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A PERMANENT ELECTROMAGNETIC SYSTEM FOR

MEASURING FORMATION RESISTIVITY ADJACENT TO AND
BETWEEN CASED WELLS

BACKGROUND OF THE INVENTION

Geologic formations defining & reservoir for the accurmlation of
hydrocarbons in the subsurfece of the earth contsin a network of interconnected paths in
which fluids are disposed that ingress or egress from the reservoir. To determine the
behavior of the fluids in the aforementionsd netwark, knowledge of both the parosity and
permeability of the geologic formations is desired. From this information, efficient
devalopment and management of hydrocarbon reservoirs may be achieved, For example,
the resistivity of geologic formations is a function of both porosity and permeability.
Considering that hydrocarbons are electrically insulative and most formation water
contsins salta, resistivity messurements are a valuable tool to determine the presence of
hydrocarbon reservoirs in geologic formations and to monitor the changes in hydrocarbon
content as production of the hydrocarbon proceeds.

To that end, there have been many prior art attemnpts to determine the
mtothegeoloswﬁum:nofm hmmm_dmw

mmmmmmrofﬁmmGWﬂVol 60, No. 3, 1995
by Wilt et al., measurement of geclogic formation resistivity is described employing a
low frequency electromagnetic (em) system,

Fig. 1 shows the configuration of equipment used in the measurement of
geologic formation resistivity between two boreboles. A trangmitter, T, is located in one
borehoilo and consists of & coil Cr having multi-turn horizontal loop (vertical solencid) of
N turns, having an effective cross section Ar. The multi-turn horizontal loop casties an
alternating current, Iy, at a frequency of fofHz. In freo space this multi-turn horizoatal loop
produces a time varying magnetic field, Bo. The magnetic ficld, By, is proportional to the
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mg;leﬁcmmmofthuminﬂ'.hﬁ-,mdwlgmieﬁmh. The magnetic §L
moment of the transmitter My is defined as follows: S_ ;

(1 M7 = NrkrAr

The geometric factor, k;, is a function of a spatial Jocation and orientstion
of a field component of the magnetic field, By, measured by a recaiver, R, with respect to
the magnetic moment of the transmitter, My. The receiver is located spaced-apan from
the transmitter, T, and typically disposed in & borehole in the earth. In free space,
therefore, the magnetic field, By, is defined as follows:

@ Bo = kM.

The receiver, R, typically includes a multi-turn loop of wire, i.e., & coil,
Ca, having Nj tumns of wire, wound about a core of high permeability metal or farrite.
The changing magnetic ficld By, sensed by the receiver, R, with frequency f,, crestes an
induced voltage V5 in the coil which is proportional to, By;; the frequency, f5; the mumber
of turng of wire, Ny; the effective cross-sectional area of the coil, Ag; and the effective
permeability, pg, of the cail Cy. From the foregoing, it is shown that Vy, is defined as
follows:

o Vo =fo BgNzApp
Simplifying equation (3) above, Vz may be written as follows;
@ Ve =lkpBp

where kg = 5NpAx pp. The product of Aguy is difficult to calculate. To
accurstely determine Agjin, Cy is calibruted in a known field, at & known frequency to
find an exact value for kz. Thereafter, tho magnetic field, By, sensed by the receiver, R,
is related directly to the measured voliage V3 by the following:

&) B Vika

‘When this system is placed in s conducting geologic formation the time
varying magnetic field, Bo, produces an electromotive force in the geologic formation,
which in turn drives currents therein, shown schematically as 1;. The cunvents, L, are
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proportional to the conductivity of the geologic formation and are concentric about the
longitudinal axis of the borehole. The magnetic field proximate to the borehole is a result
of the free space field, B, called the primary magnetic field, and the field from the current
Ly, called the secondary magnetic field.

