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IMAGING AND SENSING OF SUBTERRANEAN RESERVOIRS

Technical Field

The invention relates generally to systems for conducting well

operations.

Background

In drilling wells for oil and gas exploration, understanding the structure

and properties of the geological formation sunounding a borehole provides

information to aid such exploration. However, the environment in which the

drilling tools operate is at significant distances below the surface and

measurements to manage operation of such equipment are made at these

locations. Further, the usefulness of such measurements may be related to the

precision or quality of the information derived from such measurements.

Remote sensing and evaluation of subterranean reservoirs has been

important in oil exploration and production, since it provides important

information that would othenvise be available by expensive drilling operations.

The widest-scale remote sensing application is the seismic survey that is

conducted from the surface to looate oil reservoirs. Although these suweys are

important in developing drilling strategies, they only provide very coarse

information that needs to be complemented by other shallower and more detailed

evaluation tools that are located down-hole. As an example, downhole sensors

placed in a verfical well can be included in addition to the sensors at the surface

to achieve more effective sensing.

Many existing reservoir imaging and monitoring schemes operate in two

configurations. The first configuration is a cross-well imaging configuration, in

which the sensors are placed in multiple vertical wells and data is collected from

the volume that is surrounded by these wells. The imaging is performed in

between the vertical wells drilled at different locations surrounding the volume

of interest. Developed first for conductivity mapping, these sensors have been

extended to resistivity mapping. The second configuration is a surface
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configuration, v/here the transmitters and receivers are located at the surface or

at very shallow depths. Although these configurations have been successfully

used in imagtrng shallow reseryoirs or reservoirs with simple geometry, they

have exhibited difficulties in deeper and more complicated conditions. Further,

since reservoirs that have been relatively easier to access have been drilled out in

the past years, the industry is faced with reservoirs that are harder to explore and

produce.

Brief Description of the Drawingg

10 Figrre I illustrates an example arrangement for sensing and/or imaging

of a subterranean reservoir, according to various embodiments.

Figure 2 shows features of an example method of sensing andlor imaging

a subterranean reservoit, according to various embodiments.

Figure 3 illustrates an example anangement for sensing and/or imaging

l5 of a subterranean teseryoir, according to various embodiments.

Figure 4 illustrates an example arrangement for sensing and/or imaging

of a subterranean reservoir, according to various embodiments.

Figure 5 depicts an example of an array placement, according to various

embodiments.

20 Figure 6 depicts an example of a buried array placement, according to

various embodiments.

Figure 7 illustrates an example of an arrangement of magnetic

transmitters and magnetic leceivers, according to various embodiments.

Figure 8 illustrates an example of an anangement of transmitters and

25 receivers relative to eddy currents in a resewoir, according to various

embodiments.

Figure 9 depicts a block diagram of features of an embodiment of a

system having two or more arrangements of electromagnetic sensors to sense

and/or image a subterranean reservoir, according to various embodiments.

30 Figure 10 depicts an embodiment of a system atadnlling site, according

to various embodiments.
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Detailed Description

The following detailed description refers to the accompanying drawings

that show, by way of illusftation, various example embodiments of the invention,

These embodiments are described in sufficient detail to enable those skilled in

5 the artto ptactice these and other embodiments. Other embodiments may be

utilized, and structural, logical, and electrical changes may be made to these

embodiments. The various embodiments are not necessarily mutually exclusive,

as some embodiments can be combined with one or moÌe other embodiments to

form new embodiments. The following detailed description and accompanylng

l0 drawings are, therefore, not to be taken in a limiting sense.

Conventional methodologies based on surface or vertical-well sensors

provide limited information, since the reservoirs of interest are located at very

large depths away from the surface. Furthermore, multiple vertical wells are

expensive to drill and only provide information from sides of the reservoir.

15 Since most reservoirs have large horizontal cross-sections, imaging is

complicated by the lack of a top or bottom sensor, which has been addressed by

imaging from horizontally drilled wells. However, this approach is based on

seismographs, which limits its use to boundary detection without any resistivity

information.

20 Figure I illushates an example of an apparatus 100 structured to sense

and/or map a subterranean reservoir 102. A mapping of subterranean reservoir

102 can be used to image subterranean reservoir 102. Arrangements of

electromagnetic sensors relative to a subterranean reservoir are disposed such

that a received signal in electromagnetic sensors of one arrangement in response

25 to activation of an electromagnetic sensor in another arrangement, can be

analyzed to sense and/or map the subterranean reservoir. Apparatus 100 can

include a firstarrangement 105 of elecnomagnetic sensors 105-l . . . 105-N

disposed along a fi¡st direction below earth's surface and a second arrangement

I l5 of electromagnetic sensors 1 15-1 . . . 115-M disposed along a second

30 direction below earth's surface, where the second direction is different from the

first direction. The first direction may be substantially along on one plane and

the second direction may be substantially along a difflerent plane. Such

directions may be ananged in a non-parallel configuration, where the angle of
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intersection is not limited to a particular anglo. The two directions may be

arranged at about ninety degrees with respect to each other. A configuration of

arangements on different sides of subterranean reservoir 102 can provide a

mechanism to generate an enhancement image of subterranean reservoir 102. In

addition, N may be a number diflerent from M, but N may be equal M.

