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(57) ABSTRACT 

A system for steering the direction of a borehole advanced by 
cutting action of a rotary drill bit by periodically varying 
action of a drill bit while continuously rotating a drill string to 
which the drill bit is operationally attached. The steering 
system comprises a bit perturbation device cooperating with 
a bent housing Subsection and operationally connected to the 
drill string and to the drill bit. Drill bit action is varied by 
periodic varying the rotation speed or rate of penetration of 
the drill bit. Periodic drill bit action results in preferential 
cutting of material from a predetermined arc of the borehole 
wall which, in turn, resulting in borehole deviation. Action of 
the drill bit can be varied independent of the rotation rate of 
the drill string 
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DIRECTIONAL DRILLING CONTROLUSING 
PERIODIC PERTURBATION OF THE DRILL 

BIT 

0001. This disclosure is related to U.S. patent application 
Ser. No. 1 1/848,328 filed on Aug. 31, 2008, which is hereby 
entered by reference. 

FIELD OF THE INVENTION 

0002. This invention is related to the directional drilling of 
a well borehole. More particularly, the invention is related to 
steering the direction of a borehole advanced by a rotary drill 
bit by periodically perturbing the action of the drill bit during 
a revolution of the drill string to which the drill bit is opera 
tionally connected thereby allowing borehole trajectory to be 
controlled during continuous drill string rotation. 

BACKGROUND 

0003. The complex trajectories and multi-target oil wells 
require precision placement of well borehole path and the 
flexibility to continually maintain path control. It is preferred 
to control or “steer the direction or path of the borehole 
during the drilling operation. It is further preferred to control 
the path rapidly during the drilling operation at any depth and 
target as the borehole is advanced by the drilling operation. 
0004 Directional drilling is complicated by the necessity 
to operate a drill bit steering device within harsh borehole 
conditions. The steering device is typically disposed near the 
drill bit, which terminates lower or “down hole' end of a drill 
string. In order to obtain the desired real time directional 
control, it is preferred to operate the steering device remotely 
from the surface of the earth. Furthermore, the steering device 
must be operated to maintain the desired path and direction 
while being deployed at possibly a great depth within the 
borehole and while maintaining practical drilling speeds. 
Finally, the steering device must reliably operate under 
exceptional heat, pressure, and vibration conditions that can 
be encountered during the drilling operation. 
0005. Many types of directional steering devices, com 
prising a motor disposed in a housing with an axis displaced 
from the axis of the drill string, are known in the prior art. The 
motor can be a variety of types including electric, or hydrau 
lic. Hydraulic turbine motors operated by circulating drilling 
fluid are commonly known as a “mud' motors. A rotary bit is 
attached to a shaft of the motor, and is rotated by the action of 
the motor. The axially offset motor housing, commonly 
referred to as a bent subsection or “bent sub', provides axial 
displacement that can be used to change the trajectory of the 
borehole. By rotating the drill bit with the motor and simul 
taneously rotating the drill bit with the drill string, the trajec 
tory or path of the advancing borehole is parallel to the axis of 
the drill string. By rotating the drill bit with the motor only, 
the trajectory of the borehole is deviated from the axis of the 
non rotating drill string. By alternating these two methodolo 
gies of drill bit rotation, the path of the borehole can be 
controlled. A more detailed description of directional drilling 
using the bent sub concept is presented in U.S. Pat. Nos. 
3.260,318, and 3,841,420, which are herein entered into this 
disclosure by reference. 
0006. The prior art contains methods and apparatus for 
adjusting the angle or “bend of a bent Sub housing thereby 
directing the angle of borehole deviation as a function of this 
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angle. The prior art also contains apparatus and methods for 
dealing with unwanted torques that result from steering 
operations including clutches that control non periodic bit 
rotation in order to position the bit azimuthally as needed 
within the walls of the borehole. Prior art steering systems 
using variations of the bent sub concept typically rely upon 
non periodic continuous pushing or pointing forces and the 
associated equipment which directs the hole path by exerting 
large pressures on the bit perpendicular to the borehole path 
while rotating the drill string. 

