EP 1143 105 A1

) oo e NIACIIREATAAAR RN
(19) o European Patent Office

Office européen des brevets (11) EP 1 143 105 A1
(12) EUROPEAN PATENT APPLICATION
(43) Date of publication: (51) Intcl”: E21B 47/12, E21B 7/06,
10.10.2001 Bulletin 2001/41 E21B 4/02, E21B 17/10

(21) Application number: 01201151.6

(22) Date of filing: 28.03.2001

(84) Designated Contracting States: (72) Inventors:
ATBECHCYDEDKESFIFRGBGRIEITLILU ¢ Askew, Warren
MC NL PT SE TR Houston, Texas 77096 (US)
Designated Extension States: * Dorel, Alain P.
AL LT LV MKRO SI Houston, Texas 77082 (US)
(30) Priority: 04.04.2000 US 542607 (74) Representative: Macquet, Christophe
01.05.2000 US 200941 Schlumberger Cambridge Research Ltd,
02.05.2000 US 563801 P High Cross,
Madingley Road
(71) Applicants: Cambridge CB3 OEL (GB)

¢ SCHLUMBERGER HOLDINGS LIMITED
Road Town, Tortola (VG)
Designated Contracting States:
GB NL

¢ SCHLUMBERGER TECHNOLOGY B.V.
2514 JG The Hague (NL)
Designated Contracting States:
DKESIT

(54) Directional drilling system

(57) A system is provided for directionally drilling a

wellbore using a drill string having a mud motor, a drill -
bit, and a drive shaft for transmitting torque from the mud
motor to the drill bit. The system includes a variable
gauge stabilizer that is adjustable between retracted
and deployed positions for influencing the drop or build
angle of the drill bit. An instrument is carried within the
drill string adjacent the drill bit for measuring data while
drilling, and a telemetry system transmits the measured
data to a driller at the surface. The telemetry system in-
cludes a transmitter disposed in the drill string beneath
the mud motor for inducing a signal corresponding to
the measured data into the subsurface formation sur-
rounding the wellbore, and a receiver disposed in the
drill string above the mud motor for detecting and recov- \
ering the measured data from the induced signal. | -— 370
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Description

[0001] This application claims priority to the following
U.S. patent applications: Serial No. 09/542,607 filed on
April 4, 2000, Serial No. 60/200,941 filed May 1, 2000,
and Serial No. 09/563,801 filed May 2, 2000.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present invention provides a variable
gauge stabilizer for use in directional drilling of wells
used to recover oil and gas, and a method for direction-
ally drilling a well to recover oil and gas.

[0003] This invention relates generally to an appara-
tus and system for making downhole measurements
during the drilling of a wellbore. In particular, it relates
to an apparatus and system for making downhole meas-
urements at or near the drill bit during directional drilling
of a wellbore.

The Related Art

[0004] Wells are generally drilled to recover natural
deposits of hydrocarbons and other desirable, naturally
occurring materials trapped in geological formations in
the earth's crust. A slender well is drilled into the ground
and directed to the targeted geological location from a
drilling rig at the surface. In conventional "rotary drilling"
operations, the drilling rig rotates a drillstring comprised
of tubular joints of drill pipe connected together to turn
a bottom hole assembly (BHA) and a drill bit that are
connected to the lower end of the drillstring. The BHA
typically comprises a number of downhole tools includ-
ing stabilizers, drill collars and mud motors, and is gen-
erally within 30 feet of the drill bit at the end of the drill-
string. During drilling operations, a drilling fluid, com-
monly referred to as drilling mud, is pumped down the
interior of the drillpipe, through the BHA and the drill bit,
and back to the surface in the annulus around the drill-
pipe. Mud motors are often used to turn the drill bit with-
out rotation of the drillstring. Pressurized mud pumped
down the interior of the drillstring is used to power the
mud motor that is mechanically coupled to and turns the
nearby drill bit. Mud motors offer increased flexibility for
directional drilling because they can be used with stabi-
lizers or bent subs which impart an angular deviation to
the BHA in order to deviate the well from its previous
path and in the desired direction.

[0005] Stabilizers are generally heavy downhole tools
that make up part of the BHA and are typically connect-
ed either above the mud motor and the drill bit or be-
tween the mud motor and the drill bit. Stabilizers are de-
signed to promote smooth, continuous drilling action at
the drill bit by limiting lateral movement of the BHA that
could otherwise result from disruptive forces transferred
from the teeth of the rapidly turning drill bit violently
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breaking pieces of rock from the bottom of the wellbore.
Stabilizers are also designed to accommodate the flow
of drilling mud from the drillstring to the mud motor and
drill bit connected downhole. Pressurized drilling mud
pumped down the drillstring provides a flowing fluid to
power the drill motor, suspend and remove drill cuttings
from the well, and lubricate the drill bit for better drilling.
[0006] Importantly, a stabilizer that can be adjusted
from the surface to a greater or lesser diameter can be
used to influence the drop or build angle of the boring
direction of the drill bit. The slender BHA is substantially
rigid, and the angle of attack of the drill bit can be guided
using the adjustable stabilizer. The outer diameter of the
stabilizer substantially influences the axial alignment of
the lower portion of the BHA from the stabilizer to the
drill bit. Controllably affecting this alignment relative to
the existing wellbore determines the angle at which the
rotary drill bit engages the bottom of the wellbore.
[0007] Before adjustable stabilizers, deviating the
wellbore from its existing path required removing the
drillstring from the well, inserting a stabilizer with an out-
er diameter that provided the desired angular deviation,
and running the entire drillstring back into the well. Once
the newly configured BHA containing a non-adjustable
stabilizer was in place at the bottom of the existing well,
drilling was resumed in the desired deviated path. When
the desired deviation in the path of the well had been
achieved, the non-adjustable stabilizer was removed by
pulling the entire drillstring from the well, replacing the
stabilizer with another, and running the entire drillstring
back into the well to resume drilling along the adjusted
path.

[0008] Figure 1A shows an inactive adjustable diam-
eter stabilizer connected above the mud motor and the
drill bit and imparting a slight upward angular deviation
to the BHA, thereby influencing the drill bit to build angle,
or turn upwardly, from its existing path. Figure 1B shows
an inactive adjustable diameter stabilizer connected be-
tween the mud motor and the drill bit and, again, impart-
ing a build angle to the drill bit. Figure 2A shows how a
deployed adjustable stabilizer connected above the
mud motor and the drill bit has a larger effective outer
diameter and imparts a slight downward angular devia-
tion thereby influencing the drill bit to drop angle, or turn
downwardly, from its existing path. Figure 2B shows a
deployed adjustable stabilizer connected between the
mud motor and the drill bit and imparting a drop angle
to the drill bit. It is well known in the drilling industry how
to obtain reliable three-dimensional location data for the
bottom of the well being drilled. The driller compares this
information with the target bottom hole location to de-
termine needed adjustments in the path of the well, and
the adjustments may be made using the present inven-
tion.

[0009] Anderson's U.S. Patent No. 4,848,490 pro-
vides a variable downhole stabilizer that is actuated
(outer diameter increased by radially outward deploy-
ment of spacers) by reverse telescoping action; that is,
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the driller actuates the tool by increasing the weight on
bit to impart an axially compressing force tending to re-
verse telescope the stabilizer tool. When the weight on
the bit reaches or exceeds a threshold force determined
by the strength of an opposing spring, the mandrel en-
gages the spacers thereby deploying the spacers radi-
ally outward to increase the diameter of the tool and af-
fect angular deviation to the drill bit. However, Ander-
son's stabilizer requires the driller to slide the entire drill-
string in the well in order to reverse telescope and ac-
tuate the tool. In directionally drilled wells having long
horizontal or inclined portions, the frictional resistance
to sliding of the drillstring in the well is a function of the
co-efficient of friction and the weight of the drillstring
supported by the wall of the wellbore. The frictional re-
sistance to sliding the drillstring within the well can be
extremely large and unpredictable due to the roughness
of the bore wall of the well. Difficulties in obtaining con-
trolled movement of the lower end of the drillstring can
cause problems in tool actuation, especially as the
length of the drillstring and the horizontal deviation of
wells continues to increase. Consequently, actuating a
variable stabilizer by reciprocating the drillstring is prob-
lematic.

[0010] Lee's U.S. Patent No. 5,339,914 provides a
variable downhole stabilizer that is hydraulically actuat-
ed (outer diameter increased by radially outward de-
ployment of tool elements). However, Lee's variable
downhole stabilizer requires that the driller lower the en-
tire drillstring into the well in order to lock the deployable
tool elements in their deployed position. Like Ander-
son's stabilizer, sliding the entire drillstring against the
rough wall of the wellbore is required to operate Lee's
stabilizer. In order to retract the tool elements of Lee's
stabilizer, the entire drillstring must be raised to unlock
the stabilizer and adjust the stabilizer.

[0011] Whatis needed is a surface-operated variable
gauge stabilizer that can be deployed or retracted solely
by accurately controllable changes in hydraulic mud
pressure in the drillstring without cumbersome recipro-
cations of the entire drillstring. What is needed is a sur-
face-operated variable gauge stabilizer that can be ad-
justed without the use of wired or cabled control systems
that complicate drilling operations. What is needed is a
reliable variable gauge stabilizer that is easy and simple
to deploy and retract. What is needed is a surface-op-
erated variable gauge stabilizer that, once locked into
its deployed position, allows the driller freedom to
change the position of the drillstring and the rate of the
mud pumps, within a pre-defined pressure range, with-
out affecting the deployed condition of the tool. What is
needed is a surface-operated variable gauge stabilizer
that provides the driller with reliable detection of the de-
ployed or retracted status of the tool.

[0012] Indrilling a directional well, itis common to use
a bottom hole drilling assembly (BHA) that is attached
to a drill collar as part of the drill string. This BHA typi-
cally includes (from top down), a drilling motor assem-
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bly, a drive shaft system including a bit box, and a drill
bit. In addition to the motor, the drilling motor assembly
includes a bent housing assembly which has a small
bend angle in the lower portion of the BHA. This angle
causes the borehole being drilled to curve and gradually
establish a new borehole inclination and/or azimuth.
During the drilling of a borehole, if the drill string is not
rotated, but merely slides downward as the drill bit is
being driven by only the motor, the inclination and/or the
azimuth of the borehole will gradually change due to the
bend angle. Depending upon the "tool face" angle, that
is, the angle at which the bit is pointing relative to the
high side of the borehole, the borehole can be made to
curve at a given azimuth or inclination. If however, the
rotation of the drill string is superimposed over that of
the output shaft of the motor, the bend point will simply
travel around the axis of the borehole so that the bit nor-
mally will drill straight ahead at whatever inclination and
azimuth have been previously established. The type of
drilling motor that is provided with a bent housing is nor-
mally referred to as a "steerable system". Thus, various
combinations of sliding and rotating drilling procedures
can be used to control the borehole trajectory in a man-
ner such that eventually the drilling of a borehole will
proceed to a targeted formation. Stabilizers, a bent sub,
and a "kick-pad" also can be used to control the angle
build rate in sliding drilling, or to ensure the stability of
the hole trajectory in the rotating mode.