Apparatus 100 oan also include a processing unit 120 stuchred to analyze

signals received at first arrangement 105 in response to sigrrals kansmitted from

second arrangement 1 15 and to generate a map ofsubterranean reservoir 102

from the analysis.

From signals received at electromagrretic sensots in response to

aotivating other electromagnetic sensors, prooessing unit 120 can apply standard

inve¡sion techniques to the signals or representations from these signals to

generate information on the subterranean region of interest. In addition,

processing unit 120 can include instrumentality to anaþe received signals from

probing subterranean reservoir 102 and formation layers around subterranean

reservoir 102 to sense the subterranean reservoir, determine characteristics ofthe

formation layers, extract properties of the subterranean reservoir, map the

subterranean reservoir, generate an image ofthe subtenanean leservoir, and

direct drilling operations. The instrumentality can be realized in hardware

implementations, software implementations, and combinations of hardware and

software implemenations. Some portions of the instrumentalities may be

described in terms of algorithms and symbolic representations of operations on

data bits within a machine memory. An algorithm is herein, and generally,

conceived to be a selÊconsistent sequence ofsteps leading to a desired result,

The steps are those requiring physical manipulations of physical quantities.

Usually, though not necessarily, these quantities take the form of electrical or

magnetic signals capable of being stored, transferred, combined, compared, and

otherwise manipulated. The instrumentality may operate to ptocess, compute,

calculate, determine, display, and/or conduct other activities correlated to

processes of a machine, such as a computer system or similar electronic

computing device, that manipulates and transforms data represented as physical

(electronic) quantities within the machine's registers and memories into other

data similarly reprcsented as physical quantities within the machine's memories
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or registers or other such information storage or display devices. The

instrumentality may provide a pathway to other content. The instrumentality

may use distributed applications, different numbers and types of software based

components that couple two or more applications to enable data transfe¡ between

5 the applications, hardware to provide services from a number of different

sources, and may be realized on a variety of plaforms.

Electromagnetic sensors include devices that receive or tansmit electric,

magDetic, or electromagretic signals. In various embodiments, electromagnetic

sensors can be rcalized as electric dipole receivers, magnetic dipole Ìeceivers,

10 electric dipole transmitters, magnetic dipole transmitters, or combinations

thereof. Sensor bæes can include magnetic dipoles that can be realized by coils

or magnetometers, and electric dipoles that can be ¡ealized by wires, toroids, or

electrodes. The transmitters and/or receivers can each be realized as a

transceiver. Other sensor types may be used.

l5 Arrangements of electomagnetic sensors to sense and/or map a

subterranean reservoir can be configured in a number of ways. An arrangement

can include an array of physical electomagnetic sensors, an array of

synthetically produced elecfromagnetic sensors, or an array of a combination of

physical electromagnetic sensors and synthetically produced electromagnetic

20 sensors. An array of synthetic electomagnetic sensors can be realized by

moving a single or muþle array elements to different locations over time.

Using multiple arrangements, a first arrangement can include magnetic dipole

sensors and a second arrangement can include magnetic dipole sensots. A first

arrangement can include electric dipole sensors and a second arrangement can

25 include magnetic dipole sensors. A first arrangement can include electric dipole

sensors and a second arrangement can include electric dipole sensors. A first

arrangement can include magnetic dipole sensors and a second arrangement can

include electric dipole sensors. One or both of trvo arrangements can include

both electric dipole sensors and magnetic dipole sensors. The number of

30 different arrangements of electromagrcttc sensors of a tool to image andlor sense

a subterranean reservoir is not limited to two arays of sensors.

In addition to configuring the types of electromagnetic sensors in each

arrangement, each arrangement can be disposed in boreholes oriented with

5



respect to each other and/or a subtenanean reservoir ofinterest in a number of

different ways. A first anangement utilized to receive signals in response to

signals transmitted from a second arrangement, can be disposed above the

subterranean reservoir. A fi rst arrangement can be disposed substantially

5 horizontally relative to the earth's surface and a second arrangement can be

disposed substantially horizontally relative to the earth's surface. A first

arrangement can be disposed substantially horizontally relative to the earth's

surface and a second arrangement can be disposed substantially vertioally

relative to the earth's surface. A first arrangement and a second arrangement can

10 be oriented such that the electromagnetic sensors of the first arrangement have

electric and/or magnetic dipoles having an orientation that is the same as the

orientation of electric and/or magnetic dipoles of the electromaguetic sensors of

the second arrangement. The orient¿tion may be normal to formation layers.

