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Description

[0001] This invention relates generally to electrical log-
ging of formations surrounding a borehole; more partic-
ularly, it relates to measuring formation resistivity by
processing signals induced in receiving antennae by
electromagnetic waves that are caused to propagate
through the formation by transmitting antennae.

BACKGROUND OF THE INVENTION

[0002] The prior art shows certain methods and appa-
ratus for such logging of formation resistivity. Examples
are known both for independent logging operations and
for logging during measure while drilling (MWD) opera-
tions. Typical examples are shown by U.S. Patents
3,891,916, 4,107,598 and 4, 514, 693. In these examples
a number of antennae, some transmitting and some re-
ceiving, are disposed on the outside of, or embedded in
the outer surfaces of, a drill collar or other elongated tu-
bular member. Electronic equipment located interior to
the drill collar or elongated tubular member provides pow-
er excitation to transmitting antennae, typically in the fre-
quency range of a few hundred kilohertz to a few mega-
hertz. Electromagnetic energy transmitted through the
borehole formation exterior to the collar or tubular mem-
ber is sensed by receiving antennae. Signals from such
receiving antennae are processed by electronic equip-
ment interior to the collar or tubular member to provide
data that is indicative of the formation resistivity of the
material surrounding the borehole. Generally, such sig-
nal processing measures the phase velocity (phase dif-
ference) and the attenuation (amplitude ratio) of the elec-
tromagnetic wave energy as it propagates past the re-
ceiving antennae.
[0003] The external placement of the antennae leads
to various problems with mechanical damage to such
antennae in use. Several outer shielding or covering ap-
proaches are known to provide some protection to the
antenna structures. Recently, U.S. Patent 5,530,358 de-
scribes and claims an improved antenna system for re-
sistivity tools, in which antenna elements are embedded
within the drill collar or elongated tubular member. The
antenna elements are exposed to the exterior region by
a plurality of discrete communication regions. These dis-
crete communication regions are elements of a con-
toured portion of the outer peripheral surface of the collar
or tubular member, and that have a reduced radial di-
mension. The antenna coils are disposed circularly
around the elongated tubular member at a radius be-
tween that of the outer surface and the inside radius of
the slots. The objective of this configuration is to provide
protection to the antenna elements. Further, means are
known to provide for directional variation of the antenna
pattern.
[0004] U.S. patent 5,682,099 describes, but does not
claim, a drill collar or measurement tubular for a resistivity
tool having slots completely through the collar from the

exterior to the interior in the region of the antennae but
does not show or suggest that such a configuration per-
mits a retrievable sonde or tool. U.S. patent 5,939,885
describes and claims a tubular body member having ap-
ertures therein and a mounting member comprising two
portions to permit the antenna to be mounted or removed
from the mounting member. Again, there is no indication
that such a configuration can be used to provide a re-
trievable resistivity sonde or tool.
[0005] One significant problem all such prior art ap-
proaches is that the antenna elements are fixed, in one
way or another, within or exterior to the collar or tubular
element. Thus, they can only be removed from the bore-
hole by completely withdrawing the entire drill string from
the borehole. With this approach, it is impossible to with-
draw an antenna structure to correct a failure or to remove
the complete logging apparatus or to change the antenna
structure to a different configuration without the added
cost and time required for pulling the entire drill string
from the borehole.
[0006] The shortcomings of existing technologies are
well known and there is a need for improvements to such
resistivity tools to overcome them. It is the objective of
this invention to provide an improved resistivity tool that
overcomes some of the difficulties and expense associ-
ated with the prior art tools.
[0007] GB-A-2,361,547 discloses a tubular such as a
casing or a liner for a well is provided including at least
one slot therein to facilitate the transmission and/or re-
ception of signals (eg electromagnetic signals) through
the wall of the tubular. Hydraulic isolation between the
interior and exterior of the tubular may be provided by an
electrically insulating sleeve applied over the slotted sec-
tion or by the inclusion of insulating inserts in the slots.
Installation of the modified tubular in a well and alignment
of a signal transmitter or receiver with the slotted section
of the tubular allows signals to be transmitted or received
through the tubular wall eg for monitoring a subterranean
reservoir or placing a borehole in the vicinity of the ex-
isting well.
[0008] WO-A-01 /04662 discloses a method in which
propagating wave resistivity of a surrounding earth for-
mation is measured by apparatus in a weft bore being
formed while drilling. The apparatus has a sonde posi-
tioned within a drill collar that has its exterior proximate
the earth formation during passage of a drill device. The
sonde has one or more transmitting antennae on the
housing exterior at first positions that transmit interrogat-
ing signals to the earth formation and one or more re-
ceiving antennae that receive signals corresponding to
the interrogating signals form the earth formation. The
housing has a substantially smooth exterior surface and
the antennae are wound in recesses in the housing which
are filled to be flush with the smooth exterior surface. The
drill collar is structured to pass the interrogating signals
from the transmitting antennae on the sonde to the earth
formation and to pass the signals from the earth formation
corresponding to the interrogating signals to the receiving
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antennae on the sonde.
[0009] EP 1 158 138 A2 describes downhole signal
communication and measurement through a metal tubu-
lar.
[0010] The present invention relates to an apparatus
according to claim 1 and to a method according to claim
7. Examples can provide a resistivity measurement tool
that is entirely contained within the interior of the drill
collar or elongated tubular member. As such, the com-
plete resistivity tool can be retrieved as a unit, antennae
as well as electronic elements.
[0011] Careful electromagnetic and structural analy-
ses have shown that suitable resistivity logging and suit-
able mechanical strength can be obtained in a structure
similar to that shown at Fig. 3AA in U.S. patent 5,682,099
that has slots, of several possible configurations, extend-
ing completely through the collar or elongated tubular
member from the exterior surface. Antenna elements lo-
cated completely internal to the collar and in the region
of the slots provide suitable coupling of energy into the
formation, and detection of such signals resulting from
such transmission through the formation, to obtain the
desired measurement of formation resistivity.
[0012] In one example, a number of slots are cut
through the entire thickness of the collar or elongated
tubular member symmetrically over each of the antenna
elements. Such slots may, for example, be axial in direc-
tion and generally of much greater length along the bore-
hole axis than the width of such slots. The effectiveness
of the antenna elements interior to the collar depends on
the number of slots, the length of the slots, the width of
the slots and the axial location of the antenna elements
with respect to the slotted region. The mechanical
strength of the collar or elongated tubular member de-
pends on the number of slots, the length of the slots and
the width of the slots. Detailed finite element analysis of
both the electromagnetic effectiveness and the mechan-
ical strength for various combinations enables selection
of those combinations that are suitable for the intended
purpose of formation resistivity measurement while
maintaining adequate mechanical strength of the string.
[0013] The slots may be-filled with epoxy, ceramic or
other insulating material to provide a seal to prevent for-
mation fluids from flowing into the internal apparatus.
Slots may be tapered so as to be wider on the interior
side than on the exterior side so that the normally higher
internal pressure will force the slot filler into the slot. Al-
though axial slots represent an example, other configu-
rations are possible. Slots may be diagonal, crosswise
or zigzag with respect to the borehole axis. Slots may
generally be in the range of 0·13 to 1·3 cm (.05 to .5
inches) in width and on the order of 10 cm (4 inches)
long. The number of slots may range from a low of one
to as many as twenty to thirty or more for each antenna
region location.
[0014] General electronic structure useful with the
present invention is known. Electronic components and
functions include circuits for power conditioning, for gen-

