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ABSTRACT



In the representative embodiments of the present inven tion described herein, new and improved methods and apparatus are disclosed for measuring various forces acting on an intermediate body between the lower end



of a drill string and the earth-boring apparatus coupled



thereto whereby the magnitudes and angular directions of bending moments and side forces acting on the earth boring apparatus can be readily determined so that predictions can be made of the future course of excava



tion of the apparatus. 30 Claims, 4 Drawing Sheets
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METHODS AND APPARATUS FOR CONTROLLED DIRECTIONAL DRILLING OF’ BOREHOLES



BACKGROUND OF THE INVENTION



In present-day drilling operations it is advantageous to have the capability of controlling the directional course of the drill bit as it progressively excavates a



2



either separately or in conjunction with other real-time downhole measurements without having to interrupt the drilling operation. Generally these directional mea surements are obtained by arranging a MWD tool to



include typical directional instruments adapted to pro vide real-time measurements representative of the spa tial position of the tool in a borehole. Alternatively, as described in US Pat. No. 2,930,137 to Jan J. Arps, it has been proposed to arrange a typical MWD tool with



borehole. Such controlled directional drilling is particu



special instrumentation for measuring the bending mo



larly needed in any offshore operation where a number of wells are successively drilled from a central platform



ments in a lower portion of the drill string to provide



to individually reach various target areas that are re



real-time measurements which are presumably repre» sentative of the crookedness or curvature of the bore



spectively situated at different depths, azimuthal orien tations and horizontal displacements from the drilling platform. It should, of course, be recognized that direc



hole as it is being drilled. Accordingly, when a conventional drill bit is com bined with a MWD tool which can provide either or



tional drilling is not limited to offshore operations alone both of these realtime measurements, it can be deter since there are also many inland operations where the mined whether at least limited downhole directional drill bit must be deliberately diverted in a desired lateral changes are being effected from the surface by varying 20 direction as the borehole is being drilled. one or more drilling parameters such as the rotational Heretofore most directional drilling operations were speed of the drill string, the ?ow rate of the drilling mud carried out by temporarily diverting the drill bit in a in the drill string and the load on the drill bit. The abil selected direction with the expectation being that the ity to make these real-time directional or bending drill bit would thereafter continue to advance along a moment measurements has also made it feasible to com



new course of excavation when normal drilling was 25



resumed. For instance, in a typical whipstock operation, a special guide is temporarily positioned in a borehole to guide a reduced-size drill bit as it drills a short deviated



pilot hole in a selected direction. The guide device is then removed and drilling is resumed with a full-size



bine either a big-eye bit or a drilling motor coupled to a controllable bent sub with a suitable MWD tool for



continuously monitoring the directional drilling tool as it excavates a borehole. It should be noted in passing



drill bit for reaming out the pilot hole and continuing



that it has been found advantageous to employ MW-D tools capable of providing real-time directional mea



drilling mud from the enlarged port .to progressively



one or more drill collars as well. Accordingly, when a



carve out a cavity in the adjacent sidewall of the bore



directional measurement is made, the drilling apparatus is already at an advanced location that the measuring instruments will not reach until perhaps several hours later. !n other words, any particular directional mea



surements while drilling a deviated borehole or while along the new course of excavation established by the drilling a borehole along a generally-vertical course of pilot hole. Similarly, in another common directional excavation. drilling technique, a so-called “big eye ” drill bit is Regardless of the type of drilling apparatus that is selectively oriented in a borehole to direct an enlarged 35 employed, the instrumentation section of a typical port in the bit in a given lateral direction. Then, while MWD tool is ordinarily separated from the drilling rotation of the bit is temporarily discontinued, the mud apparatus by various tool bodies and, in some instances, pumps are operated for forcibly discharging a jet of



hole into which the bit will hopefully advance when ever rotation is resumed. A third common directional



drilling technique employs a ?uid-driven motor and



surement represents only the previous location of the ' earth-boring device that are coupled to a so-called “bent sub” which can be cooperatively controlled from 45 drilling apparatus when it was drilling the borehole



the surface for selectively positioning the device to drill



interval that is presently occupied by the directional



along any one of several courses of excavation.



instrumention in the MWD tool. Since the several inter connecting bodies and drill collars are relatively ?exi ble, the drilling apparatus can be easily diverted from its intended course of excavation by such things as varia~ tions in formation properties or in the borehole environ ment or by changes in the performance characteristics of the drilling apparatus. Even when such factors are taken into account, it can not be realistically assumed



With these typical directional drilling techniques, it is necessary to make directional measurements from time



to time so that appropriate and timely corrective actions can be taken whenever it appears that the drilling appa ratus is not proceeding along a desired course of exca



vation. Nevertheless, when typical wireline measuring



techniques are employed, the course of the drilling apparatus can not be determined without periodically 55 that the drilling apparatus will always remain axially interrupting the drilling operation each time a measur aligned with the instruments in the MWD tool. Thus, it ing tool is lowered into the drill string to obtain direc must be recognized that these prior-art bending tional measurements. Thus, when wireline measuring moment and directional measurements can at best pro techniques are being used, it must be decided whether vide only an estimate of the probable location of the to continue drilling a given borehole interval with a 60 drilling apparatus at the time that a particular measure



minimum of delays or to prolong the drilling operation by making frequent directional measurements to be certain that the drilling apparatus is maintaining a de sired course of excavation.



ment was made. With so many variables, those skilled in



the art will, of course, appreciate that these prior-art bendingmoment and directional measurements can not



be reliably used for accurately determining the present With the advent of various measuring-while-drilling 65 position of the drilling apparatus much less predicting or so-called “MWD” tools such as those which are now the future course of excavation of the drilling apparatus. commercially available, it became possible to transmit Accordingly, it was not until the invention of the new to the surface one or more directional measurements and improved methods and apparatus that are described
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in US Pat. Nos. 4,303,994 and 4,479,564 to Denis R. Tanguy that it was considered possible to determine the



4



ratus that is adapted to be coupled to earth-boring appa ratus and suspended in a borehole from a drill string. To determine the present course of excavation of the earth boring apparatus, the new and improved measuring apparatus of the present invention includes direction measuring means for determining the present azimuthal



position of the drilling apparatus with some degree of accuracy as well as to predict its future course of exca



vation. It will, of course, be recognized that the teach ings of these two Tanguy patents can be useful for main taining an earth-boring device on a particular course of excavation as well as for selectively redirecting the boring apparatus as necessary to reach a designated



direction and angular inclination of the earth-boring apparatus and producing one or more output signals



representative of the spatial position of the boring appa



target area. Nevertheless, despite the advantages of employing the principles of the aforementioned Tanguy



ratus. To determine whether extraneous forces are di



patents, there are situations in which the future course of excavation of earth-boring apparatus must be ascer



course of excavation, the measuring apparatus also in cludes force-measuring means for producing one or



tained with more precision than would be possible by practicing the inventions disclosed in those patents.



more output signals representative of the bending m0 ments and shear forces acting on the measuring appara



verting the earth-boring apparatus from its present



tus at a designated location above the earth-boring ap



OBJECTS OF THE INVENTION



paratus. The measuring apparatus further includes cir



Accordingly, it is an object of the present invention to provide new and improved methods and apparatus for determining the present course of excavation of



cuit means for combining these output signals to deter mine the magnitude and direction of any forces tending to divert the earth-boring apparatus. The measuring



earth-boring apparatus and reliably predicting its proba



apparatus also includes means for cooperatively utiliz



ble future course of excavation.



ing these output signals to direct the earth-boring appa



It is another object of the present invention to pro vide new and improved methods and apparatus for



ratus along a selected course of excavation.



BRIEF DESCRIPTION OF THE DRAWINGS ing apparatus excavating a borehole as well as for di The novel features of the present invention are set recting the apparatus as needed for thereafter advanc forth with particularity in the appended claims. The ing along a selected directional course. invention, together with further objects and advantages It is a further object of the present invention to pro thereof, may be best understood by way of the follow vide new and improved methods and apparatus for 30 ing description of exemplary methods and apparatus



predicting the probable directional course of earth-bor 25



measuring various forces acting on an interconnecting body between the lower end of a drill string and earth boring apparatus and combining these measurements to reliably predict the future course of the earth-boring apparatus with more accuracy than has heretofore been



employing the principles of the invention as illustrated in the accompanying drawings, in which: FIG. 1 shows a preferred embodiment of a direc tional drilling tool arranged in accordance with the principles of the present invention as this new and im



possible.



proved tool may appear while practicing the methods



SUMMARY OF THE lNVENTON These and other objects of the present invention are attained in the practice of the new and improved meth



of the invention as a borehole is being drilled along a selected course of excavation; FIG. 2 is a simplified view showing various forces that may be imposed on the lower portion of a drill



ods that are disclosed herein by operating measuring



string;



'v apparatus dependently coupled to a drill string and



FIG. 3 is an isometric view of a preferred embodi ment of a body member for the new and improved force-measuring means of the invention showing a pre



carrying earth-boring apparatus for excavating a bore hole. As the earth-boring apparatus is being operated to excavate the borehole, one or more measurements rep 45



ferred arrangement of the body for supporting several



resentative of the spatial position of the earth-boring apparatus are obtained and combined for providing an



force sensors on selected orthogonal measuring axes; FIGS. 4A-4C are schematic representations of the



output signal indicative of the present directional course of the earth-boring apparatus. Then, as the earth-boring



body member shown in FIG. 3 respectively showing preferred locations for various sets of the force sensors for achieving maximum sensitivity as well as depicting



apparatus continues to excavate the borehole, one or more measurements representative of the bending mo



a preferred arrangement of the bridge circuits employ



ments and shear forces acting on the measuring appara tus are obtained and used for providing an output signal



ments needed for practicing the present invention;



ing these force sensors to obtain the respective measure



indicative of the magnitude and the angular direction of lateral forces tending to divert the earth-boring appara output signals are used for determining the present loca