Figure 2 shows features of an example embodiment of a method of

15 sensing and/or imaging a subterranean reseryoir. At2l0, signals received at a

first arrangement of electromagnetic sensors arc analyzed, where the received

signals are in response to signals transmitted from a second arrangement of

electromagnetic sensors. The first arrangement can be disposed along a first

direction below earth's surface and the second arrangement can be disposed

20 along a second direction below earth's surface, where the second direction is

different from the first direction. A hansmitter in the second arrangement of

electromagnetic sensors canbe activated with remaining transmitte¡s in the

second arrangement of electromagnetic sensors un-activated. A received signal,

such as avoltage, can be measured at each receiver in the first arrangement of

25 electromagnetic sensors in response to the one activated tansmitter in the second

arrangement. The remaining transmitters in the second arrangement can each be

activated with the other transmitters in the second arrangement of

electromagnetic sensors un-activated and each receive¡ in the fi¡st arrangement

can be addressed to measure the respective responses due to the activation,

30 In various embodiments, transmitting sensors may be distributed among

two or more arrangements of directions of electromagnetic sensors with

receiving sensors distributed among these two or more arrangements. Each

transmitter can be individually activated, where each receiver, in a set of

6



receivers, measures a signal in response to each activation. The set may include

all the receivers in these two or more arangements.

Instructions executed by a processor can be applied to extract parameters

of the subterranean reservoir using the signals received at the first arrangement.

5 Instructions executed by a processor can be applied to measure and/or validate

formation properties. Information, generated from inversion techniques applied

in the analysis ofthe received signals, can be used in controlling and directing a

drilling operation for a borehole.

At220, a map of a subterranean reservoir is generated from the analysis.

10 Within the subterranean reservoir, different regions can be mapped based on

characteristics obtained in the inversion and analysis of signals received in

response to probe signals. The map may be generated as sets of coordinates

effectively identi$ing various regions within the boundaries of the subtenanean

reservoir. Such a map or maps can be imaged on a display. Various

15 conventional methods can be used to enhance the imaging of the subterranean

reservoir, based on processed signals from arrangements ofsensors.

In various ombodiments, a fluid can bo irf ected into the subterranean

reservoir such that effects ofthe fluid on the subterranean reservoir can be

monitored. Such a fluid can be a contrast fluid. The fluid can be a conductive

20 fluid or a magnetic fluid. The fluid can also be a ferrofluid. A fenofluid is a

liquid that contains nanoscale ferromagnetic particles or ferromagnetic particles

that are suspended in a canie¡ fluid. A fenofluid can be designed to possess

extraordinary electromagnetic properties. A ferrofluid also has the capability,

both electromagnetically and mechanically, to react to applied magnetic fields.

25 In reservoir imaging by an elecfiomagnetic probe, a fluid can be injected into the

reservoir to increase or decrease the reservoir resistivity such that enhanced

contrast with the formation is created. Injection of a fluid can be used in well

applications, where imaging is difficult, such as water bearing ¡eservoirs.

During and after a fluid injection, movement of the fluid within the reservoir can

30 be tracked with respect to time to reveal additional information about the

reservoir characteristics. In addition, the distribution of the fluid can be

remotely altered by means of an applied electromagnetic field to further assist in

sensing and imaging.
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In various embodiments, an array of electromagnetic senso¡s is utilized,

located at a horizontal well branch or a plurality of horizontal well branches,

which are placed in the vicinity of a ¡eservoir. Figure 3 illustrates an example

embodiment of placement 300 of an array of electomagnetic sensors in a

5 horizontal well. The horizontal well is placed at fixed distance from the pay

zone to monitor and evaluate the movement of fluids within the resewoir during

the production phase. A pay zone is a portion of a reservoir that contains

economically producible hydrocarbons. In some instances, the pay zone may be

the entirety of the reservoir, A fluid may be injected into the reservoir to

10 produce higher contrast between the reservoir and the formation. The same tool,

having the array of electromagnetic sensors, can be used to place the well in an

optimal position near the reservoir.

Figure 4 illustrates an embodiment of an example placement400 of a

longer horizontal well section sunounding the zone suspected of containing a

15 reservoir than placed in Figure 3. The longer horizontal well sections of Figure

4 may be at signific antly larger distances from a reservoir than the horizontal

well sections of Figure 3. For example, the distances of 1000 ft shown in Figre

4 are ten times larger as compared to 100 feet shown in Figure 3. Such

configurations may have the capability to provide deep sensing of reservoirs;

20 deep evaluation of reservoir parameters including depth, orientation, length and

resistivity information; an optimal horizont¿l wellbore plaoement; detailed

production monitoring with temporary or pennanent sensors; and enhanced

recovery of hydrocarbons as compared to existing reservoir imaging and

monitoring schemes.

25 In various embodiments, a tool includes LnaÍray that is composed of a

combination of rnulti-component magnetic and electric dipoles. The magnetic

dipoles can be effectively realized by coils or magnetometers, while the elechic

dipoles can be realized by wires, toroids, or electrodes, As shown in Figure 5,

array elements 500 can be placed on a drill string, where they can be operated

30 while drilling in a logging-while-drilling (LWD) or measuring-while-drilling

(MWD) setting. Alternatively, as shown in Figure 6, anay elements 600 can be

buried along the borehole in a permanent configuration. Magnetization

components (M*, My, and M") and current density components (J*, Jy, and J") of
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a multi-component array do not need to be collocated. In addition, the

components can be placed in any ordering along the tool. In various

embodiments, the sensor array includes both hansmitters and receivers.

