals at the four electrodes are shown
for over-balanced conditions in FIGS, 9-15. The isolation
joint 106 is located different distances from the drill bit 17
in these figures.

[0092] The DC signal components are shown in FIGS. 9,
10 and 11, respectively. Increasing spacing between the drill
bit 17 and the isolation joint 106 from 3 ft to 12 ft does not
cause a large drop in the DC signal amplitude. The signal
amplitude for electrode E1 is approximately 38 mV for a 3
ft spacing, and approximately 23 mV for a 12 ft spacing
between the bit and the isolation joint. The signal amplitude
of'electrode E2 is approximately 19 mV for the 3 ft spacing,
and 12 mV for the 12 ft spacing. Also note that electrode E2
is in the permeable bed for the 3 ft spacing, but is in the
impermeable bed for the 12 ft spacing. This slow decrease
in the DC signal amplitudes occurs because the drill bit 17
and the drill collar 16 form an equipotential surface and
passively focus the streaming potential electric current away
from the borehole. The isolation joint 106 forces the stream-
ing electrical current to return to the drill collar section 15F
behind the isolation joint 106. This also explains why the DC
amplitudes decrease slowly from E1 to E2. Once the stream-
ing electric current flows beyond the isolation joint 106, it
quickly returns to the drill collar 15F. This explains why the
amplitude at electrode E3 is much smaller than at E2.

[0093] The AC signal components are shown in FIGS. 12,
13, and 14, respectively. The amplitudes of the AC compo-
nents decrease slowly with increasing distance between the
drill bit and the isolation joint

[0094] The DC signal components calculated without the
isolation joint 106 are shown in FIG. 15. Comparing FIGS.
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15 and 9, the amplitudes without the isolation joint are 40
times smaller than with an isolation joint. Thus, an isolation
joint is preferably included in the tool design in order to
provide good signal strength.

[0095] FIGS. 9-15 show that accurate measurements of
streaming potential signals can be obtained preferably with
an isolation joint located in the drill string. The isolation
joint 106 need not be located immediately behind the drill bit
17. Note that when the distance between the isolation joint
106 and the drill bit 17 increased from 3 ft to 12 ft, the
magnitude of the streaming potential decreased only by a
factor of 2. Thus, it is contemplated that the isolation joint
106 may be placed 20 ft to 30 ft behind the drill bit 17 if
desired. This allows a directional drilling system to be
located immediately above the drill bit, and the isolation
joint to be placed above the directional drilling system. This
is an important practical consideration since most offshore
wells require a directional drilling system immediately
above the drill bit.

[0096] In accordance with one aspect of the present inven-
tion, the streaming potential signals measured by one or
more of the four electrodes E1, E2, E3, E4 of the assembly
100 can be used to detect under-balanced drilling conditions,
which is critical for drilling safety. Normally, an over-
balanced condition is maintained during drilling. If a for-
mation with unexpectedly high pressure is encountered such
that an under-balanced condition exists, the driller must take
immediate action to prevent a “blow-out”. A “blow-out” can
result in the loss of the well, environmental damage, and
potentially the loss of life. FIG. 16 shows the DC signal
components of the streaming potential signals with the
isolation joint 106 located 3 ft behind the drill bit 17. FIG.
17 shows the AC signal components. The detection of
under-balanced drilling conditions can be simply derived
from the DC signals by detecting a sign reversal in the DC
signals. From FIGS. 9 and 16, the sign of a DC signal is
negative for over-balanced drilling conditions and positive
for under-balanced drilling conditions. The DC signal will
go from negative to positive when a transition from over-
balanced to under-balanced drilling conditions occurs.

[0097] Alternatively, the AC signal components can be
used to detect under-balanced drilling conditions. Compar-
ing FIGS. 12 and 17, there is no sign reversal in the AC
components when a transition from over-balanced to under-
balanced drilling conditions occurs. However, the time dura-
tion of the rising period of the streaming potential after
entering the permeable zone is very different in the two
figures. In the over-balanced case, mudcake rapidly forms
on the borehole wall above the drill bit and reduces the
amount mud filtrate invasion behind the drill bit’s cutting
face. Hence, significant filtration only occurs at the cutting
face. Increasing the borehole length in the permeable for-
mation 12B does not increase the rate of filtration. In the
under-balanced situation, mudcake cannot form. Hence the
amount of mud filtrate increases as the length of the borehole
in the permeable formation increases. Moreover, when the
drilling is stopped at t=800 seconds, the AC signal compo-
nents rapidly decline for over-balanced drilling conditions
(FIG. 12), even though drilling fluid continues to circulate,
but remain steady for under-balanced drilling conditions
(FIG. 17). Again, the rapid build-up of mudcake in the
over-balanced case explains why the streaming potential
decreases rapidly at t=800 seconds. Whereas in the under-
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balanced case, the fluid continues to flow from the formation
into the borehole. Finally, the AC signal components at
electrode E3 remain very small for over-balanced drilling
conditions (FIG. 12), but increase significantly (e.g., at
t=600) for under-balanced drilling conditions (FIG. 17). In
accordance with the present invention, one or more of these
properties can be used as detection criteria for under-
balanced drilling conditions.