SUMMARY OF THE INVENTION 

0007. This invention comprises apparatus and methods for 
steering the direction of a borehole advanced by cutting 
action of a rotary drill bitterminating a lower or "down hole” 
end of a drill string. The cutting action or “action” of the bit is 
periodically perturbed during a rotation of a bent housing 
subsection or “bent sub’ disposed in the drill string and 
attached to the drill bit thereby cutting a disproportionately 
larger amount of material from an azimuthal arc of wall of the 
borehole, which will result in an azimuthal deviation in bore 
hole direction while continuously rotating the drill string. The 
perturbation can comprise periodic variation in the rotational 
speed of the drill bit or alternately any periodic variation in the 
rate of penetration (ROP) of the drill bit. 
0008. The steering device, which is disposed at the down 
hole end of a drill string, comprises a drill bit perturbation 
device disposed above the bent sub. This bit perturbation 
device can comprise a mud motor and a cooperating brake/ 
clutch mechanism that periodically varies the rotational 
speed of the drill bit. Alternately the bit perturbation device 
can comprise a mud motor and a cooperating drilling fluid 
variable bypass orifice that periodically varies the rotational 
speed of the drill bit. Finally, the bit perturbation device can 
comprise rotary acting hammers, vibrators and the like that 
periodically vary the ROP of the drill bit. The drill bit is 
preferably operationally connected to the bit perturbation 
device by a shaft. The drill bit can be rotated by both the bit 
perturbation device and by the rotary action of the drill string. 
Alternately, the drill bit can be rotated only by the bit pertur 
bation device or only by the rotary action of the drill string. 
0009. As stated above, the steering system is designed so 
that the drill bit disproportionally cuts material along the wall 
of the borehole in a predetermined azimuthal arc to direct the 
advancement of the borehole in a desired trajectory. In the 
disclosed embodiments of the invention, the action of the bit 
disposed below the bent sub is periodically varied in this 
predetermined arc cutting a disproportionally small amount 
of material from the borehole wall. As a result, the bit moves 
to the opposite side of the borehole and cuts a disproportion 
ately larger amount of material from the borehole wall. The 
borehole then tends to deviate and advance in the azimuthal 
direction in which the disproportional large amount of bore 
hole wall material has been removed. This disproportional 
removal of material is accomplished while continuously 
rotating the drill string. 
0010. The removal of material from the wall of the bore 
hole, thus the steering of the borehole trajectory, is accom 
plished by periodically varying the action of the drill bit 
during a rotation of the drill string, with the drill bit cooper 
ating with the bent sub. If the bit perturbation device com 
prises a motor, the steering system can use two elements for 
rotating the drill bit. The first element used to rotate the drill 
bit is the rotating drill string. The second element used to 
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rotate the drill bit is the motor disposed above the bent sub and 
operationally connected to the drill bit. The final drill bit 
rotational speed is the Sum of the rotational speeds provided 
by the drill string and the motor. 
0011. It is preferred that both the drill string and the motor 
rotate simultaneously. If a constant borehole trajectory is 
desired, both the drill string and motor rotation speed or ROP 
of the bit are held constant throughout a drill string revolution. 
The procession of the bit rotation around the borehole 
removes essentially the same amount of material azimuthally 
around the borehole wall. If a deviated borehole trajectory is 
desired, either the bit rotation speed or the ROP of the drill bit 
is periodically varied as it passes through a predetermined 
azimuthal sector of the borehole wall. This periodic variation 
of the action of the drill bit can be accomplished by periodi 
cally varying the rotational speed of the motor, by periodi 
cally varying the rotational speed of the drill string, or by any 
periodic variation of the ROP of the drill bit. These method 
ologies remove disproportionately small amounts from one 
side of the borehole and remove disproportionately larger 
amounts of material on the opposite side of the borehole. The 
borehole is deviated in the direction of disproportionately 
large amount of material removal. These methodologies will 
be discussed in detail in Subsequent sections of this disclo 
SUC. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012. The manner in which the above recited features and 
advantages, briefly summarized above, are obtained can be 
understood in detail by reference to the embodiments illus 
trated in the appended drawings. 
0013 FIG. 1 illustrates borehole assembly comprising a 
bent sub disposed in a well borehole by a drill string opera 
tionally attached to a rotary drilling rig: 
0014 FIG. 2 illustrates a bit perturbation device compris 
ing a mud motor 14a and a cooperating brake/clutch assem 
bly: 
0015 FIG. 3 illustrates a bit perturbation device compris 
ing a mud motor and a drilling fluid variable bypass orifice; 
0016 FIG. 4 illustrates a bit perturbation device compris 
inganassembly that periodically varies the rate of penetration 
of the drill bit; 
0017 FIG. 5 is a cross section of a cylindrical borehole 
and is used to define certain parameters used in the steering 
methodology using both periodic variations in bit rotational 
speed and bit ROP: 
0.018 FIG. 6 is a cross section of a borehole in which the 
rotation speed of the borehole or alternately the ROP of the 
drill bit has been periodically varied thereby removing a 
disproportionately small amount of material from one side of 
the borehole and a disproportionately large amount of mate 
rial from the opposite side of the borehole; 
0019 FIG. 7a is a plot of a constant rate of rotation of the 