The aurent L is typically out of phase with respect to the transmitter
current Ir. At very low frequencies, where the inductive reactance of the srrounding
formation is umall, the induced current 1, is proportional to dB/dt and is consequently
90° out of phase with respect to Ir. As the frequency increases, the inductive reactance
increases and the phase increases to be greater than 50°,

The secondary magnetic field at the receiver, R, is caused by the induced
current and consequently also has a phase shift and so the total field is complex. The total
measured fiold has a component, By, in-phase with the transmitter current Iy, (called the
real component) and a component, B;, phase shifted by 90° (called the imaginary or
quadmiure component). The values of the real, By, and quadrature components, By, of the
magnetic field at a given frequency and geometrical configuration uniquely specify the
electrical resistivity of & homogenous formation pierced by the drill holes. Inan

. inhomogeneous geologic formation, the complex field is messured at a succession of

points along ths longitudinal axis of the receiver borehole for each of a succession of
transmitter locstions. The multiplicity of T-R locations suffices to determine the
inhomogeneous resistivity between the holes as described in the papers above,
In general, the inhomogeneous distribution of electrical resistivity is
detummedthwglnp:mulledmmmwbmbuwﬂldmibdbymn:
- - in 2 Gwphyuca,Vol.Sl,No41993byZhou

aﬂmwmmam@mwhm
Abstracts, 1993 by Torres-Verdin ot al., and Crosgwe

integra! and differential oquations, Geophysics, Vol. 60, No. 3, 1995ber This
process has been well demonstrated for the determingtion of resistivity in the vicinity of a
mmmmwwmmudummmw
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Vol. 60, No. 3, vahmbmshlndWih. mmmmmmm
mnlmmmmlbyﬂwmdwm

Inlliaﬂomunbodim:tofﬂninwﬁonmmliminmisnins
resistivities to a multitude of cells or elements of the volume surrounding, or between,
boreholes. The resistivities are systematically varied until, in a least squares sonse, the
results from the cellular model of the formation match the observed data taken with the
field transmitter receiver system described herein. In another embodiment, 8 more
specific model of the formation is assumed using geological, well log or other
geophysical data. The parameters of this model (e.g. resistivity distribution, shape, layer
thickness, etc.) are varied until, again in a least squares sense, the numerical results from
the model match the field results. In another embodiment direct images of the
dlmblmonufmmvuymybeohumdﬁ)llmngﬂnprmﬂpluofdlﬁmm

Geophysica, Vol. 58, No. 4, 1993bythu|I. Inyumh-mthodmlnﬂ-uq\m
om datna is transformed to a mathematically defined wave field domain and the data are
processed following the procedures of seismic tomography. These means of interpreting
the em data are included here to illusirate the fact that em methods are of practical use in

Jetermining the resistivity of goological formats

The measurements are usually made before extraction of hydrocarbons
takes place and during the extraction procesa. To that end, the system of Fig. 1 is
principally directed to detecting hydrocarbon reservoirs and to monitoring the changes in
reservoir resistivity as hydrocarbon is withdrawn in an uncased borehole. Boreholes are,
however, typically cased with conductive liners (also called casings) in order to preserve
the physical integrity of the borehols during subsequent hydrocarbon extraction. A
problem exists in that the conductive liners are electrically conductive and are themselves
inhomogenous and strongly attenuate the ac magnetic field introduced into the formation,
They are very difficult and costly to remove from the borehole once installed. As a result,
ths systam shown above in Fig. 1 does not facilitate analysis of a hydrocarbon reservoir
once conductive liners are installed and extraction of the hydrocarbons begins.
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HnIII.GeophyllclVolﬁ No. 1(1989);Uch|duul me
WSBGMMT-:(I”I);MWuad in

g of Steel n Bl nagnetic Signals, Geophysics, Vol. 59, No. 3 (1994).
Fromtheem:tumthttheenmheﬂvﬂymbemodeledumaddﬂmﬂ
sharted wire closely coupled to the transmitter T, shown schematically as Lain Figure 1.

The net or effective magnetic moment, M., of the transmitter, T,
conductive liner combination is dictated by the inductive coupling therebetween.
Physically, the resistivity of the conductive liner is very low and the inductance relatively
high This results in a current being induced in the conductive liner that is approodmately
180° out of phase of the transmitter current Ir, i.e., the induced current is of opposite
polarity to the transmitter current, It, but almost of the same moment. In this manner, the
magnetic field external to the conductive liner is greatly reduced. In effect, the
conductive liner “shields” the transmitter, T, from the receiver, R, positioned outside of
the conductive liner. The external field is produced by the difference in current, and
bence moment, in the transmitter and conductive liner.