[0013] Referring initially to the configuration of Fig. 9,
a drill string 210 generally includes lengths of drill pipe
211 and drill collars 212 as shown suspended in a bore-
hole 213 that is drilled through an earth formation 209.
A drill bit 214 at the lower end of the drill string is rotated
by the drive shaft 215 connected to the drilling motor
assembly 216. This motor is powered by drilling mud
circulated down through the bore of the drill string 210
and back up to the surface via the borehole annulus
213a. The motor assembly 216 includes a power section
(rotor/stator or turbine) that drives the drill bit and a bent
housing 217 that establishes a small bend angle at its
bend point which causes the borehole 213 to curve in
the plane of the bend angle and gradually establish a
new borehole inclination. As noted above, if rotation of
the drill string 210 is superimposed over the rotation of
the drive shaft 215, the borehole 213 will be drilled
straight ahead as the bend point merely orbits about the
axis of the borehole. The bent housing can be a fixed
angle device, orit can be a surface adjustable assembly.
The bent housing also can be a downhole adjustable
assembly as disclosed in U.S. Patent 5,117,927 which
is incorporated herein by reference. Alternately, the mo-
tor assembly 216 can include a straight housing and can
be used in association with a bent sub well known in the
art and located in the drill string above the motor assem-
bly 216 to provide the bend angle.

[0014] Above the motor in this drill string is a conven-
tional measurement while drilling (MWD) tool 218 which
has sensors that measure various downhole parame-
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ters. Drilling, drill bit and earth formation parameters are
the types of parameters measured by the MWD system.
Drilling parameters include the direction and inclination
(D&l) of the BHA. Drill bit parameters include measure-
ments such as weight on bit (WOB), torque on bit and
drive shaft speed. Formation parameters include meas-
urements such as natural gamma ray emission, resis-
tivity of the formations and other parameters that char-
acterize the formation. Measurement signals, repre-
sentative of these downhole parameters and character-
istics, taken by the MWD system are telemetered to the
surface by transmitters in real time or recorded in mem-
ory for use when the BHA is brought back to the surface.
[0015] As shown in Fig. 9, when an MWD tool 218,
such as the one disclosed in commonly-assigned U.S.
Patent 5,375,098, is used in combination with a drilling
motor 216, the MWD tool 218 is located above the motor
and a substantial distance from the drill bit. Including the
length of a non-magnetic spacer collar and other com-
ponents that typically are connected between the MWD
tool and the motor, the MWD tool may be positioned as
much as 20 to 40 feet above the drill bit. These substan-
tial distances between the MWD sensors in the MWD
tool and the drill bit mean that the MWD tool's measure-
ments of the downhole conditions, related to drilling and
the drill bit at a particular drill bit location, are made a
substantial time after the drill bit has passed that loca-
tion. Therefore, if there is a need to adjust the borehole
trajectory based on information from the MWD sensors,
the drill bit will have already traveled some additional
distance before the need to adjust is apparent. Adjust-
ment of the borehole trajectory under these circum-
stances can be a difficult and costly task. Although such
large distances between the drill bit and the measure-
ment sensors can be tolerated for some drilling applica-
tions, there is a growing desire, especially when drilling
directional wells, to make the measurements as close
to the drill bit as possible.

[0016] Two main drilling parameters, the drill bit direc-
tion and inclination are typically calculated by extrapo-
lation of the direction and inclination measurements
from the MWD tool to the bit position, assuming a rigid
BHA and drill pipe system. This extrapolation method
results in substantial error in the borehole inclination at
the bit especially when drilling smaller diameter holes (
less than 6 inches) and when drilling short radius and
re-entry wells.

[0017] Another area of directional drilling that requires
very accurate control over the borehole trajectory is "ex-
tended reach" drilling applications. These applications
require careful monitoring and control in order to ensure
that a borehole enters a target formation at the planned
location. In addition to entering a formation at a prede-
termined location, it is often necessary to maintain the
borehole drilling horizontally in the formation. It is also
desirable for a borehole to be extended along a path
that optimizes the production of oil, rather than water
which is found in lower portions of a formation, or gas
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found in the upper portion of a formation.

[0018] Inadditionto making downhole measurements
which enable accurate control over borehole trajectory,
such as the inclination of the borehole near the bit, it is
also highly desirable to make measurements of certain
properties of the earth formations through which the
borehole passes. These measurements are particularly
desirable where such properties can be used in connec-
tion with borehole trajectory control. For example, iden-
tifying a specific layer of the formation such as a layer
of shale having properties that are known from logs of
previously drilled wells, and which is known to lie a cer-
tain distance above the target formation, can be used in
selecting where to begin curving the borehole to insure
that a certain radius of curvature will indeed place the
borehole within the targeted formation. A shale forma-
tion marker, for example, can generally be detected by
its relatively high level of natural radioactivity, while a
marker sandstone formation having a high salt water
saturation can be detected by its relatively low electrical
resistivity. Once the borehole has been curved so that
it extends generally horizontally within the target forma-
tion, these same measurements can be used to deter-
mine whether the borehole is being drilled too high or
too low in the formation. This determination can be
based on the fact that a high gamma ray measurement
can be interpreted to mean that the hole is approaching
the top of the formation where a shale lies, and a low
resistivity reading can be interpreted to mean that the
borehole is near the bottom of the formation where the
pore spaces typically are saturated with water. However,
as with D&l measurements, sensors that measure for-
mation characteristics are located at large distances
from the drill bit.

[0019] One approach, by which the problems associ-
ated with the distance of the D&l measurements, bore-
hole trajectory measurements and other tool measure-
ments from the drill bit can be alleviated, is to bring the
measuring sensors closer to the drill bit by locating sen-
sors in the drill string section below the drilling motor.
However, since the lower section of the drill string is typ-
ically crowded with a large number of components such
as a drilling motor power section, bent housing, bearing
assemblies and one or more stabilizers, the inclusion of
measuring instruments near the bit requires the ad-
dressing of several major problems that would be cre-
ated by positioning measuring instruments near the drill
bit. For example, there is the major problem associated
with telemetering signals that are representative of such
downhole measurements uphole, through or around the
motor assembly, in a practical and reliable way.

[0020] A concept for moving the sensors closer to the
drill bit was implemented in Orban et. al, U.S. Patent
5,448,227. This patent is directed to a sensor sub or as-
sembly that is located in the drill string at the bottom of
the motor assembly, and which includes various trans-
ducers and other means for measuring parameters such
as inclination of the borehole, the natural gamma ray
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emission and electrical resistivity of the formations, and
variables related to the performance of the drilling motor.
Signals representative of such measurements are te-
lemetered uphole, through the wall of the drill string or
through the formation, a relatively short distance to a
receiver system that supplies corresponding signals to
the MWD tool located above the drilling motor. The re-
ceiver system can either be connected to the MWD tool
or be a part of the MWD tool. The MWD tool then relays
the information to the surface where it is detected and
decoded substantially in real time. Although the tech-
niques of this patent make substantial progress in mov-
ing sensors closer to the drill bit and overcoming some
of the major telemetry concerns, the sensors are still ap-
proximately 6 to 10 feet from the drill bit. In addition, the
sensors are still located in the motor assembly and the
integration of these sensors into the motor assembly
can be a complicated process.

[0021] A technique that attempts to address the prob-
lem of telemetering the measured signals uphole
around the motor assembly to the MWD tool uses an
electromagnetic transmission scheme to transmit
measurements from behind the drill bit. In this system,
a fixed frequency current signal is induced through the
drill collar by a toroidal coil transmitter. As a result, the
current flows through the drill string to the receiver with
a return path through the formation. The propagation
mode is known as a Transverse Magnetic (TM) mode.
In this propagation mode, transmission is unreliable in
extremely resistive formations, in formations with very
resistive layers alternating with conductive layers, and
in oil-based mud with poor bit contact with the formation.
[0022] Therefore, there still remains a need for a sys-
tem that can improve the accuracy of bit measurements
by placing sensors at the drill bit and reliably transmitting
these signals uphole to MWD equipment for transmis-
sion to the earth's surface.

[0023] As earlier stated there can be a substantial dis-
tance between the drilling motor and the drill bit. This
distance is caused by several pieces of equipment that
are necessary for the drilling operation One piece of
equipment is the shaft used to connect the motor rotor
to the drill bit. The motor rotates the shaft which rotates
the drill bit during drilling. The drill bit is connected to the
shaft via a bit box. The bit box is a metal holding device
that fits into the bowl! of a rotary table and is used to
screw the bit to (make up) or unscrew (break out) the bit
from the drill string by rotating the drill string. The bit box
is sized according to the size of the drill bit. In addition,
the bit box has the internal capacity to contain equip-
ment.

[0024] Fig. 10 illustrates a conventional drilling motor
system. A bit box 219 at the bottom portion of the drive
shaft 215 connects a drill bit 214 to the drive shaft 215.
The drive shaft 215 is also connected to the drilling mo-
tor power section 216 via the transmission assembly
216a and the bearing section 220. The shaft channel
215a is the means through which fluid flows to the drill
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bit during the drilling process. The fluid also carries for-
mation cuttings from the drill bit to the surface. In the
drilling system of Fig. 10, no instrumentation is located
in or near the bit box 219 or drill bit 214. The closest that
the instruments would be to the drill bit would be in the
lower portion of the motor power section 216 as de-
scribed in U.S. Patent 5,448,227 or in the MWD tool 218.
As previously stated, the sensor location is still approx-
imately 6 to 10 feet from the drill bit. The positioning of
measurement instrumentation in the bit box would sub-
stantially reduce the distance from the drill bit to the
measurement instrumentation. This reduced distance
would provide an earlier reading of the drilling conditions
at a particular drilling location. The earlier reading will
resultin an earlier response by the driller to the received
measurement information when a response is neces-
sary or desired.

SUMMARY OF THE INVENTION

[0025] The presentinvention provides a system for di-
rectionally drilling a wellbore using a drill string having
a mud motor, a drill bit, and a drive shaft for transmitting
torque from the mud motor to the drill bit, the system
including: a tool carried in the drill string that is adjusta-
ble for varying the direction of the drill bit and the well-
bore; an instrument for measuring data while drilling, the
instrument being carried within a drill bit connecting
means for connecting the drill bit to the drill string; and
a telemetry system for transmitting the measured data
to adriller at the surface, the telemetry system including:
a transmitter disposed in the drill string beneath the mud
motor for transmitting a signal corresponding to the
measured data; and areceiver disposed in the drill string
above the mud motor for receiving the signal and recov-
ering the measured data from the signal.