FIG. 5 is an enlarged view of one portion of the force-measuring means shown in FIG. 3 illustrating in detail a preferred mounting arrangement for the force sensors of the new and improved force-measuring



tion of the earth-boring apparatus as well as predicting



means;



tus from its present directional course. Thereafter, these



the subsequent directional course of the earth-boring FIG. 6 depicts a preferred embodiment of downhole apparatus. 60 circuitry and components that may be utilized in con While practicing the new and improved methods for junction with an otherwise-typical MWD tool for trans predicting the subsequent directional course of the mitting the output signals of the force-measuring means earth-boring apparatus, the objects of the present inven of the invention to the surface; and tion are further attained by utilizing these output signals FIG. 7 is similar to FIG. 6 but depicts alternative



for cooperatively directing the earth-boring apparatus



along a selected course of excavation. The objects of the present invention are further at



tained by providing new_ and improved measuring appa



65



circuitry and components whereby an otherwise-typi cal MWD tool can utilize the output signals from the force-measuring means of FIGS. 4A-4C for selectively



controlling a uniquely-arranged directional drilling tool
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as well as providing suitable surface records and indica



tions. DETAILED DESCRIPTION OF THE



6



above the tool and the drill bit 14 therebelow for sche matically illustrating some of the forces which may be



acting on this assembly during a typical drilling opera tion. Those skilled in the art will, of course, recognize



INVENTION Turning now to FIG. 1, a preferred embodiment of a



ber of situations where the several forces acting on such



new and improved directional drilling tool 10 arranged in keeping with the principles of the present invention is shown dependently coupled to the lower end of a tubu



an assembly can effect changes in the course of the drill bit 14 as it excavates the borehole 15. In the exemplary situation seen in FIG. 2, there is a downward force, F1,



lar drill string 11 comprised of one or more drill collars, as at 12, and a plurality of tandemly-connected joints of drill pipe as at 13. As depicted, the new and improved



which is essentially the overall weight of the drill string 11 that acts along the central longitudinal axis of the drill string and is opposed by an equal, but opposite, force, F2, acting upwardly on the drill bit 14. As the drill string 11 is rotated from the surface there will also



directional drilling tool 10 includes earth-boring means such as a ?uid-powered turbodrill or a conventional



drill bit as at 14 for excavating a borehole 15 through various earth formations as at 16. As is usual, once the



drill bit 14 is lowered to the bottom of the borehole 15, the drill string 11 is rotated by a typical drilling rig (not shown) at the surface as substantial volumes of a suit able drilling ?uid such as a so-called “drilling mud ” are



that this diagram represents only one of an in?nite num



be a torsional force, F3, imposed on the drill bit 14 while the borehole 15 is being excavated. Moreover, where the borehole 15 is inclined as depicted in FIG. 2,



the overall weight, W, of any unsupported portions of the new and improved tool and the drill string will be



downwardly directed and, as shown, will be opposed,



continuously pumped downwardly through the drill



for example, by upwardly-directed force components,



string (as shown by the arrow 17). The drilling mud is discharged from ?uid ports in the drill bit 14 for cooling



U1 and U2, wherever the drilling tool 10, the drill string



11 or the drill bit 14 are in contact with the wall of the it as well as for carrying formation materials removed borehole 15. It will, of course, be recognized that even by the bit to the surface as the drilling mud returns 25 if the drill string 11 is substantially vertical, there can upwardly (as shown by the arrow 18) by way of the still be side forces, as at U1 and U2, when the drill string annular space in the borehole 15 outside of the drill is deformed due to vertical loading or lateral instability. string 11. It must be particularly noted that heretofore it has



As depicted in FIG. 1, the directional drilling tool 10 been erroneously assumed that the upwardly-directed further comprises a typical MWD tool 19 which is 30 force F2 imposed on the drill bit 14 is always equally



preferably arranged with a plurality of heavy-walled tubular bodies which are tandemly coupled together to enclose new and improved force-measuring means 20 of



distributed so that there will be a zero bending moment on the drill bit (e.g., see Col. 7, Lines 39 and 40 of the



aforementioned Arps patent). It has, however, now the invention adapted for measuring various forces been determined that even when the borehole is verti acting on the directional tool, typical position-measur 35 cal, frequently only one or two of the cutting members ing means 21 adapted for measuring one or more param



eters indicative of the spatial position of the directional tool and typical datasignalling means 22 adapted for transmitting encoded acoustic signals to the surface through the downwardly-?owing mud stream in the drill string 11 that are representative of the output sig



or cones, as at 23, on a typical rotary bit will be in contact with the bottom of the borehole 15 so that often



the upward force F2 will be eccentrically imposed on the drill bit and thereby create a signi?cant bending moment, as depicted at Mb, that will divert the bit 14 laterally whenever one or more of the bit cones are not



nals respectively provided by the force-measuring



resting on the bottom of the borehole. Accordingly, as



means and the position-measuring means. If desired, the



will be subsequently explained in greater detail, a signif icant aspect of the present invention is particularly di



MWD tool 19 may also include one or more additional



sensors and circuitry (not shown) as are typically em 45 rected toward providing new and improved methods



ployed for measuring various downhole conditions



and apparatus for accurately determining the magnitude



such as electrical or radioactivity properties of the adja cent earth formations and the temperature of the dril



and direction of the bending moment Mb acting on the drill bit 14 at any time during the course of a typical



ling mud. The output signals representative of each of



drilling operation. Then, as will also be subsequently



these several measurements will be sent to the surface 50 explained, by using the principles of the present inven



by way of the data-transmiting means 22 where they



will be detected and processed by appropriate surface appratus (not shown in the drawings). In the preferred embodiment of the directional drilling tool 10, the



tion for determining the magnitude and direction of the overall diverting force, Fb, caused by such forces as F1 and W which collectively tend to divert the drill bit 14



laterally, an accurate prediction may be made of the MWD tool 19 as well as the surface detecting-and-proc 55 future course of the drill bit as it continues excavating essing apparatus are respectively arranged in the same the borehole 15. fashion as the downhole and surface apparatus disclosed Turning now to FIG. 3, the external body 24 of the in the aforementioned Tanguy patents which, along new and improved force-measuring means 20 is de with the other patents described therein, are herein picted somewhat schematically to illustrate the spatial incorporated by reference. Although it is preferred to relationships of the several measurement axes of the employ a MWD tool as described in the Tanguy pa body as the force-measuring means measure various



tents, it will be realized that other telemetry systems dynamic forces acting on the directional drilling tool 10 such as those systems mentioned in the Tanguy patents during a typical drilling operation. Rather than making could also be utilized for practicing the new and im the force-measuring means 20 an integral portion of the proved methods of the present invention. 65 drilling tool 10, in the preferred embodiment of the Turning now to FIG. 2, a somewhat~simplif1ed dia force-measuring means the thick-walled tubular body gram is shown of the new and improved directional 24 is cooperatively arranged as a separate sub that can drilling tool 10, the lower portion of the drill string 11 be mounted just above the drill bit 14 for obtaining
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more accurate measurements of the various forces act



tively de?ning the several legs of typical Wheatstone



ing on the bit. It will, of course, be appreciated that other types of housings such as, for example, those



bridge networks. For example, as depicted in FIG. 4A, to provide one bridge circuit A1-A3, a ?rst pair of



shown in US. Pat. Nos. 3,855,857 or 4,359,898 could be



matched gauges 101a and 101b are respectively



used as depicted there or with modi?cations as needed



mounted in the O-degrees position of the opening A1



for devising alternative embodiments of force-measur ing apparatus also falling within the scope of the present invention.



and a second matched pair of gauges 101s and 101d are



As seen in FIG. 3, the body 24 has a longitudinal or axial bore 25 of an appropriate diameter for carrying the



mounted in the lSO-degrees position of the same open ing A1. In a like fashion, a ?rst matched pair of gauges 103a and 103b are mounted side-by-side at the top of the opening A3 and a second matched pair of gauges 103a



stream of drilling mud ?owing through the drill string



and 103d are mounted side-by-side at the bottom or



11. The body 24 has an upper set of four lateral or radial openings, as at A1, A2, A3 and A4, which are spaced



l80-degrees position of the opening A3.



equally around the circumference of the tubular body with the central axes of these openings lying in a com