However, various configurations can be eliminated (not used) to reduce the

5 number of antennas in the setup.

Multiple array components can be composed of a physical aray of sensor

elements and/or produced synthetically by moving a single array element or

multih¡de of array elements to different locations in time. A production

monitoring application may be more suitable for using the physical array of

10 sensor elements, while a LWD/I\4WD application may be more suitable for the

synthetically produced multiple aÍay components. Data can be collected by

switching on each transmitter and measuring the voltage at each receiver. This

information can be stored temporarily and passed to the surface via atelernetry

system. Altematively, the information may be processed down hole and the

15 processed information can be transmitted to the surface. Such tools can operate

over a frequency range from 0,01Hz to 100 KIfu. Operation of the tool can be

conducted at other frequencies.

In a configuration for investigations deep below the surface, ûansmitters

and corresponding receivers can be chosen from different arrays. Figare 7

20 illustrates an example embodiment of an anangement 700 !\¡ith a magnetic

dipole fransmitter in a vertical well and a magnetic dipole receiver in the

horizontal well. In the example case shown in Figure 7, the received signal is

composed of both the signal that is directly coming from the transmitter through

the formation (the formation sigual) as well as the signal coming via the

25 reservoir (the reservoir signal), This configuration can be used for measuring or

validating the formation properties, such as depth and resistivity of formation

'layers. Reservoir parameters can be extracted from this configuration through a

numerical inversion phase.

Figure 8 shows an example embodiment of a transmitter excitation

30 configuration 800, where a magnetic dipole transmitter and an electic dipole

receiver with the same orientation are used. In this configuration, the

directionality of the dipoles is chosen or set normal to the layers in the

formation, so that a direct signal from the transmitter to the receive¡s is ze¡oed
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out, regardless of the number of formation layers and thei¡ electical properties.

This configuration allows an independent measurement of reservoir properties

by decoupling the eddy currents formed at dþing reservoir features from

complicating the direct formation signal. This decoupling allows for easier

5 inversion of various reservoir parameters.

In various embodiments, multiple arrays can be placed in multiple

wellbores, which are a combination of both vertical and horizontal wells. The

horizontal wells may be formed as a lateral branch of the vertical well by drilling

horizontally at a predetermined depth. In reservoir imaging, by taking advantage

l0 of the distance to reservoir provided by processing the measurements from the

arrays of the imaging/sensing tool as the drilling is being performed, the

horizontal section of the well can be drilled at fixed distance from the resewoir.

This distance can be kept short for more shallow and det¿iled evaluation, and it

can be kept long for deeper more coarse evaluation. For a reservoir sensing

l5 application, a longer well section can be placed at a mo¡e distant depth to the

evaluation zone. The typical distance in a reservoir monitoring application is

about 100 feet, while this distance in a sensing or evaluation application ranges

from about 1000 to about 2000 feet. Monitoring and/or sensing can be realized

at other distances.

20 In various embodiments, a tool having multiple arrangements of

electromagnetic sensors can be configured to shorten the evaluation distance to a

volume of interest. The spatial characteristics of the multiple arrangements of

the tool can provide diverse spatial information for deep and detailed sensing

and for the evaluation and monitoring of resewoirs. In contrast to sohemes

25 based on multþle vertical wells, in-depth cross-well evaluation can be achieved

by placing arrays of sensors of the tool in both vertical wells and horizontal

sections branching from the vertical wells. This configuration of the

arrangements of sensors allows for enhanced spatially diverse information and

imaging of the volume that lies in between different branches. Furthermore,

30 unlike schemes based on surface sensors, all sensor components of the tool can

reside deep in the vicinity of the reservoir, where more focused and detailed

evaluation is possible. By processing the information provided by combination
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of all array components, the tool provides depth, orientation, length, and

resistivity information for the reservoirs.

In various embodiments, a method of anaþing a subterranean reservoir

can include injecting a conhast fluid into the subterranean resefloit, such that

5 effects of the contrast fluid on signals transmitted through or via the

subterranean reservoir can be observed by a sensor. The contast fluid can

include nanoscale ferromagnetic particles. The contrast fluid may be a

ferrofluid. A fenofluid can be injected into the subterr¿nean reservoir such that

resistivity ofthe subterranean reservoir changes sufficientþ to enhance contrast

l0 of the subtenanean resewoir with respect to adjacent subterranean formations

when anaþing signals received atthe sensor from a hansmitter. The contrast

fluid, whether a ferrofluid or other appropriate fluid with contrast characteristics,

can be tracked such that tracking movement of tlte contrast fluid within the

subterranean reservoir can be conducted with respect to time. Information about

l5 characteristics of the subterranean reservoir can be determined from the tracked

contrast fluid. Further, conducting the analysis can include altering the

dishibution of the contrast fluid within the subtenanean leservoir by applying an

electromagnetic field to the contast fluid.