BRIEF DESCRIPTION OF DRAWINGS

[0026] So that the features and advantages of the
present invention can be understood in detail, a more
particular description of the invention, briefly summa-
rized above, may be had by reference to the embodi-
ments thereof that are illustrated in the appended draw-
ings. Itis to be noted, however, that the appended draw-
ings illustrate only typical embodiments of this invention
and are therefore not to be considered limiting of its
scope, for the invention may admit to other equally ef-
fective embodiments.

Figure 1A is an elevation view of an inactive variable
gauge stabilizer using the mud motor as a fulcrum
to impart an upward angle to the drill bit to build an-
gle, or turn the well upwardly, from its existing path.
Figure 1B is an elevation view of a deployed varia-
ble gauge stabilizer using the mud motor as a ful-
crum to impart a downward angle to the drill bit to
drop angle, or turn the well downwardly, from its ex-
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isting path.

Figure 2Ais an elevation view of an inactive variable
gauge stabilizer imparting an downward angle to
the drill bit to drop angle, or turn the well downward-
ly, from its existing path.

Figure 2B is an elevation view of a deployed varia-
ble gauge stabilizer imparting an upward angle to
the drill bit to build angle, or turn the well upwardly,
from its existing path.

Figure 3 is a cross-sectional side view of a variable
gauge stabilizer in the inactive position.

Figure 4 is a side view, partially in section, of a four-
stroke rotating position control collar.

Figures 5A through 5D are a sequential series of
side views, partially in section, showing a cycle of
a control collar and its interaction with a guide finger.
Figure 6 is a cross-sectional side view of the varia-
ble gauge stabilizer in its intermediate position.
Figure 7 is a cross-sectional side view of the varia-
ble gauge stabilizer in an active, deployed position.
Figure 8A through 8C are magnified side views of
the beveled portion of the deployment mandrel of
the variable gauge stabilizer deploying a stabilizer
element through a stabilizer port in the housing.
Figure 9 is a schematic view that shows a deviated
extended reach borehole with a string of measure-
ment and drilling tools therein according to the prior
art;

Figure 10 is a cross-section of the lower portion of
another prior art drilling assembly;

Figure 11 is a schematic view of an extended bit box
embodiment for near-bit communication of MWD
data according to the present invention;

Figure 12 is a schematic view of an extended sub
embodiment for near-bit communication of MWD
data according to the present invention;

Figure 13 is a cross-section view of the lower por-
tion of a drilling assembly incorporating the extend-
ed bit box embodiment;

Figure 14 is a detailed, cross-section view of the ex-
tended bit box embodiment;

Figure 15 is a perspective view of the extended bit
box embodiment;

Figure 16 is a cross-section view of the batteries
and the sensing instrumentation mounted inside the
channel of the drive shaft of the extended bit box
embodiment;

Figure 17 is a cross-section view of the transmitter
and control circuitry of the extended bit box embod-
iment;

Figure 18 is a schematic view of the lower portion
of a drilling string with an instrumented drill bit em-
bodiment for near-bit communication of MWD data;
Figures 19 and 20 are schematic illustrations of a
drill strings utilizing wireless telemetry means and
near-bit data communication according to present
invention;

Figure 21 is a diagram of an unaltered continuous
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carrier signal,

Figure 22 illustrates a modulated carrier signal con-
taining drilling and logging information;

Figure 23 is a flow diagram of the operation of de-
termining borehole inclination in accordance with
the present invention;

Figure 24 is an illustration of a 27 bit word for data
transmission uphole;

Figure 25 is an illustration of a pulse position mod-
ulated data frame transmitted to a receiver;

Figure 26 is a diagram of the pulse positions in a
data region of the data frame of Figure 25;
Figures 27a, 27b, and 27c illustrate various pulse
positions within a data region based on various bit
seqguences;

Figure 28 is a schematic of the circuit used to extract
the carrier signal portion of the transmitted signal
during demodulation and to detect peak amplitude;
Figures 29a and 29b illustrate respectively modu-
lated signals as transmitted and as received in the
present invention;

Figure 30 is a cross-sectional view of the transmitter
of the present invention;

Figure 31 is a plot of the signal amplitude resistivity
transform for a two-coil deep resistivity measure-
ment system of the present invention;

Figures 32a, 32b, 32c, and 32d are plots of the real
and imaginary signal resistivity transform at various
signal levels and transmitter to receiver spacings;
Figure 33 is a schematic illustration of a tool accord-
ing to the presentinvention approaching a resistivity
contrast boundary at an apparent dip angle of 90
degrees;

Figure 34ais a graph of the formation resistivity sig-
nal response as the tool of Figure 33 travels from a
low resistivity formation to a high resistivity forma-
tion;

Figure 34b is a graph of the formation resistivity sig-
nal response as the tool of Figure 33 travels from a
high resistivity formation to a low resistivity forma-
tion;

Figure 35 is a schematic illustration of a tool accord-
ing to the presentinvention approaching a resistivity
contrast boundary at an apparent dip angle of 0 de-
grees;

Figure 36a is a graph of the formation resistivity sig-
nal response as the tool of Figure 18 travels from a
low resistivity formation to a high resistivity forma-
tion; and

Figure 36b is a graph of the formation resistivity sig-
nal response as the tool of Figure 18 travels from a
high resistivity formation to a low resistivity forma-
tion.

DETAILED DESCRIPTION OF THE INVENTION

[0027]
preferred embodiment of the present invention, a varia-

Figure 3 shows the general configuration of a
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ble gauge stabilizer 10. The stabilizer 10 has a housing
12 with a threaded proximal connection 22 disposed at
one end of the stabilizer 10 for connection to a drillstring
30 (not shown), a threaded distal connection 24 dis-
posed at the other end of the stabilizer 10 for connection
to drill collars 32 (not shown), and an axis 26 generally
defined by the centers of the threaded connections 22
and 24. The housing 12 also has a plurality of stabilizer
ports 14 disposed radially about the axis 26 that receive
the stabilizer elements 16 so that the elements radially
reciprocate within and through the stabilizer ports 14.
The stabilizer elements 16 can be radially outwardly de-
ployed against opposing stabilizer springs 18 by actua-
tion of the deployment mandrel 140 to its deployed po-
sition (shown in Figure 7), and radially inwardly retracted
by springs when the deployment mandrel 140 returns to
its inactive position (shown in Figure 3). The stabilizer
elements 16 may be any support members such as pis-
tons, stems orrods. Figure 3 shows the positioning man-
drel 40, the deployment mandrel 140 and the stabilizer
elements 16 all in their inactive and retracted positions.
Figure 6 shows the positioning mandrel 40 distally dis-
placed against the force of the positioning mandrel
spring 36 to its intermediate position, the deployment
mandrel 140 remaining in its inactive position as urged
by the deployment mandrel spring 136, and the stabiliz-
er elements 16 still in their retracted position as urged
by the stabilizer element springs 18. Figure 7 shows the
positioning mandrel 40, the deployment mandrel 140
and the stabilizer elements 16 all in their active and de-
ployed positions. Figures 8A through 8C show a mag-
nified view of the beveled portion 46 of the deployment
mandrel 140 engaging and disposing the stabilizer ele-
ment 16 radially outwardly through the stabilizer port 14
in the housing 12 to overcome the opposing force of the
stabilizer element spring 18.

[0028] Figures 3, 6 and 7 show the positioning man-
drel 40 with the rotating position control collar 42 rotat-
ably received thereon, with both the positioning mandrel
40 and the rotatably attached control collar 42 disposed
within a chamber in the housing 12. The positioning
mandrel 40 has an axis 44 and an annular drillstring
pressure sensing surface 48. The positioning mandrel
40 and the control collar 42 axially reciprocate together
within the chamber of the housing 12 along their axis 44
that is generally aligned with the axis 26 of the housing
12.

[0029] The positioning mandrel 40 controllably and
cyclically moves between three positions as determined
by the angular orientation of the control collar relative to
the housing 12. The positions of the positioning mandrel
are the inactive position (first position - Figure 3), the
intermediate position (second position - Figure 6), back
to the inactive position (Figure 3), and the deployed po-
sition (third position - Figure 7), in that order. In its de-
ployed position shown in Figure 7, the positioning man-
drel 40 axially engages and displaces the deployment
mandrel 140 towards the distal connection 24 of the
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housing 12. The positioning mandrel 40 and the deploy-
ment mandrel 140 both reciprocate within the chamber
generally along the axis 44 of the housing 12, but the
positioning mandrel 40 reciprocates within a greater ax-
ial range of motion than does the deployment mandrel
140. The deployment mandrel 140 reciprocates only
when displaced from its inactive position by force ap-
plied through the positioning mandrel 40. The move-
ment of the positioning mandrel 40 is determined by the
summation of axial forces acting thereon. The forces
acting on the positioning mandrel 40 include the force
of the positioning mandrel spring 36 and the forces ap-
plied by drilling mud pressure on various exposed sur-
faces. The responsiveness of the positioning mandrel
40 can be enhanced through strategic placement of cir-
cumferential seals and equalization ports to provide a
net differential force on the positioning mandrel.
[0030] Figures 3, 6 and 7 show a proximal positioning
mandrel seal 38 and a distal positioning mandrel seal
39 disposed on the positioning mandrel 40 for sliding
contact with the housing 12, and a proximal deployment
mandrel seal 138 and a distal deployment mandrel seal
139 disposed on the deployment mandrel 140 for sliding
contact with the housing 12. The portion of the chamber
of the housing 12 proximal to the proximal positioning
mandrel seal 38 is in fluid communication with the drill-
ing mud pressure in the drillstring 30 and in the tubular
interior of the positioning mandrel 140. The portion of
the chamber of the housing 12 between the proximal
positioning mandrel seal 38 and the distal positioning
mandrel seal 39 is isolated from the interior of drillstring
30, but is in fluid communication with the annular mud
pressure outside the housing 12 through equalization
port 173. The portion of the chamber of the housing 12
between the distal positioning mandrel seal 39 and the
proximal deployment mandrel seal 138 is in fluid com-
munication with the tubular interior of the positioning
mandrel 40. The portion of the chamber of the housing
12 between the proximal deployment mandrel seal 138
and the distal deployment mandrel seal 139 is isolated
from the interior of drillstring 30, but is in fluid commu-
nication with the annular pressure outside the housing
12 through equalization port 273.

[0031] The pressure in the drillstring 30 results from
drilling mud being forcefully pumped down the drillstring
30 from the discharge of the mud pumps at the surface
and out the bit nozzles. The pressure in the drillstring
30, the pressure in the annulus 34, the force of the po-
sitioning mandrel spring 36 and force of the deployment
mandrel spring 136 all combine, along with friction of the
seals, to determine the net axial forces acting separately
on the positioning mandrel 40 and the deployment man-
drel 140. For example, the pressure in the drillstring 30
bears on the exposed surfaces of the positioning man-
drel 40 to provide a net force acting on the annular pres-
sure sensing surface 48 of the positioning mandrel 40
and urging the positioning mandrel 40 from its inactive
position towards either its intermediate or its deployed
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positions, depending on the orientation of the control
collar 42 relative to the housing 12.