eration of the desired high frequency power to be applied
to the transmitting antennae, for the detection of the de-
sired signals from the receiving antennae, for processing
such received signals to determine measures of forma-
tion resistivity and for conditioning such formation resis-
tivity data to a form suitable for transmission to the sur-
face or for storing in other downhole apparatus. One or
more frequencies in the range from about 100 KHZ to
about 4 MHZ may be generated and transmitted into the
formation. Data output from the formation resistivity tool
may be transmitted to the surface by well known means
such as mud pulse telemetry, electromagnetic telemetry
or conventional wireline.
[0015] The use of a slotted collar or elongated tubular
member permits provision of an integrated and separate
antenna tool or sonde having all of the elements in a
single unit. Such an integrated tool reduces cost of man-
ufacture, while maintaining retrievability from the interior
of the drill string, without pulling the entire drill string re-
sulting in substantial cost savings in use. The integrated
tool can be used inside different other structures, and
since it is complete including its antennae, it can be used
for formation resistivity logging in an open hole.
[0016] Examples can provide apparatus for the meas-
urement in a borehole of resistivity of the formation ex-
ternal to the borehole, comprising:

a) longitudinally elongated tubular structure adapted
to be located in the borehole, and having exterior
and interior surfaces and a selected configuration of
a slot or slots extending completely through the
structure between its exterior surface and its interior
surface,
b) a sonde or tool completely contained within the
interior of the tubular structure to be relatively mov-
able lengthwise therein, and having:

1. one or more electromagnetic energy trans-
mitting antennae positioned proximate a certain
slot or certain of said slots,
2. one or more electromagnetic energy receiving
antennae positioned proximate another slot or
other selected slots,
3. and electronic elements to provide radio fre-
quency power to the transmitting antennae to
cause transmission of electromagnetic energy
into the sub-surface formation via said certain
slot or certain of the slots, receiving means to
receive radio frequency signals arriving at the
receiving antennae from the sub-surface forma-
tion via said other slot or other selected slots.

[0017] In addition, processing means are typically op-
eratively connected to output from the receiving means
to provide data indicative of formation resistivity at the
exterior of the collar or tubular structure, and means is
provided to communicate such data to other equipment,
or to store the data.
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[0018] Also provided is structure to support elements
of the sonde or tool, and attachment means for moving
the sonde with respect to the collar.
[0019] These and other objects and advantages of the
invention, as well as the details of an illustrative embod-
iment, will be more fully understood from the following
specification and drawings, in which:

DRAWING DESCRIPTION

[0020]

Fig. 1 is a schematic view of a drill string in a borehole
for simultaneously drilling and logging a well, in
which a logging collar includes a formation-resistivity
measurement system;
Fig. 2 is a schematic view of a formation-resistivity
measurement system of the prior art showing trans-
mitting and receiving antennae on the exterior of the
logging collar carried by a drill string;
Fig. 3 is a view of another example of the prior art
having an antenna embedded within the drill collar,
with the antenna elements exposed to the exterior
region of the collar through a plurality of recesses
sunk in the exterior surface of the collar, such re-
cesses not extending to the interior of the collar;
Fig. 4 is a cross section through a region of Fig. 3
showing the radial extent of the recesses in the collar;
Fig. 4a is an elevation showing another example of
prior tubular apparatus;
Figs. 5a, 5b, 5c, and 5d are cross sections of one
preferred collar or collars useful with the present in-
vention, taken perpendicular to the borehole axis and
showing slots extending completely through the col-
lar, to be aligned with transmitting and receiving an-
tennae. Four different configurations of slots are
shown in the four figures;
Fig. 6 is a cross section of a collar useful with the
present invention, taken along the borehole axis and
showing typical widths and lengths of the slots;
Fig. 7a shows a view of a collar useful with the
present invention having slots for one transmitting
antenna and three receiving antennae;
Fig. 7b shows a view of a collar useful with the
present invention having slots for two transmitting
antennae and three receiving antennae;
Fig. 8a is an enlarged cross section from Fig. 7a
taken along the borehole axis to intersect the slots,
and showing the collar and the transmitting and re-
ceiving antennae on a carrier movable within the pipe
string;
Fig. 8b is a cross section from Fig. 7b taken along
the borehole axis to intersect the slots, and showing
the collar and the transmitting and receiving anten-
nae on an axially removable carrier;
Fig. 9 shows a view of an alternative configuration
for slots in the collar that provides the electromag-
netic energy passing equivalent of long slots through

provision of a plurality of shorter slots;
Fig. 10 presents results of mechanical stress com-
putation, showing the torsional stress on the slotted
collar, as a function of the number of slots for a given
set of material and slot dimensions;
Fig. 11 is a schematic drawing showing antennae on
a carrier in a pipe string, with associated circuitry;
Fig. 12 shows a fishing neck on the upper end of the
sonde for retrieval from the borehole;
Fig. 13 is an elevation taken in section, showing el-
ements of a transmitter assembly on a sonde;
Fig. 14 is an exploded view of the Fig. 13 elements;
Fig. 15 is an elevation taken in section, showing el-
ements of a receiver assembly, on a sonde;
Fig. 16 is an exploded view of the Fig. 15 elements;
Fig. 17 is an elevation, in section, showing a field
joint connector;
Fig. 18 is an exploded view of the Fig. 17 connector;
Fig. 19 is a fragmentary section taken at a coil loca-
tion; and
Figs. 20 and 21 are circuit diagrams.