As also shown in FIG. 4A, another bridge circuit A2-A4 is provided by cooperatively mounting a corre sponding set of force-sensing gauges 10211-102d and



mon transverse plane that perpendicularly intersects the longitudinal or central Z-axis 26 of the body. In a similar fashion, the body 24 is also provided with a lower set of



and A4. Those skilled in the art will, of course, recog



in a lower transverse plane that is parallel to the upper



or extraneous forces, a single gauge could be alterna



104a-104d in the diametrically opposed openings A2



nize that although it is preferred to arrange the bridges radial openings, as at B1, B2, B3 and B4, respectively Al-A3 and A2-A4 with matched pairs of gauges at disposed directly below their counterparts in the upper 20 each of the upper and lower positions in an opening set of openings, A1-A4, and having their axes all lying either to minimize or eliminate the effects of secondary transverse plane and also perpendicularly intersects the tively arranged in each of these positions without de longitudinal Z-axis 26 of the body. It will, of course, be parting from the scope of the present invention. recognized that in the depicted arrangement of the 25 In the practice of the invention, the new and im body .24 of the force-measuring means 20, these open proved force-measuring means 20 of the present inven ings are cooperatively positioned so that they are re tion, the bridges A1-A3 and A2-A4 are each coopera spectively aligned with one another in either an upper



tively arranged as depicted in FIG. 4A so that when a



'- a or a lower transverse plane that perpendicularly inter



'



bending moment acting on the body 24 produces ten sects the Z-axis 26 of the body. For example, as illus 30 sion in that side of the body in which the opening A2 is trated, one pair of the upper holes, A1 and A3, are located, the Wheatstone bridge Al-A3 will produce an respectively located on opposite sides of the body 24 output signal representative of what will hereafter be and axially aligned with each other so that their respec characterized as a positive bending moment about the



tive central axes lie in the upper transverse plane and



X-axis 27 (i.e., ‘+Moment X-X). Conversely, when a together de?ne an X-axis 27 that is perpendicular to the 35 bending moment is acting on the body 24 so as to in Z-axis 26 of the body. In like fashion, the other two stead produce tension in the other side of the body openings A2 and A4 in the upper plane are located on where the opening A4 is located, the bridge circuit diametrically-opposite sides of the body 24 and are Al-A3 will then produce a negative output signal angularly offset by 90-degrees from the ?rst set of open showing that there is a negative bending moment 55~ ings A1 and A3 so that their aligned central axes respec 40 (—Moment Y-Y) acting on the body. In a similar fash tively de?ne the Y-axis 28 in the upper plane, with this ion, the bridge circuit A2-A4 functions to produce a ‘upper Y-axis being perpendicular to the Z-axis 26 as positive output signal (i.e. +Moment Y-Y) when the well as the upper X-axis 27.



side of the body 24 containing the opening A1 is in In a similar fashion, one opposed pair of the openings tension and a negative output signal (i.e., —Moment B1 and B3 is arranged to de?ne the X-axis 29 in the 45 Y-Y) when the opposite side of the body containing the lower plane and the other opposed pair of openings B2 opening A3 is located is in tension. The utilization of and B4 are arranged to de?ne the Y-axis 30 in the lower these respective signals, Moment X-X and Moment plane. As previously noted,'the upper openings A1 and Y-Y, will be discussed subsequently. A3 are positioned directly over their counterpart lower Turning now to FIG. 4B, an isometric view similar to openings B1 and B3 so that the upper X-axis Z7 is paral FIG. 4A is shown, but in this view both the upper open lel to the lower X-axis 29 and thereby de?ne a vertical ings A1—A4 and the lower openings B1-B4 are de



plane including the Z-axis 26. Likewise, the upper open



picted. As previously discussed, the aligned central axes



ings A2 and A4 are located above the counterpart open ings B2 and B4 so that the upper and lower Y-axes 28



of the upper openings A1 and A3 together de?ne the upper X-axis 27 and the central axes of the lower open ings B1 and B3 cooperate to de?ne the lower X-axis 29, with these two X-axes together with the Z-axis cooper



and 30 de?ne another vertical plane including the Z-axis 26 that will be perpendicular to the vertical plane in cluding the X-axes 27 and 29. Turning now to FIG. 4A, an isometric view is shown



atively de?ning a longitudinal X-Z plane including the X-axes and the Z-axis 26. In like fashion, the aligned



of the upper openings A1-A4, the upper X-axis 27, the central axes of the two upper openings A2 and A4 de upper Y-axis 28 and the Z-axis 26 to illustrate the or 60 ?ne the upper Y-axis 28 and the axes of the two lower



thogonal relationship of the several axes of the body 24. As will be explained later in greater detail, force-sensing means (such as a coordinated set of resistance-type



openings B2 and B4 de?ne the lower Y-axis 30, with these upper and lower Y-axes together with the Z-axis 26 respectively de?ning a longitudinal Y-Z plane per



strain gauges) are respectively mounted at the top and pendicular to the longitudinal X-Z plane de?ned by the bottom of each opening (i.e., at the 12 o’clock or the 65 upper and lower X-axes. Odegrees angular position in the opening itself as well as As depicted in FIG. 4B, force-sensing means are at the 6 o’clock or l80-degrees angular position within cooperatively arranged in each of the openings Al-A4 these opening) and electrically connected for respec and B14 for detecting laterally-directed shear forces



4,739,841 acting on the body 24 of the new and improved force measuring means 20. Although such shear forces could be detected with only a single sensor in each of the openings Al-A4 and B1-B4, in the practice of the pres ent invention it is instead preferred to position a single force sensor on each side of each opening. Moreover, as
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tion it has been found most advantageous to mount the several force sensors in the four upper openings Al-A4 and in the lower openings Bl-B4 in such a manner that although the force sensors in a given opening are sepa rated from one another, each sensor is located in an



optimum position for providing the best possible re



illustrated, it has been found that the optimum sensitiv



sponse. Accordingly, as will be apparent by comparing



ity is attained by mounting these force sensors so that for any given opening one of the associated sensors is at the 3 o’clock or ‘JO-degrees angular position in the open ing and the other associated sensor in that opening is at the 9 o’clock or 270-degrees angular position. By com



FIGS. 4A-4C with one another, the several sensors are all positioned so as to not interfere with one another and



paring the locations of the several sensors as shown in



the schematic drawing of the body 24 with the bridge circuits in the lower portion of FIG. 4B, it will be noted that the several force sensors are cooperatively located



to respond only to laterally-directed shear forces acting in a given one of the two above-mentioned transverse



planes. For example, one leg of the bridge circuit



to maximize the output signals from each sensor. For



example, as depicted in the developed view of the upper opening A1 seen in FIG. 5, the shear sensors 201a and 201b are each mounted at their respective optimum locations in the same openings as are the bending mo ment sensors 101a —101d. It will, of course, be recog nized that the several sensors located in the upper open ing A1 are each secured to the body 24 in a typical manner such as with a suitable adhesive. As illustrated,



in the preferred arrangement of the force-measuring



Al-Bl includes the force sensors 201a and 20111 in the 20 means 20 it has also been found advantageous to mount upper opening A1 and its associated leg is comprised of one or more terminal strips, as at 31 and 32, in each of



the force sensors 301a and 30112 mounted on opposite



the several openings to facilitate the interconnection of



sides of the lower opening B1. The other leg of the bridge circuit Al-Bl is similarly comprised of the force



the force sensors in any given opening to one another as well as to provide a convenient terminal that will facili tate connecting the sensors to various conductors, as at



sensors 203a and 203b mounted within the upper open ing A3 and the sensors 303a and 30% that are mounted



on opposite sides of the lower opening B3. With the above-identi?ed sensors mounted as depicted, the



bridge circuit Al-Bl will, therefore, produce an output



signal (i.e., Shear X-X) representative of the lateral shear forces acting in the X-Z plane of the tool body 24. Conversely, the bridge circuit A2-B2 will be effective for measuring the lateral shear forces acting in the Y-Z plane of the‘ body 24 and producing a corresponding



output signal (iIe., Shear Y-Y). Turning now to FIG. 4C, an isometric view is shown



33, leading to the measuring circuitry in the MWD tool 19 (not seen in FIG. 5). As is typical, it is preferred that the several force sensors be protected from the borehole fluids and the extreme pressures and temperatures normally encoun tered in boreholes by sealing the sensors within their



respective openings Al-A4 and 81-84 by means of typical ?uid-tight closure members (not shown in the drawings). The enclosed spaces de?ned in these open 35 ings and their associated interconnecting wire passages are usually ?lled with a suitable oil that is maintained at



of the lower openings Bl-B4, the lower X-axis 29, the



an elevated pressure by means such as a piston or other



lower Y-axis 30 and the Z-axis 26. As depicted, to mea~



typical pressure-compensating member that is respon sive to borehole conditions. Standard feed-through



sure the longitudinal force acting downwardly on the body member 24, force-sensing means are mounted in 40 connectors (not shown in the drawings) are arranged as each quadrant of the lower openings B1 and B2. To needed for interconnecting the conductors in these achieve maximum sensitivity, these force-sensing means sealed space with their corresponding conductors out (such as typical strain gauges 401-401d and 403a-403d) side of the oil-?lled spaces. are respectively mounted at the O-degrees, 90-degrees, Turning now to the principles of operation for the l80-degrees and 270-degrees positions within the lower. 45 new and improved force-measuring means 20 of the openings B1 and B3. In a like fashion, to measure the present invention. As discussed above, it has been erro



rotational torque imposed on the body member 24, additional force-sensing means, such as typical strain gauges 402a-402d and 404a-404d, are mounted in each



quadrant of the lower openings B2 and B4. As depicted, it has been found that maximum sensitivity is provided by mounting the strain gauges 402(1-404d at the 45



degrees, 135-degrees, 225-degrees and 3l5-degrees posi tions in the lower opening B2 and by mounting the other strain gauges 404a-404d at the same angular posi tions in the lower opening B4. Measurement of the



neously assumed heretofore that since the earth-boring apparatus such as the drill bit 14 is supported on the bottom of the borehole, as at 15, there are no signi?cant



bending moments acting upwardly on the earth-boring apparatus which would be effective for diverting the apparatus from its present directional course. Thus, on



the basis of this invalid assumption, it has been generally presumed that if there are any lateral forces tending to divert the earth-boring device, whatever bending mo



weight-on-bit is, therefore, obtained by arranging the



ments that are acting at that time on the lower portion of the drill string will be a direct function of these



several strain gauges 401a-401d and 403a-403d in a



forces. Accordingly, the accepted practice heretofore



typical Wheatstone bridge Bl-B3 to provide corre for determining whether the earth-boring apparatus is sponding output signals (i.e., WOB). In a like manner, 60 being diverted from its present directional course has the torque measurements are obtained by connecting the several gauges 402a—402d and 404a~404d into an



other bridge B2-B4 that produces corresponding out



been to simply measure the bending moments acting at one or more locations in the lower portion of a drill



string and compute the magnitude and direction of any diverting force from these measurements alone. It has, Those skilled in the art will, of course, appreciate that 65 nevertheless, been found that ordinarily there are signif the several sensors described by reference to FIGS. icant bending moments which, as depicted at ‘Mb in 4A-4C can be mounted in various arrangements on the FIG. 2, are acting upwardly on the earth-boring appara body 24. However, in the practice of the present inven tus; and, as a result, these bending moments Mb must be



put signals (i.e., Torque).
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taken into account for accurately computing the total magnitudes and angular directions of any lateral forces Fb that are tending to divert the earth-boring apparatus from its present course of excavation during a typical