Since the induced moment in the liner is large, and nearly equal to the
tranamitter moment, small changes in the properties of the liner produce large fractional
changes in the net of cffeclive moment. In practice, liners are known to be
inhomogenous: there are varistions in liner radius, thickness, permeability, and
conductivity csused either by manufacturing/processing procedures or by
methods described above for non-cased, or open, well surveys is that the fields from the
transmitter are sevoroly attenusted in a cased well and that the net moment is highly
variable as the transmitter traverses the length of the well. Without knowing the casing
propesties very precisely, it is difficult to distinguish between external field variations
caused by the liner and the formation.

An analogous situation affects 8 magnetic field sensor within a cased
borehole. The field to be detected induces currents concentric with the receiver coil
whose sense is much as to reduce the field within the liner. The field to be detected is
consequently highly attenuated and the messurement is highly influenced by the’

ng’s(
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varistions in attenuation caused by the varistion in liner properties, an example of which
is graphically demonstrated by the slope of curve 10 shown in Fig. 2. Often, the design
criteria for a crosshole survey of s cased borehole reduces the signal to a level that is
undetectsble by standard receivers. Mareover, the variance in conductivity, permesbility,
and thicinegs along & longitudinal axis of » liner makes difficult determining the
attenuation factor at any given point. This has been said to cause errors in the field
measurements that are not easily corrected.

One prior art sttempt to overcome this problem involved inclusion of &
separate small-scale trangmitter-receiver within the cased borehole to accurately measure
the casing properties. The measured casing properties would then be used to correct the
measured crosshole data. See Lee et al,, Electramagnetic Method For Analyzing The
Property of Steel Casing, Lawrence Berkeley National Laboratories report 41525,
February 1998,

Amﬁ:pﬁwmmtwmuﬁxthommuﬁonnnﬁnuinwmd
positioning of & monitor receiver adjacent to the transmitter in the cased borehole, In this
manner, an attempt is made to predict the attemuation sensed by the extornal recciver that
is disclosed in United States patent spplication number 09/290,156, filed April 12, 1999,
miﬂd IS SLLILE SARTE BIEARS REOY SVARK ‘.!|l isti ic F i
having Ugo Conti listed as inventor..

g LD ot ghgniv el L8t iy

A drawback with the aforementioned prior art attempts to carrect for the
attemustion factor concerns the implementation of auxiliary transmitters or receivers that
increascs the cost of a system and its complexity. Further, there is limited empirical
evidence to suggest that the added cost and complexity of these systems is justifiod. It is
not yet known whether these systems may accurstely correct for the sttemation factor.

Cased with A conductive Liner, and having Huntly F. Morrison and Edward 8
method for meesuring formation resistivity adjacent to and between cased wells using low
frequency (<200Hx) nultiturn solenoidal coils within cased wells is disclosed.
Specifically, the invention allows measuring the resistivity of geologic formations in

ST«

\/



ooTOSQ” 9ss0030Y9

10

15

25

30

which a borehole has been formed therein and encased with a conductive, or metallic, éa/
Haer made from matecials such as steel. This has been achieved by providing a method i
and computer program product that attemates, if not removes, the effiscts of the metallic
liner by taking appropriate ratios of measured fields, either inside or outside of the
metallic liner. In this manner, attermstion due to the casing is pmactically canceled,
A limitation with the invention disclosed by Morrison and Nichols is that
onoe production from the well has bogun, production tubing is run from the surface to the
producing zone. The production tubing leaves no room for the em system to move in the

- well. Repeated messurements to monitor production or eshanced recovery processes then

require repeated removal and reinsertion of the production tubing. This is a costly
operation and it is clear that a permanent monitoring system, on the outside of the casing,
would be more cost effective.

What is needed, therefore, is a cross-well measurement technique that
information concerning the properties of a liner casing the same and does not reduce

* production efficiency of a borehole.

SUMMARY OF THE INVENTION

Provided is an apparatus to measure characteristics of geologic formations,
such as hydrocarbon reservoirs, that feature sitaching a plurality of spaced-apart
tranamitter-receiver units on an exterior surface of a single casing lining a borehole. The
individual transmitters and receivers are connected to transmit signals to a surface
mounted processing system via cable connected to the exterior surface.