DETAILED DESCRIPTION

[0021] With reference to Fig. 1 and to the disclosure
in U.S. Patent 5,081,419, to Meador, there will now be
described an overall simultaneous drilling and logging
system that incorporates an electromagnetic wave prop-
agation (EWP) resistivity measurement system.
[0022] A well 1 is being drilled into the earth under con-
trol of surface equipment including a rotary drilling rig 3.
In accord with a conventional arrangement, rig 3 includes
a derrick 5, derrick floor 7, draw works 9, hook 11, swivel
13, kelly joint 15, rotary table 17, and drill string 19 that
includes drill pipe 21 secured to the lower end of kelly
joint 15, and to the upper end of a section of drill collars
including an upper drill collar 23, and intermediate drill
collar or sub (not separately shown), and a lower drill
collar or sub 25 immediately below the intermediate sub.
A drill bit 26 is carried at the lower end of sub 25.
[0023] Drilling fluid (or mud, as it is commonly called)
is circulated from a mud pit 27 through a mud pump 29,
past a desurger 31, through a mud supply line 33, and
into swivel 13. The drilling mud flows down through the
kelly joint and an axial tubular conduit in the drill string,
and down through jets (not shown) in the lower face of
the drill bit. The drilling mud flows back up through the
annular space between the outer surface of the drill string
and the inner surface of the borehole to be circulated to
the surface, where it is returned to the mud pit through a
mud return line 35. A shaker screen (not shown) sepa-
rates formation cuttings from the drilling mud before it
returns to the mud pit.
[0024] The overall system of Fig. 1 uses mud pulse
telemetry techniques to communicate data from down-
hole to the surface while the drilling operation takes place.
To receive data at the surface, there is a transducer 37
in mud supply line 33. This transducer generates electri-
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cal signals in response to drilling mud pressure varia-
tions, and these electrical signals are transmitted by a
surface conductor 39 to a surface electronic processing
system 41.
[0025] As explained in U.S. Patent 4,216,536 to More,
mud pulse telemetry techniques provide for communi-
cating data to the surface indicative of numerous down-
hole conditions sensed by well logging transducers or
measurement systems that ordinarily are located on and
within the drill collar nearest the drill bit, as shown in Fig.
1. The mud pulses that define the data propagated to the
surface are produced by equipment within the interme-
diate sub. Such equipment suitably comprises a pressure
pulse generator operating under control of electronics
contained within an instrument housing to allow drilling
mud to vent through an orifice extending through the log-
ging collar wall. Each time the pressure pulse generator
causes such venting, a negative pressure pulse is trans-
mitted to be received by surface transducer 37. An alter-
native conventional arrangement generates and trans-
mits positive pressure pulses.
[0026] The circulating drilling mud typically provides a
source of energy for a turbine-driven generator sub-as-
sembly located in the intermediate sub, and the turbine-
driven generator sub-assembly generates electrical pow-
er for the pressure pulse generator and for various cir-
cuits.
[0027] A measurement system includes electronics
contained in electronics housings contained within the
axial tubular conduit of sub 25, and contains elements
arranged in recesses or necked-down portions of the tu-
bular steel housing of sub 25. Some of these elements
on sub 25 are indicated in Fig. 1, and include four anten-
na-insulating sleeves 43, 45, 47, and 49, each of which
surrounds a longitudinally-extending, necked-down por-
tion of sub 25.
[0028] The prior art (U.S. Patent 4,785,247) system of
Fig. 2 schematically shows drill string 111 positioned in
borehole 112 traversing earth formations 113. The drill
string includes sections of drill pipe and, at the lower end
of the string, drill collars to provide weight to the system.
A MWD logging apparatus is housed in drill collar or log-
ging sub 114 or the like which is illustrated positioned in
the drill string above drill bit 116. The logging sub 114 is
illustrated having longitudinal passage 117 for providing
drilling fluid or mud flow through the system and access
to the bottom of the drill string. Such access is desirable
for a number of reasons which are known to those skilled
in the art and, therefore, will not be discussed here. Power
supply and electronic circuit components for operating
the system are housed in circumferential compartments
118 in the wall of sub 114 arranged about the passage
117. Transmitter antenna 119 and receiver antennae 121
and 122 having an annular configuration are illustrated,
arranged about collar 114 and spaced apart to provide
the comparison of travel time and attenuation as de-
scribed above.
[0029] An electromagnetic wave from the transmitter

