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A PERMANENTLY EMPLACED ELECTROMAGNETIC SYSTEM AND METHOD
FOR MEASURING FORMATION RESISTIVITY ADJACENT TO AND BETWEEN

WELLS

Cross-reference to related applications
This application claims benefit of U.S. Provisional Application No. 60/200,856, filed

May 1, 2000.

[e1)

[e2]

{e3)

(c4]

Backgronnd of Invention
Field of the Invention

The invention relates generally to subsurface characterization of peologic formations.
More specifically, the invention relates to using sensors mounted outzide wellbore casing
in crosswell electromagnetic measurement techniques,

Background Art

Subsurface characterization of earth formations is an important aspect of drilling, for
example, oil and gas weils. Subsurface characterization may help identify, among other
factors, the structure and fluid content of geologic formations penetrated by a wellbore.
The geologic formations ‘surrounding the wellbore msy contain, for example,
hydrocarbon products that are the target of drilling operations. Knowledge of the
formation characteristica is impartant to hydrocarbon recovery.

Geologic formations that form a hydrocarbon reservoir contain a network of
interconnected fluid paths, or “pore spaces,” in which, for example, hydrocarbons, water,
efc., arc present in liquid and/or gaseous form. To determine the hydrocarbon content in
the pore spaces, knowledge of characteristics such as the porosity and permesbility of the
geologic formations penetrated by the wellbore is desirable. '

Information sbout the geologic formations and about reservoir characteristics promotes
efficient development amd menagement of bydrocarbon rcsources,  Reservoir
cheracteristics include, among others, resistivity of the geologic formation containing

LAl
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hydrocarbons. The resistivity of geologic formations is generally related to parosity,
permeability, and fluid content of the reservoir. Because hydrocarbons are generally
electrically insulating and most formation water is electrically conductive, formation
resistivity (or conduclivity) measurements arc a valuable tool in determining the
hydrocarbon content of reservoirs. Moreover, formation resistivity measurements may be
uaedwmonimrchmguinruuwirhydroc.nbuneontmtdmingpmduaionof
hydrocarbons.

Formation resistivity measurements are often made with wireline conveyed measurement
while drilling (MWD) and logging while drilling {(L.WD) tools. However, wireline MWD
and LWD resistivily tools typically only measure formation resistivity proximate the
individual wellbare in which they are aperated. As a result, there have been several
attempts to determine the resistivity of geologic formations surrounding and between
adjacent wellbores drilled into the geologic formations of imterest. For example,
measurement of formation resistivity between adjacent wellbores using a low frequency
olectrt:rnlgneuclm:sdlscusadmmmclei Crogshole clectromasmetic
ization, The LeuhngBdge, March

1995, by Wilt et al; and Crossho

considerations gnd feld regults. Society of E:plorahon Geophynm, Vol. 60, No. 3, 1995,
by Wilt et al.

Figure 1 shows sn cxample of a system used to measure formstion resistivity between
two wellbores. A transmitter T is located in one wellbore and consists of 8 coil C, having
multi-turn horizontal loop (vertical solenoid) of N, tumns and an effective cross section A
The multi-turn horizontal loop carries an alternating current I, at a frequency of fy Hz. In
free space, the multi-turn horizonial loop produces a ime varying magnetic field B, The
magnetic field B, is proportional to a magnetic moment M, of the transmitter T and to a
geometric fuctor k,. The magnetic moment M, of the transmitter T can be defined as
follows:

M, =N;Il;A; . (1)
In free space, the magnetic field B, can be defined as follows:

2
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B, =kM; . 2

The geometric factor k, is a function of a spatial location and orientation of & component
of the magnetic ficld B, measured by a receiver R.

The receiver R is located some distance from the tranamitter T snd is typically disposed
in a different wellbore. The receiver R typically includes a loop of wire (eg., & coil C,
having N, tuns wound about a core of high magnetic permesbility metal such as ferrite).
A time-varying magnetic field B, sensed by the receiver R, having a frequency £, creates
an induced voltage V; in the coil C, which is proportional to B;, the frequency f, the
number of tums of wire N,, an effective cross-sectional area of the coil A,, and an
effective magnetic permeability p, of the coil C;. From the foregoing, V; can be defined
as follows:

Vp =B, Ny App, . ©))
By simplifying equation (3), V, may be written as follows:
Vy =k,B, Q)]

where k, =f;N A1, . The product of Ay, is difficult to calculate. To accurately
determine Aypy, C; is calibrated in 2 known magnetic ficld and st a known frequency to
determine an exact velue for k,. Thereafter, the magnetic field B, sensed by the receiver
R is related directly to the measured voltage V, by the following equation:
=
By =gt )

When a system such as this is placed in a conductive geologic formation, the time
varying magunetic field B, produces an electromotive force (emf) in the geologic
formation which in turn drives a current therein, shown schematically as L, in Figure 1.
The current L, is proportional to the conductivity of the geologic formation and the flow
of the current L, is genexally concentric about the longitudmal axis of the wellbore. The
magnetic field proximate the wellbore is a result of the free space field B, called the



T BTHO"hOTLESGD

[c11)

[e12]

[c13]

PATENT

23.0004
primary magnetic ficld, and the field produced by the current L, is called the secondary
magnetic field.
The current L, is typically out of phase with respect to the transmitter current I. At very
low frequencies, where the inductive reactance of the surrounding formation is emall, the
induced current L, is proportional to dB/dt and is, consequently, 90° out of phase with
respect to T, As the frequency increases, the inductive reactance incresses and the phase
difference increases.
The secandary magnetic fiald detected by the receiver R is caused by the induced current
L, and elso has a phase shift so that the total magnetic field at the receiver R is complex
in pature. The total magnetic field has 2 component B, in-phasc with the transmitter
cwrent I, (referred to as the real component) and a component B, phase shifted by 90°
(referred to as the imeginary or quadrature component). The values of the real B, and
quadrature B, components of the magnetic field at a given frequency and geometric
configuration uniquely specify the electrical resistivity of a bomogenous formation
penctrated by the wellbores. In & nophomogeneous geologic formation, the complex
magnetic field is generally measured at a succession of points along the longitudinal axis
of the receiver wellbore for each of a succession of transmitter locafions. The
multiplicity of T-R locations suffices to dotermine the nonhomogeneous resistivity
between the wellbores as described in the references listed below.
In genera], nonhomogencous distribution of electrical reaistivity in a geologic formation
udetermmedthm:ghapmmanedmmnn.whmhuwelldambedmm