drill bit or a constant ROP of the drill bit as a function of a 
plurality of rotational cycles; and 
0020 FIG.7b is a plot of a periodic decreasing rotation 
rate of the drill bit or ROP of the drill bit as a function of a 
plurality of drill String rotations. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0021. This invention comprises apparatus and methods for 
steering the direction of a borehole advanced by cutting 
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action of a rotary drill bit. The invention, which is disclosed 
with three embodiments, will be discussed in sections. The 
first section is directed toward hardware. The second section 
details basic operating principles of the invention. The third 
section details the three embodiments of the invention that 
will produce the desired borehole steering results. 
0022. Directional drilling is obtained by periodically per 
turbing the action of the drill bit. For purposes of this disclo 
sure “periodic variation' is defined as varying the drill bit 
rotation speedina plurality of 360 degree drill string rotations 
or “cycles' at the same azimuthal arc in the plurality of 
rotations. 

Hardware 

0023. Attention is directed to FIG. 1, which illustrates a 
borehole assembly (BHA) 10 suspended in a borehole 30 
defined by a wall 50 and penetrating earth formation 36. The 
upper end of the BHA 10 is operationally connected to a 
lower end of a drill pipe 35 by means of a suitable connector 
20. The upper end of the drill pipe 35 is operationally con 
nected to a rotary drilling rig, which is well known in the art 
and represented conceptually at 38. Surface casing 32 extends 
from the borehole 30 to the surface 44 of the earth. Elements 
of the steering apparatus are disposed within a bent sub 16 of 
the BHA10. A rotary drill bit 18 is operationally connected to 
the bent sub 16 by a shaft 17. Any rotation of the drill bit 18 
is illustrated conceptually by the arrow R. 
0024. Again referring to FIG. 1, the BHA 10 also com 
prises an auxiliary sensor section 22, a power Supply section 
24, an electronics section 26, and a downhole telemetry sec 
tion 28. The auxiliary sensor section 22 comprises directional 
sensors such as magnetometers and inclinometers that can be 
used to indicate the orientation of the BHA 10 within the 
borehole 30. This information, in turn, is used in defining the 
borehole trajectory path for the steering methodology. The 
auxiliary sensor section 22 can also comprise other sensors 
used in Measurement-While-Drilling (MWD) and Logging 
While-Drilling (LWD) operations including, but not limited 
to, sensors responsive to gamma radiation, neutron radiation 
and electromagnetic fields. The electronics section 26 com 
prises electronic circuitry to operate and control other ele 
ments within the BHA 10. The electronics section 26 prefer 
ably comprise downhole memory (not shown) for storing 
directional drilling parameters, measurements made by the 
sensor section, and directional drilling operating systems. 
The electronic section 26 also preferably comprises a down 
hole processor to control elements comprising the BHA 10 
and to process various measurement and telemetry data. Ele 
ments within the BHA 10 are in communication with the 
surface 44 of the earth via a downhole telemetry section 28. 
The downhole telemetry section 28 receives and transmits 
data to an uphole telemetry section (not shown) preferably 
disposed within Surface equipment 42. Various types of bore 
hole telemetry systems are applicable including mud pulse 
systems, mud siren systems, electromagnetic systems and 
acoustic systems. A power Supply section 24 Supplies electri 
cal power necessary to operate the other elements within the 
BHA 10. The power is typically supplied by batteries. 
0025. Once again referring to FIG. 1, drilling fluid or 
drilling “mud' is circulated from the surface 44 downward 
through the drill string comprising the drill pipe 35 and BHA 
10, exits through the drill bit 18, and returns to the surface via 
the borehole-drill string annulus. Circulation is illustrated 
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conceptually by the arrows 12. The drilling fluid system is 
well known in the art and is represented conceptually at 40. 
0026. As mentioned previously, directional steering is 
obtained using a drill bit perturbation device. Three embodi 
ments of the bit perturbation device are disclosed. It should be 
understood that the disclosures are general, and can be modi 
fied to obtain similar steering results. 
0027 FIG. 2 illustrates a bit perturbation device 14 com 
prising a mud motor 14a and a cooperating brake/clutch 
assembly 15. The mud motor 14a is disposed within the bent 
sub 16. The clutch/brake assembly 15 is shown disposed 
within the motor 14a and cooperates with the motor to peri 
odically vary the rotational speed of the drill bit 18 operation 
ally attached to the motor 14 by the shaft 17. The motor 14 can 
be Monyo or turbine type motor. The downward flow of 
drilling fluid imparts rotation to the drill bit 18 through the 
shaft 17, as indicated by the arrow R shown in FIG. 2. 
0028. Although the bit perturbation device shown in FIG. 
2 is disposed within the motor 14a, it should be understood 
that the clutch/brake assembly 15 can be disposed at other 
positions within the motor-drill bit drive train. An example of 
a clutch/brake assembly is disclosed in U.S. Pat. No. 3,841, 
420, which is entered into this disclosure by reference. Other 
embodiments of clutch/brake assemblies are disclosed in 
U.S. Pat. Nos. 5,738,178 and 3,713,500. The clutch/brake 
assembly 15 can compriseaplain brake, a hydraulic multidisc 
clutch, or a hysteresis clutch located within the motor-bit 
drivetrain or within the drill string 35 above the motor 14. The 
assembly 15 cooperates with the downhole processor of the 
electronic section 26 to activate periodically during a rotation 
of the BHA 10. This results in a periodic variation in rota 
tional speed R of the drill bit thereby preferentially remov 
ing material from the borehole wall in a predetermined azi 
muthal arc. This, in turn, results in directional control as will 
be detailed in a Subsequent section of this disclosure. A more 
complex embodiment of the clutch/brake assembly 15 can 
comprise two or more gear assemblies that can be selected to 
further periodically vary the rotational speed of the drill bit 
18. 