antenna 119, corresponding to transmitter antenna T,
penetrates surrounding formations 113. The wave prop-
agated within the formation in the vicinity of sub 114 is
first received at receiver antenna 122 spaced relatively
closer along the sub to transmitter antenna 119 than re-
ceiver antenna 121. The propagated wave indicated at
108 is received later by a delay time ’’D’’ at receiver an-
tenna 121, spaced relatively farther along the sub from
transmitter antenna 119.
[0030] Reference is now made to prior art apparatus
(U.S. Patent 5,530,358) shown in Figs. 3 and 4. Fig. 3 is
a perspective and fragmentary view of modified tubular
collar or pipe element 139 which accommodates one or
more antenna windings. Tubular element 139 includes
outer peripheral surface 143 which includes contoured
portion 145 having a plurality of discrete communication
regions 147 of reduced radial dimension, i.e. recesses
in surface 143. Preferably, as is shown, discrete commu-
nication regions 147 comprise a plurality of axial recess-
es formed within tubular element 139, and which are
spaced at or about outer peripheral surface 143, in a
predetermined manner. As is shown, axial recesses 151,
153, 157, 159, 161, 163, 165, 167, 169 and 171 define
regions of reduced radial dimension, which fare separat-
ed by land members 173, 175, 177, 179, 181, 183, 185,
187 and 189 of a radial dimension equal to the wall thick-
ness of tubular element 139.
[0031] Two antenna pathways are defined in the body
of the material which comprises modified tubular element
139. Antenna pathways 191 and 193 communicate with
the discrete communication regions 147 defined by the
axially extending recesses. Both antenna pathway 191
and antenna pathway 193 are generally circular in shape,
and transverse in orientation to both the longitudinal axis
188 of tubular element 139 and discrete communication
regions 147 defined by the axial recesses. As is shown,
antenna pathways 191, 193, extend through each of the
land portions which are disposed between the axial re-
cesses, but not through the wall of tubular element 149.
Typically, element 139 is formed of steel, so the antenna
windings disposed in the antenna pathways 191 and 193
will communicate electromagnetic energy (either trans-
mitting or receiving) through the portions of the antenna
windings disposed within discrete communication re-
gions 147, but will not perform any substantial commu-
nication with the wellbore and surrounding formation with
antenna portions which are disposed in segments of an-
tenna pathways 191 and 193 which are enclosed by the
material which forms modified tubular element 139. In
other words, the discrete communication regions 147 de-
fine portions of an antenna which are capable of com-
munication of electromagnetic energy, while those por-
tions of the antenna not located within discrete commu-
nication regions 147 are not very effective at communi-
cating electromagnetic energy. The axial grooves or re-
cesses which define the discrete communication regions
147 each comprise a groove or recess which is 7·6 cm
(three inches) long, 1·3 cm (one-half inch) deep, and 0·32
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cm (one-eighth of an inch) wide. Tubular element 139
further includes a junction box which is machined into
element 139, and which allows for the threading of the
antennae through the antenna pathways 191, 193, and
which also houses electronics associated with the anten-
na. In particular, a junction box 149 houses one pick-up
coil, preferably a toroid, which is utilized to detect current
in a receiving antenna, and one or more capacitors or
other electrical components which are utilized to tune the
antenna windings to be responsive to particular frequen-
cies or frequency ranges; although voltage across the
coil could be monitored instead of current. A drilled or
milled wireway is provided (but not depicted) to allow
electrical signals to be passed via a wire to signal con-
ditioning and signal processing equipment.
[0032] As shown in Fig. 4, discrete communication re-
gions 147 are disposed in three groupings, including re-
cess group 131, group 133, and group 135. Groups 131,
133 are disposed adjacent junction box 149. This partic-
ular geometric configuration is for the purpose of obtain-
ing a particular antenna gain response, and is used be-
cause the portion of the tubular element 149 which in-
cludes the junction box 149 provides a region which is
less able to accommodate magnetic flux.
[0033] Note that the antennae are carried by 149, and
cannot be removed from the well bore, without retrieving
the drill string.
[0034] Fig. 4a shows another example from prior art,
as seen in Fig. 3AA of U.S patent 5,682,099.
Measurement tubular 2401 is composed substantially of
steel as are the other prior drill collars; however, meas-
urement tubular 2401 includes four regions which include
a plurality of axial slots which are disposed circumferen-
tially about measurement tubular 2401 and which extend
through the wall of measurement 2401, but which are
filled with a poorly-conducting material. Upper transmitter
region 2402 includes the axial slots which allow for the
inward and outward passage of electric and/or magnetic
oscillating fields. Likewise, lower transmitter region 2407
includes the axial slots which allow for the inward or out-
ward passage of electric and/or magnetic fields. Receiver
regions 2403, 2405 are provided in a position intermedi-
ate the transmitter regions 2402, 2407. Receiver regions
2403. 2405 also include axial slots filled with a poorly-
conducting or non-conducting material, which allow for
the inward or outward passage of electric and/or mag-
netic fields. Nothing is disclosed with respect to a retriev-
able sonde or tool.
[0035] In all of the described prior art, except for U.S.
patents 5,682,099 and 5,939,885, the various transmit-
ting and receiving antennae are either exterior to or in-
tegrated into the drill collar. This configuration makes it
impossible to withdraw the antennae structure from the
borehole without withdrawing the complete drill string
from the borehole. Those two patents disclose a sonde
or tool within the interior of the drill collar, but the elec-
tronics and/or antennae are not disclosed as retrievable
in a sonde.