Geophynes, Vol. 58, No. 4, 1993, by

63rd Annual International Meeting, Society of Explorlnon Geophyncl. Explnded

Ahntncts. 1993, byTonu-Verdmetal. and Crogswell elect g on_us
Yerential equations Geophymu.VoLﬁo No. 3,. 1995, by Newman. The
mvemonpmmhubmuledtodetu‘mmmnsuwtymthewmmtyofamngle
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weﬂboreorbetweencpaeed—apaﬂmﬂboraweulmdmdmbedmdmlmw

3, by Almnbangh and Wilt; and ging
feasibility study, 1998, byAlnmbwghde:lt. '

One embodiment of the inversion process comprises assigning resistivities to a mohitude
of “cells” or elements of the space surrounding, or between, wellbores. The resistivitios
are systematically varied until the results from the cellular mode! of the formation most
closely match observed dsta taken with the ficld transmitter receiver system desoribed
herein. In another embodiment, a more specific model of the formation is assumed using
geoiogical, well log, or other geophysical data. The parameters of this model (eg.,
resistivity distribution, formation shape, layer thickness, efc.) are varied until the
numerical results from the model most closely match the measured data. In snother
embodiment, direct imeges of the distribution of resistivity may be obtained following
the principles of diffusion tomography as described in Audio-frequengy electromagnetic
omogmphy in 2-D, Geophysics, Vol 58, No. 4, 1993, by Zhou et al. In yet another
method, mubtifrequency electromagnstic data is transformed into a mathematically
defined wave ficld domain and the data is processed following the procedures of seismic
tomography. These means of interpreting the electromagnetic data are included here to
illustrate tho fact that clectromagnetic methods aro of practical use in determining the
rosistivity of geological formations.

Mmmmhofm&w@dmﬁbuhonbetmwullbauuemaﬂymldsmmd
during extraction of hydrocarbons to detect hydrocarbon reservoirs and to monitor
changes in reservoir resistivity as hydrocasbons are extracted. The system of Figure |
operates where the wellbore does not include conductive casing therein. Wellbores,
bowever, typically include conductive liners or casing, typically steel, in order to preserve
the physical integrity of the wellbore and the surrounding formations during hydrocarbon
extraction and/or firther drilling operations. Because typical casing is highly electricaily
conductive, magnetic fields intended to be introduced into the formation are strongly
5
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attenuated by the caging. Casing is very difficult (if not impossible) to remove from the
wellbore once installed. As a result, the system shown above in Figure 1 does not
factlitate analysis of a rydrocarbon reservoir once conductive casing has been installed.
ﬂwpmblumprﬂmtedbyomducﬂveunngmaweﬂbureofnﬂuutmdumbedby
Angustin et al. in A Theo: ud _ : Blectro i
m_Quﬂ_Halg.GeophyuuVol 54, No. 1, 1989; Uchida et al. mw
i SBGAnnul.lMeetmg.Tms,l”l and Wu et
nflu of Steel Casing an El gustic Signals, Geophysics, Vol. 59, No. 3,
1994, methuerefuumel.ltm:ybeobmedthﬁthemmgemducumymybo
modeled as an additional “shorted wire” closely coupled to the transmittar T, shown
schematically as L, in Figure 1. ]

A net or effective magnetic moment M, of the transmitter/conductive casing
combination is controlied by the inductive coupling thercbetween. - Physically, the
resistivity of the conductive casing is very low while the inductance is relatively high.
This results in an induced current in the conductive casing that is approximately 180° out
of phase with the transmitter current I,. The induced current is of opposite polarity with
respect to the transmitter current I; but of almost the same moment. Therefore, the
magnetic field extenal to the conductive casing is greatly reduced. In effect, the
conductive liner “shields” the transmitter T from the receiver R positioned outside of the
conductive casing. Amy magnetic ficld outside the casing is produced by the difference in
current, and hence moment, between the transmitter T and the conductive casing.

Because the induced moment in the casing is lergo and nearly equal to the transmitter
moment, small changes in the properties of the casing produce large fractional changes in
the effective moment. In practice, cazing is known to be nonhomogenous (e.g., there are
varistions in casing diameter, thickncss, permesbility, and conductivity that may be
caused by, for example, manufacturing/processing procedures or by
comrosion/streas/temperaturs processes afler installation in a wellbore). The central issue
for the clectromagnetic methods described above for non-cased, or open, wellbores is that
the fields from the transmitter are severcly atteruated in a cased well and that the net

3



TO FhO" hOTLESED

(c19]

[e20]

{c21]

(c22]

PATENT

23,0004
moment is highly varigble as the transmitier traverses the length (e.g., the depth) of the
well. Without precise knowledge of casing propertics, it is difficult to distinguish
between external field variations caused by the cating and variations produced by the
formation.
A magnetic field sensor positioned within a cased welibore experiences an analogous
gitnation. The magnetic field to be detected nduces curvent flowing concentrically with
the receiver coil, and the induced current tends to reduce the magnetic field within the
casing. The mesgurable magnetic field is consequently highly attenuated, snd the
measurement is highly influenced by the variations in attenuation caused by the variation
in casing propexties described above. Often, the design criteria for a crosswell survey of a
cased wellbore reduces the magnetic field signal to a level that is undetectable by
standard receivers. Moreover, the variance in conductivity, permeability, and tldckness
along a longitudinal axis of a length of casing makes it difficult to determine an
aitenuation factor at any sclected point. The inability to detexminc an atienuation factor
a1 a selecied point may cause errors in field measurements that axe not easily corrected.

A prior attempt to overcome this Jimitation involves inclusion of & scparate small-scale
tranamiiter-recaiver within the cased wellbore to measure the casing propertics. The
momuedmngpmpernesmthenmedbmmctthemmmdmﬂdm Ses,
eg., Lee et al, Electromas Zing -

Lawrence Buhlny National Laboratarics, Report41525 Fslmm-y 1998.

Ancther prior attempt to correct for the magnetic field aftenuation in a cased wellbore
inchudes positioning a monitor receiver adjscent to the tramsmitter in the cased wellbore.
In this manner, an attempt is made to predict the attenuation sensed by, for exsmple, 2
receiver located in an adjacent wellbore. This method is disclosed in United States Patent
Apphcauon No. 09/290,156, filed Apnl 12, 1999, entitled Mecthod snd Apperstus for

jons, and assigned to the assignee of the

4-
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conductive Liner, and assigned to the present asgignee, a method for measuring formation
resistivity adjacegt to and between cased wellbores using low frequency (< 200 Hz)
multiturn solenoidal coils within cased wellbores is disclosed. Specifically, the method
disclosed therein allows measurement of the resistivity of geologic formations proximate
2 wellbore encased with a conductive, or metallic, casing made from materisls sach as
steel, The method inchudes taking appropriate ratios of measured fields either inside or
outside of the metallic casing so that attennation due to the caging is practically canceled.
Measurements with the aforementioned method are difficult to perform once production
from the well has begymn and production tubing has been run from the surface to the
producing zone. The production tubing lezves little or no room for the electromagnetic
measurement system to move in the well. Ropeated measorements to monitor prodoction
or cahanced recovery processes as a rosult require repeated removal and reinsertion of the
production tubing. This is a costly operation, and it is cleer 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 provides accurate
resistivity messurements of geologic formations without requiring detailed information
conceming the electrical and magnetic properties of a liner disposed in the wells, and that
does not reduce production efficiency of the wells,

Summary of Invention

In one aspect, the invention comprises a method for determining characteristics of
geologic formations botween wellbores. The method comprises ectivating at least one
trangmitter to generate a first magnetic field, the at least one trensmitter disposed about an
external surface of a conductive liner at a selected depth in a first wellbore. A formation
magnetic field induced by the first magnetic field is detected with at least one receiver
disposed about an extenal surfuce of a conductive liner at a sclected depth in a second
wellbore. A characteristic of the geologic formation is determined from the detected
formation magnetic field.