Figure 9 depicts a block diagtam of feafl¡res of an embodiment of a

20 system 900 having two or more arangements 910-l , . . 910-N of

electromagnetic sensors to sense and./or image a subterranean reservoir.

Arrangements 910-l . . . 910-N of electromagnetic sensors can be structured and

fabricated in accordance with various embodiments as taught herein.

System 900 can also include a controlle¡ 902,amemory 925,an

25 electronic apparatus 935, and a communications unit 955. Various combinations

of controller 902, memory 925, and, communications unit 955 can be arranged to

operate as a processing unit for a sensortool to operate arrangements 910-1 . . .

910-N. Such a processing unit can process signals from one or more

arrangements 910-1 . . . 910-N. The signals can be converted to properties of

30 formation Iayers and ofa subterranean reservoir using standard inversion

techniques.

Memory 925 and/or one or more components of system 900 can include

instructions to operate a tool, including two or more arangements 910-t . . .
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910-N, to monitor and/or sense a subterranean reservoir. Other machine-

readable storage media can be used, where the machine-readable storage media

stores instructions, which when read by a machine, cause the machine to perform

operations to sense and/or image a subterranean reservoir. Such operations, can

5 include but are not limited to, analyzing signals received at a first arrangement of

electromagnetic sensors in response to signals transmitted from a second

anangement of electromagnetic sensors, where the first arrangement is disposed

along a first direction below earth's surface and the second arrangement is

disposed along a second direction below earth's surface such that the second

l0 direction different from the first direction. The instn¡ctions can include

generating a map of a subterranean reservoir from the analysis. The instn¡ctions

can include activating a transmitter in the second arrangement of

electromagnetic sensors with remaining tansmitters in the second arrangement

of electromagnetic sensors un-activated. The instuctions can include measuring

15 a voltage at each receiver in the first arrangement of electromagnetic sensors, for

each activation of a transmitting sensor. The insfructions can include exfracting

parameters of the subterranean rcservoir using the signals received at the first

arrangement. The instructions can include directing the operations of drilling

operations relative to the monitorcd and/or sensed subterranean reservoir. The

20 machine readable storage medium may include other instnrctions to opemte a

tool including two or more arrangements 910-l . . . 910-N to monitor, sense,

map, and/or image the subterranean reservoir in accordance with embodiments

similar to or identical to embodiments discussed herein.

Portions or all of conholler 902, memory 925, and communications unit

25 955 can be structured to operate located downhole. Communications unit 955

can include downhole communications in a drilling operation. Such downhole

communications can include a telemetry syst€m. Communications unit 955 may

be coupled to a communication line to provide measurement results to the

surface of a well with anangements 910-l . . . 910-N located at significant

30 distances from the surface.

System 900 can also include a bus 907, where bus 907 provides electrical

conductivity among the components of system 900. Bus 907 can include an

address bus, a data bus, and a control bus, each independently configured. Bus
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907 can also use common conductive lines for providing one or more of address,

data, or control, the use of which is regulated by conholler 902. Bus 907 can be

configured such that the components of system 900 are disfübuted. Such

distribution can be arranged between downhole components such as two or more

5 arrangements 910-1 . . . 910-N and surface components such as a processing unit

arranged as one or more components of controller 902, a memory 925, an

electronic apparatus 935, and peripheral devices 945 ofsystem 900.

Altematively, the components controller 902, amemory 925, anelecüonic

apparatus 935, and portions ofperipheral devices 945 canbe co-located such as

10 on one or more collars of a drill string structure.

In various embodiments, peripheral devices 945 include displays,

additional storage memory, and/or other conüol devices that may operate in

conjunction with controllerg02 andlor memory 925. In an embodiment,

controller 902 is a processor. A peripheral device ananged as a display can be

15 used with instructions stored in memory 925 to implement a user interface to

manage the operation of anangements 910-l . . . 910-N in system 900 andlor

components distributed within system 900.

Figure l0 depicts an embodiment of a system 1000 at a drilling site,

where system 1000 includes a tool to monitor, sense, map, and/or imagethe

20 subterranean reservoir. The tool includes two or more arrangements of

electromagnetic sensors, as taught herein, that extend from a drill shing 1008.

The two or more arrangernents of electromagnetic sensors are not shown for ease

of presentation. However, examples of such extensions can be seen in Figures 1,

3,4,7, and 8.