12



Inasmuch as these individual bending moments are each respectively related to their own measurement



axis, the overall resultant bending moment Mo acitng on the body 24 is determined by computing the square



drilling operation.



root of the summation of the square of Moment X-X and the square of Moment Y-Y. The absolute angular direction of this resultant bending moment M0 is then



Accordingly, to practice the new and improved methods of the invention, the tool body 24 of the force measuring means 20 is coupled at a predetermined loca



determined by algebraically dividing the absolute value



selected time intervals during a drilling operation. One



of the Moment Y-Y by the absolute value of the Mo ment X-X to compute the trigonometric tangent of the angle betwen the X-axis and the resultant bending mo ment Mo. It will, of course, be recognized that by ob



group of these force measurements that are made at a



serving the algebraic signs of the absolute values of



given time is used for determining the magnitude and



these individual bending moments, Moment X-X and Moment Y-Y, it can be readily determined in which of the four quadrants the resultant bending moment M0 is lying. Accordingly, once the absolute angle has been computed from the tangent, an appropriate correction can be made to the computed angle to determine the true direction of the resultant moment. For example, if



tion in the drill string 11 above the drill bit 14 so that it can be successively operated to obtain a plurality of independent force measurements at that location at



the absolute angular direction of the total bending mo ment, Mo, that is then acting on the drill string 11 at that location above the drill bit 14.



'



Another group of these force measurements is



uniquely used for determining the magnitude and the absolute angular direction of the laterally-directed shear



the absolute values of Moment X-X and Moment Y-Y ar



force, Fo, acting at the same given time on the drill string 11 at the level of the body 24.



both positive, it will be apparent that the resultant bend ing moment Mo must be in the ?rst quadrant and the angle in which the resultant moment is directed is sim ply the arctangent of Moment X-X divided by Moment Y-Y. In the same way, when Moment X-X is negative and Moment Y-Y is positive, it is known that the resul tant bending moment Mo lies in the second quadrant and is directed at a true angle of ISO-degrees less the arctangent of the computed valued of Moment Y-Y divided by Moment X-X. Likewise, when both Moment



By combining the lateral (shear) force F0 and the bending moment M0 that are found to be acting on the body 24 at this given time with a predetermined conver sion factor or so-called “transfer function” which is



mathematically representative of the elastic characteris tics of one or more bodies connecting the drill bit 14 to



the body 24, a determination may be made of the magni tude of the corresponding lateral (shear) force, Pb, and the corresponding bending moment, Mb, that is tending



X-X and Moment Y-Y are negative, the resultant bend ing moment Mo will be directed in the third quadrant at



to divert the drill bit 14 away from its course of excava



tion. Then, by combining the computed absolute direc



a true angle of l80-degrees plus the arctangent of Mo ment Y-Y divided by Moment X-X. On the other hand, when Moment X-X is positive and Moment Y-Y is neg ative, the resultant bending moment Mo must lie in the fourth quadrant and its true angular direction will be 360-degrees less the arctangent of the computed value of Moment Y-Y divided by Moment X-X. As depicted in FIG. 4B, the previously mentioned



tion of the lateralforce Fb that is acting on the drill bit 14 with measurements which are representative of the spatial position and directional course of the bit in the borehole 15, the true direction or heading of the drill bit can be accurately established. At the same time, an



analysis of the computed bending moment Mb that is acting on the drill bit 14 will indicate whether the bit is v. advancing upwardly or downwardly as well as provide



other group of independent strain measurements are obtained for determining the lateral or shear force Fo



at least a general idea of the rate of ascent or descent of the drill bit as it continues to excavate the borehole 15.



Accordingly, by periodically obtaining these two groups of independent force measurements during the course of a typical drilling operation with the new and



improved apparatus of the invention and utilizing these measurements in accordance with the methods of the invention, the future course of the drill bit 14 can be



accurately predicted. As previously discussed by reference to FIG. 4A, to determine the magnitude of the bending moment Mo that is acting at a selected measuring point in the body 24 that is coupled in the drill string 11 at a selected distance above the drill bit 14, one group of independent measurements are respectively made along the X and Y orthogonal measurement axes which originate at the Z-axis 26 of the body 24. One series of these measure



ments involves independently measuring the bending moment acting on the body 24 along the longitudinal plane defined by the X-axis 27 and the Z-axis 26 of the body (i.e., Moment X-X as provided by the output sig nals of the bridge circuit A2-A4). Another series of



45



acting transversely on the body 24. In the practice of the present invention, the force F0 is iniquely deter mined by measuring the bending moments acting at longitudinally-spaced upper and lower measuring points on the body 24 and, by means of a bridge circuit formed of these force sensors, combining these force measurements so as to directly measure the differential



bending moments betwen the upper and lower measur



ing points in each orthogonal axis of the tool body 24. These differential measurements are then uniquely uti



lized for accurately determining the shear force Fo acting laterally on the body 24. Thus, as discussed above with respect to FIG. 4B, one series of these strain



measurements (eg., Shear X-X) is made by simulta neously measuring the forces (i.e., the tension forces or the compression forces) which are acting at longitudi nally-spaced upper and lower positions on opposite sides of the body 24 for determining the longitudinal forces acting in the X-Z plane of the body (i.e., the forces measured in the openings A1 and B1 are com



bined with the forces measured in the diametrically these independent measurements is made to measure the 65 opposite openings A3 and B3). At the same time, an bending moment acting on the body 24 along the Y-Z other series of these measurements (e.g., Shear Y-Y) is longitudinal plane of the body (i.e., the output signals made in the the upper and lower openings A2 and B2



Moment Y-Y provided by the bridge circuit Al-A3).



and in their respective diametrically-opposite openings
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A4 and B4 to determine the longitudinal forces simulta



14



Shear Y-Y) will be representative of the overall differ



neously acting in the Y-Z plane of the body 24. Particular attention should be given to the advan tages of measuring the above-described shear forces in the manner that is schematically depicted in FIG. 4B. A force analysis will, of course, show that the strain gauges in any give one of the openings are actually measuring the stain due to the bending moment in that section of the body 24. For example, the gauges 201a and 201b mounted on the opposite sides of the upper



ential bending moment, AMy, between the spaced upper and lower locations in the Y-Z plane of the tool body 24. This overall differential AMy can, therefore,



be expressed by the following equation: AMy=Fx‘AZ



Eq. 2



where,



opening A1 measure the bending moment on that side of the body 24 at the level of the upper openings; and the gauges 301a and 301b mounted on opposite sides of



Fx=shear or side force acting along the X-axis 27 AZ=longitudinal spacing between upper and lower openings (eg., between A2 and B2)



the lower opening Bl that is directly below the opening



Since each of these lateral forces, Fx and Fy, is re lated to only its own particular orthogonal axis, it will be appreciated that the overall resultant or side force,



A1 are simultaneously measuring the bending moments acting at the lower level and on the same side of the



body. By cooperatively combining the gauges 201a and 20117 with the gauges 301a and 301b as illustrated in



FIG. 4B to comprise two legs on one side of the bridge



Fo, acting laterally on the body 24 will lie in the upper transverse plane that passes throught the upper open ings Al-A4. The magnitude of this resultant side force



circuit Al-Bl, together these two legs will uniquely



Fo can, of course, be determined from the basic Pythag cooperate for providing an overall measurement that is orean equation as was done in the computation of the representative of the differential of bending moment on bending moment Mo. Likewise, the angular direction of that side of the body 24. Those skilled in the art will the resultant force F0 is determined by algebraically realize that since the forces that are being measured at dividing the absolute value of the force Fy by the abso each of the upper and lowwer openings are quite sub 25 lute value of the force Fx to compute the trigonometric stantial, if each force is separately measured and these tangent of the angle between the X-axis 27 and the separate measurements are used to compute the overall resultant force Fo. As was the case with the determina differential between the forces, even normal deviational tion of the true direction of the bending moment M0, errors in the individual measurements would greatly the algebraic signs of the absolute values of these forces affect the accuracy of any differential that is subse Fx and Fy will also determine which quadrant the resul quently computed from those measurements. Thus, in tant force F0 is in. Once the absolute angle is computed, practicing the new and improved methods of the pres the angular direction of the resultant force F0 is deter ent invention, potential deviational errors are simply



avoided by utilizing the depicted unique arrangement of



mined in the same manner as described above with



the bridge circuit A1-B1 to directly compute the differ reference to the computation of the angular direction of ential between the bending moments respectively acting 35 the bending moment Mo. at the levels of the upper and lower openings A1 and B1 on that side of the body 24. The strain gauges 203a and 20312 are similarly mounted in the upper opening A3 and cooperatively connected to the gauges 303a and 303b in the lower opening B3 therebelow as illustrated in FIG. 4B to form the two legs on the other side of the bridge circuit