[0032] The positioning mandrel spring 36 is disposed
in contact with the housing 12 at a first circumferential
spring shoulder 13 and with the positioning mandrel 40
at a first circumferential ridge 15. The positioning man-
drel spring 36 is placed under compression to urge the
positioning mandrel 40 towards its inactive position
shown in Figure 3. The deployment mandrel spring 36
is designed to elastically compress when the pressure
in the drillstring 30 is sufficient to provide a force on the
positioning mandrel 40 greater than a first threshold ac-
tuation force. This design secures the positioning man-
drel 40 in the desired intermediate or deployed position
during normal drilling operations as long as the drillstring
pressure is above the first threshold pressure necessary
to overcome and compress the positioning mandrel
spring 36. For example, the first threshold actuation
pressure may be any pressure that is great enough to
compress the positioning mandrel spring 36. It should
be recognized that the first threshold actuation pressure
is primarily determined by the amount of resistance in
the positioning mandrel spring 36 and the net surface
area of the annular pressure sensing surface 48, but is
also influenced by the shape of the positioning mandrel
40 and the annular pressure outside the housing 12 ad-
jacent to the equalization ports 173 and 273.

[0033] As shown in Figure 4, the control collar 42 has
a proximal end 41 disposed toward the proximal end of
the housing 12 and a distal end 43 disposed toward the
deployment mandrel 140 and the distal connection 24
of the housing 12. The control collar 42 is the device that
enables the driller to controllably deploy and retract the
stabilizer elements 16 by varying the pressure in the
drillstring 30 to reciprocate the positioning mandrel 40.
A series of interconnected grooves are machined into
the radially outer surface of the control collar 42. In a
simple four-stroke design, these grooves comprise two
return grooves 50 and 52 and two rotation grooves 51
and 53. The control collar 42 is axially fixed to the posi-
tioning mandrel 40 and reciprocates within the housing
12 with the positioning mandrel 40, but it is free to rotate
about the axis 44 of the positioning mandrel 40 as guid-
ed by a protruding guide finger 55 in a fixed relationship
to the housing 12. Throughout the inactive-to-interme-
diate-to-inactive-to-deployed position cycle of the posi-
tioning mandrel 40, the guide finger 55 is maintained in
rolling or sliding contact with the grooves in the control
collar 42. As the control collar 42 and the positioning
mandrel 40 reciprocate within the housing 12, the guide
finger 55 traverses the grooves in a path as dictated by
the intersections of the grooves.

[0034] The position of the positioning mandrel 40 is
controlled by manipulation of pressure in the drillstring
30. As shown in Figure 6, when the pressure of the drill-
ing mud in the drillstring 30 is sufficient to overcome the
opposing axial forces urging the positioning mandrel 40
towards the inactive position, the positioning mandrel 40
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is axially displaced towards its intermediate position.
Following an intervening low mud pressure that allows
the positioning mandrel 40 to return to its inactive posi-
tion as shown in Figure 3, when the pressure of the drill-
ing mud in the drillstring 30 is again sufficient to over-
come the opposing forces urging the positioning man-
drel 40 towards its inactive position, the positioning
mandrel 40 is axially displaced towards the deployed
position shown in Figure 7. Although it is preferred that
the pressure sensing surface 48 be disposed at the
proximal end of the positioning mandrel 40 adjacent to
the proximal connection 22 of the housing 12 to the drill-
string 30, the pressure sensing surface 48 can be locat-
ed at the distal end of the positioning mandrel 40 or, us-
ing a proper arrangement of seals, at any point there-
between. It should also be recognized that by strategic
placement of seals, fluid communication passages and
the pressure sensing surface, the positioning mandrel
40 may actuate in either the proximal or the distal (up-
hole or downhole) directions.

[0035] The positioning mandrel 40 rotationally cycles
through a multiple position cycle as it axially recipro-
cates within the housing 12. The description that follows
assumes that the control collar 42 is a four-stroke collar.
The invention may be used with a six-stroke, eight-
stroke or higher number of cycles, and the explanation
of the four-stroke cycle does not limit the applicability or
adaptability of the invention.

[0036] When the stabilizer is in its inactive position
shown in Figure 3, the guide finger 55 is in rolling or
sliding contact in the first actuation groove 50 near the
distal end 43 of the control collar 42 shown in Figure 5A.
The positioning mandrel 40 begins its cycle from its in-
active position shown in Figure 3. From the inactive po-
sition, the positioning mandrel 40 is proximally actuated
against the positioning mandrel spring 36, by exposure
of the pressure sensing surface 48 to a first threshold
pressure, to its intermediate position shown in Figure 6.
As the first actuation stroke of the positioning mandrel
40 begins, the guide finger 55 rolls or slides (actually,
guide finger 55 is substantially stationary relative to
housing 12, but since collar 42 moves relative to housing
12, guide finger 55 "rolls or slides" relative to collar 42)
toward the proximal end 41 of the control collar 42 within
the second leg 253 of the second actuation groove 53
to the intersection of the second actuation groove 53
and the first leg 150 of the first actuation groove 50.
When the guide finger 55 reaches that intersection, it
slides or rolls into the first leg 150 of the first actuation
groove 50 toward the intersection of the first actuation
groove 50 and the first leg 151 of the first return groove
51. The first leg 150 of the first actuation groove 50 is
not aligned with the axis 44 of the control collar 42, and
the sliding or rolling contact between the guide finger 55
and the first leg 150 imparts a moment causing the con-
trol collar 42 to rotate about its axis 44. The second leg
250 is non-linear to the first leg 150 and is generally
aligned with the axis 44. When the guide finger 55
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leaves the first leg 150 and enters the second leg 250,
the guide finger 55 slides or rolls within the second leg
250 to a point near the proximal end 41 of the control
collar 42 to the intermediate position shown in Figure
5B. Since the second leg 250 is generally aligned with
the axis 44 of the control collar 42, there is little or no
rotation of the control collar 42 as the guide finger 55
slides within the second leg 250.

[0037] At the intermediate position shown in Figure
5B, the protruding collar spacers 74 distally extending
from the distal end 43 of the control collar 42 engage
the second circumferential shoulder 75 on the inside
wall of the housing 12. The spacers 74 thereby limit the
movement of the control collar 42 and the rotatably at-
tached positioning mandrel 40 from actuating beyond
the intermediate position to displace the deployment
mandrel 140.

[0038] When the pressure in the drillstring 30 is re-
duced to below the first threshold pressure, the position-
ing mandrel 40 reverses direction and moves in the di-
rection of the force applied by the positioning mandrel
spring 36. This reversal begins the first return stroke of
the control collar 42. As the positioning mandrel spring
36 returns the positioning mandrel 40 to or near its in-
active position, the guide finger 55 slides or rolls within
the second leg 250 toward the intersection of the first
actuation groove 50 and the first leg 151 of the first re-
turn groove 51. The first leg 151 of the first return groove
51 is not aligned with the axis 44 of the positioning man-
drel 40, and sliding or rolling contact between the fixed
guide finger 55 in the first leg 151 causes the control
collar 42 to further rotate about the axis 44. The rotation
of the control collar 42 during the first return stroke is in
the same angular direction as the rotation caused by the
guide finger 55 sliding or rolling within the first leg 150
during the first actuation stroke. The intersection of the
first actuation groove 50 and the first leg 151 of the first
return groove 51 directs the guide finger 55 from the sec-
ond leg 250 of the first actuation groove into the first leg
151 of the first return groove 51. As the positioning man-
drel 40 is displaced by the force of the positioning man-
drel spring 36 toward its inactive position, the guide fin-
ger 55 slides or rolls within the first leg 151 of the first
return groove 51 towards the intersection of the first re-
turn groove 51 and the first leg 152 of the second actu-
ation groove 52. The second leg 251 of the first return
groove 51 is generally aligned with the axis 44 of the
positioning mandrel, and as the guide finger 55 moves
from the first leg 151 to the second leg 251, there is little
or no rotation of the control collar 42. As the positioning
mandrel 40 returns to its inactive position under the
force of the return spring 36, the guide finger 55 slides
or rolls within the second leg 251 of the first return
groove 51 to a point near the distal end 43 of the control
collar 42. As the positioning mandrel 40 returns to or
near its inactive position, the rotational moment impart-
ed to the control collar 42 by interaction with the tracking
guide finger 55 causes the control collar 42 to rotate into
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the position shown in Figure 5C. This inactive position
occurs between the intermediate position and the de-
ployed position, and the rotation of the control collar 42
has rotatably aligned the spacers 74 to be received with-
in the recesses 75 when the tool is next actuated.
[0039] When the pressure in the drillstring 30 is again
raised above the first threshold pressure necessary to
overcome the positioning mandrel return spring 36, the
positioning mandrel 40 is distally displaced to begin the
second actuation stroke to deploy the stabilizer 10. The
second actuation stroke begins as the axial movement
of the control collar 42 reverses and the guide finger 55
slides or rolls within the second leg 251 of the first return
groove 51 toward the proximal end 41 of the control col-
lar 42. The second leg 251 intersects the first leg 152 of
the second actuation groove 52. The first leg 152 is not
aligned with the axis 44 of the control collar 42, and as
the guide finger 55 passes into the first leg 152 of the
second actuation groove 52, it contacts and slides along
the edge of the first leg 152 that is disposed towards the
proximal end 41 of the control collar 42. The first leg 152
is not aligned with the axis of the positioning mandrel
40, and as the guide finger 55 slides or rolls within the
first leg 152, the control collar 42 rotates about its axis
44. The rotation of the control collar 42 during the sec-
ond actuation stroke in the same angular direction as its
previous rotation during the first actuation stroke and the
first return stroke. The rotation of the control collar 42
as the guide finger 55 slides or rolls within the first leg
152 causes the spacers 74 to become rotatively aligned
with, and received into, the recesses 77 in the second
circumferential shoulder 75 on the inside wall of the
housing 12. The guide finger 55 enters the intersection
of the first leg 152 and the second leg 252 of the second
actuation groove 52 and the first leg 153 of the second
return groove 53. The motion of the positioning mandrel
40 towards the distal end of the housing 12 causes the
guide finger 55 to enter into the second leg 252 of the
second actuation groove 52 of the control collar 42. The
second leg 252 of the second actuation groove 52 is
generally aligned with the axis 44 of the positioning man-
drel 40, and there is little or no rotation of the control
collar 42 as the guide finger 55 slides within the second
leg 252 to the point near the proximal end 41 of the con-
trol collar 42 shown in Figure 5D.