15
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In another aspect, the invention comprises a method for determining characteristics of
geologic formations between wellborcs. The method comprises activating 2 first of a
plurality of axially spaced transmitters to generate a first-magnetic field, the plurality of
transmitters disposed about an external surface of a conductive liner at selected depths in
a first wellbore. A first formation magnetic field induced by the first magnetic ficld is
detected with a first of a plurality of sxially spaced receivers, the plurality of receivers
disposed about an external surface of a conductive liner at selected depths in a second
wellbore. The first formation magnetic field induced by the first magnetic field is then
detected with a second of the plurality of receivers. A first amplitude ratio is calculated

" from the first formation magnetic fields detected by the first and second of the plurality of

(e27]

[c28)

receivers.

The method further comprises activating a second of the plurality of transmitters to
generate a second magnetic field. A second formation magnetic field induced by the
second magnetic field is detected with the first of the plurality of receivers. The second
formation magnetic field induced by the second magnetic field is then detected with the
second of the plurality of receivers. A sccond amplitude ratio is calculated from the

second formation magnetic ficlds detected by the first and second of the plurality of -

receivers. A third amplitude ratio is then calculated from the first amplitude ratio and the
second amplitude ratio, and a characteristic of the geologic formation is determined from
the third emplitude ratio.

In another aspect, the invention compriscs a method for determining characteristics of
geologic formations between wellbores. The method comprises activating a first
transmitter at a first selected depth to genemte & first magnetic field, the first transmitter
disposed on a drilling tool disposed at a sclected depth in a first wellbore, A first
formation magnetic field induced by the first magnetic field is detected with 2 first of a
plurality of axially spaced receivers, the plurality of receivers disposed about an external
surface of a conductive liner at sclected depths in a second wellbore. The first formation
magnetic field induced by the first magnetic field is detected with a second of the
plurality of receivers. A first amplitude ratio is calculated from the first formation
magnetic fields detected by the first and second of the plurality of receivers.

9
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In another aspect, the invention comprises a method for telemetering data between
wellbores. The method comprises activating a first trangmitter to generate a first
magnetic field, the first transmitter disposed on 4 drilling tool disposed in & first wellbore.
A formation maguetic field induced by the first magnetic field is detected with at least
one receiver, the at least one receiver disposed about an extemal surface of & conductive
liner at a selected depth in a second wellbore. A drilling tool charucteristic is determined
from the detected formation magnetic field.
In enother aspect, the invention comprises a system for determining characteristics of
geologic formations between conductively lined wellbores. The system comprises at least
two axially speced apart electromagnetic transmitters positioned st selected depths in a
first wellbore and disposed about an external surface of a conductive lining. At least two
axially spaced apart electromagnetic receivers are positioned at sclected depths in a
second wellbore and disposed about an external surface of a conductive lining. At least
onc surface control station is operatively coupled to the at least two transmitters and the
at least two reccivers, and the at least one surface control station is adapted to sclectively
activate each of the at least two electromsgnetic transmitters to generste first magnetic
fields and to selectively activate cech of the st lesst two electromagnetic receivers to
detect formation magnetic ficlds induced by the first magnetic fields.

In another aspect, the invention comprises a system for determining charscteristics of

geologic formations between conductively lined wellbores. The system comprises a
plurality of axially spaced electrornagnetic tranamitters disposed sbout an external surface
of a conductive liner at sclected depths in a first wellbore, and the plunelity of
clectromagnetic transmitters are adapted to generate first maguetic fields. A plurality of
axially spaced clectromagnetic receivers are disposed about an external surface of a
conductive liner at sclected depths in a second wellbore, and the plurality of
electromagnetic receivers are adapted to detect formation magnetic fields induced by the
first magnetic ficlds. The system also comprises means for caleulating an amplitude ratio
from the detected formation magnetic ficlds, and means for determining a characteristic
of the geologic formation from the amplitude ratio.

10
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[c32] In another aspect, the invention comprises a system for determining characteristics of

[c33]

(34

[c35]
[c36]
[c37]
[c38]

[c39]

[e40]

[c41]

geologic formations proximate a conductively lined wellbore. The system comprises a
piurality of axially spaced electromagnetic transmitters disposed about an extemnal surface
of & conductive liner at selected depths in & wellbore, and the plurality of electromagnetic
transmitters are adapted to generate first magnetic ficlds. A plurality of axially spaced
electramagnetic receivers are disposed about an exteral surface of & conductive liner at
selected depths in the welthore, and the plurality of electromagnetic receivers adapted to
detect formation magnetic ficlds induced by the first magunetic fields. The system also
comprises means for calculating an amplitude ratio from the detected formation magnetic
fields, and means for determining a chamcteristic of the geologic formation from the
amplitude mtio.

Other aspects and advantages of the invention will be spparent from the following
description and the appended claims.

Brief Description of Drawings
Figure 1 shows a simplificd view of a prior art crosswell electromagnetic measurement
system.
Figure 2 shows a view of a crosswell embodiment of the invention.
Figure 3 shows another view of a crosswell embodiment of the invention.
Figure 4 shows a view of a single well embodiment of the invention.
Figure 5 shows a view of an experimental system used to generate the data for the plots
shown in Figure 6.

Figure 6 shows a graphical representation of data obtained from the experimental system
shown in Figure 5.
Figures 7a-7d show graphical rcpresentations of date obtained from the experimental
system shown in Figure 5.
Figuro 8 shows a graphical representation of data for solenoid responses obtained from an
experimental system such as that shown in Figure 5.

11
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Detailed Description

[e42] Referring to Figure 2, a geologic formation 11 under analysis may be penctrated by one

{e43]

[c44]

[c45]

[c46]

or more wellbores, shown generally as 12a and 12b. The geologic formation 11 may
further comprise other geologic structures, such as ons or more reservoirs contsining
hydrocarbons, shown goncrally as 14a and 14b. Typically, et least onc of the wellbores
12a, 12b includes a conductive liner (16a and 16b, regpectively) therein.