Once the bending moment Mo and the side force Fo have been determined, they must be used with the above-mentioned transfer function to determined the corresponding bending moment Mb and the side force Fb that are concurrently imposed on the drill bit 14. As previously described, the transfer function is a mathe matical conversion factor which takes into account the



Al-Bl for directly measuring the differenital bending



elastic characteristics of the one or more bodies cou



moment on the opposite side of the body between the



pling the drill bit 14 to the tool body 24. The transfer



openings A3 and B3. Accordingly, by combining these eight strain gauges to form the bridge circuit Al-Bl depicted in FIG. 4B, it will be recognized that the out



function must therefore be computed for each particu~ lar con?guration of drill collars, stabilizers, tool bodies,



put signals from the bridge circuit (i.e., Shear X-X) will be representative of the overall differential, Mx, be



or whatever is included in the drill string that may affect the directional course of the boring apparatus such as the drill bit 14.



tween the bending moments acting at longitudinally spaced locations in the X-Z plane of the body 24. Since



The ?rst thing that must be done in determining the



the vertical spacing between the upper and lower open



transfer function is to establish a mathematical model of



ings Al-A4 and B1-B4 is a known constant, the output '



whatever combination of tool bodies and the like that will be used to couple a give earth-boring device such as the drill bit 14 to the tool body 24. By means of tradi



signals of the bridge Al-Bl, i.e., Shear X-X, which are representative of this overall differential bending mo ment Mx can be expressed by the following equation: AMx=Fy ‘AZ



tional structural analysis techniques, the mathematical model is utilized to compute four so-called “in?uence



Eq. 1



where,



coef?cients” C1-C4 as follows:



'60



Fy=shear or side force acting along the Y-axis 28



AZ=longitudinal spacing between upper and lower openings (eg., between A1 and B1) The same analysis can, of course, be applied to the



output signals from the bridge circuit A2-B2 for deter 65 mining the lateral force Fx acting along the upper X axis 27 of the body 24. In a similar fashion, therefore, the net output of this other bridge circuit A2-B2 (i.e.,



C1=bending moment imposed on body 24 in re sponse to a bending moment of known magnitude acting on drill bit 14 C2=bending moment imposed on body 24 in re~ sponse to a lateral force of known magnitude act ing on drill bit 14 C3=bending moment imposed on body 24 in re sponse to a bending moment of known magnitude acting on drill bit 14
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C4=bending moment imposed on body 24 in re
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which is arranged to transmit either frequency



sponse to a lateral force of known magnitude act ing on drill bit 14 To compute the transfer function, the weight (i.e., W as



modulated or phase-encoded data signals to the surface by way the downwardly-flowing mud stream 17. As fully described in those and many other related patents,



shown in FIG. 2) of the one or more bodies between the



the signaler 34 includes a ?xed multi-bladed stator 35



drill bit 14 and the tool body 24 must also be considered whenever the directional drilling tool 10 is not vertical.



that is operatively associated with a rotating multi bladed rotor 36 for producing acoustic signals of the desired character. The rotor 36 is rotatably driven by



In other words, whenever the directional drilling tool 10 is vertical, the weight W does not contribute to ei ther the bending moment M0 or the lateral force F0. On the other hand, if the drilling tool 10 is inclined as de



means such as a typical hydraulic motor 37 that is oper



atively controlled by suitable motor-control circuitry as at 38.



picted in FIG. 2, the component of the distributed weight W which affects the bending moment Mo and lateral force F0 is that side of the force triangle that is perpendicular to the longitudinal axis of the tool. Once the angle of inclination of the directional drilling tool 10 is measured, this force is, of course, readily determined by means of conventional trigonometric computations where W is the hypotenuse of the force triangle. These



The data-transmitting means 22 also include a typical



turbine-powered hydraulic pump 39 which is driven by the mud stream 17 for supplying the hydraulic ?uid to the motor 37 as well as for driving a motor-driven gen



erator 40 that supplies power to the several electrical



components of the MWD tool 19. The output signals from the WOB bridge circuit B1-B3 and from the Torque bridge circuit B2-B4 are coupled to the data



computations will, therefore, provide two other factors to be considered in calculating the transfer function,



aquisition and motor-control circuitry 38 for driving the



with these factors being as follows:



acoustic signaler motor 37 as needed for transmitting data signals to the surface which are representative of those several measurements. It will also be recognized



Mw=bending moment imposed on body 24 by the component of the weight of those bodies connect ing body 24 to drill bit 14 that is acting perpendicu larly to the longitudinal axis of those bodies Fw=lateral force imposed on body 24 by the compo nent of the weight of those bodies connecting body 24 to drill bit 14 that is acting perpendicularly to the longitudinal axis of those bodies The computed values of the coefficients and the weight factors are then respectively substituted in the follow



that other condition-measuring devices (not shown) included in the MWD tool 19 may also be coupled to the circuitry 38 for transmitting data signals to the sur face which are representative of those measured condi tions.



To achieve the objects of the present invention, the position-measuring means 21 of the directional drilling tool 10 must be cooperatively arranged to provide out put signals which are representative of the spatial posi



ing equations: Mo=Mb 1' c1+c2 * Fb+Mw



tion of the tool in the borehole 15. In the preferred



Eq. 3



35 Fo=Mb " C3+C4 ' Fb+Fw



manner of accomplishing this, the position-measuring means 21 include means such as a typical triaxial magne



Eq. 4



tometer 40 that is cooperatively arranged to provide



electrical output signals representative of the angular



and solved by the following matrix equation:



position of the directional drilling tool 10 in relation to a fixed, known reference such as the global magnetic north pole. The position-measuring means 21 also in clude a typical tri-axial accelerometer 41 cooperatively



Eq. 5



Mo



_ |Cl C2



Mb



F0



_



Fb



c3



c4



Mw +



Fw



arranged for providing electrical output signals repre If this 2X2 matrix of the four coefficients C1-C4 is



arbitrarily designated by “L”, the above-mentioned



45



sentative of the angle of inclination of the directional drilling tool 10 from the vertical. The output signals



transfer function is the inverse of this matrix L. This



from the accelerometer 41 could, of course, be used to



transfer function is arbitrarily designated by “H” and



provide alternative reference signals indicative of the angular position of the tool 10 in relation to a ?xed,



Equation 9 is then rewritten as follows:



known reference to true vertical. Mb



M0



Mw



Eq. 6



The various sensors which respectively comprise the magnetometer 40 and the accelerometer 41 are coopera



tively mounted either as depicted in the previously mentioned Tanguy patent or in diametrically-opposed enclosed chambers arranged at convenient locations on It is, of course, the principal object of the present invention to employ the new and improved methods 55 one of the tool bodies such as the tool body 24. The output signals of these position-measuring sensors 40 and apparatus as described above for predicting the and 41 are respectively correlated with appropriate probable future directional course of the earth-boring reference signals, as at 42 and 43, and combined by apparatus, such as the drill bit 14, that is coupled to the typical measurement circuitry, as at 44, to provide input directional tool 10; and, as far as is possible with the signals to the data-acquisition and motor-control cir particular type of earth-boring apparatus being used,



selectively directing the further advancement of the earth-boring apparatus along a desired course of exca



cuitry 44 representative of the azimuthal position and the angle of inclination of the directional drilling tool 10



vation. Thus, to accomplish this principal object of the in the borehole 15. invention, the MWD tool 19 is preferably arranged as From the previous descriptions of the force-measur schematically depicted in FIG. 6. As illustrated there, 65 ing means 20 and the position-measuring means 21, it the data-transmitting means 22 preferably include an will be realized that the directional drilling tool is coop acoustic signaler 34 such as one of those described, for eratively arranged to provide one set of output signals example, in US. Pat. Nos. 3,309,565 and 3,764,970 which are representative of the magnitudes and angular
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directions of the bending moments and the lateral forces that are acting on the earth-boring apparatus 14 and another set of output signals which are representative of the spatial position of the new and improved tool 10. As described, these output signals are transmitted to the



surface by the data-signalling means 22 where they are



detected and processed by way of typical signal-proc essing circuitry (not seen in the drawings) to provide suitable indications and records. It will, of course, be appreciated that the directional



measurements provided by the force-measuring means 20 are related to the X-axes 27 and 29 of the body 24.
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This basic correlation can, of course, be done either by



sending the various signals separately to the surface for processing and combining there or in the MWD tool 19 itself by means of suitable downhole circuitry, such as at



45, which has been appropriately arranged to perform the directional computations as well as the previously discussed computations of the transfer function. The several signals are then preferably combined by means of the additional downhole circuitry 44. It will, of course, be appreciated that since any change in the angle of inclination and azimuthal direc tion of the tool 10 will ordinarily be gradual, these