Were cross-well measurements desired to occur between adjacent
boreholes, in an alternative embodiment tranamitier units may be mounted to the exterior
surface a casing in one borehole. Receiver units are mounted to the exterior surface of a
casing lining an adjacent borehole. For cross well measurements the transmitters would
be deployed in one well and the receivers in another. In practice both single well and
cross well measurements may be employed for maximum resofution of the formation.
With the invention described herein the transmitters and receivers can also be spaced on
the same scale as used in open bole induction logging apparstus. The transmitters and

4
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receivers may be placed at depths of interest 10 feservoir monitoring, e, within and 64/
straddling the reservair.

These and other embodiments of the present inveation along with many of
ita sdvantages and features are described in more detail in coujunction with the text below
and sttached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a simplified plan view of a prior art cross-well electromaguetic
measurement system;

Fig. 2 is a perspective view of a geologio formation undergoing crosswell

Fig. 3 is a simplified plan view of a cross-well electromagnetic
measurement system in accordance with the present invention;

Fig. 4 is & simplified plan view showing the configurstion of a solenoid

Fig. 5 is a graphical representation of the empirical data obtained using the
configurstion shown above in Fig. 4;

Fig. 6 is a simplified plan view showing a cross-sectional area of a
solenoid, in accordance with the present invention, and the orientation of the
electromagnetic fields and current generated by the solenoid;

Fig. 7a-d show a graphical representation the empirical data obtained using
the configuration shown above in Fig. 4; and

Fig. 8 is a graphical representstion showing a comparison of response
information for solenoids, such as the one discussed above with respect to Fig. 4, having
different configurations.

DESCRIPTION OF THE SPECIFIC EMBODIMENTS

Referring to Fig. 2, a geologic formation 11 under analysis includes one or
more boreholes, shown gonerally as 12a and 12b and & reservoir of resources of interests,
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in this example ons or more reservoirs of hydrocarbons, shown generally as 14a and 14b. é%
Typically, at least one of the boreholes 123 and 12b is cased with a conductive Jiner 16a
and 16b, shown more clearly in Fig. 3. A system 19 employed to analyze the geologic Sq
formation includes & plurality of transmitters 20 sttached to an outside surface of the
conductive liner 16a that is disposed within borehole 12a, a first region of the geologic
formation, In signal communication with the plurality of transmitters 20 is a signal
generator included in surface station 22, A plurality of receivers 24 is attached to an
outside surface of liner 16b that is disposed within the borehole 12b. It should be
understood, however, thet a single transmitter 20 and a single receiver 22 may be
employed, if desired.
The system 19 is operated using a computer (not shown), included in
surface station 28, that is in dats communication with the transmitter 20 and receiver 24
uging cables nmning along the exterior surfice of the casing associsted therewith. The
computer (not shown) includes & processor (not shown) and memory (not shown) that
stores programs necessary to operate the system 19.

Typically, magnetic fields are generated by the plurality of transmitters 20
located st various vertical levels above, within, and below an area of interest. The
magnetic flelds sensed by the phurality of reccivers 24 aro sensed st various vertical levels
above, within, and below the area of interest. In an exemplary embodiment, a plurality
of the transmitier 20 and the plurality of receivers 22 are placed on tho casings 16a and
16b, respectively to be positianed at intervals between fixed depth points once the casings
are positioned within the borcholes 12a and 12b, respectively.

The basis of this invention is that the casing itself can act as the permeable
core for either the transmitter or receiver. At the frequencies required the field
enhancement due to the casing permeability offsets the attenuation of the induced currents
such that there is a net gain in external field over that which would be obtained if the
solencid were wound on a non-magnetic, non-conducting core. The length of the casing
ensures that the relative magnetic permeability of the core materizl upon which a solenoid
is wound, x_, of tho cross section of the steel will be close to the true x, , which for
typical casing lies between 50 and 200. The limit on the net moment for & transmitter
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consisting of a solencid wound on the casing is the counter moment caused by the current
induced in the casing. This counter moment can be reduced by cutting thin axial slots GO
(one may be sufficient) in the casing to interrupt the induced current flow . This process is

equivalent to the use of thin insulated strips used in the core material of a normal

solencidal receiver. Siotted casing is already used in oil field applications to allow

ingress of formation fiuids at levels of interest. Such a tranamitter or receiver could

consequently be wound on essentially standard casing.