[0040] At the end of this second actuation stroke the
spacers 74 extending from the distal end 43 of the con-
trol collar 42 are received within the recesses 77 in the
second circumferential shoulder 75 of the housing 12.
The alignment of the spacers 74 and the recesses 77
allow the control collar 42 and the positioning mandrel
40 to actuate beyond the intermediate position shown
in Figure 5B to the deployed position shown in Figure
5D. The position of the control collar 42 and the posi-
tioning mandrel 40 shown in Figure 5D correspond to
the deployed position of the stabilizer shown in Figure
7. As the spacers 74 are received into the recesses 77,
the positioning mandrel 40 engages and displaces the
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deployment mandrel 140 toward the distal connection
24 to overcome the force of the deployment mandrel
spring 136. As the positioning mandrel 40 displaces the
deployment mandrel 140 of the housing 12, the beveled
portion 46 of the deployment mandrel 140 slidingly en-
gages the contact surface 17 of each stabilizer element
16 to displace it radially outward to overcome the force
of the stabilizer springs 18.

[0041] The positioning mandrel 40, the deployment
mandrel 140 and the stabilizer elements 16 all remain
in their deployed positions shown in Figure 7 as drilling
in the deviated direction progresses. The flow of pres-
surized drilling mud passes through the tubular interior
of the positioning mandrel 40 and the deployment man-
drel 140, and perhaps through other longitudinal pas-
sages within the housing 12, to the mud motor 90 and
the drill bit 80.

[0042] When the pressure in the drillstring 30 is re-
duced below the second threshold pressure, this begins
the second return stroke, the final stroke of the cycle. At
the onset of the second return stroke, the positioning
mandrel 40 again reverses direction and returns to its
original inactive position shown in Figure 5A. The return
of the positioning mandrel 40 is initially under the force
of both the deployment mandrel spring 136 and the po-
sitioning mandrel spring 36. After the deployment man-
drel 140 reaches it's inactive position, the force of just
the positioning mandrel spring 36 further returns the po-
sitioning mandrel 40 to its original inactive position
shown in Figure 5A.

[0043] On the second return stroke, the guide finger
55 slides or rolls within the second leg 252 of the second
actuation groove 52 toward the distal end 43 of the con-
trol collar 42 toward the intersection of the second ac-
tuation groove 52 and the first leg 153 of the second
return groove 53. The guide finger 55 passes from the
second leg 252 of the second actuation groove 52 into
the first leg 153 of the second return groove 53. The first
leg 153 is not aligned with the axis 44 of the positioning
mandrel 40, and as the control collar 42 and positioning
mandrel 40 are axially displaced relative to the guide
finger 55, the guide finger 55 slides or rolls along the
edge of the first leg 153 disposed towards the distal end
43 of the control collar 42. As the guide finger 55 slides
or rolls within the first leg 153, the control collar 42 an-
gularly rotates in the same angular direction as its pre-
vious rotations during the first actuation stroke, the first
return stroke and the second actuation stroke. As the
guide finger 55 passes through the intersection of the
second return groove 53 and the first leg 150 of the first
return groove 50, the guide finger 55 enters the second
leg 253 of the second return stroke 53. The second leg
253 is generally aligned with the axis 44 of the position-
ing mandrel 40, and little or no rotation of the control
collar 42 as the guide finger 55 slides or rolls within the
second leg 253 to a point near the distal end 43 of the
control collar 42 shown in Figure 5A. This completes the
four cycles of the control collar 42 selected for this em-
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bodiment.

[0044] The position of the deployment mandrel 140
controls the deployment of the stabilizer 10. The stabi-
lizer 10 has a position indicator that provides a flow re-
striction when the deployment mandrel 140 is in its de-
ployed position. The position of the deployment mandrel
140 determines the position of the stinger 63 attached
to the distal end of the deployment mandrel 140. The
stinger 63 is connected to the distal end of the deploy-
ment mandrel 140 using a slotted disk 62. The slotted
disk 62 allows drilling mud flow from the interior of the
deployment mandrel 140 while providing structural sup-
port for the stinger 63, which is axially aligned with the
axis 26 of the housing 12. When the deployment man-
drel 140 is distally actuated by the positioning mandrel
40, the stinger 63 approaches a flow-restricting orifice
64. The obstacle to flow presented by the stinger 63 as
it approaches the orifice 64 causes increased backpres-
sure in the drillstring 30. The increased backpressure
resulting from deployment of the stabilizer is detected
at the surface and provides a reliable means of tracking
the cycling of the stabilizer. When the positioning man-
drel40is inits inactive position, the deployment mandrel
140 remains biased towards the positioning mandrel 40
by the deployment mandrel spring 136. The deployment
mandrel spring 136 contacts the deployment mandrel
140 at a third circumferential shoulder 23. The beveled
portions 46 of the deployment mandrel 140 are located
adjacent to the contact surface 17 on the radially inward
side of the stabilizer elements 16.

[0045] While in the intermediate position shown in
Figure 6, drilling mud flows through the annular pressure
sensing surface 48, through the tubular interior of the
positioning mandrel 40, through the interior of the de-
ployment mandrel 140, through the slotted support disk
62, out the proximal end of the housing 12 through the
distal connection 24 to the mud motor 90 and drill bit 80
below. When the positioning mandrel 40 is moved from
the position shown in Figure 5A to the intermediate po-
sition shown in Figure 5B, and then returned to the in-
active position shown in Figure 5C, the four stroke con-
trol collar 42 angularly rotates about one-half of a revo-
lution. As further angular rotation of the control collar 42
occurs, the spacers 74 extending from the distal end 43
of the control collar 42 are rotatively aligned with recess-
es 77 in the second circumferential shoulder 75 on the
inside wall of the housing 12. The alignment of these
recesses 77 allow the positioning mandrel 40, displaced
by the drilling mud pressure bearing on the pressure
sensing surface 48, to move beyond its intermediate po-
sition to its deployed position. As shown in Figure 7, up-
on second actuation of the positioning mandrel 40 from
its inactive position, the positioning mandrel 40 engages
and displaces the deployment mandrel 140 toward its
deployed position. The beveled portions 46 of the de-
ployment mandrel 140 slidably engage the contact sur-
face 17 of the stabilizer elements 16. As the deployment
mandrel 140 approaches its farthest displacement to-
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ward the distal end of the housing 12, the beveled por-
tions 46 displace the stabilizer elements 16 radially out-
ward to their deployed position.

[0046] Figures 8A through 8C show an enlarged view
of the beveled portions 46 of the deployment mandrel
140. Figure 8A shows the beveled portion 46 adjacent
to, but not engaging or deploying, the stabilizer element
16. Figure 8B shows the beveled portion 46 engaging
and partially deploying the stabilizer element 16 radially
outward through the stabilizer port 14 and against sta-
bilizer element spring 18 that biases the stabilizer ele-
ment 16 radially inwardly to its retracted, inactive posi-
tion. Figure 8C shows the stabilizer element 16 in its fully
deployed position.

[0047] The deployment of the stabilizer elements 16
increases the effective diameter or gauge of the housing
12 to produce the desired angular deviation of the lower
portion of the BHA and the drill bit 80 at the extreme end
of the well.

[0048] As discussed above, Figure 4 shows a plan
view of the four-stroke rotating collar having two actua-
tion grooves, a first actuation groove 50 and a second
actuation groove 52, and two return grooves, a first re-
turn groove 51 and a second return groove 53. This con-
figuration is referred to as a four-stroke control collar 42
because of the total number of interconnected grooves
being four. By its nature as a cylindrical shape, the out-
side surface of the control collar 42 into which the
grooves are machined provides 360 degrees of angular
rotation. Equal spacing of the four distinct strokes pro-
vides about 90 degrees per stroke. For a four stroke con-
figuration described above, it is preferable to angularly
space the first actuation groove and the first return
groove within about 180 degrees of the outside angular
surface of the collar and the second actuation groove
and the second return groove within the remaining 180
degrees. In a four stroke configuration, the control collar
42 "toggles" the positioning mandrel 40 between the two
actuated positioning mandrel positions, the intermedi-
ate position shown in Figure 6 and the deployed position
shown in Figure 7.

[0049] The stabilizer 10 may be modified to include a
greater number of deployed positions in the cycle. For
example, the control collar 42 could be modified to op-
erate in six cycles by including a third actuation groove
immediately followed by a third rotation groove angular-
ly inserted between the second return groove 53 and
the first actuation groove 50. In this six cycle configura-
tion, each actuation groove and return groove pair will
preferably comprise approximately 120 degrees of the
outside angular surface of the control collar 42 so that
the control collar 42 accommodates three actuated po-
sitioning mandrel positions instead of only two. The six-
cycle collar would require a second set of spacers, cor-
responding to a partially deployed stabilizer position, ex-
tending from the distal end 43 of the control collar 42
and angularly spaced from the first set of spacers 74
corresponding to the first deployed position. The second
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set of spacers may be longer or shorter than the first set
of spacers 74 to make the effective diameter of the hous-
ing 12 corresponding to the partially deployed position
different from the effective diameter of the housing 12
corresponding to the fully deployed position. Converse-
ly, a second set of recesses of different depth than the
first set of recesses 77 in the second circumferential
shoulder 75 may receive a second set of spacers in or-
der to make the corresponding partially deployed posi-
tion impart a different diameter to the housing 12 than
that of the fully deployed position. Additional deploy-
ment positions and stabilizer diameters can be created
by inclusion of additional spacers, actuation grooves
and return grooves in correspondingly smaller angular
portions of the collar.

[0050] By further "compressing" the pairs of actuation
grooves and return grooves into angularly smaller por-
tions of the collar, the control collar can be modified to
provide more than one cycle of the stabilizer per revo-
lution of the collar. For example, an eight stroke control
collar wherein each pair of actuation grooves and return
grooves are disposed within 45 degrees of the angular
rotation of the collar may provide strokes 5 through 8 as
amirrorimage of strokes 1 through 4. That s, the control
collar 42 may be designed such that the first actuation
stroke and the third actuation stroke displace the posi-
tioning mandrel to identical intermediate positions, and
the second actuation stroke and the fourth actuation
stroke displace the positioning mandrel 40 to identical
deployed positions. The design of the control collar 42,
in other words, the number of deployed positions and
the number of cycles per revolution, should take into
consideration several factors affecting the operation of
the rotating position control collar 42. These factors in-
clude, but are not limited to, the diameter of the control
collar 42, the thickness of the grooves, the friction be-
tween the guide finger 55 and non-aligned portions of
the grooves and the overall displacement of the recip-
rocation of the positioning mandrel 40 within the housing
12.

[0051] The stabilizer 10 may also be integrated with
other tools to provide additional benefits for improved
drilling performance. For example, it is desirable to dis-
pose instruments for monitoring and communicating
weight-on-bit, azimuth, depth, inclination and location
as close as possible to the drill bit 80. As the distance
between the drill bit 80 and data-gathering instrumenta-
tion increases, the ability to monitor and correct the path
of the well to achieve the targeted bottom-hole location
is diminished.