[0036] Fig. 5a shows one such configuration of slots
in a cross section of the collar 200. The collar 200 has
an exterior surface 201 and an internal surface 202. Ex-
tending completely through the collar from the external
to internal surface are slots 203a. Although four slots are
shown in the figure, the number used may usefully lie in
the range of 1 to about 30. The widths of the slots, cross-
wise to the borehole axis may typically be in the range
of 0·13 to 1·3 cm (0.05 inches to 0.5 inches). The lengths
of the slots along the borehole axis direction may typically
be in the range of about 10 cm (4 inches in length). How-
ever, shorter or longer slots may be used. The number
of slots and their dimensions are only restricted by the
strength of the collar. For given slot dimensions, gener-
ally the strength of the collar decreases as the number
of slots increases. The number of slots and their dimen-
sions are only restricted by the strength of the collar. The
number and width of the slots must be balanced with the
strength and durability of the collar.
[0037] The slots of Fig. 5a are shown as being of con-
stant width from the exterior of the collar 201 to the interior
of the collar 202. Also shown is an antenna 400’ carried
by and extending about a carrier or sonde 401’, movable
axially within the collar, so as to be retrievable. Figs. 5b,
5c and 5d show alternative variations of the slot width
from the exterior surface to the interior surface. In Fig.
5b the slots 203b are wider at the interior surface 202
than at the exterior surface 201. Such a configuration is
of value if the slots are to be filled with some sort of in-
sulating material such as epoxy, or ceramic, that trans-
mits radio frequency energy. One slot is shown contain-
ing such material, at 198. (The steel wall of the collar
does not transmit such energy. The collar may consist
of non-magnetic material, such as Inconel.) In the drilling
process, material is pumped down the interior of the drill
pipe to provide cooling for the drill bit and to flush cuttings
from the drill area toward the surface of the earth. This
pumping leads to a higher internal pressure in a drill collar
than the external pressure. Thus in a configuration like
Fig. 5b the internal pressure would force the insulating
material into the narrowing slot which would help to keep
the insulating material in the desired location. In Fig. 5c
the slots 203c are wider at the exterior surface 201 than
at the interior surface 202. Such a configuration would
keep the insulation 198a in the slot should the external
pressure be higher than the internal pressure. The insu-
lating material, such as synthetic resin, also prevents fluid
leakage.
[0038] In Fig. 5d a configuration that combines ele-
ments of Fig. 5b and 5c is shown. Slots 203d decrease
in width from the exterior surface 201 toward the interior
surface 202 until a point having an intermediate radius
204 is reached. Beyond this point the width of the slots
203d increases again toward the inner surface 201. This
configuration provides benefits that combine those of the
configurations shown in Figs. 5b and 5c. See filler 198b,
bridging locus 204.
[0039] Fig. 6 shows a cross section through an axis
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along the borehole direction for a collar with slots as in
Fig. 5a.
[0040] Fig. 7a shows an external view of a collar useful
with the present invention showing four sets of slots 203a
spaced apart along the borehole axis. One set, to the
left, is for a transmitter antenna, to be shown later. Three
sets, to the right, are provided for receiving antenna, also
to be shown later. The spacings shown in the figure are
selected to provide the desired degree of penetration of
the transmitted energy into the surrounding formation.
Methods for selection of such spacings are well known
to those skilled in the arts of formation resistivity meas-
urement. Fig. 7b shows an alternative external view hav-
ing two sets of slots for transmitting antennae. In each
view, slots are typically spaced about the axis of the col-
lar.
[0041] Fig. 8a shows a section equivalent to Fig. 7a.
Internal to the collar 200 with its slots 203a is a sonde
210 that contains the receiving antennae 215, the trans-
mitting antenna 220 and all of the electronics needed to
provide radio frequency power to the transmitting anten-
na, receiving means to detect signals arriving at the re-
ceiving antennae, processing means to provide data in-
dicative of formation resistivity on the exterior of the collar
and means to communicate such data to other equipment
or to store such data. The sonde 210 may also include
any required energy storage means, energy generation
means or power conversion means required to operate
the other electronics of the sonde. Details of such elec-
tronics elements needed for formation resistivity evalu-
ation are well known to those skilled in the formation re-
sistivity evaluation arts. The frequency of the radio fre-
quency power provided to the transmitting antenna is typ-
ically in the range of 100KHz to 4MHz. The transmitting
and receiving antennae are typically solenoidal coils hav-
ing the axis of the solenoid along the borehole axis. One
or more turns of wire may be used in such coils, the
number determined by the desired impedence, frequen-
cy and sensitivity of the apparatus. Fig. 8b shows an al-
ternative cross section view having two sets of slots 203a
for transmitting antennae and two corresponding trans-
mitting antennae 220.
[0042] As shown in Figs. 8a and 8b, there is no required
connection between the sonde 210 and the collar 200.
Thus the sonde can be completely withdrawn from the
interior of the collar and drill string without withdrawal of
the collar and drill string from the borehole.
[0043] In the preceeding discussions, each slot asso-
ciated with a single antenna has been shown as a com-
plete slot extending in length along the borehole a sub-
stantial distance that is significantly greater than the
length of the related antenna element along the borehole.
Fig. 9 shows an alternative to this in which each desired
through slot is broken into a number of individual slot
segments, each of shorter dimension than the desired
equivalent slot length. For example short slot segments
205-1, 205-2 and 205-3 combine to provide a communi-
cation path from the interior of the collar to the exterior

of the collar that is nearly as effective as a single longer
slot. Such a configuration of shorter slots or segments to
make up an equivalent slot length can b shown to provide
the advantage of having a collar which has greater me-
chanical strength. note staggering of the slot segments,
to enhance mechanical strength of the collar or pipe.
[0044] Fig. 11 schematically shows a system. A well-
bore 300 is drilled in underground formation 301. Drill
collar 302 extends downwardly in the bore, and drilling
mud 303 flows upwardly in the annulus between 302 and
bore 300. Drilling mud flows downwardly in the drill pipe,
as indicated by arrows 303a. Upper and lower groups
304 and 305 of through slots are formed in the pipe or
collar 302a, as about axis 350.
[0045] A sonde 310 is lowered in the drill pipe, as by
line 311, and landed at shoulder 312 in the drill pipe. See
the flange 313 on the sonde, which also passes drilling
mud, as via passages 314. Such landing serves to later-
ally align the transmit and receive antennae 315 and 316
on the sonde with through slots or windows 304 and 305
in the wall of the drill pipe or collar 302a, said slots capable
of transmitting electromagnetic energy, as discussed
above.
Preferably, the sonde is thereby centered so that the an-
tennae 315 and 316 are each spaced at equal distances
from the corresponding slots 304 and 305.
[0046] A transmit control or processor circuitry is
shown at 320 on the sonde and is connected by line 321
with transmit antenna 315. Energy detected or received
from the formation by antenna 316, via slots 304, is
passed by line 322 to the receive control or processor
circuitry 323. Such received data, when processed, is
indicative of formation resistivity, at the exterior of the
drill collar. See electromagnetic wave travel into the for-
mation at 325, and from the formation back to the antenna
316, at 326. Signal processing circuitry is shown at 328
and 329, and may be such as to handle flow of data in
two directions, i.e. up-hole and downhole, as indicated
at 330.
[0047] A fish neck is shown at 331 at the top of the
sonde. It can be grasped by or coupled to the latch 332
at the lower end of the line 311, upon lowering of the line,
enabling upward retrieval of the sonde, as by line 311.
Upon such coupling, an electrical connection is made
between terminals 334 and 335, to enable transmission
of data between the sonde and the surface equipment
340, as for controlling operation of the sonde, transmis-
sion and reception of electromagnetic energy. Data
processing and/or storage at the surface is indicated at
341.
[0048] Resistivity determination can be made at the
surface equipment 340, and instruction can be transmit-
ted from 340 to the sonde, via the wireline and circuitry
as shown. Data can also be stored at 328 and 329; and
batteries can be located at 328 or 329.
[0049] Fig. 12 show the fish neck 331 captivated by
the latch or fishing tool 332.
[0050] Referring to Fig. 13 (assembly) and Fig. 14 (ex-
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ploded), the schematically illustrated, and representative
transmitter assembly, on a sonde 310 includes the fol-
lowing elements:

701 - mandrels (ceramic, for example) to support
transmitter coils;

702 - antennae coil tubular sleeves or shields having
axial through slots 702a, spaced apart circum-
ferentially;

703 - antennae coil covers, tubular;
704 - mandrel end plate;
705 - wired mandrel end cap;
706 - tubular housing to contain processing circuitry;
707 - tubular housing, for processing circuitry;
708 - transmitter antennae coil;
709 - transmitter antennae coil
710 - end cap.