[0098] In accordance with another aspect of the present
invention, the streaming potential signals measured by one
or more of the four electrodes E1, E2, E3, E4 of the
assembly 100 can be used to detect open fractures, which is
critical for drilling safety. In particular, there may be sudden
fluid loss from natural or induced fractures during drilling,
resulting in lost circulation and potentially dangerously low
pressures in the borehole. In that case, the streaming poten-
tial will rapidly increase as fluids rush into the formation
through the open fractures. This fluid loss will not be noticed
at the surface until much later. FIG. 18 shows the DC signal
components with the isolation joint 106 located 3 ft behind
the drill bit 17 in conjunction with an open fracture that is
later sealed by mudcake. FIG. 19 shows the AC signal
components. FIG. 20 shows the DC signal components if the
fracture is not sealed by mudcake and FIG. 21 shows the AC
signal components. The fracture is a thin zone of high
permeability, and it is penetrated by the drill bit at t=320
seconds. As is evident from FIGS. 18-21, fluid flow
increases as the fracture is drilled through, which results in
large DC and AC streaming potential signals at electrodes
E1 and E2. The DC components are 40 times larger for
electrode E1 with the fracture than with the permeable
formation (FIG. 9). Similarly, the AC signal components are
significantly larger for electrode E1 with the fracture than
with the permeable formation (FIG. 12). When the fracture
is later sealed by mudcake (at t=380 seconds in FIGS. 18 and
19), the DC components and the AC components revert back
to their steady state values after the drill bit moves beyond
the fracture. When the facture is not sealed by mudcake
(FIGS. 20 and 21), there is no decrease when the drill bit
leaves the fracture. In accordance with the present invention,
these properties can be used as detection criteria for an open
fracture, which is also critical for drilling safety.

[0099] In accordance with yet another aspect of the
present invention, the streaming potential signals measured
by one or more of the four electrodes E1, E2, E3, E4 of the
assembly 100 can be used to characterize the radial perme-
ability and vertical permeability of the formation. After
drilling is stopped, mudcake quickly forms to stop fluid loss
in an over-balanced situation. The streaming potential sig-
nals decrease with time as the pressure gradient diffuses into
the formation. The decay is fast for formations of high
permeability and slow for formations of low permeability.
FIG. 22 shows the DC component measured by electrode E1
for five different values of radial permeability with a vertical
permeability of 100 mD. It can be seen that the decay rate
is quite sensitive to radial permeability. FIG. 23 shows the
DC component measured by electrode E1 for five different
values of vertical permeability with a radial permeability of
100 mD. FIG. 24 shows the DC component measured by the
electrode E1 for five different values of vertical permeability
with the radial permeability fixed at 4 mD. For better
visualization of the sensitivity of the decay rate to perme-
ability, the discrete log time derivatives (the difference
between the DC components at two time sample points
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divided by the DC component at the mid time sample point)
are shown in FIGS. 25-27, wherein the time interval is a
short interval of around 800 seconds when the drilling stops.
The sensitivity of the DC component to the radial perme-
ability of the formation is clear from the relatively large
separations between the curves of FIG. 25. The insensitivity
of'the DC component to vertical permeability with the radial
permeability fixed at 100 mD is clear from the relatively
small separations between the curves of FIG. 26. And the
insensitivity of the DC component to vertical permeability
with the radial permeability fixed at 4 mD is clear from the
relatively small separations between the curves of FIG. 27.
From these properties, it can be concluded that after the
drilling stops and mudcake builds up, the relaxation of the
excess pressure near the borehole is primarily in a radial
direction.