0029 FIG. 3 illustrates a bit perturbation device 14 com 
prising a mud motor 14a and a drilling fluid variable bypass 
orifice 19 that controls the flow of drilling fluid through the 
mud motor. The concept of a variable bypass orifice has been 
used in prior art mud pulse telemetry systems such as the type 
disclosed in U.S. Pat. No. 4,869,100. Bypass orifices and 
valves cooperating with turbine motors are disclosed in U.S. 
Pat. Nos. 3,802,575 and 7,086,486. U.S. Pat. Nos. 3,958,217, 
4,742,498 and 4,401,134 disclose valves that spin and rotate 
with a ported rotor. These references are herein entered into 
this disclosure by reference. Minimal pressure fluctuations 
are associated with flow changes thereby requiring less horse 
power from Surface pumps. Any periodic variation in fluid 
flow through the bypass orifice results in a corresponding 
periodic variation in the rotational speed Rof the drill bit 18. 
Although illustrated as being immediately above the mud 
motor 14a, it should be understood that the variable bypass 
orifice 19 can be disposed at other positions in the drill string 
above the mud motor or alternately within the mud motor 
assembly. The variable bypass orifice cooperates with the 
downhole processor of the electronic section 26 to activate 
periodically during a rotation of the BHA 10 and the bent sub 
16. This results in the desired periodic variation in rotational 
speed R of the drill bit thereby preferentially removing 
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material from the borehole wall in a predetermined azimuthal 
arc thereby deviating the borehole path in a predetermined 
direction. 
0030 FIG. 4 illustrates a bit perturbation device 14 com 
prising an assembly 14b that periodically varies the rate of 
penetration (ROP) rather than the rotational speed of the drill 
bit 18. These elements impart axial and azimuthal force com 
ponents at the drill bit face and can be, but are not limited to, 
hammers and vibrators. The bit perturbation device 14b can 
also comprise an electric or a mud motor. Vibrators and ham 
mers can be engineered by fluid driven masses that rise and 
fall under a periodic queue Supplied by the downhole proces 
sor in the electronics section 26 thereby improving weight 
transfer to the drill bit 18. Alternately, a rotary mass can be 
used, under the periodic queue of the downhole processor, to 
periodically vibrate the BHA 10 thereby improving weight 
transfer to the face of the drill bit 18. These transfers, in turn, 
result in an increase in ROP. Although hammers and vibrators 
impart a rather large periodic axial force along the bent Sub, 
an azimuthal component of this force preferentially removes 
material from the borehole wall in a predetermined azimuthal 
arc thereby deviating the borehole path in a predetermined 
direction. U.S. Pat. No. 701,391 discloses an example of a 
device used to vary ROP, and is herein entered into this 
disclosure by reference. ROP variation is obtained by a recip 
rocating axial motion along the axis of the drill induced by 
changing drilling fluid flow rate. U.S. Pat. No. 6,053.261 
discloses apparatus and methods that are similar in concept to 
those disclosed in U.S. Pat. No. 701,391. 