The moments achievable with such a transmitter or the sensitivities
achievable in a receiver solenoid wound on the caxing are comparable to or larger than
the effective moments achioved with solenoids wound on high mm material located within
the casing. This is due to the greater radius and length that is conveniently available with
2 casing core.

Slotting the casing does not cancel all the circulating counter currant
induced in the casing in the vicinity of the windings. While o slot of the same length as
induced currents are forced to circulate in the casing off the ends of the winding. In this
region the currents depend on the geometric fill off of the inducing field of the solenoid
and on the flux gathering offect of the casing permeability (which is not affected by the
slot). 1deally one would like to introduce a naguetically insulating gap (a cylindrical
segment of zero relative permeability) at each end of the winding to reduce the magnetic

We have found that for frequencies useful for single well or croas-well
conductivity imaging on the reservoir scale (103 to 100s of meters) a solenoid wound
directly on standard casing with & single slot axtending & meter or 30 beyond the winding
has more than adequate moment for a permanent monitaring system. Furthermore we
have found that such slots permit the use of frequencies as high as 10,000Hz with only
modest attenuation which permits the use of ‘standard” high resclution induction logging
in the presence of casing.

Experimental data was obtained employing the present invention by
examining the fields produced by a solenoid on a typical steel casing. The solenoid
consisted of 100 turns wound on either the steel casing or on 2 plastic pipe of the same

10
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radiua. The configurstion of the solenaid and the dimensions sre shown Fig. 4. Fields é% 6,

were measured with a standard magnetic field sensor manufactured by Electromagnetic
Instruments Inc. (model BF-6), the frequency of the cutrent in the solénoid was varied
from 1,0Hz 1o 10,000Hz. The current itself was measured at each froquency, and the
measured field was normalized by this current.

The results are presented as the ratio of the field messured with the casing
to the field measured with no casing present, a direct experimental determination of the
effective permeability of the casing core. This ratio is plotted in Fig. 5. The
magnetizstion enhancement causes an effective increase in the moment st do end the
induced currents cause a decrease as the frequency increases. The enhancement of the
field due to the magnetization of the casing is svident for frequencies below about
1000Hz.

by ‘short slot’ on Figs. 4 and 5, extended about 2 casing diameters past the end of the
winding and the second, ‘long slot' extended about 7 casing diameters past the end. The
attenuation for the non-slotted casing falls-off below a few hundred Hz as predicted by
induction theary. Above a fow hundred Hz ths current is confined to the outer section of
the casing by skin depth effects and the magnitude of the counter current is reduced. The
slots clearly interrupt the induction current attenuation essentinlly independent of slot
length up to about 300 Hz above which the long slot is more effiective than the short. As
the maximum frequency of interest for reservoir imaging, say 500 Hz, the field is only
attenuated by at most & factor of 3.5 for the short slot compared to a factor of 10 for the
unalotted casing.

It should be noted that ths sttermation factors increase very little for the
long slot as the frequency increases to 10,000Hz (10kHz) whereas the field for the
unslotted casing has been attenuated by a factor of almost 50 at this frequency. This
implies thet formation resistivity monitoring can be done with casing wound solenoids at
the same resolution as is achieved with open hole induction logging.

The strength of the magnetic field is proportional to the moment, M, of the
transmitter, which is given by

11
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whare 4, is the magnetic permeability of the free space, i, is the relative permeability, A
is the cross sectional area of the solencid, 1 is the current and N is the number of turns. In
freo space at a distance R sway perpendicular to the sxis of the solencid the magnetic
field produced is given by

) By (Testa(r))={(p, 14x Y Y1 R
where a is the radius of the solenoid , an example of which is shown in Fig. 6.