[0100] FIG. 28 depicts the ratio of the out-of-phase com-
ponent to the in-phase component (i.e. the tangent of the
phase angle) of the AC streaming potential signal measured
by electrode E1 for five different values of radial perme-
ability with the vertical permeability fixed at 100 mD. FIG.
29 depicts the tangent of the phase angle of the streaming
potential signal measured by electrode E1 for five different
values of vertical permeability with the radial permeability
fixed at 100 mD. And FIG. 30 depicts the tangent of the
phase angle of the streaming potential signal measured by
electrode E1 for five different values of vertical permeability
with the radial permeability fixed at 4 mD. It can be seen that
the tangent of the phase angle of the streaming potential
signal is sensitive to both the radial permeability and the
vertical permeability. In all three FIGS. 28-30, the absolute
value of the phase angle tangent decreases as the perme-
ability increases. In the limit of infinite permeability (or zero
compressibility) the pressure response inside the formation
to the borehole pressure variations is instantaneous. Sources
of streaming currents inside the formation are always in
phase with the borehole pressure. The phase angle
approaches zero as the permeability approaches infinity.

[0101] Since the decay rates and the phase angle tangents
have different sensitivities to the radial permeability and to
the vertical permeability, it is possible to estimate both the
radial permeability and the vertical permeability with the
combined DC and AC components. By minimizing the
difference between the measured and calculated values, both
radial permeability and vertical permeability are estimated.

[0102] Ifthe DC signal component of the streaming poten-
tial signal is unavailable, it is possible to estimate the
permeability of the formation with the AC components
alone. In this analysis, an assumption is made as the ratio
between the radial permeability and the vertical permeabil-

1ty.

[0103] In accordance with yet another aspect of the
present invention, the streaming potential signals measured
by one or more of the four electrodes E1, E2, E3, E4 of the
assembly 100 can be used to estimate formation pressure.
FIG. 31 shows the DC component of the streaming potential
signal measured at electrode E1 for three different over-
balancing pressures (500 psi, 400 psi, and 300 psi). The
borehole pressure can be varied by controlling the rate of the
mud pumps, by varying the weight of the drilling mud, or by
tripping the drill string into (or out) of the borehole. It is
evident from FIG. 31 that the DC streaming potential signals
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are proportional to the over-balance pressure. Therefore, the
formation pressure can be estimated by measuring the DC
components of the streaming potential at a plurality of
different borehole pressures. The magnitudes of the stream-
ing potential for the different over-balancing pressures are fit
to a straight line according to Darcy’s law. This straight line
is extrapolated to determine the formation pressure at zero
streaming potential. This pressure (the pressure at zero
streaming potential) is the formation pressure. The estima-
tion method is shown schematically in FIG. 32. The esti-
mation of formation pressure while drilling is extremely
important for drilling safety.

[0104] In accordance with yet another aspect of the
present invention, the streaming potential signals measured
by one or more of the four electrodes E1, E2, E3, E4 of the
assembly 100 can also be used for the early detection of
abnormal formation pressures. For example, if the formation
pressure becomes higher than the borehole pressure, the sign
of the DC component of the streaming potential signals will
reverse. This reversal of sign will be observable before
sufficient fluid has flowed into the borehole for the pressure
change to be directly observable. The build-up of the flow
reversal may happen over a short but finite period of time as
the abnormal pressure zone is being drilled. Any reversal of
flow will be immediately observable in the DC component
of the streaming potential measurements. Therefore, the DC
component streaming potential measurements have value in
the early detection of abnormal formation pressure. Because
the streaming measurement is made very close to the drill
bit, this provides the earliest possible warning of an over-
pressured formation.

[0105] A preferred embodiment of an LWD tool 100'
designed to measure the streaming potential is shown in
FIG. 33. The drill bit 17' is attached to the drill collar section
16' of the LWD tool 100" by a coupling 105'. The top of the
drill collar 16' is interconnected to the bottom of drill collar
section 15F' by an insulation joint 106' that electrically
insulates the metal body of the drill collar section 15F" from
the drill collar 16' and the drill bit 17'. The insulation joint
106' allows the metal body of the drill collar 16' and drill bit
17", collectively, to be used as a measuring electrode for
streaming potential measurements and also allows the metal
body 101' of the drill collar section 15F' to be used as a
voltage reference electrode for streaming potential measure-
ments as described herein. The drilling mud 108" passes
though the interior of the LWD tool and the drill bit 17" to
lubricate the drill bit 17' and to remove cuttings. A pressure
sensor 104+ measures the borehole pressure. The insulated
joint 106' can consist of a shop connection where the pin has
a thin ceramic coating, approximately 0.010 to 0.020 inches
thick. The ceramic-coated pin connection is screwed into a
mating box connection, and the assembled shop connection
is injected with epoxy. This shop connection is permanent
and not broken after the tool is manufactured. This assembly
can provide a high degree of electrical insulation between
the drill collar 16' and the collar section 15F".