[0052] Data gathered by downhole instrumentation
are typically communicated to the surface using mud
pulse telemetry systems. A mud pulse telemetry com-
munication system for communicating data from down-
hole instruments to the surface has been developed and
has gained widespread acceptance in the industry. Mud
pulse telemetry systems have no cables or wires for car-
rying data to the surface, but instead use a series of
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pressure pulses that are transmitted to the surface
through flowing, pressurized drilling fluid. One such sys-
temis described in U.S. Patent 4,120,097. Ideally, these
instruments are disposed at orimmediately adjacent to
the drill bit 80. However, because mud telemetry sys-
tems require a continuous, uninterrupted column of drill-
ing mud for communicating collected data to the sur-
face, instruments are typically disposed above the mud
motor 90, thereby undesirably spacing the instruments
away from the drill bit 80. This problem can be solved
by disposing data-gathering instrumentation (not
shown) and a data transmitter (not shown) at or imme-
diately adjacent to the drill bit 80 in a bit box (not shown)
connected to the drill bit 80 and communicating collect-
ed data via the adjacent earth formation to a receiver
(not shown) located above the mud motor 90. The re-
ceiver may then feed collected data to the mud telemetry
system for communication to the surface. The receiver
or the transmitter may be integrated with the variable
gauge stabilizer 10 of the present invention to provide
a tool that not only enables control and adjustment of
the path of the well, but also provides more accurate
data related to the bottom-hole location of the well,
thereby enabling more accurate adjustment and im-
proved acquisition of bottom-hole target locations.
[0053] The meaning of "groove", as that term is used
herein, includes, but is not limited to, a groove, slot,
ridge, key and other mechanical means of maintaining
two parts moving relative one another in a fixed rotation-
al, axial or aligned relationship. Further, the meaning of
"mandrel", as that term is used herein, includes, but is
not limited to, mandrels, pistons, posts, push rods, tu-
bular shafts, discs and other mechanical devices de-
signed for reciprocating movement within a defined
space. The term "gauge" means diameter, thickness,
girth, breadth and extension. The term "collar" means
collars, rims, sleeves, caps and other mechanical devic-
es rotating about an axis and axially fixed relative to the
positioning mandrel. "Slender" means little width rela-
tive to length. An "appendage" is a part that is joined or
attached to a principal object. The term "port" means a
passageway, slot, hole, channel, tunnel or opening. The
term "finger" means a protruding or recessed guide
member that allows rolling or sliding engagement be-
tween the housing 12 and the control collar 43 that main-
tains the housing 12 and the control collar 42 within a
desired orientation one to the other, and includes a key
and groove and rolling ball and socket.

[0054] As mentioned above, near-bit data gathering
instrumentation may be used to verify a desired setting
of stabilizer 10, as well as other directional determining
tools, and to feed back D&l information for selecting a
proper drilling heading. An extended bit box of the near-
bit data communication aspect of the present invention
is shown in Fig. 11. This extended bit box 221 connects
the drill bit to drilling motor 216 via drive shaft 215 which
passes through bearing section 220. The bit box con-
tains instrumentation 225 to take measurements during
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drilling of a borehole. The instrumentation can be any
arrangement of instruments including accelerometers,
magnetometers and formation evaluation instruments.
The bit box also contains telemetry means 222 for trans-
mitting the collected data via the earth formation to a
receiver 223 in the MWD tool 218. Both transmitter 222
and receiver 223 are protected by shields 226. Data is
transmitted around the drilling motor 216 to the receiver.
[0055] An extended sub embodiment of the invention
is shown in Fig. 12. The extended sub 224 connects to
a standard bitbox 219. The use of an extended sub does
not require modifications to the currently used bit box
219 described in Fig. 10. The extended sub contains the
measurement instrumentation 225 and a telemetry
means 222. (For the purpose of this description, the
measurement instrumentation 225 shall be referred to
as an accelerometer 225a.) These components and oth-
ers are arranged and operate in a similar manner to the
extended bit box embodiment.

[0056] Fig. 13 is a cross-section view of the present
invention modified from Fig. 10. The bit box 219 of Fig.
10 has been extended as shown to form extended bit
box 221. Transmitter 222 is now located in the bit box.
The bit box now has the capability of containing meas-
urement equipment not located in the bit box in prior
tools.

[0057] The extended bit box embodiment of the
present invention is shown in more detail in the cross-
section view of Fig. 14. An accelerometer 225a for
measuring inclination is located within a housing 227
which is made of a light weight and durable metal. The
housing is attached to the inner wall of the drive shaft
215 by a bolt 228 and a through hole bolt 229. A wire
running through the bolt 229 establishes electrical com-
munication between the accelerometer 225a and con-
trol circuitry in the electronic boards 236. The housing
containing the accelerometer is positioned in the drive
shaft channel 215a. Since drilling mud flows through the
drive shaft channel, the housing 227 will be exposed to
the mud. This exposure could lead to the eventual ero-
sion of the housing and the possible exposure of the ac-
celerometer to the mud. Therefore, a flow diverter 230
is bolted to the upper end of the accelerometer housing
227 and diverts the flow of mud around the accelerom-
eter housing. A conical cap 231 is attached to the hous-
ing, via threads in the housing, at the drill bit end of the
housing. This cap seals that end of the housing to make
the accelerometer fully enclosed and protected from the
borehole elements. Contained in the accelerometer
housing 227 is a filtering circuit 232 that serves to filter
detected data. This filtering process is desirable to im-
prove the quality of a signal to be telemetered to a re-
ceiver in the MWD tool. Annular batteries 233 are used
to provide power to the accelerometer 2253, the filtering
circuit 232 and the electronic boards 236. A standard
API joint 234 is used to attach different drill bits 214 to
the extended bit box. A pressure shield 235 encloses
the various components of the invention to shield them
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from borehole pressures. This shield may also serve as
a stabilizer. Electronic boards 236, located between the
drive shaft 215 and the transmitter 222, control the ac-
quisition and transmission of sensor measurements.
These boards contain a microprocessor, an acquisition
system for accelerometer data, a transmission powering
system and a shock sensor. This electronic circuitry is
common in downhole drilling and data acquisition equip-
ment. In this embodiment of the present invention, the
electronics are placed on three boards and recessed in-
to the outer wall of the drive shaft 215 so as to maintain
the strength and integrity of the shaft wall. Wires connect
the boards to enable communication between boards.

[0058] A shock sensor 237, which can be an acceler-
ometer, located adjacent to one of the electronic boards
236 provides information about the shock level during
the drilling process. The shock measurement helps de-
termine if drilling is occurring. Radial bearings 238 pro-
vide for the rotation of the shaft 215 when powered by
the drilling motor. A read-out port 239 is provided to al-
low tool operators to access the electronic boards 236.
[0059] Asdiscussed previously, a transmitter 222 has
an antenna that transmits signals from the bit box 221
through the formation to a receiver located in or near the
MWD tool in the drill string. This transmitter 222 has a
protective shield 226 covering it to protect it from the
borehole conditions. The antenna and shield will be dis-
cussed below.

[0060] Fig. 15 gives a perspective view of the present
invention and provides a better view of some of the com-
ponents. As shown, a make-up tool 240 covers a portion
of the bit box. The ports 240a in the drive shaft 215 serve
to anchor the make-up tool 240 on the drive shaft. This
make-up tool is used when connecting the drill bit 214
to the bit box. Also shown is the protective shield 226
around the transmitter 222. The shield has slots 241 that
are used to enable electro-magnetic transmission of the
signal.

[0061] Fig. 16 provides a cross-section view of the
batteries and the sensing instrumentation mounted in-
side the drive shaft of the present invention. As shown,
the measuring instruments are located in the channel
215a of the drive shaft 215. The annular batteries 233
surround the drive shaft and supply power to the accel-
erometer 225a. The housing 227 surrounds the accel-
erometer. The housing is secured to the drive shaft by
a bolt 229. A connector 242 attaches the accelerometer
225a to the housing 227. A fixture 243 holds the bolt
229. The pressure shield 235 surrounds the annular bat-
teries 233.

[0062] Fig. 17 shows a cross-section view of the
transmitter 222 in an extended bit box implementation.
A protective shield 226 encloses the antenna 222a. This
shield has slots 241 that provide for the electro-magnet-
ic transmission of the signals. In this embodiment, the
antenna 222a is comprised of a pressure tight spindle
244. Ferrite bars 245 are longitudinally embedded in this
spindle 244. Around the ferrite bars is wiring in the form
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of a coil 247. The coil is wrapped by the VITON rubber
ring 246 for protection against borehole fluids. An epoxy
ring 248 is adjacent the coil and ferrite bars. A slight void
249 exists between the shield 226 and the VITON rub-
ber ring 246 to allow for expansion of the ring 246 during
operations. Inside the spindle 244 is the drive shaft 215.
The electronic boards 236 are located between the spin-
dle 244 and the drive shaft 215. Also shown is the chan-
nel 215a through which the drilling mud flows to the drill
bit.

[0063] In another embodiment of the invention, the in-
strumentation for measuring drilling and drilling tool pa-
rameters and formation characteristics is placed directly
in the drill bit. This instrumented drill bit system is shown
schematically in Fig. 18. The drill bit 214 contains an
extension 251 that connects the drill bit to the bit box
and drill string. As shown, the extension 251 comprises
the upper portion of the drill bit. The accelerometer 225a
and the transmitter 222 are positioned in the extension
in a manner similar to the extended bit box and extended
sub embodiments. This instrumented drill bit would fit
into a tool such as the one described in Fig. 9. The in-
strumented drill bit 214 is connected to the bit box 219.
As with the other embodiments, the bit box 219 is at-
tached to a drive shaft 215 that is connected to the drill-
ing motor 216 via the bearing section 220. Drilling fluid
flows through the drive shaft channel 215a to the drill
bit. A receiver 223 is located above the drilling motor
and usually in an MWD tool 218. It should be mentioned
that the drilling motor is not essential to the operation of
this embodiment.

[0064] As previously mentioned, the earth formation
properties measured by the instrumentation in the
presentinvention preferably include natural radioactivity
(particularly gamma rays) and electrical resistivity (con-
ductivity) of the formations surrounding the borehole. As
with other formation evaluation tools, the measurement
instruments must be positioned in the bit box in a man-
ner to allow for proper operation of the instruments and
to provide reliable measurement data.

[0065] The preferred embodiment of the wireless te-
lemetry aspect of the present invention is illustrated in
Figs. 19 and 20. A bottom-hole assembly (BHA) 370 for
drilling a straight or directional borehole 309 in an earth
formation 310 is suspended by means of a drill string
371 which is supported at the earth's surface by a drilling
rig (not shown). The drilling rig provides power to rotate
the drill string 371 and includes a mud pump to force
pressurized drilling fluid downward through the bore of
the drillstring 371. The drilling fluid exits the BHA 370
through ports in the drill bit 372 and returns to the earth's
surface for reinjection by the mud pump. The BHA 370
typically comprises a measurement while drilling (MWD)
tool 373 and a positive displacement drilling motor 374
which drives a bit shaft 375. The bit shaft 375 is sup-
ported by bearings 376 and includes at its downhole end
an extended bit box 377 into which drill bit 372 is thread-
ed. Additionally, the drilling motor 374 may incorporate
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a bent housing, or a variable gauge stabilizer, as de-
scribed above, to facilitate the directional drilling of
wells. It will be understaood that the BHA 370 may com-
prise other components in addition to those enumerated
above, such as, for example stabilizers and logging
while drilling (LWD) tools.