[0051] Other end caps appear at 711-713. Processing
circuitry is indicated at 714 (oscillators and mixers, for
example) and 715 (phase detectors and gain controls,
for example), and interconnected at 716.
[0052] Referring to Figs. 15 (assembly) and 16 (ex-
ploded view) the schematically illustrated and represent-
ative receiver assembly, on sonde 310, includes the fol-
lowing elements:

401- mandrels (ceramic, for example) to support re-
ceiver coils;

402 - antenna coil tubular sleeves or shields, having
axial through slots 402a spaced apart circum-
ferentially;

403 - antennae coil covers, tubular;
404 - mandrel end plate
405 - wired mandrel end cap;
406 - wired mandrel end cap;
407 - tubular housing for processing circuitry;
408- tubular housing for processing circuitry;
409- end plug;
410- mandrel end cap;
411- top end plate;
412- receiver antennae coil;
413- receiver antennae coil.

[0053] The processing circuitry is indicated at 414 and
415, and interconnected at 416.
[0054] A representative field joint connector assembly
endwise coupled to the sonde unit 320, is seen at 508 in
Figs. 17 and 18, and includes the following elements:

501 - -field joint box;
502 - connector alignment block;
503 - threaded ring parts;
504 - retaining ring;
505 - guide pin;
506 - connector block;
507 - field joint pin;
508 - socket head;

509 - socket head;
510 - O-ring;
511 - set screw;
512 - set screw;
513 - screw;
514 - pin;
515 - mount.

[0055] Fig. 19 shows structural details at and proxi-
mate a transmit or receive coil location, on a typical sonde
600. The electrical coil 601 extends in an annular groove
602 sunk in the periphery of an insulative (for example
ceramic) mandrel 603. An insulative tubular sleeve 604
extends about the coil, and is snugly fitted to the mandrel
periphery, as at locations 605 and 606. That sleeve may
consist of synthetic resin or plastic material, such as pol-
yethylene ether ketone, for example. The mandrel and
sleeve axis appears at 607.
[0056] A protective metallic (as for example steel) tube
608 extends about the sleeve 604. Sleeve coil and tube
608 correspond to elements 302 and 303, respectively,
in Figs. 13 and 14. Tube 608 has axially extending slits
609 that pass through its wall, and are located radially
outwardly of the coil. Such slits are spaced apart circum-
ferentially of the tube 608, and they sere to intercept and
thereby dissipate eddy circuits created in tube 608 by the
electromagnetic radiation passing to or from the coil.
[0057] The sleeve 604 and tube 608, as well as the
coil and mandrel, are carried by the sonde, to travel there-
with, axially within the well pipe, such as (or including)
the drill collar indicated at 610, and spaced at 611 from
the collar bore 610a. The sonde is typically lowered until
a bottom shoulder 608a on the tube 608 lands on a collar
shoulder 610b. At that sonde landed level, the axial slits
609 in tube 608 extend at the general level of axial slits
610c in the drill collar, as shown in Fig. 19, whereby elec-
tromagnetic radiation passing radially to or from the coil
may pass through the slits 610c and 609, from or to the
underground formation 612, within which the well bore
613 is formed. Accordingly, the provision and use of a
sonde carrying coil or coils 602, protected as described,
enables easy retrieval for servicing of the coils or circuitry,
and enables travel to a selected depth or depths, for ef-
ficient transmission of electromagnetic energy into
and/or from the underground formation, for logging. Non-
magnetic filler material 618 extends in slits 610c.
[0058] The coil is typically electrically connected with
a capacitor or capacitors 615, and energized to produce
resonant frequency operation (as for example 2 mega-
hertz). Other frequencies are usable. One such ’’tank’’
circuit is shown at 616 in Fig. 20, the energizing input coil
indicated at 617. Fig. 19 shows a typical and advanta-
geous location of capacitor 615, in a recess 620 sunk in
the mandrel, close to coil 602. Fig. 21 shows another
’’tank’’ circuit configuration with coil 602 having a trifiler
(three parallel wire strand) configuration, the strands
shown at 602a, b, and c. Energizing coil 617 is one of
the trifiler windings. windings 602a and 602b are the other
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two and form the secondary.
[0059] A line to elevate and lower the sonde as in re-
trieving the tool is seen at 621, in Fig. 19.

Claims

1. An apparatus comprising:

a well pipe (610) having slits (610c) therein;
a sonde (600) having an elongate mandrel
(603), the sonde (600) being movable in the well
pipe (610); and
an electric antenna coil (601) carried by the man-
drel (603), to produce or receive electromagnet-
ic radiation
an insulative sleeve (604) extending about the
coil (601), said sleeve (604) being carried by the
sonde (600) to travel therewith;
a protective tube (608) extending about the
sleeve (604), said tube (608) having a wall with
slits (609) to pass said radiation;
the sonde being able to travel to a level in the
well pipe (610) at which said slits (609) in the
tube wall extend at the general level of the slits
(610c) in the well pipe (610) whereby electro-
magnetic radiation to or from the coil (601) may
pass through the tube slits (609) and pipe slits
(610c), into or from the underground formation;
the apparatus being characterized by:

the mandrel (603) being of an insulative ma-
terial.

2. The apparatus of claim 1, in which:

i) said mandrel (603) comprises ceramic mate-
rial;
ii) said coil (601) extends about the mandrel
(603),
iii) said protective tube (608) consists of metal,
and said slits in the tube (608) extend lengthwise
of the tube (608);
iv) a cable (621) is connected with the sonde
(600) to lift and lower the sonde (600) in the well
pipe (610);
v) the well pipe (610) comprises a drill collar; and
vi) insulation filler material extends in the well
pipe slits (609).

3. The apparatus of claim 2, including a capacitor struc-
ture (615) carried by the sonde (600) and electrically
connected across the coil (601), whereby the elec-
tromagnetic radiation has a resonant frequency.