Figure 2 shows a system 19 used to amalyze the geologic formation 11 including a
plurality of axially spaced transmitters 20 attached to an outxide surface of the conductive
liner 16a that is disposed within wellbore 12a in a first region of the geologic formation
11. A signal generator (not shown) is communicatively linked with the plurality of
transmitters 20. The signal generator (not shown) is generally included in a surface
station 22. A plrality of receivers 24 are attached to an outzide surface of the liner 16b
that is disposed within wellbore 12b in & second region of the geologic formation 11.

The system 19 may be operated using a computer (not shown) that is generally included
in the surface station 22. The computer (not shown) is commumicatively linked with the
transmitters 20 and receivers 24 using cables 21 disposed on the exterior surfaces of the
casing 16a, 16b associated therewith. The computer (not shown) includes a proceasor
(not shown) and memory (not shown) that stores programs 10 operute the system 19.

Typically, magnetic fields are generated by the plurality of transmitters 20 located at
various levels above, within, end below an area of interest in the geologic formation 11.
Magnotic Helds are sensed by the plurality of receivers 24 at various levels above, within,
and below the area of interest. In an embodiment of the invention, the plurality of
transmitters 20 and the plurality of receivers 24 are digposed externally about the casings
16a, 16b at sclected axial intervals. The axial positions at which the plurality of
transmitters 20 and the plurality of receivers 24 are located at fixed, preselected depths
once casings 168, 16b arc positioned within wellbores 12a, 12b.

An important aspect of the invention is that the casing itself acts as a magnetically
permeable care for either the tranamitters or the receivers. At the operating frequencies
preferred for use with various embodiments of the invention, magnstic ficld enhancement
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due to the casing magnetic pcrmeability helps offset the magnetic field attenuation caused

by the flow of induced currents in the casing. The magnetic field enhancement results in

& net gain in strength of magnetic fields formed outside the casing over that which would

be obtained if the transmitters/receivers were wound on a non-magnetic, non-conductive

core. The length of the casing ensures that the relative magnetic permeability x4, of

the core material (upon which a solenoid is wound and comresponding to & cross section

of the casing) will be close to the truc magnetic pamneability x_ which, for typical casing,
lies between 50 and 200.

The limit on the net magnetic moment M, where
M=NIA )

for a transmitter consisting of a solenoid wound on the casing is the counter moment
caused by the current induced in the cagsing. The counter moment can be reduced in some
embodiments by cutting thin axial slots (one mey be sufficient) in the casing to interrupt
the induced current flow. This is equivalent to the use of thin insulated strips used in the
core material of typical solenoids. Slotted casing is already used in oil field applications
to sllow ingress of formation fluids at levels of intarest. Such a transmitter ar receiver
could consequently be wound on essentially standard casing.

The moments achievable with such a transmitter (and/or the sensitivitics achievable in a
receivenolumidwnmdoneninjinuimﬂumm)moompmbhhmhmﬂm
the effective moments achieved with solenoids wound on high permeability material
located within the casing. This is due to the greater radius and length that is conveniently
available when using casing as the core of the transmitter/receiver,

However, slotting the caging does not cancel all of the circulating counter current induced
in the casing in the vicimity of the windings. While a slot of the same length as the
winding interrupts the current within the length of casing under the winding, the induced
currents are forced to circulate in the casing proximate the ends of the winding. In this
region, the induced currents depend on the geometric “fall off” of the current inducing
solenoid ficld and on the flux gathering effect of the caging permesbility (which is not
affected by the slot). Ideally, it is desirable to introduce a magnetically insulsting gap (a
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10



’ .

W

PATENT I
23.0004
cylindrical segment of zero relative parmeability) at each end of the winding to reduce the
magnetic flux resulting from the continuous nature of the adjacent casing.

- [eS0] U.S. Patent Application No. 09/394,852, assigned to the present assignee and
incorporated herein by reference, discloses a method for determining formation propertics
between cased wellbores. R:ﬂmingaglintol'igmz,wﬁaeweﬂbmlh,ﬂbm
lined with conductive casing 16a, 16b, a ratio of magnetic fields detected by the receivers
24 can be used to exclude casing cffects and to determine properties of the geologic
formation 11 between the wellbores 12a, 12b.

{e51] For each ratio, two transmitters 20 are activated individually and two receivers 24 detect
secondary magnetic ficlds induced by the primary magnetic ficlds generated by the
transmitters 20. Therefore, transmitters 20 positioned at different axial positions in the
wellbore 12a produce the secondary magnetic fields detected by the receivers 24 at
different positions in the wellbore 12b. To determine formation characteristics, a “double
ratio” is performed in the following manner. Note that the following description is
intended to illustrate the ratio method and is not intended to limit the scope of the
invention.

[e52] Referring to Figure 3, 2 first transmitter 50 and a second transmitter 52 are positioned in
wellbore 12a. A first receiver 54 and a second receiver 56 are positioned in wellbore
12b. Accordingly, two magnetic ficlds detected by the first receiver 54 resulting from
cach of the two transmitters 50, 52 may be described as follows:

FOBSTFHG" hDFLESHD

Bm., = Mmfm..kj LY

where M, and M,,, are magnetic moments of the transmitters 50, 52, respectively, at two
different axial positions in wellbore 12a (note that, to some extent, the momenis differ
because of, for example, inconsistencies in caging diameter, casing thickness, ezc.).
Formation responses, f, and f,;, correspond to a common position of the first receiver 54
and the different axial positions of the transmitters 50, 52. The variable k, is a casing
attenuation factor corresponding to the location of the first receiver 54.
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[c53] Similardy, the two -magnetic ficlds detected by the sccond receiver 56 from each

{c54]

[cS5]

transmitter 50, 52 may be described as follows:
Bm: = M..tfm.mkm . (10)

where the magnetic moments (M,, M,,,), formation responses (f;,,, f.,;,), and the casing
attenuation factor (k;,,) are defined in 2 manner similsr to that shown above.

To abrogate the effects of differences in the magnetic moment of each of the transmitters
50, 52, the following ratios are defined:

P R IO Ry an

= Bl’i.] = fl'l-lJ . kj ) (12)
Bhl.bl fl-li.}l-l k,|-|-I

To abrogate the effects of the casing attenuation factors, a ratio of r; and r, determines
that:

5oty G . 13)

L fus Ly '
From the foregaing rutios, tha formation response “f* (which may be related to, for
example, a resistivity of the geologic formation 11) may be determined while minimizing
the effects of the casing 16a and 16b.