Basic Operating Principles 
0031. The BHA 10 shown in FIG. 1, when rotated at a 
constant rotation speed or operating at a non periodic ROP 
within the borehole 30, sweeps a circular path drilling a 
borehole slightly larger than the diameter of the drill bit 18. 
This larger diameter, defined by the borehole wall 50, is due 
to the angle defined by the axis of the drill pipe 35 and the axis 
of the bent sub housing 16. 

Periodic Variation of Bit Rotation 

0032. Attention is directed first to the embodiments that 
create periodic variation of the rotational speed of the drill bit. 
As discussed previously, two components of drill bit rotation 
can be present. The first component results from the action of 
the drilling rig38 that rotates the entire drill string at a rotation 
rate of R. The second component of rotation results from the 
action of the motor 10 that rotates the bit at a rate R. The 
rotation speed of the drill bit, R, is the sum of these two 
components. Stated mathematically, the bit rotation speed R. 
1S 

Re-R+RA (1) 

0033. As shown above, the two components R, and R. 
comprising the final drill bit rotation speed R are generally 
considered separable where directional control is required. 
As a prior art example, if R is set to Zero, then the motor 14 
will continue to turn the drill bit 18 at a rotation speed R. The 
drill bit will increase borehole deviation angle at a constant 
azimuthal angle defined by the position of the non rotating 
bent sub 16, with the drill string sliding down the borehole 
behind the advancing drill bit. Alternately, if a constant tra 
jectory hole is require to be drilled, then the drill string rota 
tion R is initiated along with motor rotation R, the azi 
muthal angle of the bent Sub 16 is no longer constant due to 
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the rotation of the BHA 10, and the drill bit rotating at 
R. R+R, cuts equally into all sides of hole. 
0034. In the periodic procession of the drill bit around the 
wall of the borehole described above, where R, and R are 
not equal to Zero, the drill bit 18 cuts a different azimuthal 
section of the hole as a function of procession time. It is 
during this periodic drill bit procession that R can be instan 
taneously and periodically changed during each revolution of 
the BHA 10 to preferentially cut one side of the hole at a 
different rate than it cuts the opposite side of the hole. This 
also results in increasing borehole deviation angle, while still 
rotating the drill string. There are operational advantages to 
continue to rotate the drill String, as will be discussed in a 
Subsequent section of this disclosure. The periodic change in 
R per revolution of the drill string can be implemented by 
varying either R, or R, as will be discussed in detail in 
Subsequent sections of this disclosure. 

Periodic Variation of ROP 

0035. Attention is now directed to the embodiment in 
which ROP of the drill bit is periodically varied to deviate the 
direction of the borehole. If a constant trajectory hole is 
required to be drilled, then the ROP of the drill bit, P, is held 
constant during a given revolution of the drill string. If P is 
periodically varied by activating and deactivating the ele 
ments of the bit perturbation device, the drill bit 18 cuts a 
different azimuthal section of the hole as a function of pro 
cession time. It is during this periodic drill bit procession that 
P. can be instantaneously and periodically changed during 
each revolution of the BHA 10 to preferentially cut one side of 
the hole at a different rate than it cuts the opposite side of the 
hole. This results in increasing borehole deviation angle, 
while still rotating the drill string. 