4. The apparatus of claim 3, wherein the capacitor
structure (615) is carried in the mandrel (603).

5. The apparatus of claim 4, in wherein the coil (601)
and capacitor structure (615) are connected in a tank
circuit (616) to produce a resonance frequency.

6. The apparatus of claim 1, including said well pipe
(610) having a shoulder (610b) on which the sonde
(600) is landed when the slits (609) in the protective
tube (608) are at generally the same level as the slits
(610c) in the well pipe (610).

7. A method of using a structure in a well pipe (610)
having slits (610c) therein, the structure including;

a) a sonde (600) having an elongate mandrel
(603), the mandrel being of an insulative mate-
rial, and the sonde (600) movable in said pipe
(610);
b) an electric antenna coil (601) carried by the
mandrel (603), to produce or receive electro-
magnetic radiation;
c) an insulative sleeve (604) extending about
the coil (601);
d) a protective tube (608) extending about the
sleeve (604), said tube (608) having a wall with
slits (609) to pass said radiation;
e) said sleeve (604) carried by the sonde (600)
to travel therewith; the method including:
f) travelling the sonde (600) within and relative
to the well pipe (610), and to a level in the well
pipe (610) at which the slits (609) in the tube
wall extend at the general level of said slits
(610c) in the well pipe (610), in an underground
formation; and
g) passing electromagnetic radiation to or from
the coil (601) through the tube slits (609) and
pipe slits (610c), into or from the underground
formation.

8. The method of claim 7 including landing said sonde
(600) in the well pipe (610) at said level prior to said
electromagnetic radiation passing step

9. The method of claim 8 including withdrawing the
sonde (600) upwardly within and relative to the well
pipe (610).

10. The method of claim 7 including providing electrical
capacitance on the sonde (600) and electrically con-
nected with the coil (601), and operating said coil
(601) and capacitance to produce resonant frequen-
cy of said electromagnetic radiation.

Patentansprüche

1. Vorrichtung, aufweisend:

ein Bohrlochrohr (610) mit Schlitzen (610c) dar-
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in;
eine Sonde (600) mit einem länglichen Dorn
(603), wobei die Sonde (600) in dem Bohrloch-
rohr (610) verschiebbar ist; und
eine von dem Dorn (603) gehaltene elektrische
Antennenspule (601) zum Erzeugen oder Emp-
fangen elektromagnetischer Strahlung;
eine isolierende Hülse (604), die sich um die
Spule (601) herum erstreckt, wobei die Hülse
(604) von der Sonde (600) zur Bewegung mit
dieser getragen wird;
ein Schutzrohr (608), das sich über die Hülse
(604) erstreckt, wobei das Rohr (608) eine Wand
mit Schlitzen (609) enthält, um die Strahlung
passieren zu lassen;
wobei die Sonde in der Lage ist, sich auf eine
Höhe in das Bohrlochrohr (610) zu bewegen,
bei welcher sich die Schlitze (609) in der Rohr-
wand im Wesentlichen auf der Höhe der Schlitze
(610c) in dem Bohrlochrohr (610) erstrecken,
wodurch elektromagnetische Strahlung an die
oder aus der Spule (610) durch die Rohrschlitze
(609) und die Bohrlochrohrschlitze (610c) hin-
durch in die oder aus der Untergrundformation
passieren kann;
wobei die Vorrichtung dadurch gekennzeich-
net ist, dass
der Dorn (603) aus einem isolierenden Material
besteht.

2. Vorrichtung nach Anspruch 1, in welcher:

i) der Dorn (603) keramisches Material aufweist;
ii) sich die Spule (601) um den Dorn (603) herum
erstreckt;
iii) das Schutzrohr (608) aus Metall besteht und
die Schlitze in dem Rohr (608) sich in Längs-
richtung des Rohres (608) erstrecken;
iv) ein Kabel (621) mit der Sonde (600) verbun-
den ist, um die Sonde (600) in das Bohrlochrohr
(610) anzuheben und abzusenken;
v) das Bohrlochrohr (610) eine Schwerstange
aufweist; und
vi) Isolationsfüllernnaterial sich in die Bohrloch-
rohrschlitze (609) erstreckt.

3. Vorrichtung nach Anspruch 2, die eine von der Son-
de (600) gehaltene und elektrisch mit der Spule (601)
verbundene Kondensatorstruktur (615) enthält, wo-
durch die elektromagnetische Strahlung eine Reso-
nanzfrequenz hat.

4. Vorrichtung nach Anspruch 3, wobei die Kondensa-
torstruktur (615) in dem Dorn (603) gehalten wird.

5. Vorrichtung nach Anspruch 4, wobei die Spule (601)
und die Kondensatorstruktur (615) in einem Tank-
kreis (616) verbunden sind, um eine Resonanzfre-

quenz zu erzeugen.

6. Vorrichtung nach Anspruch 1, wobei das Bohrloch-
rohr (610) eine Schulter (610b) enthält, auf welcher
die Sonde (600) aufliegt, wenn sich die Schlitze (609)
in dem Schutzrohr (608) im Wesentlichen auf der-
selben Höhe wie die Schlitze (610c) in dem Bohr-
lochrohr (610) befinden.

7. Verfahren zum Anwenden einer Struktur in einem
Bohrlochrohr (610) mit Schlitzen (610c) darin, wobei
die Struktur enthält:

a) eine Sonde (600) mit einem länglichen Dorn
(603), wobei der Dorn aus einem isolierenden
Material besteht und die Sonde (600) in dem
Bohrlochrohr (610) verschiebbar ist;
b) eine von dem Dorn (603) gehaltene elektri-
sche Antennenspule (601), um elektromagneti-
sche Strahlung zu erzeugen oder zu empfan-
gen;
c) eine isolierende Hülse (604), die sich um die
Spule (601) herum erstreckt;
d) ein Schutzrohr (608), das sich über die Hülse
(604) erstreckt, wobei das Rohr (608) eine Wand
mit Schlitzen (609) enthält, um die Strahlung
passieren zu lassen;
e) die von der Sonde (600) gehaltene Hülse
(604) zur Bewegung mit dieser, wobei das Ver-
fahren die Schritte enthält:
f) Bewegen der Sonde (600) in der und in Bezug
auf das Bohrlochrohr (610) und auf eine Höhe
in dem Bohrlochrohr (610), bei welcher sich die
Schlitze (609) in der Rohrwand im Wesentlichen
auf der Höhe der Schlitze (610c) in dem Bohr-
lochrohr (610) befinden, in einer Untergrundfor-
mation; und
g) Passierenlassen einer elektromagnetischen
Strahlung an die oder aus der Spule (601) durch
die Rohrschlitze (609) und die Bohrlochrohr-
schlitze (610c) in die oder aus der Untergrund-
formation.