[0106] A layer of insulation 103-1' covers the exterior of
the insulated joint 106', while another layer of insulation 112
covers the inside. These external and internal layers of
insulation can be made of fiberglass and/or rubber, for
example. Their purpose is to increase the electrical resis-
tance between the lower electrode E1 (drill collar 16' and
drill bit 17") and the drill collar 15F, which would otherwise
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be reduced when conductive drilling mud is present. The
external layer of insulation 103-1' also provides electrical
insulation around the E2 electrode 102-1' to increase the
signal strength. The electrodes 102-1' (E2), 102-2' (E3) and
102-3' (E4) can be metal rings embedded in the insulating
layers 103-1', 103-2', and 103-3', respectively. Each of these
three electrodes is attached to the measurement electronics
by pressure bulkheads and wires (not shown). These external
insulating layers and electrodes can be mounted flush with
the exterior of the drill collar or slightly recessed to prevent
damage. Wearbands with a slightly larger diameter than the
drill collar can also be added to prevent damage to the
electrodes.

[0107] Electrode E1 (drill collar 16' and drill bit 17') is
connected to the measurement electronics that are housed in
the annular chassis 107" by an internal electrical extender
110 that plugs into an electrical socket 111. The electrical
socket 111 is directly attached to a top interior portion of the
drill collar 16" to provide electrical connection to the E1
electrode (drill collar 16' and drill bit 17'). The electrical
extender 110 consists of a wire or medal rod that mates with
the electrical socket 111 when the shop connection is made-
up. An insulating layer surrounds the electrical extender 110,
and serves the same purpose as the internal insulating layer
112.

[0108] Electronics chassis 107" preferably contains the
measurement electronics, a processor and memory, a clock,
communication electronics, and may also contain a battery.
The annular chassis 107" is preferably made of metal and
provides an airtight chamber for the electronics. The annular
chassis 107' may be held inside the drill collar section 15F'
with jam-nut 113 which threads into the collar section 15F".
An electrical extender 114 on the upper connection of the
LWD tool provides an electrical connection to an MWD tool
(not shown), which communicates with the drilling rig via
mud pulse telemetry or electromagnetic telemetry.

[0109] Another embodiment of an LWD tool 100"
designed to measure the streaming potential is shown in
FIG. 34. This embodiment is similar in many respects to the
embodiment of FIG. 33. Thus, for simplicity of description,
reference numerals are shared for the common elements and
the description below addresses only the differences ther-
ebetween. In the embodiment of FIG. 34, the bottom E1
electrode is realized by an external insulating layer 103-4
and electrode 1024 mounted on the exterior of the drill collar
16". The electrode 102-4 may be realized a metal ring
embedded in the insulating layer 103-4. Similar to the
external electrodes mounted above the bottom electrode
102-4, the external insulating layer 103-4 and the electrode
102-4 can be mounted flush with the exterior of the drill
collar 16" or slightly recessed to prevent damage. Wear-
bands with a slightly larger diameter than the drill collar 16"
can also be added to prevent damage to the electrodes. The
insulation layer 103-4 insulates the E1 electrode 102-4 from
the body of the drill collar 16". The electrical extender 110",
the electrical socket 111" and the bulkhead 116 connect the
electrode 10-4 to the measurement eclectronics that are
housed in the annular chassis 107'.

[0110] Turning now to FIGS. 35A and 35B, an electrode
of the tools described herein, such as the E4 electrode 102-3'
of FIGS. 33 and 34, may be segmented into several separate
electrodes, in order to measure azimuthal variations of
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streaming potential. FIGS. 35A and 35B show four elec-
trodes (102-3A, 102-3B, 102-3C and 102-3D) distributed
about the circumference of drill collar 15F. The cross-
sectional view of FIG. 35A is perpendicular to the views in
FIGS. 33 and 34. The view of FIG. 35B shows only the
insulation 103-3 and three of the four electrodes. The four
electrodes are connected to the electronics by bulkheads and
wires (not shown). Any of the four electrodes (E1, E2, E3
and E4) of the tools described herein may be so configured.