The ratio method may also be used to determine characteristics of a geologic formation
11 using a single wellbore 12a with a conductive caging 16n, as shown in Figure 4. In
the embodiment shown in Figure 4, a pair of transmitters 66, 68 and a pair of reccivers
70, 72 are disposed at different axial positions in the wellbore 12a. The receivers 70, T2
are positioned between the two transmitters 66, 68. In this manner, a magnetic field B,
detected by receiver 70 at & position R; from the tranamitter 66 (which is positioned at
location T)) may be defined as:

15
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B, =Mf Kk, . (14)

A maguetic ficld B, ,, detected by the receiver 72 (at a position R,,,) from the transmitter
66 may be defimed as:

By =M X, - . (15)

From these two magnetic fields, a ratio may be defined as:

f
L. T T/ 16)
By  fakiu

which is independent of the magnetic moment of the tranamitter 66 but still depends upon
the casing attennation factors at the receivers 70, 72. However, the second transmitter 68
(located at position T},,) may be used to derive a new ratio of the magnetic ficlds detected
bry the sensors 70, 72 that may be expressed as follows:

R:=‘B"lg_=—_fﬂ*u:1 . a7
lekgot  Amxgut ™ ju
Ratio R, is independent of the magnetic moment of the trangmitter 68 but still depends
upon the casing attenuation factors in a manner similar to the ratio R,. Accordingly, as in
the discuasion of the previous embodiment, a second ratio may be formed using R, and R,
to eliminate the effect of the casing attequation factors:

.1_!l_=_f..‘-'_f_"‘9“_ ] (18)
It has been determined that for frequencies useful for gingle well or crosswell
conductivity imaging on the reservoir scale (10's to 100’s of meters), a solenoid wound
directly on standard casing with a single slot extending approximately one meter beyond
the axial end of the coil winding (e.g., beyond cach end of the winding) produces = more
than adequate moment for & permanent monitoring system. Furthermore, it has been
determined that such slots permit the use of frequencies as high as 10,000 Hz with only

_modest attenuation. This determination permits the use of “standard™ high-resohition

induction logging in the presence of casing.
16
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[c59] Experimental data were obtained by examining the ficlds produced by a solenoid on a

[c60]

{c61)

[c62]

typical steel casing, as shown in Figure 5. The solenoid consisted of 100 turns wound on
either the steel casing 80 or on a plastic pipe 82 of the same radius. Fields were measured
with a standard magnetic field sensor 84, such as a sensor manufactured by
Electromagnetic Instruments Inc. (model BF-6), and the frequency of the current in the
solenoid was varied from 1.0 Hz to 10,000 Hz with a controllable transmitter 86. The
current itself was measured at each frequancy, and the measured field was normalized
with respect to the measured current.

‘The results are shown in Figure 6 as the ratio of the field measured with the caging core to
the field measured with the plastic pipe core, which provides a direct experimentsl
determination of the effective permeability of the casing core. The field magnetization
enhancement of the casing core causes an effective increase in the moment st DC. The
induced currents cause a decrease in moment as the frequency increases. The
enhancement of the field due to the magnetization of the casing is evident for frequencies
below about 1000 Hz.

The measurements were made with two slot lengths. A first, indicated by “short slot™ 94,
extended about 2 casing diameters past the end of the winding and: a second, “Jong slot”
92, extended sbout 7 casing diameters past the end of the winding. The attennation for
the unslotted 90 casing falls off below & few hundred Hz as predicted by induction theory.
Above a few hundred Hz, the cnrent is confined to the outer section of the casing by skin
depth effects and the magnituds of the counter current is reduced. The siota 92, 94
clearly interrupt the induction current attenuation essentially independeat of slot length
up to about 300 Hz, above which the long slot 92 is more sffective than the short alot 94.
At the maximum frequency of interest for reservoir imaging, spproximately 500 Hz, the
field is only attenuated by at most & factor of 3.5 for the ghort slot 94 as compared to a
factor of 10 for the unslotted 90 casing.

It should be noted that the attenuation factors increase very little for the long slot 92 as
the frequency increases to 10,000 Hz (10 kHz), whercas the ficld for the unslotted 50
casing has boen atienuated by a factor of almost 50 at this frequency. This implies that
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formation resistivity monitoring may be performed 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

M =x_pu,NIA : (19)
where j1, is the magnetic perineability of free space, x_ is the relative permeability, A is
the cross sectional area of the solenoid, I is the current, and N is the number of turns of
wire used in the solenoid. In free space at a distance r away in a direction perpendiculer
to the axis of the solenoid, the magnetic field produced B,, (Teala, T) is given by

2
B, =(L4% “‘r,m) (20)

where & is the radius of the solenoid.
In practical units of nanoTeslas (oT, 107 T), the ficld at a distance r away is

100NIA
By == 1)

As the trengmitter current varies sinusoidally with e frequency of fHz, the associated
changing magnetic fields induce currents in the conductive formation and in any nearby
conductors such as the drillstring or casing. These currents dissipate energy, and the
magnetic fields sre attermated over and above the DC attenmation. Fundamentally, then,
the overall attenuation must always increase as the frequency of the transmitter increases.
The emplitude of the magnetic fields produced within the formation, including along the
wollbore, at points distant from the trananmitter can be calculated as a function of the
formation resistivity und frequency. Anticipating that compromises may be required
between frequency and range, responses have been calculated for several frequencies
between 30 Hz and 1000 Hz. These response plots are presented in Figures 7a-7d.

The Geld strength in nT is for a unit moment in the transmitter. Using the plots shown in
Figures 7a-7d, it is a straightforward exercise to develop 2 general design of a realizable

- 18
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system. The snalyzis below is for one typical embodiment and is not intended to limit the
scope of the invention. The analyxis is intended to clarify the concepts presented herein
and to provide an example of practical applications of the invention. The system design
for the maximum range for frequencies of imterest now depends on the maximum
sensitivity achievable in the receivers and the maximum practical moment in the
transmitter. We consider the receiver first. '
The receiver, in accordance with the present embodiment, includes a multitarn solenoid
wound around the caging. Enhancement of the received field due to magnetization and
sttenuation of the field due to the induction currents formed affect the receiver in a
manner gimilar to the transmitter. The receiver easentially acts as a solenoid with an
cffective magnetic permeability as shown in Figure 5. From Faraday’s Law, the voltage
across the terminale of the solenoid in an axial field of B Teslas can be determined by the
expression: |
V=E'58Lt@=x_znmm @2
where A represents the cross sectional ares of the solenoid and N represents the number
of tams of wire in the solenoid.