[0066] Mounted within the extended bit box 377,
which partially extends, at least in one embodiment (see
Fig. 19), within a rotating near bit stabilizer sleeve 377a
and a transmitter/antenna sleeve 379, is an instrumen-
tation and electronics package 378 which is battery
powered. The instrumentation and electronics package
378 contains instruments for making measurements
during drilling and may include magnetometers for mon-
itoring the direction of the borehole, accelerometers for
monitoring the inclination of the borehole, and/or forma-
tion evaluation instruments. Mounted on the extended
bit box 377 (or sleeve 377a) is a transmitter coil 379 for
transmitting telemetry signals carrying encoded data
from the various measuring instruments through the
earth formation 310 to a receiver coil 380 mounted in
the MWD tool 373. It will be understood by those skilled
in the art that the transmitter coil 379 may be mounted
in a separate sub and that MWD tool 373 may be placed
at various locations within the BHA 370, such placement
determining the depth to which the transmitted telemetry
signals penetrate the earth formation 10 before being
received. The transmitter coil 379 and receiver coil 380
are protected from damage by shields 381, and are each
loaded with a ferrite core 382 to increase the transmis-
sion range of the system. The instrumentation and elec-
tronics package 378 also carries the electronics neces-
sary to encode the data from the measuring instruments
and actuate the transmitter coil 379.

[0067] The invention uses the amplitude of the induc-
tion telemetry signal that transmits logging and drilling
data obtained during the drilling of a borehole to verify
the setting of variable gauge stabilizer 10, among other
things such as determining earth formation resistivity as
described in U.S. Application Serial No. 09/148,013, the
entirre contents of which are incorporated herein by ref-
erence. The transmitter coil 379 induces a signal in earth
formation 310 that corresponds to the measured logging
and drilling data, including inclination data from a single-
axis accelerometer mounted to the drive shaft of the
mud motor within extended bit box 377 in a preferred
embodiment. The receiver coil 380 detects this signal
and electronics associated with the receiver coil 380 re-
cover the measured data for transmission to the earth's
surface by means of a mud pulse telemetry system in
the MWD tool 373 or in a separate sub. Such a mud
pulse telemetry system is described in U.S. Patent
5,375,098, which is incorporated herein by reference.
Before proceeding with the description of the invention,
and to assist in understanding the invention, some basic
concepts related to signal transmission are reviewed.
[0068] As shown in Fig. 21, signal transmission be-
gins with the use of a continuous oscillating signal of
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arbitrary amplitude and frequency that carries no intel-
ligence. This continuous signal is called a "carrier sig-
nal" or simply a "carrier". The carrier may be interrupted
or the signal amplitude altered so it becomes similar to
a series of pulses that correspond to some known code
as shown in Fig. 22. At this point the oscillating inter-
rupted signal can carry some intelligence. In the present
case, the intelligence is the measurement data. There
are many ways to alter the carrier signal. Modulation is
the process of altering a carrier signal in order to trans-
mit meaningful information. The type of modulation that
is utilized in the present invention is Pulse Position Mod-
ulation (PPM). PPM uses a pulse time arrival position in
a data train to represent quantitized values of data. The
characteristics of pulses within a pulse train may also
be modified to convey the information.

[0069] Focusing again on the present invention, Fig.
23 shows the sequence of operations used to determine
borehole inclination. Data is gathered from accelerom-
eter measurements taken during a drilling operation.
The first step 311 is to generate a signal representative
ofthe measured parameters. This signal is in digital form
and is a conversion of an analog measurement. To
transmit this signal to the uphole receiver it is necessary
to encode the signal (box 312). The encoding process
produces a 27 bit word for transmission.

[0070] Fig. 24 illustrates a 27 bitword 322 thatis ready
for transmission to an uphole receiver. As shown, this
word may comprise several fields containing various
types of data. In this example, a 2 bit field 324 serves
as a frame counter of the number of frames transmitted
uphole. This field identifies each transmitted frame to
permit better tracking of the transmitted data. Field 323
is a 2 bit field that serves as the frame type field and
identifies the type of measurement data in the word. This
data could be one of several measured characteristics
such as temperature or bit inclination. Field 325 is an
eleven bit field that contains the actual measurement
data. For example, an inclination measurement of 238
milli-g, which equals 76.2 degrees, would be
00011101110 in field 325. Field 326 has two bits and in-
dicates, for example, the shock level at bit. In addition
to the transmission of measurement data, the bit stream
may contain error detection bits. These additional bits
of the bit stream help detect if an error occurred during
the transmission of the data stream and verifies that the
data sent was the data received. Error detection
schemes are commonly used in digital transmissions.
The particular error detection scheme may vary from us-
ing only one bit to several bits depending upon the de-
sired level of detection. The last field 327 in this word is
a ten bit error checking field that assists in verifying ac-
curate transmission of the data.

[0071] Referring again to Fig. 23, the next step 313 is
to transmit the signal uphole. This transmission involves
modulating the signal using PPM techniques. As will be
discussed in detail below, the 27 bit word is transmitted
uphole in a data frame. Encoded pulses contain the in-
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formation of the 27 bit word. Each pulse contains a 10
kHz signal. The position of each pulse in the data frame
represents a portion of the data in the 27 bit word.
[0072] Fig. 25 illustrates the format of the transmitted
and detected data in a PPM scheme. The transmitter
sends one data frame approximately every two minutes.
The data frame 328 consists of eleven 10 kHz pulses.
The data is encoded by using pulse position. The first
pulse 329 and last pulse 330 are synchronization pulses
that indicate the beginning and end of the data frame
328. The remaining pulses occur in data regions 331a-
331i. The data regions are separated by intervals 332
of two seconds in length as shown. Referring to Fig. 26,
each data region comprises multiple positions within the
region in which a pulse 334 may occur. Each data pulse
position corresponds to one of eight symbols whose val-
ue corresponds to the pulse delay position. There are
seven possible delay positions of 30 milliseconds or
eight possible pulse positions I, I, IIl, IV, V, VI, VII, and
VIII. In an example of the transmission of the 27 bit word
of Fig. 24, each of the nine information pulses repre-
sents three bits of the 27 bit word. The data frame 328
contains these nine pulses plus the two synchronization
pulses 329 and 330. As shown in Fig. 27a, if the first
three digits of the 27 bit word are "101" the first data
region would have a pulse 334 in the sixth position. A
three digit sequence of "011" in Fig. 27b would result in
a pulse 334 in the fourth data region. A sequence of
"000" in Fig. 27¢c would result in a pulse 334 in the first
position of the data region.

[0073] Referring once again to Fig. 23, the modulated
signal is received (box 314) and demodulated (box 315)
to obtain the data contained in the signal. As part of this
demodulation function, the carrier is extracted from the
modulated signal. Fig. 28 shows a schematic of the de-
modulation and carrier extraction process. The signal
sampled from the analog-to-digital (A/D) converter of
the receiver electronics is first continuously multiplied
by areference 10 kHz cosine function and its quadrature
sine function. Both results are then summed over 10 mil-
liseconds, squared, and the results are added. The re-
sulting square root corresponds to a phase insensitive
cross correlation of the incoming signal with a 10 milli-
second, 10 kHz reference pulse. As shown in Fig. 23,
after demodulation the next step 316 is to detect a data
peak. A peak threshold applied to the cross correlated
signal defines a peak or pulse whose time of occurrence
and amplitude correspond to a maximum correlation
amplitude.

[0074] Referring to Fig. 25, the transmitter sends data
frame 328 to the receiver. As previously mentioned,
each data frame includes a first pulse 329 and a last
pulse 330 (synchronization pulses) that indicate the be-
ginning and the end of the data frame. In step 316, the
receiver is constantly in a search mode attempting to
detect amplitude peaks. When the receiver detects a
peak amplitude, the receiver begins a search for a valid
data frame 328. The search for a valid data frame is nec-
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essary to determine if the detected peak amplitude was
data or random noise. To search for a valid frame the
receiver checks for the presence of synchronization
pulses. Since a data frame has a duration of approxi-
mately 21 seconds, the receiver checks the previous 21
seconds for synchronization pulses and valid time of ar-
rival for all intermediate data bearing pulses.

[0075] After the detection of a valid data frame, the
next step 317 is to reconstruct the 27 bit word at the
receiver. This step is a decoding of the pulses positioned
in the data frame. Conventional burst mode (27, 17) er-
ror detection techniques are now used (box 318) to de-
termine the validity of the transmitted word. Once it has
been determined that the transmission is valid, the data
is extracted (box 319) from the 27 bit word. In the inter-
pretation of the demodulated signal, the measurement
data transmitted in the signal is determined from the po-
sitions of the pulses. After step 319, the focus of the pro-
cedure turns to the process of determining the formation
resistivity. Step 320 measures the amplitude of the car-
rier signal used during the transmission of the data. For-
mation resistivity is determined (box 321) by compari-
son of the amplitude of the received signal with that of
the transmitted signal.

[0076] Fig. 29a illustrates the signal 338 as transmit-
ted. Fig. 29b illustrates the signal 339 as received. As
shown, the received signal 339 resembles the transmit-
ted signal 338. However, because the surrounding earth
formation attenuates the carrier signal, the received sig-
nal 339 has a much smaller amplitude than the trans-
mitted signal. The formation resistivity, for example, may
be calculated from a resistivity transform that is depend-
ent upon transmitter to receiver spacing in a homoge-
neous formation as shown in Fig. 31. Where the well
trajectory is at a relatively low apparent dip angle within
geometrically complicated formation layers, the signal
amplitude and a forward modeling of the formation lay-
ers must be used to estimate a resistivity representation
of the layers.

[0077] As previously stated, in order to increase the
transmission range of the signal and therefore the depth
of investigation of the resistivity measurement, both the
transmitter and receiver are loaded with a ferrite core.
Ferrite, or any material with high longitudinal magnetic
permeability, has a focusing effect on the longitudinal
magnetic field used by the induction transmission of the
present invention. Fig. 30 shows a cross-sectional view
of the transmitter 340 of the present invention. A protec-
tive electromagnetic transparent shield 341 encloses
the antenna 342. This shield has slots 343 that provide
for the electro-magnetic transmission of the signals. In
this embodiment, the antenna 342 is comprised of a
pressure tight spindle 344. Ferrite bars 345 are longitu-
dinally embedded in the spindle 344. Around the ferrite
bars is wiring in the form of a coil 346. An epoxy ring
348 is adjacent the coil and ferrite bars. The coil is
sealed by a VITON rubberring 347 for protection against
borehole fluids. A slight void 349 exists between the
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shield 341 and the VITON rubber ring 347 to allow for
expansion of the ring 347 during operation.