When the directional drilling tool 10 is rotating, the



parameters do not have to be continuously measured. measurements from the force-measuring means 20 must, Thus, in practicing the methods of the present inven of course, be appropriately correlated with the direc 5 tion, it is preferred to make periodic measurements of tional measurements of the position-measuring means 21



the azimuthal orientation of the tool 10 and use them as



to determine the true azimuthal orientations of the side a basis for computing the instantaneous azimuthal orien force Fb and the bending moment Mb that are acting on tations of the lateral forces Pb and bending moments the drill bit at any given time. The simplest way of Mb that are measured at more frequent intervals be correlating these two sets of directional measurements tween any two periodic measurements of the tool orien is to assume that the X-axis of the sensors in the acceler tation. In the preferred manner of doing this, two or ometer 41 (or the X-axis of the sensors in the magnetom more piezoelectric accelerometers 46 and 47 are coop eter 40) is the reference axis for the tool 10 and obtain all eratively mounted in enclosed, air-?lled chambers on of the measurements at the same time so that the only opposite sides of the body 24 and arranged for provid correction that is needed will be to account for the 25 ing output signals representative of the rotational accel~



constantly changing angle (i.e., the angle as used in the following Equation 7) that will exist at any given time



between the computed angular direction of the force Fb (or the computed angular direction of the bending mo ment Mb) and the previously-mentioned selected refer ence axis for the tool 10 (i.e., the X-axis of the sensors for either the magnetometer 40 or the accelerometer 41). It will also be appreciated that if the sensors that de?ne the reference axis are mounted in another tool



body than the body 24, it will not always be possible to angularly align the X-axes of the body 24 with the X



eration, Sal/8t, of the tool 10 during the drilling opera tion. With this measurement, the instantaneous azi muthal orientation of the lateral force Fb or bending moment Mb at any given time, t1, following a previous computation of the azimuthal orientation of the refer ence axis at some previous time, to, can be computed by



means of the circuitry 44 by using this equation: Eq. 8



(:[= ¢0 + 190* Ar + 0.5 (-%;l-)(Ar) + 0, + K



axis of the reference sensors when the several tool bod



ies are threadedly coupled together. Thus, it should be noted that where there are several tool bodies involved, an additional correction is also needed to account for



any angular displacement (i.e., the angle K in the fol lowing Equation 7) that may result between the X-axes 27 and 29 of the body 24 and the X-axis of the reference sensors in the magnetometer 40 (or in the accelerometer



41) once the various bodies being incorporated into the 45 new and improved directional drilling tool 10 have all been coupled into a unitary assembly. This will, of course, be a ?xed constant or correction that applies



only to that particular assembly of tool bodies. Accordingly, to determine the azimuthal orientation of the lateral force Fb (or of the bending moment Mb) at any given time t, the following equation is employed:



where, d>0=azimuthal orientation of tool reference axis at time to w0=rotational speed of tool at to At=elapsed time between measurement of lateral force Fb (or bending moment Mb) and last mea surement of (120, i.e., tl-to



01=angular direction of lateral force Fb (or bending moment Mb) at t1



K=correction angle for angular displacement be tween X-axes of force sensors in one body and



magnetometer (or accelerometer) sensors in other body after assembly of those bodies Once the output signals produced at any given time



by the force-measuring means 21 have been converted as described above for determining the respective mag a,=¢,0,+K Eq. 7 55 nitudes and azimuthal orientations of the bending mo ment Mb and the lateral force Fb which are then acting where, on the drill bit 14, it will be seen that these measure~ at=azimuthal orientation of lateral force Fb (or ments can be employed to determine the present and bending moment Mb) at time of measurement t future courses of excavation of the borehole 15. Thus, as _ 0t=azimuthal direction of local X-axis at time of measurement t measured from fixed reference axis 60 the signal-processing circuitry at the surface continues



of either magnetometer 40 or accelerometer 41



a¢=angular direction of lateral force Fb (or bending moment Mb) at time of measurement t



to process the successive output signals of the MWD tool 19 representative of the azimuthal orientation of the lateral force Fb, the operator will be able to deter



mine with reasonable accuracy the azimuthal direction between X-axes of force sensors in one tool body 65 in which the drill bit 14 is then proceeding as well as to predict its probable future directional course. and magnetometer sensors (or accelerometer sen It must also be recognized that the measurements of sors) in other tool body after the assembly of those the bending moment acting on the drill bit 14 at any tool bodies into MWD tool 19



K=f1xed correction angle for angular displacement
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given'moment are also of major signi?gance since they



the invention, typical prediction corrector techniques



are directly related to the character of the formation



are employed to compute the radius R. For example, if the formation characteristic 1] for those formations that are then being drilled is arbitrarily assumed to have a value of 1, the corresponding radius can then be com



materials that are being penetrated at any given time by the bit. To understand the signi?cance of the bending moment measurements, it must be realized that when



purely homogeneous or isotropic formation materials are being excavated the bit 14 will be uniformly cutting



puted. Then, by making a series of successive direc



away the formation materials in every sector of the bottom of the borehole 15. On the other hand, should the materials in one sector of the bottom surface of the borehole 15 be softer than the materials in the other sectors there will be a corresponding tendency for the bit 14 to cut away these softer materials faster than the harder materials in the other sectors. This unbalanced upward force on the bit 14 is, of course, a signi?cant source of the bending moment Mb on the bit.



for the actual formation characteristic in this particular borehole interval. This later value of 17 is, of course,



tional measurements as that interval is being drilled, the actual radius R of that particular interval of the bore hole 15 can be calculated. Using this actual radius R, Equation 9 can be solved for 1] to arrive at a better value



used for computing R so as to arrive at a prediction of



the radius to the borehole interval that will be drilled if no further changes are made in the course of the drill bit 14. It will, of course, be understood that the values of It will also be recognized that the bending moment the formation characteristic 1} will change as different Mb on the bit 14 produces a corresponding de?ection of types of formation materials are encountered so that the bit in relation to its longitudinal axis. In other words, the bending moment Mb on the bit 14 tends to tilt it out 20 there must be a continuous comparison of the predicted value of the radius R and the actual radius R as veri?ed of axial alignment with the central axis of the tool 10 by the directional measurements of the new and im and the drill string 11. Thus, the tilting of the bit 14 is proportionally representative of the rate at which the proved directional tool 10. This iterative technique bit is presently moving above or below a straight-line must be continuously used to verify the accuracy of the projection of the longitudinal axis of the tool 10. Ac predicted course and radius of the borehole intervals cordingly, if there is little or no bending moment Mb that are yet to be drilled. acting on the bit 14, it will generally continue drilling Those skilled in the art will appreciate that with the along a course of excavation which is the straight-line new and improved directional drilling tool 10 arranged extension of the Z-axis or longitudinal axis of the tool 10 as shown in FIG. 6, the various measurements described



and the drill string 11. On the other hand, if the direc tion of the bending moment is found to be pointed up wardly, it may be assumed that the bit 14 is instead advancing along a gradual upwardly-inclined arc and



above can be used to control the course of excavation of



any standard earth-boring apparatus such as the drill bit 14. Accordingly, as previously mentioned, when an ordinary drill bit is being used the operator can selec



that the rategof this upward movement is proportional tively change various drilling parameters and use the to the computed magnitude of the bending moment Mb. several measurements provided by the new and im 35 The same analysis is applied when the directional mea proved drilling tool 10 to achieve at least a minimal surements show that the bit 14 is subjected to an down wardly-directed moment. This latter measurement would, of course, indicate that the drill bit 14 was in stead moving along a downwardly-inclined arc and it would be realized that the rate of this downward ad vancement is proportional to the magnitude of the bending moment Mb that was computed at that time. Those skilled in the art will, of course, recognize that



control of the direction of the course of excavation of the drill bit 14. Since the new and improved measure



ments of the directional drilling tool 10 will enable the operator to know when the drill bit 14 is starting to move away from a desired course of excavation, even



such minimal controls will often suffice to allow the operator to return the drill bit to the desired course



before it has strayed too far. In a similar fashion, the directional drilling tool 10 of the present invention can 45 determining the rates of the upward or downward also be used with both a big-eye bit and a bent-sub movements of the drill bit 14. Thus, in practicing the directional tool. In either instance, the drilling opera new and improved methods of the present invention, tion would proceed with the new and improved direc the following equation is employed for determining the tional drilling tool 10 providing the several directional radius of curvature of an upwardly or downwardly measurements described above. Whenever it becomes inclined path of advancement for the drill bit: evident that some course correction is needed, the big



typical stress analysis procedures will be sufficient for



_



R - 7' ‘



.E_"L Mb



Eq- 9



eye bit or the bent sub tool are operated in their custom ary manner to initiate a change in the direction of the



borehole being drilled. As described above, the new and



where,



55 improved methods of the present invention can be ef



R=radius of curvature of longitudinal axis of drill bit



fectively utilized as needed to achieve the directional



E=Modulus of elasticity of bit



change by either the big-eye bit or the bent-sub tool.



I=Moment of inertia of bit 1j=function characteristic of nature of formation



As an alternative, those skilled in the art will also recognize that the present invention can also be prac being penetrated 60 ticed in conjunction with the new and improved meth These computations can be carried out either in the ods and apparatus shown in U.S. application Ser. No.