Borehole Deviation 

0036 FIG.5 is a cross section of a cylindrical borehole 30 
and is used to define certain parameters used in the steering 
methodology using both periodic variations in bit rotational 
speed and bit ROP. The center of the borehole is indicated at 
52, and a borehole or “Zero” azimuthal reference angle is 
indicated at 51. For the bit rotational speed embodiments the 
bit speed R is decreased to a value R beginning essentially 
at variation angle C. indicated at 54 and continued through a 
"dwell' angle of magnitude O indicated at 60. Likewise, for 
the ROP embodiment, the bit ROPP is decreased by deac 
tivating the bit perturbation assembly to a value P beginning 
essentially at variation angle C. indicated at 54 and continued 
through a "dwell' angle of magnitude O indicated at 60. The 
azimuthal position of the variation angle C. angle is preferably 
defined with respect to the reference angle 51. The bit rotation 
speed, or the bit ROP, are then resumed essentially to R and 
P, respectively, for the remainder of the 360 degree rotation 
cycle. 
0037 Stated more generally, the bit action rate is varied 
from a first action rate to a second action rate at the variation 
angle C. The second action rate is maintained through the 
dwell angle O, and the returned to the first action rate. These 
periodic variations in R and P. decrease cutting power dur 
ing the dwell angle O (shown at 60) will leave a surplus of 
borehole wall material essentially at the azimuthal dwell 
angle O. This surplus of material naturally causes the drill bit 
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to move radially to the opposite side of the hole to an azi 
muthal arc section O/2 is indicated at 57 that terminates at an 
angle B, where: 

B=C-180°--o/2 (2) 