25 System 1000 can include a drilling rig 1002 located at a surface 1004 ofa

well 1006 and a string of drill pipes, that is, drill string 1008, connected together

so as to form a drilling string that is lowered through a rctary table 1007 into a

wellbore or borehole 1012, Drilling rig 1002 can provide support for drill shing

1008. Drill string 1008 can operate to penetrate rctzry table 1007 for drilling a

30 borehole 1012 through subsurface formations 1014. Drill string 1008 can

include drill pipe 1018 and a bottom hole assembly 1020located at the lower

portion of drill pipe 1018.
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Bottom hole assembly 1020 can include drill collar 1015, tool conhol

1010 attached to drill collar 1015, and a drill bit 1026. Tool control 1010 can

include electronics for operating two or more arangements of electromagnetic

sensors. Such electronics can include a processing unit to analysis sígnals

5 sensed by the two or more arrangements of electromagnetic sensors and provide

measurement results to the surface over standard communication mechanism for

operating a well. Alternatively, electronics can include a communications

interface to provide signals sensed by the two or more arrangements of

electromagnetic sensors to the surface over standard communication mechanism

10 for operating a well, where these sensed signals are analyzed at a processing unit

at the surface. Tool control 1010 or portions oftool control 1010 can be located

at surface 1004. Drill bit 1026 can operate to create a borehole 1012 by

penetrating surface 1004 and subsurface formations 1014. Tool control 1010

can be structured for an implementation in the borehole of a well as a

l5 measurements-while-drilling (MWD) system suoh as a logging-while-drilling

(LWD) system.

During drilling operations, drill shing 1008 can be rotated by rotary table

1007. In addition to, or alternatively, bottom hole assembly 1020 can also be

rotated by a motor (e.g., u mud motor) that is located downhole. Drill collars

20 1015 can be used to add weight to drill bit 1026. Drill collars 1015 also can

stiffen bottom hole assembly 1020 to allow bottom hole assembly 1020 to

transfer the added weight to drill bit 1026, and in turn, assist drill bit 1026 in

penetrating surface 1004 and subsurface formations 1014.

During drilling operations, a mud pump 1032 can pump drilling fluid

25 (sometimes known by those of skill in the art as "drilling mud') from a mud pit

1034 through a hose 1036 into drill pipe 1018 and down to drill bit 1026. The

drilling fluid can flow out from dríll bit 1026 and be returned to surface 1004

through an annular area 1040 between drill pipe 1018 and the sides ofborehole

1012. The drilling fluid may then be retumed to mud pit 1034, where such fluid

30 is filtered. In some embodiments, the drilling fluid can be used to cool drill bit

1026, as well as to provide lubrication for drill bit 1026 during drilling

operations. Additionally, the drilling fluid may be used to remove subsurface

formation 1014 cuttings created by operating drill bit 1026.
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In various embodiments, a tool having multiple arrangements of

electromagnetic sensors can also assist in directional drilling of the horizontal

section. A horizontal section can be guided to be at a fixed distance from the

reservoir, where permanent sensors are placed along the borehole for effective

5 and sustained production monitoring. This monitoring allows enhanced

recovery of hydrocarbons and bette¡ utilization of available resources. In

another embodiment, a horizontal section can be placed at a relatively optimal

distance to a target evaluation zone where most effective sensing is possible. In

addition, various configurations for a tool having multiple arrangements of

l0 electromagnetic sensors can be operated with a fenofluid that is injected into the

reservoir for producing enhanced electromagnetic conûast. As discussed herein,

a tool having multiple arrangements of electromagnetic sensors can offer deep

sensing ofreservoirs; can allow deep evaluation ofreservoirs including

evaluation of reservoir geometry including depth, orientation, length and

15 resistivity information; can assist in optimal horizontal wellbore placement; can

enable detailed and sustained well-production monitoring with temporary or

permanent sensoß; and can provide enhanced recovery ofhydrocarbons.

Although specific embodiments have been illushated and described

herein, it will be appreciated by those of ordinary skill in the artthat any

20 arrangement that is calculated to achieve the same purpose may be substin¡ted

for the specific embodiments shown. Various embodiments use permutations

and/or combinations of embodiments described herein. It is to be understood

that the above description is intended to be illustrative, and not restrictive, and

that the phraseology or terminology employed herein is for the purpose of

25 description. Combinations of the above embodiments and other embodiments

will be apparent to those of skill in the art upon studying the above description.
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CLAÏMS

What is clairned is:

1. An apparatus cornPrisìng:

5 a tool havirrg electromøgnetic senso¡s such all êleetromagnctic sensors of

thc tool are structr-ued as arrangeable and operable below surfac+;

a first arrangement of electrprnagnetic sÊnsors of the tool armrrgeablc

along a subterranoan path which extends, ât leâst in pa$ in a firut direction; and

a second âÌrangement ofelectornagnetic sensorc ofthê tool arrangeable

t0 along anothcr subterranean path which extÊnds, âr leâst in part, iu a second

direction, the secortd direction beìng difereut from the ftrst direotion, the fimt

arrangement ond the second arrangement structured as arrangcablc i¡t different

brauches from a corrunôE vertical wel[, and the first arrangement and the sccond

arrangement boing oËcrable to receive a tr¿¡rsmittcd signal to acquirc senslng

t5 and/or mappirrg informatlon with respect to a subterranean reservoir.

2. The apparatus of claim l, wherein the first flnd/or sçcond atrangement

includes onç or more translnittors to transmit sþals rcceivable by the first

and/Or Second orrangement, and prefcrably whcrcin onË or mole of tÏe sensors of

20 the first and/or second aTrangement is a lranscçiver that is able both to transrnil

signals and to receive signols.