In practical units of oT (10° T). Tho fleld at a distance R away is
() B, =100NI4/R®

As the transmitter current is made to vary sinusaidally with a froquency £
(Hestz, Hz), the associnted changing magnetic fields induce current in the conducting
formation and in any nearby conductors such as the drill rod or casing. These currents
dissipate energy and the fields are attenuated over and above the dc attenuation.
Fundamentally, then, the overall attenustion must always increase as the frequency of the
transmitter increase,

The amplitude of the fields produced within the focmation, including along
the drill hole, at points distant from the transmitter, can be calculated as a fimction of the
formation resistivity and frequency, Anticipating that compromises may be required
between frequency and range, responses have been calculated for several frequencies
between 30Hz and 1000Hz These response plots are presented in Fig. 7. The field
strength in nanoTeslas (0T, 10°T), is for a unit moment in the transmitter. Using these
plots it is a straightforward exercise to develop a general, or exsmple, design of a
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realizable system. The analysis below is for one typical design and not for the optimum
design: it is presented to show the feasibility of the new system. The system deaign for
the maximum range for frequencies of interest now depends on the maximum sengitivity
achievable in the receivers and the maximum practical moment in the transmitter. Wo

The receiver, in accordance with the present invention includes multiturn
solenoid wound sround the casing. Enhancement of the received field due to
magnetizstion and sitenuation due to the induction currents, affect the receiver in exactly
the same way as the transmitter. The receiver essentially acts like a solenoid with an
effoctive given by Fig. 5. From Faraday’s Law, the voltage across the terminals of the
solenoid in an uxial ficld of B Teslas is given by:

) V=Nx_ASBI%=x_24NAB

where A is the cross sectional ares of the solenoid and N the number of turns.

For this sample design we have chosen a casing of 10cm. redius so
A=x10"m". The frequency is then sct to 100Hz which is representative of frequencies

_used in cross borebole applications. With & x,, of about 6.4, shown in Fig. S, and with

these values of A and f'the voitage is defined ag follows:
(10) V=x_x2trxfxNxx10*xB,

This design is similar to that used in standard high sensitivity industrial
coil receivers. In these systems the core is high permeability metal in the form of
insulated strips to optimize the magnetization properties of the core while preventing the

13
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minimum detectable voltags is about 100V (10°*V). From (10) the minimum detectsble C
field is, therefore, determined as follows: 74

107 .suo"
K _x2xx fxNxx10® x N~

1) B=

Again from practical experience it is known that up to tens of thousands of
turns can be used, apparently yielding very low equivalent fields. For example with
10,000 turns and a frequency of 100 Hz and a x_ of 6.4, shown in Fig. 5, the magnetic
field sensitivity would be 0.78x10"* T ar approximately 107 nT,

Because the current in the transmitter solencid dissipates power, an
example of a practical design we assumed a single layer of windings on & 1m length of
casing (again of 10cm radius). Once the mumber of turns is chosen the wire diameter and
its total resistance (R) and indoctance (L) is fixed. The inductance is important because
the voitage needed to drive the desirad current depends on the product fl. and as a
practical matter it is also desirable to keep this drive voltage low.

A summary of the design information for such g transmitter is contained in
the plots of Fig. 8. Here the axes are the number of turns (N) and the current in the
solenoid, 1, and the resulting moment M and power dissipation (required from the power
supply). It is quickly seen that the optimum transmitter consists of the smallest mmber of
turns with the largest wire, It is also seen that a moment of 150 is quite feasible witha
little over 300 tums, 12Amperes and a power dissipation of only 30 Watts. Sucha
transmitter would have an operating volinge of 50 at 100 Hz. These results were obtained
for an air care coil. Wound on the casing the moment would be increased by x_, orby

6.4 at 100 Hz yielding a moment of about 1000,

The above design is intended to be illustrative and non-conclusive. Farther
optimization could be achieved with the following changes to the basic design (all of
which are possible embodiments of this invention. The solenoid could be longer with
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corresponding higher moment snd sensitivity. In a practical system the current may be
limited by the power supply. In this case the number of turns on the transmitter can be
increased by winding more layers of turns. Farther increasing wire size with more turns

For the purpose of this illustrative design we can thus assume that a
moment of 1000 can readily be achioved at 100 Hz. Incressing the frequency to 500 Hz
decreases the moment by only 25% while increasing the operating voltage to only 250
volts. It is clear that ouch higher frequencies may be employed using the externally
wound solenoids than with the present solenoids mounted within the casing. Although
the laster employ moments as high as 1000 the field is effectively reduced to zero by 500
Hz