[0078] The resistivity response or resistivity transform
of the system of the present invention is shown in Fig.
31 for a signal amplitude measurement. Fig. 31 shows
the signal amplitude versus formation resistivity for 25
foot (7.62 meter) and 40 foot (12.19 meter) 350 and 351,
respectively, transmitter to receiver spacings. As
shown, the 40 foot (12.19 meter) measurement 351 can
discriminate resistivity over a larger signal amplitude
range. In both measurements, the ability to measure re-
sistivity based on signal amplitude is minimal above ap-
proximately 20 ohm-meters.

[0079] One method for extending the range of meas-
urable formation resistivities above 20 ohm-meters is to
use the complex composition of the signal as in the
standard induction technique. The resistivity measure-
ment includes the real component 354 (V) and the im-
aginary component 353 (V|) of the signal as shown in
Figs. 32a and 32b. As indicated in Figs. 32b and 32d,
the real component 354 has a greater sensitivity to for-
mation resistivity than the imaginary component 353
and can discriminate resistivity as a function of signal
amplitude over a greater range. Since the present
measurement is an amplitude measurement 352 (V,)
represented by the equation

V= JVE+VE

and does not involve synchronizing of transmitted and
received signals, a determination of the real part of the
signals is not possible. However, in this asynchronous
system the range of formation resistivity discrimination
may be extended beyond 20 ohm-meters by using a
higher frequency signal, such as 100 kHz, which moves
the resistivity transforms 350 and 351 of Fig. 31 to the
right towards higher resistivity (approximately 100 ohm-
meters). Additionally, the resistivity of the formation at
different depths of investigation may be determined
from a single transmitted signal by transmitting the sig-
nal pulses at different frequencies, each frequency
yielding a measurement at a different depth. In the
present invention three frequencies, approximately 2,
10, and 100 kHz are preferred. However, frequencies in
the range from about 1 kHz to 300 kHz may be used.

[0080] Because of its large transmitter to receiver
spacing, the present invention provides a deep depth of
investigation of formation resistivity. This feature is par-
ticularly useful in detecting formation boundaries. Fig.
33 schematically illustrates a tool according to the
present invention operating at 10 kHz approaching a re-
sistivity contrast boundary 356 at an apparent dip angle
of 90 degrees. Figs. 34a and 34b show the resistivity
signal response as the tool approaches and crosses re-
sistivity boundary 356 at an apparent dip angle of 90
degrees. As shown in Fig. 34a, at 200 ohm-meters 357,
there is no change in resistivity across the boundary
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356, and therefore no change in the signal. At a contrast
of 20 ohm-meters to 200 ohm-meters 358, there is vir-
tually no change in the signal, mainly because of the
limited ability to distinguish resistivities above 20 ohm-
meters when operating at 10 kHz. At a contrast of 2.0
ohm-meters to 200 ohm-meters 359, there is a slight
movement in the signal approximately ten feet (3 me-
ters) before the tool reaches the boundary 356 and more
movement after it crosses the boundary. At 0.2 ohm-me-
ters to 200 ohm-meters 360, the signal begins to change
rapidly approximately five feet (1.5 meters) before the
tool crosses the boundary 356. Fig. 34b shows that the
responses are the opposite when moving from a high
resistivity formation to a low resistivity formation. There
is a 10 to 15 foot (3 - 4.5 meter) look ahead 361 when
approaching the boundary 356 from a resistive to a con-
ductive formation.

[0081] Fig. 35 schematically illustrates a tool accord-
ing to the present invention operating at 10 kHz ap-
proaching a resistivity contrast boundary 356 at an ap-
parent dip angle of 0 degrees. Fig. 36a illustrates the
resistivity signal response as the tool moves from a low
resistivity formation to a high resistivity formation at an
apparent dip angle of O degrees. There is of course no
change in the 200 ohm-meter response 362 across the
boundary. Again, the 20 ohm-meter response 363
shows virtually no change across the boundary 356. The
2.0 ohm-meter response 364 begins to respond at ap-
proximately 40 feet (12.2 meters) from the boundary.
The 0.2 ohm-meter response 365 begins to show a
drastic change at about 25 feet (7.6 meters) from the
boundary. The well known horizontal or high angle horn-
ing effect when crossing a formation boundary causes
the 0.2 ohm-meter response to exceed the 200 ohm-
meter level and then return to the 200 ohm-meter level.
As shown in Fig. 36b, the tool response when moving
from a high resistivity formation to a low resistivity for-
mation is essentially the opposite of that shown in Fig.
36a.

[0082] The presentinvention therefore provides a for-
mation resistivity measurement with the following char-
acteristics: 1) deep resistivity radial depth of investiga-
tion proportional to the distance between the transmitter
and receiver; 2) vertical resolution also proportional to
the distance between the transmitter and receiver; 3)
formation resistivity sensitivity of up to approximately 20
ohm-meters when using the pulse amplitude resistivity
transform at 10 kHz operating frequency, or sensitivity
up to approximately 100 ohm-meters at 100 kHz oper-
ating frequency; 4) the capability to detect formation
boundaries based on changes in formation resistivity;
5) look-ahead capability when the bit is crossing from a
low resistivity formation to a high resistivity formation;
and 6) look-around capability in wells drilled approxi-
mately parallel to formation boundaries of any signifi-
cant resistivity contrast. This application is significant for
landing wells and staying within a predefined formation
layer during directional drilling.
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[0083] It now will be recognized that new and im-
proved methods and apparatus have been disclosed
which meet all the objectives and have all the features
and advantages of the present invention. Since certain
changes or modifications may be made in the disclosed
embodiments without departing from the inventive con-
cepts involved, it is the aim of the appended claims to
cover all such changes and modifications falling within
the true scope of the present invention.

Claims

1. A system for directionally drilling a wellbore (309)
using a drill string (30/211/371) having a mud motor
(90/216/374), a drill bit (80/214/372), and a drive
shaft (215/375) for transmitting torque from the mud
motor to the drill bit, comprising:

a tool (10) carried in the drill string that is ad-
justable for varying the direction of the drill bit
and the wellbore;

an instrument (225/378) for measuring data
while drilling, the instrument being carried with-
in a drill bit connecting means (221/377) for
connecting the drill bit to the drill string; and

a telemetry system for transmitting the meas-
ured data to a driller at the surface, the telem-
etry system including:

a transmitter (222/379) disposed in the drill
string beneath the mud motor for transmit-
ting a signal corresponding to the meas-
ured data;

a receiver (223/380) disposed in the drill
string above the mud motor for receiving
the signal and recovering the measured
data from the signal.

2. The system of claim 1 wherein the drill bit connect-
ing means comprises a bit box (221/377).

3. The system of claim 1, wherein the drill bit connect-
ing means comprises a sub (224) connecting the
drill bit to a bit box within the drill string.

4. The system of claim 1, wherein the drill bit connect-
ing means comprises the drill bit (80/214/372) itself.

5. The system of claim 1, wherein the instrument in-
cludes an accelerometer (225a) for measuring well-
bore inclination.

6. The system of claim 1 or 5, wherein the instrument
includes a magnetometer for measuring wellbore

direction.

7. The system of claim 1 wherein the direction-varying
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tool is a variable gauge stabilizer (10).

The system of claim 1, wherein the direction-vary-
ing tool is a bent housing (12).

The system of claim 7, wherein the variable gauge
stabilizer comprises:

a housing (12) having two ends adapted for
connecting to a drill string (30/211/371), one or
more radially inwardly biased stabilizer ele-
ments (16) extendible through the housing, a
finger element (55) extending radially inwardly
from the housing, a positioning mandrel biasing
member (36) engaging the housing for biasing
a positioning mandrel (40) in a first axial direc-
tion, a deployment mandrel biasing member
(136) engaging the housing for biasing a de-
ployment mandrel (140) in the first axial direc-
tion (26), and one or rnore shoulders (75)
formed on an inside surface of the housing;
wherein the positioning mandrel is disposed
within the housing and engaged with the posi-
tioning mandrel biasing member, wherein the
positioning mandrel is adapted for fluid pres-
sure actuation in a second axial direction (44)
opposing the positioning mandrel biasing mem-
ber and the deployment mandrel biasing mem-
ber, and wherein the deployment mandrel has
at least one actuating member (18) in axial
alignment with the one or more stabilizer ele-
ments (16) for deploying the stabilizer elements
radially outward; and

a J-slot collar (42) axially engaging the position-
ing mandrel, the J-slot collar having an out-
wardly facing slot (50-54) slidingly receiving the
finger element therein, and a cylindrical body
having one or more collar shoulders (75) ex-
tending in the second axial direction for selec-
tive engagement with the one or more housing
shoulders (75), wherein the outwardly facing
slot is adapted to cause rotation of the collar
upon reciprocating the collar in both the first
and second axial directions, wherein the slot
defines a repeating cycle that provides align-
ment of the one or more collar shoulders with
the one or more housing shoulders upon a first
fluid pressure actuation to prevent deploying
the stabilizer elements and disalignment of the
one or more collar shoulders with the one or
more housing shoulders upon a second fluid
pressure actuation to deploy the stabilizer ele-
ments.

10. The system of claim 1, wherein the telemetry sys-

temincludes a mud pulse telemetry system for com-
municating data collected by said receiver to the
surface.
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The system of claim 1, wherein the transmitter is
located in the bit box.

A method of directionally drilling a wellbore com-
prising:

drilling a wellbore with a drill string (30/211/371)
having a mud motor (90/216/374), a drill bit
(80/214/372), and a drive shaft (215/375) for
transmitting torque from the mud motor to the
drill bit;

varying the direction of the drill bit using a tool
(10) on the drill string;

determining the direction of the drill bit using an
instrument (225/378) for measuring data while
drilling, the instrument being carried within a
drill bit connecting means (221/377) for con-
necting the drill bit to the drill string;
transmitting the measured data to the surface
using a telemetry system carried in the drill
string; and

adjusting the direction of the drill bit as needed
using the measured data.

The method of claim 12, wherein the telemetry sys-
tem includes:

a transmitter (222/379) disposed in the drill
string beneath the mud motor for transmitting a
signal corresponding to the measured data;
and

a receiver (223/380) disposed in the drill string
above the mud motor for receiving the signal
and recovering the measured data from the sig-
nal.

The method of claim 12, wherein the drill bit con-
necting means comprises a bit box (221/377).

The method of claim 12, wherein the drill bit con-
necting means comprises a sub (224) connecting
the drill bit to a bit box within the drill string.

The method of claim 12, wherein the drill bit con-
necting means comprises the drill bit (80/214/372)
itself.

The method of claim 12, wherein the instrument in-
cludes an accelerometer (225a) for measuring well-
bore inclination.

The method of claim 18, wherein the instrument in-
cludes a magnetometer for measuring wellbore di-
rection.

The method of claim 12, wherein the direction-var-
ying tool is a variable gauge stabilizer (10).
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20. The method of claim 12, wherein the direction-var-
ying tool is a bent housing.
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