3. The apparatus of claim 2, wherein the apparatus includes a processing

' 
unit struchrred to analyze signals rec¡ived at the first errengement in response to

25 signals tranSmitted frOm the second alrangemgnt and to generete a map of the

subterranean reseryoir from the analysis.

4. The apparatus of olaim lrZ or 3, wherein the first affangemeÞt includes

an array ofphysical clcctromagnetic sensors, a synthetic anay of

3O electromagrretic sensors, or a cornbinalion ofân array ofphysical

elcctromagnetic sensors and a synthetic array of electromagnetic sensors'

r6



5

5. The apparatus of claim 1,2,3 ot 4, wherein t}re first arra¡rgement

includes rnagnetic dipole sensors and the second Arangement inoludes magnetic

dipole sensors, and./or lhe flrst arrangËment includes electuic dþle sensors and

the second arrangemcnt includes electric dipolc sensors'

6. The apparatus of claim 1,2,3 ot 4' whcrcín the first arrangÞmÊnt

includcs electic dipole sensors and the seco¡td anrangemerrt includes magnetic

dlpole sensors or rhe first arrangement includes magrretio dipole sËnsors and the

second arrangement includes electric dipolo sersors'

r0

7, The apparatus of any preceding otainu whcrein the ûrst artangemenl is

disposcd along a subtorranËarl path which at least patlly oxtends above the

su bturrane¡n rescrvolr.

l5 L The apparatus of arry preceding olaim, whcreín: tle first arrangement is

disposed along a path which extends substantially parallel either to tlre earlh's

sr¡rface or to layers of the sUbterraneân formation ín which thc path extends; and

the second arrangement is disposed along a path which extends substantially

parallel either to the earth's surface orto layers ofthe subterra¡rea¡ fonnation in

70 whích the path exlends'

9. Thc apparatus of any one of claims I to 7, whereirr: the ñrst arrangement

is disposed along a path whìch extends substantially parallel to the earth's

surface or to layers of the Subtelrançafì formation in which the path exterrds; aad

25 the second arrangement is disposed subsrantially verticatly'

Ì0. The apparatus of any precedirrg claim, whotein the electromagnetic

sensors of the first flrrangement have electric or rnagnetio dipOles arranged, r¡/hen

the f¡rst arrangcment is disposed along lhe subtertanean path, to have a

predeterminCd Or selectable orientatiOn and the electomagîetic sensors Of the

second arratrgement have elcotric or rDagnet¡c dipolas aranged, when the second

arrangement is disposcd along thc other subtcrranean path, to have the

oricntation of the elecûic or rnagnetic dipoles ofthç first ÍurangefiÊnt-

t7
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I t. The rpparatus of claim I0, whercin the orientation is normal to þers of

the subterranean formadon Ín which the path e¡ctends.

l2- A method comPrising:

5 analyzing sigrrals received at a first arrangernent of electuomagletic

scflsors of a tool Ín response tO Signals transmitted ffom e üansminer Of a second

arrangement of thc tool such that all electromagneüc $enso¡s and tra¡lsmitters of

t¡e toot are disposed below surface, fle first arrarrgernent being disposed along e

subte$srtean path which extends, at least ìn par! i¡r a fi¡st direction and thc

l0 seoond arrangement bcing disposed along another subtprranean palh which

extends, ar lcsst ir pu.g in a seqond dir?ctiqn, the seCOnd direction beirtg

difÏerent from the first direction, thc first a¡rangemmt and t¡s sECOrrd

arrângeflent being disposed in drfferent btanches ÈOm a COmmon vertiogl we[l;

and

l5 generating a map of a subferancan formation Éom dre analysis, the

formation preferably including a subtenaueån regçryoìr'

13. The method of clairn 12, wherein the method includes activating one of a

pluraliry of transmittcrs in fl.re second aÍ¡urgEment, without activating the

ZO remeining transrnitters in flle sccond arrangemont'

14. The method of claim 12 or 13, wherein tbe metÏod includes measuring e

voltage at each elecfomagnetic sensor ¡n the first ârrangement of

eleetromagnetic sensors,

25

15. Thc method of claim 12, l3 or 14, wherein the rnethod includes using a

processor tO execute inStrrrctions in Order to extrAçt parameters Of the

subterrantan reservoir from the sigrrals received arthe fust arrangcrnent'

16- The method of any one of claims 12 to 15, wherein the mcthod includcs

using a prOCeSSOr to exeoute instructionS in order to mçÊSurc and/or validate

tbrr¡r ation propertics.

30
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1.1_ The method of any one of claims 12 to 16, u¡he¡ein the formation

irrcludes a subterrane¿n roservoi¡ and the method lncludes injec'ting a contast

fluid. which is preferably a ferrofluid, intO the subterrânesn reservoif, such that

effects ofthe contrast fluid on the subtenanean rÊservo¡r csn be observed-

I E. The method of claim I 7, wherein injecting a conEast fluid into the

subtlrranean resërvoir includes irrjecting a ferrofluid into the subÈffanean

reservolr such thal resistivity ofthe subtcrranean Issêlvoìr changes sufüciently

to enhance conmst of the subterranean reggrvoir with rcspect to adjacent

zubtenanean formations when analyzing signals recelved af thc first arrarrgcment

of elcctrornagrretic seflsors in rcsponse to signals FanSmítted Êom the second

amângement.

l0

19, The method of oloim l7 or 18, wherein the method furthcr includcs

l5 tracking movemsnt of the contraçt fluid within the subterræea¡ rese rvoir with

respect to time.