In this design exsmple we next have to consider signal to noise — basically
wo have to provide a signal that is well sbove the senaitivity o noiso lovel of the recciver.
In our discussion of the recelver above we determined that a conservative detection
threshold was 10° nT. If we wish to make a measurement acourate to 1.0% we must
provide a fiold of at least 10° nT or we must signal average over s long encugh time to
reduce the receiver noise by a factor of 100. We now discover another important
advantage of the solencids wound on the casing and permanently emplaced. There is
really oo limit on the time that the signals can be averaged. In all the cased hole and open
hole applications of this technology the transmitters and receivers are typically moved
along the axis of the bore hole in a short time because production has been interrupted to
conduct the survey ar, in new wells, there is urgency in completing the survey 30 as to
install the casing as quickly as possible. At 100 Hz existing borehole systems sverage for
about one second. In the permanently mounted systems averaging could be extended tb
10,000 seconds, about 3 hours, with a corresponding increase of 100 in signal to noise.
This basically means that the desired signal level can be placed at the intrinsic sensitivity
of the receiver, namely 10° nT.

The range can now be determined from Fig. 7 by simply drawing a
horizontal line on each plot at a field strength of 10” nT after smitiplying the amplitude
scale by the moment , in this case 1000. This is equivalent to drawing the line on the
plots for s moment of onc at an amplitude of 10*. The increase in range compared to the
placement of the transmitters and receivers inside the casing is significant, especially at
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frequencies above 100 Hz. For the most conductive ground, 1 chm m , the range at 100 %%

Hz is almost 500m: st 5 ohm m it hes increased to 300m. More importantly for the
inversion proceas where the use of a spectrum of frequencies improves the resolution,
much higher frequencics can be used. For example in a typical sandstons reservoir of 10
ohm m resistivity the range is 500m or above for all frequencies up to 1000Hz,

The design diagrams of Fig. 7 reveal many other variants of croaswell and
single well resistivity mapping systems in cased boreholes that heve not heretofore been
poasible or described. For example, in high resistivity formations such as carbonates
excellent resolution of small scale features such as fimcture zones can now be achieved
using frequencies as high as 10,0000z, Note that as the resistivity goes up the formation
attenuation goes down and lower moments may be used. This automatically reduces the
voltage required on the transmitter to practical levels.

In single wells arrays of tranamitters and receivers spaced as closely as a
meter, using solanoids of xmall length and very small momest can be used in
configurstions similar ta those used now in conventional deep induction logging. The
radius of mvestigation of these systems could rangs from a fow meters to as much as 50-
100m depending on the formation resigtivity.

In a muitiwell field the receivers in the permanently mounted solenoids
could receive signal from s transmitter placed near the drill bit in & new fill-in hole in the
oil ficld. This arrangement would serve two importsat purposes. First, it could be used
to monitor the formation resistivity in the formation being drilled as the drilling proceeds,
referred to as logging while drilling. Secondly, it could be used to telemeter dats sbout
the conditions of the drill bit itself or suxiliary logging data from the vicinity of the drill
bit to the surfisce via the nearby well. The bandwidth for such a telemetry system is much
higher than any systern now used to send information from the drill bit to the surface.
Detsils for s transmitter sttached 0 the drill string behind the drill bit and for the
bandwidth of the telemetry may be found in the aforementioned patent application having
Morrison and Nichols listed a3 inventors, which is incorporsted by reference in its
entirety.

For practical implementation of the new invention one embodiment is to
have a relatively simple cable configuration service any mumber of transmitters or

16
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receivers via the use of ‘smart relays’ at each solenoid. The electronics associated with
each solenoid has an address. A two-wire control line sends coded signals which activate
switches and electronics at a desired solenoid, open circuiting others in the armay. Power
is conveyed by direct current in one heavy gauge line, the ground or return path being
provided by the casing itself.

For a transmitter the control line selects the desired transmitter connecting
the power to the trensmitter electronics and thereafter supplying the frequency and timing
to control the transmitter for the duration of the measurement. A second pair of wires
conveys a measure of the actusl trangmitter crrent to the surface.