740,110 ?led May 31, 1985, in the name of Lawrence J. ment circuitry 44. Leising and assigned to the parent company of the as It will be recognized that Equation 9 is dependent on signee of the present application. As fully illustrated and the nature of the formation being penetrated. This obvi 65 described in the Leising application (which application ously represents an unknown parameter that must be is hereby incorporated by reference in the present appli determined if the radius of curvature of the drill bit 14 cation), as depicted in FIG. 7 of the drawings, a new is to be computed. Thus, in practicing the methods of and improved drill bit 50 (such as seen in FIG. 2 of the surface instrumentation or in the downhole measure
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above-described Leising application) can be substituted for the typical drill bit 14. The directional drilling tool 10' shown in FIG. 7 is identical to the tool 10 already described by reference to FIG. 6 except that the flow of drilling mud into the drill bit 50 is controlled by means of a rotatable ?uid diverter 51 that is selectively driven by a diverter motor 52 cooperatively arranged to rotate



22



tool 10’, the remotely-actuated control device 56 is



actuated (such as, for example, by momentarily chang ing the speed of the mud pumps at the surface) to cause the motor 52 to function to control the diverter 51 as needed to change the directional course of the bit 50. It



will be recognized, therefore, by a review of the afore mentioned Leising application that the new and im



in either rotational direction and at various rotational



proved tool 10’ can be controlled as needed to selec



speeds as needed to regulate the flow of mud through the respective mud ports of the drill bit 50. To provide suitable feedback control signals to the motor 52, a typical rotary position transducer 53 is operatively ar ranged on the shaft connecting the diverter to the motor for providing output signals that are representative of the rotational speed of the diverter 51 as well as its angular postion in relation to the alternative tool 10'. As



tively direct the drill bit 50 along a selected course of excavation.



Accordingly, it will be understood that the present invention has provided new and improved methods and



apparatus for guiding well-boring apparatus of different designs along selected courses of excavation. By using the new and improved drilling tools disclosed herein, well-boring apparatus coupled thereto can be reliably



is common, feedback signals from the transducer 53 are



advanced in any selected azimuthal course and at any



fed to appropriate summing-and-integrating circuits 54.



selected inclination without removing the drill string or



The output signals from the transducer 53 are also cou



using special apparatus to effect a minor course correc_



pled to the data-acquisition and motor-control circuitry 38 to provide output signals at the surface representa tive of the rotational speed and the angular position of



tion. While only particular embodiments of the apparatus of the present invention have been shown and described herein, it is apparent that various changes and modi?ca



the diverter 51 relative to the body of the tool 10’. It will, of course, be recognized that suitable control tions may be made without departing from the princi means must also be provided for selectively changing 25 ples of the present invention in its broader aspects; and, the various modes of operation of the directional-drill therefore, the aim in the appended claims is to cover all ing tool 10’. In one manner of accomplishing this, a such changes and modi?cations as fall within the true reference signal source, as at 55, is cooperatively ar spirit and scope of this invention. ranged to be selectively coupled to the servo driver 52 What is claimed is: by means such as by a typical control device 56 1. A method for determining the directional course of mounted in the tool 10' and adapted to be operated in a borehole being excavated with rotatable earth-boring response to changes in some selected downhole condi apparatus suspended from a tubular drill string compris tion which can be readily varied or controlled from the



surface. For'instance, the control device 56 could be chosen to be responsive to a predetermined change in 35 the flow rate of the drilling mud in the drill string 11. Should this be the case, the directional control tool 10’ could be readily changed from one operational mode to



another desired mode by simply controlling the mud pumps (not depicted) as required to momentarily in



moments and lateral forces that are acting on said



earth-boring apparatus; obtaining a second series of measurements representa



40



crease or decrease the flow rate of the drilling mud which is then circulating in the drill string 11 to some



predetermined higher or lower flow rate. The control device 56 could just as well be chosen to be actuated in response to predetermined levels or variations in the 45 aforementioned weight-on-bit measurements in the drill



string 11. Conversely, an alternative remotely-actuated device 56 could be responsive to the passage of slugs of various radioactive tracer fluids in the drilling mud stream. Other means for selectively actuating, the con 50 trol device 56 will be apparent to those skilled in the art. Accordingly, as fully described in the aforemen



tioned Leising application, the directional drilling tool 10' is operated so that the motor 52 will selectively rotate the fluid diverter 51 as needed to accomplish any 55 desired changes in the course of excavation of the drill bit 50 or to maintain it in a selected course of excava



tion. It will, of course, be appreciated that the continued diversion of the drill bit 50in a selected lateral direction will progressively excavate the borehole 15 along an 60 extended, somewhat-arcuate course. It is, however, not always feasible nor necessary to continue deviation of a



given borehole as at 15. Thus, in keeping with the ob jects of the invention, the directional tool 10’ is further arranged so that further diversion of the bit 50 can be 65 selectively discontinued so that the bit will thereafter advance along a generally straight-line course of exca



vation. Thus, in the preferred manner of operating the



ing the steps of: while said earth-boring apparatus is excavating a borehole, obtaining a first series of measurements representative of the magnitudes of the bending



tive of the azimuthal directions of said bending moments and lateral forces acting on said earth



boring apparatus; and utilizing said ?rst and second series of measurements



for determining whether said earth-boring appara tus is then advancing along a selected course of excavation. 2. The method of claim 1 including the additional steps of: whenever said measurements indicate said earth-bor



ing apparatus is advancing along said selected course of excavation, utilizing said measurements of the azimuthal direction of said bending moments



for determining whether said earth-boring appara tus is then advancing upwardly or downwardly in relation to the surface of the earth; utilizing said measurement, of the azimuthal direction of said lateral forces for determining the azimuthal direction in which said earth-boring apparatus is then advancing; and combining said measurements for predicting the fu ture course of advancement of said earth-boring



apparatus. 3. The method of claim 1 including the additional steps of: whenever said measurements indicate said earth-bor



ing apparatus is not advancing along its said se lected course of excavation, utilizing said bending moment measurements for determining whether
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said earth-boring apparatus is then advancing upwardly or downwardly in relation to the surface of the earth as well as for determining the radius of curvature of the present course of excavation of



Said earth-boring apparatus;



5



using said‘ force measurements for determining the azimuthal direction of said present course of exca-



borehole, measuring the magnitude and azimuthal direction of a bending moment that is then acting on said earth-boring apparatus;



Vation of said earthboring apparatus; and redirecting Said earth-boring apparatus toward Said selected course of excavation.
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7. A method for determining the present course of earth-boring apparatus as it is excavating a borehole comprising the steps of: while said earth-boring apparatus is excavating a



measuring the magnitude and azimuthal direction of a side force that is then acting on said earth-boring 1O



4. A method for excavating a borehole with rotatable



apparatus; and



determining the present directional course of said



earth'boring PPPamtuS Suspended from a tubular drill



earth-boring apparatus resulting from said present



String comPnsmg the StfiPS of:



bending moment and side force.



_



_



while sald earth'bonng apparatus ‘5 excavating a



8. The method of claim 7 including the additional



borehole along a selected course of excavation, 1



obtaining a ?rst Series of measurements representa'



Steps of:



while said earth-boring apparatus continues excavat



tive of the magnitudes and azimuthal headings of



ing said borehole’ measuring the magnitude and



the bending moments and lateral forces that may be



azimuthal direction of a bending moment that is



zendirig togwelrt sagi earth'b(;_nng appfuatgs tiway 20 mm Its Sal Se ecte course 0 excavation “mg a bt3r.st.t1me pal-log;



.



f



t



t



side force that is subsequently acting on said earth



0 amlng a secon serles o measuremen s represen a-



boring a p pa 1, atus;



mfg 8f the magn12112:: a3“: lzfgglllttigarlcg?ggégiff Sal



en mg mo 6



n



determining the subsequent directional course of said



y



earth-boring apparatus resulting from said subse



be tendmg .to divert Sald earth'bonng appzimtus 25 away from its sald selected course of excavation at



quent bending moment and side force; and .



.



.



.



comparing sald present and subsequent directional



a Subsequent second time period; and combining said ?rst and second measurements for determining whether said earth-boring apparatus is



co rses of said earth-b rin a ratus for deter .u. . o g .ppa . mining whether said earth-bormg . l l t d fapparatus t. 15 ad



advancing along its said selected course of excava- 3O



tion.



vancmg a ong a Se cc e course 0 excava Ion‘



9. The method of claim 8 including the additional



5. The method of claim 4 including the additional



StePS °f=



Steps of:



_ _



,



_



_



whenever it ls determined that said earth-boring ap



whenever 'said measurements indicate said earth-bor-



paratus ‘5 _ad"a"°mg_ along its sad selected course



ing apparatus is still advancing along its said 86- 35 lected course of excavation, using said ?rst and second measurements of the azimuthal direction of Said bending moments for determining Whether



ofexfiavaflon’ combmmg Said subseque‘?‘ and Pres‘ em dlrectloealwufses of sad earth'bormg aPPara‘ ms for Predlctmg usfumrfi cour§e of “Cm/‘Flou 10. The method of clalm 8 including the addltlonal



said earth-boring apparatus is then advancing up-



steps of‘



wardly or is then advancing downwardly in rela_ 40 tion to the surface of the earth;



combining said ?rst and second measurements of the azimuthal direction of said lateral forces for determining the azimuthal direction in which said earthboring apparatus is then advancing; and



subsequently acting on said earth-boring apparatus;



measuring the magnitude and azimuthal direction of a
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using said directional measurements for predicting the future course of advancement of said earth-bor-



ing apparatus



_ _



_



l



.



whenever it 1s determined that sald .earth-borlng ap paratus is not advanclng along lts said selected



course of eXCaYatiOHi cQmbiPing said _subsequ_em and Present azlmuth‘al dlrectlons of _Sa1d bendmg lnomems for qetermlmrlg Whether 531d Farthrbor' {ng apparatus 15 aQVammfo’ upwardly of 1S advanc 111g downwardly "1 relatlon to the Surface of the earth;



combining said subsequent and present magnitudes of



6. The method of claim 4 including the additional steps of: 50 whenever said measurements indicate said earth-boring apparatus is not advancing along its said Selected course of excavation, utilizing said ?rst and second measurements of the azimuthal direction of said bending moments for determining whether 55



said bending moments for determining the curve ture of said subsequent course of excavation of said earth'bol‘ing apparatus; combining said subsequent and present azimuthal directions of Said Side forces for determining the azimuthal direction of said Substique“t Course of excavation of Said earth-boring apparatus; and



said earth-boring apparatus is advancing upwardly



thereafter redirecting said earth-boring apparatus



or is advancing downwardly in relation to the sur-



toward its said selected course of excavation.