[0111] There have been described and illustrated herein
several embodiments of apparatus and methods for measur-
ing streaming potentials and characterizing earth formation
characteristics therefrom. While particular embodiments of
the invention have been described, it is not intended that the
invention be limited thereto, as it is intended that the
invention be as broad in scope as the art will allow and that
the specification be read likewise. Thus, while particular
electrode arrangements have been disclosed, it will be
appreciated that modifications can be made, provided the
arrangement includes an array of electrodes capable of
measuring streaming potentials. Thus, while it is preferable
to surface mount the electrodes and pressure sensor on the
drill string sections of the bottom hole assembly, it will be
recognized that the electrode and pressure sensor may be
mounted to the drill string as part of a stabilizing collar or
other collar assembly. It will be appreciated that other
configurations could be used as well. If the well is drilled
using casing drilling, liner drilling, or coiled tubing drilling,
it is understood that the same principles could be applied to
these other drilling methods. The electrodes, insulation,
isolation joint, and other aspects described herein could be
implemented on casing section, liner sections, or coiled
tubing. It will therefore be appreciated by those skilled in the
art that yet other modifications could be made to the pro-
vided invention without deviating from its spirit and scope
as claimed.

What is claimed is:

1. An apparatus for investigating an earth formation
traversed by a borehole, the apparatus comprising:

a) a drill string terminated by a drill bit; and

b) a plurality of electrodes that are adapted to measure
streaming potential voltage signals, wherein at least
one of said plurality of electrodes is defined by said
drill bit.

2. An apparatus according to claim 1, wherein:

said drill string has a terminal portion including a drill
collar section and an insulation joint disposed between
said drill collar section and said drill bit such that said
drill collar section is electrically isolated from said drill
bit.

3. An apparatus according to claim 2, further comprising:

a drill collar that connects said insulation joint to said drill
bit, and said at least one electrode of said plurality of
electrodes is a metal body defined by said drill bit and
said drill collar, collectively.

4. An apparatus according to claim 2, wherein:

said plurality of electrodes further comprise an electrode
that is mounted onto said insulation joint.
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5. An apparatus according to claim 2, wherein:

said plurality of electrodes further comprise an electrode
that is mounted onto said drill collar section above said
insulation joint.

6. An apparatus according to claim 2, wherein:

said plurality of electrodes comprise a reference electrode
realized by said drill collar section.
7. An apparatus according to claim 1, further comprising:

at least one of first circuitry which derives a DC compo-
nent of a given streaming potential voltage signal and
second circuitry which derives an AC component of a
given streaming potential voltage signal.

8. An apparatus according to claim 7, further comprising:

a data processor which derives at least one answer product
relevant to drilling operations utilizing at least one of
said DC component and said AC component.

9. An apparatus according to claim 8, wherein:

said at least one answer product provides an indication of
under-balanced drilling conditions.
10. An apparatus according to claim 8, wherein:

said at least one answer product characterizes permeabil-
ity of the earth formation.
11. An apparatus according to claim 8, wherein:

said at least one answer product includes a first answer
product that characterizes radial permeability of the
formation and a second answer product that character-
izes vertical permeability of the formation.

12. An apparatus according to claim 8, wherein:

said at least one answer product provides an indication of
an open fracture in the earth formation.
13. An apparatus according to claim 8, wherein:

said at least one answer product provides an indication of
abnormal formation pressures.
14. An apparatus according to claim 1, further compris-

ing:

a pressure transducer for measuring bottom hole pressure.
15. An apparatus according to claim 14, further compris-

ing:
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circuitry which derives an in-phase component and out-
of-phase component of a given streaming potential
voltage signal by synchronous detection of an AC
component of the given streaming potential signal with
an AC component of the bottom hole pressure mea-
sured by said pressure transducer.

16. An apparatus according to claim 15, further compris-

ing:

a data processor which derives at least one answer product
relevant to drilling operations utilizing said in-phase
component and said out-of-phase component.

17. An apparatus according to claim 16, wherein:

said at least one answer product provides an indication of
under-balanced drilling conditions.
18. An apparatus according to claim 16, wherein:

said at least one answer product characterizes permeabil-
ity of the earth formation.
19. An apparatus according to claim 16, wherein:

said at least one answer product includes a first answer
product that characterizes radial permeability of the
formation and a second answer product that character-
izes vertical permeability of the formation.

20. An apparatus according to claim 16, wherein:

said at least one answer product provides an indication of
an open fracture in the earth formation.
21. An apparatus according to claim 16, wherein:

said at least one answer product provides an indication of
abnormal formation pressure.

22. An apparatus according to claim 2, wherein:

at least one electrode is operably disposed below said
insulation joint and is insulated from the drill bit.

23. An apparatus according to claim 1, wherein:

at least a portion of said plurality of electrodes are
distributed in groups about the circumference of the
apparatus.