For this embodiment, a casing of 10 cm radius was selected so that A =x-10"m*. The
frequency selected was 100 Hz, which is representative of frequencies used in cross
wellbore imaging. With x,, of sbout 6.4, as shown in Figure 5, and with the selocted
values of A and f, the voltage can be calculated as follows:
V=x_2rNx-10°B . (23)

This design is similar to that used in conventional high sensitivity multi-tumn coil
receivers comprising mu-metal cores and feedback windings to stabilize the response as
known in the art. In these systems, the core is formed of high magnetic permeability
metal in the form of insulated strips to optimize the magnetization properties of the core
while preventing the flow of induction imago currents. Practical experience with the

19

I

of

26



®

FOBTHhO" hGT L5860

[cT1)

[c72]

[c73]

[c74]

ol

PATENT
23.0004

receivers shows that the minonum detectable voltage is about 10 oV (10* V). From
equation (23), the minimum detectable field can be calculated as follows:

10° 5x10°*
B= ~ .
x 2nfNx-107  «x_IN

(24)

Again, from practical experience, it is known that up to tens of thousands of turns of wire
can be used, apperently yielding very low equivalent ficlds. For example, with 10,000
tumns, a frequency of 100 Hz, and a x_ of 6.4, as shown in Figure 6, the magnetic field
sensitivity would be 0.78 x 10T. '

Because the current in the transmitter solenoid dissipates power, an optimum transmitter
would achieve the highest moment with the minimum power. As an example of a
practical design, we assumed a single layer of windings on a 1 m length of casing (again
of 10 cm radius). Once the number of tuma is selected, the wire diameter and its total
resistance (R) and inductance (L) is fixed. The inductance of the solenoid is important
because the voltage needed to drive the desired current depends on the product fL and, as
a practical matter, it is also degirable to keep this drive voltage low.

A summary of the design information for such a transmitter is contained in the plots of
Figure 8. In Figure 8, the coordinate axes are the number of tums of wire (N) and the
current in the solencid (f), elong with the resulting moment (M) and power dissipation
(required from the power supply). It is evident that the optimum transmitter consists of
tho smallest number of tums with the largest wire {eg., the larger wire capable of
carrying a higher current). It is also evident from deta point 88 that a moment of 150 is
qQuite feasible with a little over 300 tuma, 12 Amperes, and a power dissipstion of only 30
Watts. Such a transmitter would have an operating voltage of 50 volts at a frequency of
100 Hz. These results were obtained for an air core coil. If the coil were wound on the
casing, the moment would be increased by x_, (e.2:, by 2 factor of 6.4 at 100 Hz), yielding
a moment of about 1000.

The embodiment described above is intended to be illustrative and non-limiting. Further
optimization could be achicved with the following changes to the basic design (all of
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which are possible embodiments of this invention. For example, the solenoid could be
longer with a correspondingly higher moment and sensitivity. In a practical system, the
current may be limited by the power supply. In this case, the number of turns of wire on
the tranamitter can be increased by winding more Iayers of tums. Further increasing wire
size (e.g., the wire diameter) with more turns can keep the-power dissipation the same
while increasing the moment. '

For the purpose of this embodiment, it can be ssyumed that a moment of 1000 can readily
be achieved at 100 Hz Increaging the frequency to 500 Hz decreases the moment by only
25% while increasing the opersting voltage to only 250 volts. R is clear that much higher
frequencies may be used with extemally wound solenoids than with prior art solenoids
mounted within the casing. Although the latter have moments as high as 1000, the
magnetic field is effectively reduced to zero by 500 Hz (due to , for example, casing
effects).

It is, of course, important to provide s signal that is well above the sensitivity or noise
level of the receiver. In the discussion of the receiver above it was determined that &
conservative detection threshold is about 10 T, If it is desired to make a mensurement
accurate to within 1.0%, a magnetic field with a strength of st least 10° T must bo
provided, or the signal may averaged over a long enough time to reduce the receiver noise
by a factor of 100.

This leads to another advantage of having the transmitters/receivers wound on the casing
and permanently deployed: there iz no practical limit on the time that the signals can be
avaraged. In all of the prior art cased hole and open (uncased) hole applications of
clectromagnetic induction technology, the tranamitters and receivers are typically moved
along the axis of the wellbore in a relatively short time because production has been
interrupted to conduct the survey or, in new wells, there is urgency in completing the
survey so as to install ceging or proceed with drilling operations s quickly as posaible.
At 100 Hz, existing wellbore system measurements average a signal for about one
second, In the permanently mounted systems, signal averaging could be extended to, for
example, 10,000 seconds (e.g., about 3 hours) with & corresponding increase of 100 in the
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signal to noise ratio. This essentially means that the desired signal level can be averaged
for a long enough time to achiove tho intrinsic sensitivity of the receiver, namely 10° T.
The range of the system can now be determined from Figures 7a-7d by simply drawing a
horizontal line on each plot at a feld strength of 10° T after mmltiplying the amplitude
acale by the moment, in this case 1000. This is equivalent to drawing the line on the plots
for 8 moment of one ot an amplitude of 10° T. The increase in range compared to the
placement of the transmitters and receivers inside the casing is significant, especially at
froquencies above 100 Hz. For the most conductive formation, 1 ohm-m (100 in Figure
7a), a mnge at 100 Hz is almost 500 m. At 5 ohm-m (102 in Figure 7b), the range has
increased to 800 m. More importantly, for the inversion process where the use of a
spectrum of frequencies improves the resolution, much higher frequencies can be used.
For example, in a typical sandstone reservoir of 10 ohm-m (104 in Figure 7c) resistivity,
the range is 500 m or above for all frequencies up to 1000 Hz.

The design diegrams of Figures 7s-7d show many other possible variants of crosswell
and single well resistivity mapping systems in cased wellbores that have not heretofore

been possible or described. For example, in high resistivity formations, such es -

carbonates (e.g., limestone, efc., with, for example, a resistivity of 100 ohm-m (106 in
Figure 7d)), excellent resohition of small scale features such as fracture zones can be
achieved by using frequencies as high as 10,000 Hz. Note that as the resistivity increases,
the formation sitenuation decresses end lower moments may be used. This reduces the
voltage required on the transmitter to practical levels.

In single wells, arrays of transmitters and receivers spaced as closcly as one meter, using
solenoids of semall length and very small moment, can be used in configurations similar to
those used now in conventional deep induction logging. The radius of investigation of
these systems could range from a few meters to as much as 50-100 m, depending on the
formation resistivity.