8. Verfahren nach Anspruch 7, das ein Aufliegen der
Sonde (600) in dem Bohrlochrohr (610) vor dem
Schritt des Passierens der elektromagnetischen
Strahlung beinhaltet.

9. Verfahren nach Anspruch 8, das ein Zurückziehen
der Sonde (600) nach oben innerhalb der und in Be-
zug auf das Bohrlochrohr (610) beinhaltet.

10. Verfahren nach Anspruch 7, das die Bereitstellung
einer elektrischen Kapazität in der Sonde (600) und
in elektrischer Verbindung mit der Spule (601), und
das Betreiben der Spule (601) und Kapazität be-
inhaltet, um eine Resonanzfrequenz der elektroma-
gnetischen Strahlung zu erzeugen.

17 18 



EP 1 321 780 B1

11

5

10

15

20

25

30

35

40

45

50

55

Revendications

1. Appareil comprenant :

un tube de sondage (610) dans lequel des fentes
(610c) sont ménagées ;
une sonde (600) qui possède un mandrin allon-
gé (603), la sonde (600) pouvant se déplacer
dans le tube de sondage (610) ;
une bobine d’antenne électrique (601), portée
par le mandrin (603), pour générer ou recevoir
un rayonnement électromagnétique ;
un manchon isolant (604) qui s’étend autour de
la bobine (601), ledit manchon (604) étant porté
par la sonde (600) afin de se déplacer avec elle ;
et
un tube protecteur (608) qui s’étend autour du
manchon (604), ledit tube protecteur (608) ayant
une paroi munie de fentes (609) afin de laisser
passer ledit rayonnement ;
la sonde pouvant se déplacer dans le tube de
sondage (610) jusqu’à un niveau où lesdites fen-
tes (609) de la paroi du tube protecteur (608)
s’étendent sensiblement au niveau des fentes
(610c) du tube de sondage (610) de façon que
le rayonnement électromagnétique reçu ou
émis par la bobine (601) puisse passer à travers
les fentes (609) du tube protecteur et les fentes
(610c) du tube de sondage en provenance ou à
destination de la formation souterraine ;
ledit appareil étant caractérisé en ce que le
mandrin (603) est en matériau isolant.

2. Appareil selon la revendication 1, dans lequel :

i) ledit mandrin (603) comprend un matériau
céramique ;
ii) ladite bobine (601) s’étend autour du mandrin
(603),
iii) ledit tube protecteur (608) est en métal et
lesdites fentes du tube (608) s’étendent dans le
sens de la longueur du tube (608) ;
iv) un câble (621) est relié à la sonde (600) pour
faire monter et descendre la sonde (600) dans
le tube de sondage (610) ;
v) le tube de sondage (610) comprend une mas-
se-tige ; et
vi) un matériau de remplissage isolant s’étend
dans les fentes (609) du tube de sondage.

3. Appareil selon la revendication 2, comprenant une
structure capacitive (615) portée par la sonde (600)
et reliée électriquement aux bornes de la bobine
(601) afin de générer une fréquence de résonance
du rayonnement électromagnétique.

4. Appareil selon la revendication 3, dans lequel la
structure capacitive (615) est portée dans le mandrin

(603).

5. Appareil selon la revendication 4, dans lequel la bo-
bine (601) et la structure capacitive (615) sont con-
nectées dans un circuit oscillant (616) afin de géné-
rer une fréquence de résonance.

6. Appareil selon la revendication 1, dans lequel ledit
tube de sondage (610) possède un épaulement
(610b) sur lequel la sonde (600) repose lorsque les
fentes (609) du tube protecteur (608) sont sensible-
ment au même niveau que les fentes (610c) du tube
de sondage (610).

7. Procédé d’utilisation d’une structure de tube de son-
dage (610) dans lequel des fentes (610c) sont mé-
nagées, la structure comprenant :

a) une sonde (600) qui possède un mandrin al-
longé (603), ledit mandrin étant en matériau iso-
lant et la sonde (600) pouvant se déplacer dans
ledit tube de sondage (610) ;
b) une bobine d’antenne électrique (601), portée
par le mandrin (603), pour générer ou recevoir
un rayonnement électromagnétique ;
c) un manchon isolant (604) qui s’étend autour
de la bobine (601) ;
d) un tube protecteur (608) qui s’étend autour
du manchon (604), ledit tube protecteur (608)
ayant une paroi munie de fentes (609) afin de
laisser passer ledit rayonnement ;
e) ledit manchon (604) étant porté par la sonde
(600) afin de se déplacer avec elle ;
ledit procédé comprenant les étapes consistant
à :
f) déplacer la sonde (600) dans et par rapport
au tube de sondage (610) et jusqu’à un niveau
dans le tube de sondage (610) où les fentes
(609) de la paroi du tube s’étendent sensible-
ment au niveau desdites fentes (610c) du tube
de sondage (610) dans une formation
souterraine ; et
g) faire passer un rayonnement électromagné-
tique à destination ou en provenance de la bo-
bine (601) à travers les fentes (609) du tube pro-
tecteur et les fentes (610c) du tube de sondage,
en provenance ou à destination de la formation
souterraine.

8. Procédé selon la revendication 7, comprenant l’éta-
pe consistant à amener ladite sonde (600) audit ni-
veau dans le tube de sondage (610) avant ladite éta-
pe de passage du rayonnement électromagnétique.

9. Procédé selon la revendication 8, comprenant le re-
trait de la sonde (600) vers le haut dans et par rapport
au tube de sondage (610).
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10. Procédé selon la revendication 7, comprenant la
création d’une capacité électrique sur la sonde (600)
et sa connexion électrique avec la bobine (601), ainsi
que l’utilisation de ladite bobine (601) et de ladite
capacité pour générer une fréquence de résonance
dudit rayonnement électromagnétique.
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