and f is indicated at 56. Drill bit rotation speed or ROP 
through the arc O/2 to the angle B is greater than R or P. 
This results in the removal of a disproportionally large 
amount of borehole wall material essentially in the azimuthal 
arc 57 thereby deviating the borehole in this azimuthal direc 
tion. 
0038. The previously discussed effects of varying the drill 
bit rotation speed or drill bit ROP are illustrated conceptually 
in the borehole cross sectional view of FIG. 6. Drill bit action 
is perturbed by varying rotation speed from R to R, or by 
varying ROP from P to P, when the bit reaches angle C. 
denoted at 54. The drill bit in this azimuthal position is 
depicted as 18a. Because of the reduction in bit rotation speed 
or ROP, there is an excess of material along the borehole wall 
at 50a, which corresponds to the dwell angle O shown in FIG. 
2. Drill bit rotational speed or ROP are subsequently 
increased to R or P, respectively, and the bit moves to the 
opposite side of the borehole 30 to the azimuthal arc 57 
terminating at angle B. The drill bit in this position is as 
depicted conceptually at 18b. A disproportionally large 
amount of borehole wall is removed at 50b. By periodically 
reducing R or P at the variation angle C. as the BHA rotates 
within the borehole 30, the angle of borehole deviation con 
tinues to build in the azimuthal region defined by the arc 57 
and the angle B. 
0039. It should be understood that borehole deviation can 
also be obtained by periodically increasing R or P thereby 
removing a disproportionally large amount of borehole wall 
at the angle of periodic rotation increase. 
0040 FIGS. 7a and 7b illustrate graphically results of the 
methodologies discussed above for bit rotation speed varia 
tion and bit ROP variation embodiments of the invention. The 
results are conceptually the same for periodically varying 
either R or P. Additional illustrations for varying R are 
disclosed in the previously referenced U.S. patent application 
Ser. No. 1 1/848,328. 
0041 Curve 70 in FIG. 7a represents either R or P. 
(ordinates) as a function of angle (abscissa) through which 
the BHA 10 is rotated. R is represented by the left ordinate 
and P is represented by the right ordinate. Both ordinates are 
in arbitrary units. Expanding on the examples discusses 
above and illustrated in FIGS.5 and 6, the reference or “Zero” 
angle is again denoted at 51. A complete 360 degree BHA 
rotation cycle is represented at 59, with three such cycles 
being illustrated. The drill bit is, therefore, rotating at a con 
stant speed R shown at 53a or penetrating at a constant rate 
P. shown at 53b. 
0042 Curve 72 in FIG.7b represents R or Pasafunction 
of angle through which the BHA 10 is rotated. As in FIG. 7a, 
the reference angle for a drill String rotation cycle is denoted 
at 51, with three cycles 59 again being depicted. The nominal 
drill bit rotating at a constant speed R53a or penetrating at a 
constant rate P of 53b. Further expanding on the examples 
discussed above and illustrated in FIGS. 5 and 6, either R or 
P. are periodically decreased, as indicated by excursions 76, 
to values at 74a and 74b, respectively. These decreases are 
initiated at an angle 54 (which corresponds to the speed 
variation angle C) for a dwell angle of 60 (which corresponds 
to the dwell angle of magnitude O). Depending upon the 
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embodiment of the invention, variations in R or P are 
repeated periodically during rotation cycles of the drill String. 
As discussed previously, a decrease in bit rotation or ROP on 
one side of the borehole causes the drill bit to move to the 
opposite side of the borehole where bit rotation speed or ROP 
returns to normal or even increases. 
0043. The periodic variation in R or P can be controlled 
in real time while drilling using various techniques. Attention 
is again directed to FIG. 1 as well as FIGS. 7a and 7b. These 
real time steering methods typically utilize BHA 10 orienta 
tion and position measured with sensors within the auxiliary 
sensor section 22. A first method comprises the storing of a 
plurality of bit action rates (as a function of C. and O) within 
downhole memory in the electronics section 26. An appro 
priate sequence is then selected by a signal telemetered from 
the surface based upon BHA orientation telemetered to the 
Surface along with the known borehole target. The appropri 
ate sequence is typically determined using a Surface proces 
sor within the surface equipment 42. This method is similar to 
the “look-up table' concept used in numerous electronics 
systems. A second method comprises telemetering values of 
C. and O from the surface equipment 42 to the BHA 10 to 
direct the drilling to the target. The values of C. and O are again 
selected by considering both BHA orientation data (measured 
with sensors disposed in the auxiliary sensor section 22) 
telemetered to the surface and the directional drilling target. 
Telemetered values of bit action rates and dwell angles C. and 
O, respectively, are input into an operating program prefer 
ably resident in the downhole processor within the electronics 
section 26. Output supplied by the downhole processor is then 
used to control and periodically vary the rotation speed of the 
motor 14 or alternately the ROP of the bit to direct the bore 
hole 30 to a desired formation target. Stated summarily, the 
action of the drill bit 18 is varied periodically by the bit 
perturbation device 14 cooperating with the downhole pro 
cessor, responses of the auxiliary sensors, and preferably with 
directional information telemetered from the surface of the 
earth. 
0044. It should be understood that other techniques can be 
used to obtain periodic variations in R or P, including, but 
not limited to, the use of preprogrammed variation instruc 
tions stored in downhole memory of the electronics section 26 
and combined with measured BHA orientation data using 
sensors in the auxiliary sensor section 22. This method 
requires no real time telemetry communication with the Sur 
face equipment 42. 

Summary 

0045. This invention comprises apparatus and methods for 
steering the direction of a borehole advanced by cutting 
action of a rotary drill bit. Steering is accomplished by using 
a bit perturbation device to periodically vary, during a 360 
degree rotation cycle of the drill string, the rotation speed of 
the drill bit or alternately the ROP of the drill bit. These 
periodic variations result in the preferential cutting of differ 
ing amounts of material from the wall of the borehole within 
predetermined azimuthal arcs. The borehole deviates in an 
azimuthal direction in which a proportionally large amount of 
borehole wall has been cut. The invention requires little if any 
forces perpendicular to the axis of the borehole. Deviation 
instead achieved by relying only on the bit perturbation 
device cooperating with the bent sub and the drill bit to 
preferentially remove material from the borehole wall while 
simultaneously maintaining drill String rotation. This allows 
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the borehole path objectives to be achieved using lower 
strength, less expensive materials that are required in other 
Such methods and associated devices. Furthermore, the 
invention does not require the use of hydraulics interacting 
with the borehole wall to push drill string members into the 
desired direction of deviation. Continuous rotation of the drill 
string, while drilling both straight and deviated borehole, 
provides Superior heat dissipation and more torque at the drill 
bit. 
0046. The above disclosure is to be regarded as illustrative 
and not restrictive, and the invention is limited only by the 
claims that follow. 