20. The mcthod of claim J 9, wherein the method includes determining

infOrmation about cha¡actoriStics of the subterranean reServOir from t¡e tracked

ZO contrast fluid.

zl. The r¡rcthod of claim I7, t 8, I 9 or 20, wherein the method include s

alæring distribution oftre coutrsst fluid by appl)'lng an elecü.Ôrl1agnetic field to

the contrast fluid.

25

22. The method of any one ofclsims l7 lozl,whcrein the contast fluid

includes nanosçale fenomagnetic particles'

23. The method of any one of claims lZtoZz,wherein the mcthod irrcìudes

30 ' displayirtg on a dispf ay an image generaled from the mnpping of the

subterranean reSeryoir,

The nrethod of any one of claims 12to22, wherein the method includes24.

t9



directing a drilling opemtion using the analysis of the reccived signals or the

map generated thcreftom^

ZS, A machine+eadable storage medium rhat stores iuskuctions, which when

5 read by a machine, c¡rn causô the machinC tO pgrfoÌm operatiou9, thc operations

comprisirrg:

anal¡zing siglals rcccived st a first ârraflgenent of electromagnetic

scnsors of a tool in rssponse to signals tansminçd ûom oue or morË bansmitters

of a second a$afigement Of thç tOol such that AII electomagnetic sËn,sors and

10 þansmitters ofthe tool are disposed below surfac,e, the fint anangement being

disposed along a subterrânêan path which extËnds, at le¿st it part in a first

direction and the second arrang€ment beiug disposed along another gubtEFanean

patb whiCh e:.tends, at least in part, i¡ a second direction, the SCcond direction

being different from the fust directio4 the fÌrst ânangement aud the second

l j affangoment boing disposed in diffcrent branches f¡um a common verrical well;

and

generst¡lg a map ofa subterranean rescrvoir Êom the analysis'

26. The rnachi¡re-readable storage medium ofclaim 25, wherein the

20 opcrations furthEr include activating one bansmitter from a pluralþ of

¡.ansmitters in the second arrangemsnt, without activaling romaining transmitters

in thc seoond arrangemott-

25

27. The mnchine-readable storage medium of clair¡r 25 or 26, whercin the

operations fi:rther inglUde measuring ¿ vsltage at eaCh electromagnetiC SenSor in

the first arrangement of elechomag'netic sensors'

28. The machine-readable slorage rncdium of claim 25,26 or 27 
' 

wherein the

operations fi¡rther include extracting or determi¡ling parameters Of rhe

30 subterranËarl feservoir using tlre signals rcceived at the fiISt AlTangement.

29. The nrachinc-readable storagc rnedium of clairn 25,26,?7 ot28, whereín

the operations ñr¡ther inclüde applying inversion to the received signals and

20



genemting formalion properties f¡om thç ínvcrsion.

30_ The machine-readsble storage ¡¡edium of any orre of claims 25 lÖ29,

wherein tlLe operations further irrclude planning, monitoring, contolling or

5 dìrecting a drilling operation using thc analysis ofthE received signals or the

genemted map.

3 1- A method of analyzing a subtelrsnsan reservoir including irtjccting a

côn¡.ast fluid, which is preferably a fcnofluid, intO the subtorranÊan r€seryoir,

l0 such that eflects of tÍe conhast fluid on signals transtnitted through or via ¡he

subterrdlearî resewoÍr can be observed by a sensor.

32- The method of claim 31, wherein iujecting a contrast fluid into the

subtenanean rcscrvo¡r includes irtjectÍng a ferrofluid Ínto the subterranean

l5 fÊservoir such thar rcsistivity ofthc subterranean reservoi¡ changes suffìÇiently

to enhanc€ Contrâst ofthe subterranËan rçSCËvOir with resPget tO adjacent

subterranean formations when analyzing signals receivcd at the Sensor from a

ûanturitter.

20 33. The method of claim 3l or 12, whcrein the method further includes

rracking movement of the cont¡ast fluid wittrin the subterrançan resowoir with

respeçt to time,

25

34. The rnethod of clsirn 33, wherein the rnethod includes dctcrmining

infOrmation abOut Charaçteristics Of the subtsrranÈån resçrvoìr frOm the hacked

côntl-âst fluid.

35. The method of claim 31,32,33 c¡r SL.wherein thc method includes

altering distribr¡tion 6f fhs çentrâst fluid within the zubtcrrançan reservoir by

l0 applying an electrornagrtctic field to the contrast fluid-

36. The method of any onc of claims 3l to 35, wherein tbe contrast fluid

includes nanoscale ferromugnetic particles-

2l