In a multiwell field, the permanently mounted solenoid receivers could detect signals
from a tranemitter placed near the drill bit in 2 new well in the field. This amrangement
would serve two important purposes. First, it could be used to monitor the formation
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resistivity in the formation being drilled as the drilling proceeds (cffectively forming a
logging while drilling (LWD) system). Second, it could be used to telemeter data about
the conditions of the drill bit itself or suxilisry lopging dats proximate the drill bit to the
surface via the nearby well. The bandwidth for such a telemetry system iz much higher
than any system now used to send information from the drill bit to the surface, Detrils
for a transmitter attached to the drill string behind the drill bit and for the bandwidth of
the telemetry may be found in U.S. Patent Application No. 09/394,852, assigned to the
present assignee, and incorporated herein by reference.
For practical immplementation of the invention, one embodiment may have a relatively
simple cable configuration service any number of transmitters or receivers via the use of
“smart relays” st cach solenoid. The electronics associated with each solencid has a
selected address. A two-wire control line sends coded signals which activate switches
and electronics at a desired solenoid, open circuiting others in the array. 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 (located at the correct
address), thercby comnecting the power to the transmitter 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 actual transmitfer current
to the surface,

For a receiver, the first pair of control lines selects the desired unit and connects power to
its electronics and the second pair conveys the measured solenoid out put to the surface.
Such e permanently installed system would be simple and robust.

Other connection schemes are known in the art and may be used with the invention. The
manner of connecting downhole equipment and surface equipment is not intended to limit
the scope of the invention.

While the invention has been described with respect to a limited number of embodiments,
those gidlled in the art, having benefit of this disclosure, will appreciate that other
embodiments can be devised which do not depart from the gcope of the invention as
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attached claims.
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Claims:

[c1]

[c2]

[e3]

[o4]

[cS)

[c6]

[c7]

A mcthod for determining characteristics of geologic formations between wellbores, the

method comprising: _

activating at lcast one transmitter to generate a-first magnetic field, the at least one
tranamitter disposed about an external surface of a conductive liner at a selected
depth in a first wellbore; .

detecting a formation magnetic field induced by the first magnetic ficld with at least one
receiver disposed sbout an external surface of a conductive liner at a selected
depth in a second wellbore; and

determining a characteristic of the geologic formation from the detected formation
magnetic field.

The method of claim 1, wherein the first magnetic field comprises a time-varying
magnetic field

The method of claim 1, wherein the characteristic comprises & resistivity of the geologic
formation.

The method of claim 1, wherein the detecting comprises gignal averaging over a selected
time 80 as to increase a signal to noise ratio of the detected formation magnetic field.
The method of claim 4, farther comprising reducing power used to generate the first
magnetic field

The method of claim 1, wherein the conductive liners disposed in the first and second
wellbores comprises slots proximate at least one of the at least one trangmitter and tho at

least ane receiver.

A method for determining characteristics of geologic formations between wellbores, the
method comprising:
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activating a first of a plurality of axielly spaced fransmitters to generate a first magnetic
field, the plurality of transmitters disposed sbout an extemal surface of a
conductive liner at selected depths in a first wellbore;
detecting & first formation magnetic field induced by the first magnetic field with a first
of a plurality of axially spaced receivers, the plurality of receivers disposed about
an external surface of a conductive liner at selected depths in a second welibare;
dotecting the first formation magnetic field induced by the first magnetic field with a
second of the plurality of receivers; and
calculating a first amplitude ratio from the first formation magnetic ficlds detected by the
first and second of the plurality of receivers.

The method of claim 7, farther comprising:

activating a second of the plurality of transmitters to generate a second magnetic field;

detecting a second formation magnetic field induced by the second magnetic field with
the first of the plurulity of réccivers;

detecting the sccond formation magnetic field induced by the second magnetic field with
tho second of the plurality of receivers;

calculating a second amplitude ratio from the second formation magnetic fields detected
by the first and second of the plurality of receivers;

calculating a third amplitude ratio from the first amplitude ratio and the sccond amplitude
ratio; and

determining a characteristic of tho geologic formation from the third amplitude ratio.

The method of claim 7, wherein the first magnetic ficld comprises a time-varying

magnetic fields.

The method of claim 8, wherein the sccond magnetic ficld comprises a time-varying
magnetic field.

The method of claim 7, further comprising repeating the activeting end detecting at
different selected ones of the plurality of transmitters and receivers, and repeating the
calculating to determine characteristies of geologic formations at a plurality of depths.
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The method of claim 8, wherein the characteristic comprises a resistivity of the geologic
formation.

The method of claim 7, wherein the conductive liner disposed in the first wellbore
comprises slots proximate each of the plurality of mnsmittm_.

The method of claim 7, wherein the conductive liner disposed in the sccond wellbore
comprises slots proximate cach of tho phurality of receivers.

The method of claim 7, wherein the plurality of transmitters comprises solenoids wound
on the exterior of the conductive liner.

The method of claim 7, wherein the plurality of reccivers comprises solenoids wound on
the exterior of the conductive liner.

The method of claim 7, wherein the detecting comprises signal averaging over a selected
time 50 as to increase a signal to noise ratio of the detected formation magnetic fields.

The method of claim 17, further comprising reducing power used to gencrate the first
magnetic field.

The method of claim 8, wherein the detecting comprises signal averaging over a selected
time so as to increase a signal to noise ratio of the detected formation magnetic fields.

The method of claim 19, further comprising reducing power used to generate the second
magnetic field.

A method for determining charscteristics of geologic formations between wellbores, the

method comprising:

activating a first tranemitter at a first selected depth to generate a first magnetic field, the
first transmitter disposed on a drilling tool disposed at a selected depth in a first

wellbore;
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detecting a first formation magnetic ficld induced by the first magnetic field with a first
of a plurality of axially spaced receivers, the plurality of receivers disposed about
an external surface of a conductive liner at selected depths in a second wellbore;
detecting the first formation magnetic field induced by the first magnetic field with a
second of the plarality of receivers; snd :
calculating a first amplitude ratio from the firet formation magnetic fields detected by the
first and second of the plurelity of recaivers.

The method of claim 21, further comprising:

activating the first transmitter at a second selected depth to generate a second magnetic
field;

detecting & second formation magnetic field induced by the second magnetic field with
the first of the plurality of receivers;

detecting the second formation magnetic field induced by the second magnetic field with
the second of the plurality of receivers;

calculating a second emplitude ratio from the sccond formation magnstic fields detected
by the first and second of the plurality of receivers;

calculating & third amplitude ratio from the first amplitade ratio and the second amplitude
ratio; and

determining a characteristic of the geologic formation from the third emplitude ratio.

The method of claim 21, wherein the first magnetic ficld comprises a time-varying

magnetic field.

The method of claim 22, wherein the second magnetic field comprises a time-varying

mapnetic field.

The method of claim 22, wherein the characteristic comprises a resistivity of a geologic

formation.