1. An apparatus for drilling a borehole with a drill string 
and a cooperating drill bit, said apparatus comprising: 

(a) a bent Sub; and 
(b) a bit perturbation device; wherein 

said drill String and said perturbation device are opera 
tionally connected to said drill bit to operate said drill 
bit independent of rotation of said drill string, 

said bit perturbation device periodically varies action of 
said drill bit, and 

said borehole is deviated by said periodic variation of 
action of said drill bit. 

2. The apparatus of claim 1 wherein said drill string rotates 
continuously during said borehole deviation. 

3. The apparatus of claim 1 wherein said bit perturbation 
device comprises a mud motor and a cooperating brake/clutch 
assembly. 

4. The apparatus of claim 1 wherein said bit perturbation 
device comprises a mud motor and a drilling fluid variable 
bypass orifice. 

5. The apparatus of claim 1 wherein said bit perturbation 
device comprises an element that imparts axial and azimuthal 
force components at said drill bit. 

6. The apparatus of claim 1 wherein said drill string and 
said drill bit are rotated simultaneously. 

7. A method for deviating a borehole advanced by a rotat 
ing drill bit operationally attached to a drill string, the method 
comprising periodic perturbing action of said drill bit with a 
bit perturbation device to preferentially remove a dispropor 
tional amount of material in an azimuthal arc of a wall of said 
borehole while maintaining continuous rotation of said drill 
String. 

8. The method of claim 7 wherein said bit perturbation 
device comprising a mud motor and a cooperating brake/ 
clutch assembly. 

9. The method of claim 7 wherein said bit perturbation 
device comprising a mud motor and a drilling fluid variable 
bypass orifice. 

10. The method of claim 7 wherein said bit perturbation 
device comprising an element that imparts axial and azi 
muthal force components at said drill bit. 

11. The method of claim 7 wherein: 
(a) said bit perturbation device is operationally attached to 

said drill bit and to said drill string; and 
(b) said drill bit and said drill string are simultaneously 

rotated while rotation speed of said drill bit is periodi 
cally varied. 

12. The method of claim 7 wherein: 
(a) said bit perturbation device is operationally attached to 

said drill bit and to a drill string; and 
(b) rate of penetration of said drill bit is periodically varied 

while said drill string is simultaneously rotated. 
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13. The method of claim 7 further comprising: 
(a) periodically varying, at a variation angle, said action of 

said drill bit from a first action rate to a second action 
rate; 

(b) maintaining said second action rate through a dwell 
angle; and 

(c) Subsequently resuming said first action rate. 
14. The method of claim 13 further comprising telemeter 

ing, from the Surface of the earth, said variation angle and said 
dwell angle to a downhole processor cooperating with said bit 
perturbation device thereby periodic varying said bit action. 

15. The method of claim 13 further comprising: 
(a) storing said variation angle and said dwell angle in a 
downhole memory; and 

(b) transferring said variation angle and said dwell angle to 
a downhole processor cooperating with said bit pertur 
bation device thereby periodic varying said action of 
said drill bit. 

16. A directional borehole assembly terminating a down 
hole end of a drill String, said assembly comprising: 

(a) a bit perturbation device cooperating with a bent sub; 
(b) auxiliary sensors indicating orientation and position of 

said borehole assembly within said borehole; 
(c) a telemetry system for communicating between said 

borehole assembly and the surface of the earth; and 
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(d) a downhole processor, wherein 
(e) said drill string and said bit perturbation device are 

operationally connected to said drill bit to operate said 
drill bit independent of rotation of said drill string: 

(f) said borehole is deviated by periodic varying action of 
said drill bit while continuously rotating said drill string: 
and 

(g) said periodic varying action of said drill bit is defined by 
combining, within said downhole processor, responses 
of said auxiliary sensors with information telemetered 
from said surface of the earth. 

17. The assembly of claim 16 wherein said bit perturbation 
device comprises a mud motor and a cooperating brake/clutch 
assembly or a mud motor and a drilling fluid variable bypass 
orifice or an element that imparts axial and azimuthal force 
components at said drill bit. 

18. The assembly of claim 16 wherein said action of said 
drill bit speed is varied by periodic variation of rotation speed 
of said drill bit. 

19. The assembly of claim 16 wherein said periodic varia 
tion of said drill bit is obtained by periodic variation of rate of 
penetration of said drill bit. 

20. The assembly of claim 16 wherein said drill string and 
said drill bit are rotated simultaneously. 

c c c c c 