For a receiver the first pair of control lines selacts the desired unit and
connects power to its electronics and the second pair conveys the measured solenoid out
put to the surface. Such s permanently installed system would be simple and robust. High
quality ‘military specification’ components are available that will provide long life even
in harsh conditions. The actusl circuits used in the transmitter and receiver bave been
developed and field tested and proven in the existing crosswell syatems described in the
patent applications of Morrison and Nichols.

Since casing has to be inserted through previously installed casing there
are povere limits on the thicknoss of the windings and electromics. The typical clearance,
sty between 13 3/8 casing and the next lower size, 9 5/8 in, is only 2 3/4 in diameter or 1
3/8 in radius. Practically this means only lin radius for the coils, electronics, and
protective shell, This is sufficient for the coils and, given the virtually limitiess longth,

perfectly adequato for the electronics. For the final and smallest diameter casing there is -

only half an inch of radius requiring a custom made thin cylindrical electronics package.

17
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WHAT IS CLAIMED IS: ;@’63

L A method for measuring characteristics of a geologic formation
empl&yhgnmlﬁcuﬁngsinbodiwdinbmabhlhmdinuidgwbgioﬁrmsﬁm
said method compriging:

mounting a transmitter and a receiver to one of said metallic casings;

disposing said one of said metallic casings into said boreholes;

producing, within a first area of said geologic formation, a first magnetic field;

semaing, within a second ares of said geologic formation, a second magnetic
field; and

measuring said characteristics as a finction of said second magnetic field.

2. The method as recited in claim 1 further including mounting additional
transmitters to said one of said metallic casings.

3.  The method as recited in claim 1 further inchuding mounting additional
receivers to said one of said metallic casings.

4, The method as recited in claim 1 further including forming a slot in
said one of said metallic lines that extends from an extesior surface of said metallic casing to
an interior surface thereon.

5.  The method as recited in claim 1 wherein said one of said metallic
casings having said transmitter mounted thereto is disposed in & borehole that differs from the
borehole in which said one of said metallic liners, on which ssid receiver is mounted, is
disposed.

6.  The method as recited in claim 1 wherein said tranamitter and said
receiver are mounted to a common metallic casing.

7. An spparatos for measuring characteristics of a geologic formation,
that has boreholes formed therein with metallic casings disposed within said boreholes, said
apparatus comprising;

A trangmitter;

18



agrosoT 9ssonans

i FUR S R

O 00 - & W

10
11
12
13
14

W N = W e

]

L

[y

a receiver, with said tranamitter and recoiver cach being mounted to ono of MC?
said metallic cagings;

" asignal generstor in data communication with seid transmitter;

a processor in data communication with both said transmitter and said
receiver; and

a memory in dsta communication with said processor, ssid memory incinding
code to producs, in a first aree of ssid geologic formation with said transmitter, a first
magnetic fleld; code to sensa, within a second ares of ssid geologic frmation with said
receiver, a second magnetic field; and code to measure said characteristics as a function of
said second magnetic field.

8. The apparutus as recited in claim 7 flwrther including additional
transmitters mounted to said one of said metallic casings, defining a plurality of spaced-apart
transmitters,

9. The apparaius as recited in claim 7 fisrther including additional
receivers mounted to ssid one of said metallic casings, defining a plurality of spaced-apart
receivers.

10,  The apparatus as recited in claim 7 wherein said one of said metallic
interior and exterior surfaces. '

11.  The apparatus as recited in claim 7 wherein said one of said metallic
casings having said transmitter mounted thereto is disposed in a borehols that differs from the
borehole in which said one of said metallic liners, on which said receiver is mounted, is
disposed.

12.  The apparatus as recited in claim 7 wherein said trangmitter and said
receiver are mounted to a common metallic casing

19
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FORMATION RESISTIVITY ADJACENT TO AND BETWEEN CASED
WELLS
ABSTRACT OF THE DISCLOSURE
Provided are a method and an apparatus to measure characteristics of a
geologic formation, such as hydrocarbon reservoirs, that feature sttaching a plurality of
spaced-apart transmitter-receiver units on an extesior surfice of a single metallic casing that
lines a borehole. The individual transmitters and receivers are connected to transmit signals
to a surface mounted processing system via cable connected to the exterior surface. Slots
may be formed in the metallic casing to enhance signal propagation therethrough.
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