The method of claim 21, wherein the plurality of receivers comprises solenoids wound on
the external surface of the conductive liner.
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A methad for tclemetering data between wellbores, the method comprising:

activating a [irst transmitter to generate a first magnmetic field, the first transmitter
disposed on a drilling tool disposed in a first wellbore;

detecting a formation magnetic field induced by the first magnetic field with at least one
receiver, the at least one receiver disposed about an external surface of a
conductive liner at a selected depth in 2 second wellbore; and

determining a drilling too! characteristic from the detected formation magnetic field.

The method of claim 27, wherein the first wellbore comprises a conductive casing.

The method of claim 27, wherein the charscteristic comprises drill bit revolutions per

minute.

A system for determining characteristics of geologic formations between conductively

lined wellbores, comprising:

at least two axially spaced epert clectromagnetic transmitters positioned at selected
depths in a first wellbore and disposed about an external surface of a conductive
liner;

at least two axiaily spaced apart electromagnetic receivers pasitioned at selected depths in
a second wellbore and disposed about an external surface of a conductive liner;
and

at least one surface cantrol station operatively coupled to the at least two transmitters and
the at least two receivers, the at least one surface control station adspted to
sclectively activate ecach of the at least two electromagnetic transmiitters to
generats first magnetic fields and to selectively activate each of the at least two
electramagnetic receivers to detect formation magnetic fields induced by the first
magnetic fields.

The system of claim 30, wherein the conductive liner disposed in the first wellbore
coroprises slots proximate each of the at least two electromagnetic transmitters.
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The system of claim 30, wherein the conductive liner disposed in the second wellbore
comprises slots proximate each of the at least two electromagnetic receivers.

The system of claim 30, further comprizing means for calculating an amplitude ratio from
the formation magnetic fields detected by the at Jeast two electromagnetic receivers.

The system of claim 33, ﬁum=eonmﬂshgman|;fnrdetminhglchmhﬁ:ﬁcoftho
geologic formation from the calculated amplitude ratio.

The system of claim 30, wherein the at least two electromagnetic transmitters comprise
solenoids wound on the exterior of the conductive liner.

The system of claim 30, wherein the at least two clectromagnetic receivers comprise
solenoids wounds on the exterior of the conductive liner.

A system for determining characteristics of geologic formations between conductively

lined wellbores, comprising:

a phurality of axially spaced electromagnetic transmitters disposed about an external
surface of a conductive liner at selected depths in & first wellbore, the phirality of
electromagnetic transmitters adapted to generate first magnetic fields;

a plurality of axially spaced electromagnetic receivers disposed about an extarnal surface
of a conductive liner at selected depths in a second wellbore, the plurality of
clectromagnetic receivers adapted to detect formation magnetic fields induced by
the first magnetic ficlds;

means for calculating en amplitude ratio from the detected formation magnetic fields; and

means for determining a characterigtic of the geologic formation from the amplitude ratio.

The system of claim 37, wherein the first magnetic fields are time-varying magnetic
fields.

The system of claim 37, wherein the means for calculating an amplitude ratio is adapted
to detect formation magnetic fields at different selected ones of the plurality of receivers,
wherein the detected formation magnetic fields are induced by first magnetic fields
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generated by different selected ones of the plurality of transmiitters, the means for
calculating further adapted to calculate the amplitude ratio to determine characteristics of
geologic formations at a plurality of depths by selecting operation of appropriate anes of
the transmitters and receivers.

The system of claim 37, wherein the characteristic comprises a resistivity of the geologic
formation.

The system of claim 37, wherein the conductive liner comprises slots proximate each of
the pherality of transmitters.

The system of claim 37, wherein the conductive liner comprises slots proximate each of
the plurality of receivers.

The system of claim 37, wherein the phumality of transmitters comprises solenoids wound
on the exterior of the conductive liner.

The system of claim 37, wherein the plurality of receivers comprises solenoids wound an
the exterior of the conductive liner.

The system of claim 37, wherein at least one surface control system coupled to the
plurality of receivers is adapted to signal average over a selected time 50 as to increase s
signal to noise ratio of the detected formation magnetic fields.

The system of claim 45, wherein the at least one surface control system is adapted to
reduce power used to generate the first formation magnetic fields.

A system for determining characteristics of geologic formations proximate a conductively

lined wellbore, comprising:

a plurality of axially spaced electromagnetic trensmitters disposed about an extanal
surface of a conductive liner at selected depths in a wellbore, the plurality of
electromagnetic transmitters adapted to generate first magnetic fields;

a plurality of axially spaced electromagnetic receivers disposed about an external surface
of s conductive liner at selected depths in the wellbore, the plurality of
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electromagnetic receivers adapted ta detect formation magnetic fields induced by
the first magnetic fields;
meoans for calculating an amplitude ratio from the detected fonuation magnetic fields; and
means for determining a characteristic of the geologic formation from the amplitude ratio.

The system of claim 47, whersin the first magnetic ficlds are time-varying magnetic
fields.

The system of claim 47, wherein the means for calculsting an amplituds ratio is adepted
1o detect formation magnetic fields at different selected ones of the plurality of receivers,
wherein the detected formation magnetic fields arc induced by first magnetic fields
generated by different selected ones of the plurality of trapsmitters, the means for
calculating firrther adapted to calculate the amplitude ratio to detarmine characteristics of
geologic formations at a plurality of depths by selecting operation of appropriate ones of

The system of claim 47, wherein the characteristic comprises a resistivity of the geologic
formation.

The system of claim 47, wherein the conductive liner comprises slots proximate each of
the plurality of transmitters.

The system of claim 47, whexein the conductive liner comprises slots proximate each of
the plurality of receivers.

The system of claim 47, wherein the plurality of transmitters comprises solenoids wound
on the exterior of the conductive liner.

The system of claim 47, wherein the plurality of receivers comprises solenoids wound on
the exterior of the conductive liner.

The system of claim 47, wherein at least cne surface control system coupled to the
plurality of reccivers is adspted to signal average over a selected time so as to increass a
signal to noise ratio of the detocted formation magnetic fields.
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[c56] The system of claim 55, whexein the at least one surface control aystam is adapted to
reduce power used to generate the first formation magnetic fields.
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A PERMANENTLY EMPLACED ELECTROMAGNETIC SYSTEM AND METHOD
FOR MEASURING FORMATION RESISTIVITY ADJACENT TO AND BETWEEN
WELLS

Abstract

Systems and methods for determining cheracteristics of geologic formations between
conductively lined wellbores. At least one transmitter is axially disposed at a selected depth ina
first wellbore and is attached to an external surface of a conductive liner. At least one receiver is
axially disposed at s sclected depth in a second wellbore and is attached to an external surface of
& caonductive liner. Both the tranamitter and the receiver are attached to a surfiace control station,
The transmitter generates a first magnetic ficld, and a formation magnetic field induced by the
first magnetic field is detected by the receiver. The detected formation magnetic field is used to
determine characteristics of the geologic formations.
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