face of the earth; 11. A method for determining the lateral side forces combining said ?rst and second measurements of the acting On rotatable earth-boring apparatus suspended magnitude of said bending moments for determin- 60 from a tubular drill string and comprising the steps of: ing the radius of curvature of the present course of determining the elastic characteristics of the interven excavation of said earth-boring apparatus; ing portion of said drill string between said earth combining said ?rst and second measurments of said boring apparatus and a force-measuring station lateral forces for determining the azimuthal direclocated at a selected higher location in said drill tion of said present course of excavation of said 65



earth-boring apparatus; and thereafter redirecting said earth-boring apparatus toward its said selected course of excavation.



string;



while said earth-boring apparatus is excavating a borehole, obtaining a force measurement represen tative of the angular direction and the magnitude of
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the laterally-directed shear forces acting on said force-measuring station at a selected time; and combining the elastic characteristics of said interven ing drill string portion with said force measurement



26 and magnitudes of the bending moments acting on



said force-measuring station; and



combining the elastic characteristics of said interven ing drill string portion with said ?rst and second for determining the angular direction and magni force measurements for successively determining tude of the corresponding lateral side forces acting the angular directions and magnitudes of the lateral on said earth-boring apparatus at said selected time. side forces and bending moments respectively act ing on said earth-boring apparatus at said selected 12. The method of claim 11 further including the times. steps of: obtaining another force measurement representative 10 16. The method of claim 15 further including the steps of: of the magnitude and angular direction of the later successively obtaining directional measurements rep ally-directed shear forces acting on said force measuring station at a selected later time;



resentative of the present directional course of



advancement of said earth-boring apparatus at said combining the elastic characteristics of said interven selected times; and ing drill string portion with said other force mea successively utilizing said directional measurements surement for determining the angular direction and with the angular directions and magnitudes of the magnitude of the corresponding lateral side forces lateral side forces and bending moments acting on acting on said earth-boring apparatus at said se said earth-boring apparatus for predicting the fu lected later time; and ture directional course of advancement of said utilizing said lateral side forces respectively deter earth-boring apparatus. mined to be acting on said earth-boring apparatus 17. The method of claim 16 further including the step at each of said selected times for determining the of: angular direction in which said earth-boring appa whenever said predictions indicate that said future ratus is being diverted. 25 directional course of advancement of said earth 13. The method of claim 11 further including the boring apparatus will be along a selected course of steps of: advancement, continuing to direct said earth-bor obtaining another force measurement representative ing apparatus along its present directional course. of the magnitude and angular direction of the later ally-directed shear forces acting on said force 30 of:18. The method of claim 16 further including the step measuring station at a selected later time; whenever said predictions indicate'that said future combining the elastic characteristics of said interven directional course of advancement of said earth ing drill string portion with said other force mea boring apparatus will not be along a selected surement for determining the angular direction and course of advancement, redirecting said earth-bor magnitude .of the corresponding lateral side forces ing apparatus toward said selected course of ad acting on said earth-boring apparatus at said se



lected later time;



vancement.



19. Apparatus adapted for measuring downhole load



obtaining a directional measurement representative of conditions while drilling a borehole and comprising: the azimuthal direction in which said earth-boring a tubular load-bearing body adapted to be tandemly apparatus is advancing at said selected later time; 40 coupled in a tubular drill string and having upper and and lower groups of lateral openings respectively thereafter utilizing said directional measurement with arranged at circumferentially-spaced intervals said angular direction of said corresponding lateral around longitudinally-spaced upper and lower por side forces acting on said earth-boring apparatus at tions of said body; said selected later time for determining the azi 45 a ?rst set of force-sensing means respectively muthal direction in which said earth-boring appa mounted in a ?rst group of said lateral openings ratus is being diverted. and cooperatively arranged for respectively pro 14. The method of claim 13 further including the step ducing output signals representative of bending of: redirecting said earth-boring apparatus in a selected moments acting on the adjacent portion of said azimuthal direction whenever it is determined that said body; and earth-boring apparatus is being diverted in an unwanted a second set of force-sensing means respectively azimuthal direction. mounted in each of said upper and lower lateral 15. A method for determining the directional course openings cooperatively arranged for respectively of earth-boring apparatus suspended from a tubular drill producing output signals representative of lateral string as said earth-boring apparatus is excavating a 55 ly-directed shear forces acting on the adjacent borehole and comprising the steps of: portion of said body. determining the elastic characteristics of the interven 20. The apparatus of claim 19 wherein said ?rst group ing portion of said drill string between said earth of lateral openings include four openings spaced at 90 boring apparatus and a force-measuring station degree intervals around said body and cooperatively located at a selected higher location in said drill arranged around intersecting X and Y axes lying in a



string;



at selected times during the excavation of a borehole



by said earth-boring apparatus, successively obtain ing a series of ?rst force measurements representa



common transverse plane so that said ?rst and second



pairs of said ?rst force-sensing means will be in opposed



pairs of said ?rst openings for respectively producing output signals representative of the bending moments



tive of the angular directions and magnitudes of the 65 acting on said body around said X and Y axes. laterally-directed shear forces acting on said force 21. The apparatus of claim 20 wherein said ?rst group measuring station and a series of second force mea of lateral openings are above said second group of lat~ surements representative of the angular directions eral openings.
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22. The apparatus of claim 19 wherein each of said upper lateral openings are directly over a correspond ing one of said lower lateral openings so that each pair of said second force-sensing means will be located in a



common longitudinal plane for respectively producing output signals representative of the laterally-directed



28 torque forces acting on the adjacent portion of said



body. 27. Apparatus adapted for determining the direc tional course of a borehole being excavated with rotat 5



able earth-boring apparatus suspended from a tubular



drill string and comprising:



shear forces acting on that portion of said body lying in said common longitudinal plane. 23. Apparatus adapted for measuring downhole load conditions while excavating a borehole and comprising: a. tubular load-bearing body adapted to be tandemly coupled in a tubular drill string and having upper and lower groups of lateral openings respectively



means for obtaining measurements representative of the magnitudes of bending moments and lateral forces that are acting on earth-boring apparatus excavating a borehole; means for obtaining measurements representative of the azimuthal directions of said bending moments and lateral forces that are acting on said earth-bor



arranged at circumferentially-spaced intervals



ing apparatus; and



around longitudinally-spaced upper and lower por 15 tions of said body; a ?rst set of force-sensing means cooperatively ar



means for combining said measurements for deter



mining whether said earth-boring apparatus is ad vancing along a selected course of excavation. 28. The apparatus of claim 27 further including means



ranged in a ?rst group of said lateral openings and including at least two force sensors respectively cooperatively arranged on said earth-boring apparatus mounted at the top and bottom of each of said ?rst 20 for selectively directing its course of excavation.



lateral openings for producing output signals repre



29. Apparatus adapted for determining the direc



sentative of bending moments acting on the adja cent portion of said body; and



tional course of a borehole being excavated with rotat



able earth-boring apparatus suspended from a tubular



a second set of force-sensing means cooperatively



drill string and comprising:



arranged in said upper and lower lateral openings 25



means de?ning a force-measuring station adapted to



and including at least two force sensors respec



be located at a selected location in a tubular drill



tively mounted on opposite sides of each of said



string supporting earth-boring apparatus adapted



upper and lower lateral openings for producing



to be rotated for excavating a borehole;



output signals representative of laterally-directed



means adapted for successively measuring forces representative of the angular directions and magni tudes of the laterally-directed shear forces acting on said force-measuring station; means adapted for successively measuring forces representative of the angular directions and magni tudes of the bending moments acting on said force



shear forces acting on the adjacent portion of said



body. 24. The apparatus of claim 23 further including: a third set of force-sensing means cooperatively ar



ranged in one group of said lateral openings and including at least two force sensors respectively mounted on opposite sides of each of one opposed pair of said lateral openings in that group for pro



measuring station; and means adapted for combining the elastic characteris tics of the intervening portion of said drill string with said measurements for successively determin



ducing output signals representative of torque forces acting on the adjacent portion of said body. 25. The apparatus of claim 23 further including:



ing the angular directions and the magnitudes of



a third set of force-sensing means cooperatively ar



the lateral side forces and bending moments respec



ranged in one group of said lateral openings and including at least two force sensors respectively mounted on opposite sides of each of one opposed pair of said lateral openings in that group for pro



tively acting on said earth-boring apparatus. 30. The apparatus of claim 29 further including: means adapted for successively obtaining directional measurements representative of the directional course of advancement of said earth-boring ap paratuss; and means adapted for successively utilizing said direc tional measurements with the angular directions and magnitudes of the lateral side forces and bend ing moments acting on said earth-boring apparatus for determining the directional course of said earth



ducing output signals representative of longitudinal forces acting on the adjacent portion of said body. 26. The apparatus of claim 25 further including: a fourth set of force-sensing means cooperatively



arranged in one group of said lateral openings and including at least two force sensors respectively mounted on opposite sides of each of the other



opposed pair of said lateral openings in that group



boring apparatus.



for producing output signals representative of
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