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DETERMINATION OF GEOLOGIC PERMEABILITY CORRELATIVE WITH
MAGNETIC PERMEABILITY MEASURED IN-SITU

CLAIM OF PRIORITY
[0001] This application claims priority to U.S. Provisional Patent Application
No. 62/884,071, filed August 7, 2019, the contents of which are hereby

incorporated by reference herein.

TECHNICAL FIELD
[0002] This disclosure relates to the logging of oil and gas wells.
Specifically, it is a method to determine the permeability of geological

formations intersected by a wellbore.

BACKGROUND
[0003] Permeability is a property of a porous medium that relates the flow
rate to the applied pressure gradient. It is related to the size scale of the pore
space within the medium and to its interconnectedness. The permeability of a
subsurface rock formation, such as an oil or gas reservoir, controls the rate at
which hydrocarbons can be produced and often determines whether producing
oil and gas from a given reservoir will be profitable or not. When developing
an oilfield, a computer model of the reservoir is used to simulate the
subsurface movement of oil, gas and brine for different scenarios of where to
locate wells, how quickly to produce from the wells, and where to inject other
fluids to help sweep out the hydrocarbons. The accuracy of these computer
model predictions depends primarily on how accurately the permeability
throughout the reservoir is known, and where high permeability barriers to flow
are found.
[0004] Despite theirimportance for optimizing oil and gas production,
accurate measurements of permeability are difficult to obtain. The
permeability of a reservoir rock is typically determined by laboratory
measurements on samples of the rock which are recovered from the
subsurface using a process called “coring”. After coring, the samples are

transported to a laboratory and resaturated with a mixture of oil, gas, and brine
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similar to what was believed to be in the rock when it was part of the reservoir.
Oil or brine are then pushed through the rock sample with a prescribed
pressure gradient and the resulting flow rates are measured. This process is
time-consuming and costly, and can be inaccurate. The selected rock
samples may not be representative of the properties of the reservoir. The
detailed distribution of hydrocarbons and brine within the pore space of the
sample impacts the phase permeabilities for oil and brine, but cannot be
accurately known or reconstructed in the laboratory. Furthermore, the
wettability of the rock surface within the pore space impacts measured phase
permeabilities and cannot be accurately reconstructed in the lab.

[0005] Accordingly, there is a need for a method of determining the
permeability of reservoir rocks which samples larger rock volumes than the
small samples (e.g., 1 inch to 6 inch) measured in the laboratory. A method
should ideally make its measurements in the reservoir itself so that the fluid
distributions and wettability will be correct and will not need to be
reconstructed. This disclosure describes such a method and associated

system and tool.

SUMMARY
[0006] An aspect relates to a system to determine the phase permeabilities
of a subsurface formation surrounding a borehole. The system includes 1) a
fluid with an elevated magnetic permeability; 2) a means to inject the fluid into
the subsurface formation; 3) a downhole tool capable of measuring the mutual
inductance between pairs of inductive coils where the magnetic field of the
coils extends beyond the borehole and into the formation; 4) a process for
imaging the magnetic permeability of the formation near the borehole from the
measurements of mutual inductance; 5) a process for relating the image of
magnetic permeability near the borehole to the phase permeabilities of the
formation.
[0007] Another aspect relates to a method to determine the permeability
downhole of a geological formation surrounding a borehole. The method
includes deploying a downhole tool into the borehole at a specific depth and

measuring, via the downhole tool, a baseline radial profile of magnetic
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permeability of the geological formation around the downhole tool. The
method includes injecting a fixed amount of magnetic-permeability doped fluid
into the geological formation around the downhole tool. The method includes
measuring, via the downhole tool, a post-injection radial profile of magnetic
permeability of the geological formation around the downhole tool after
injecting the fixed amount of magnetic-permeability doped fluid. The method
includes comparing the baseline radial profile with the post-injection radial
profile to determine a difference between the post-injection radial profile and
the baseline radial profile. The method includes using the difference in
magnetic permeability of the geological formation around the tool to determine
the permeability of the formation.

[0008] Yet another aspect relates to a method to determine the permeability
downhole of a formation surrounding a borehole. The method includes
deploying a downhole tool into the borehole at a specific depth and injecting a
fixed amount of magnetic-permeability doped fluid into the formation around
the downhole tool. The method includes measuring, via the downhole tool, a
post-injection radial profile of magnetic permeability of the formation around
the downhole tool after injecting the fixed amount of magnetic-permeability
doped fluid. The method includes withdrawing fluid from the formation and
measuring, via the downhole tool, a post-production radial profile of magnetic
permeability of the formation around the downhole tool after withdrawing a
fixed amount of fluid from the formation. The method includes correlating a
difference between the post-production radial profile and the post-injection
radial profile with permeability of the formation around the downhole tool.
[0009] Yet another aspect relates to a system to determine permeability of
a geological formation. The system includes a downhole tool to measure
magnetic permeability of the geological formation. The system includes a
pump to inject fluid having magnetic particles through a first wellbore into the
geological formation. The system includes a vessel to receive fluid having
magnetic particles withdrawn from the formation through a second wellbore.
[0010] Yet another aspect relates to a method including deploying a

downhole tool into a wellbore in a geological formation and measuring, via the
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downhole tool, a baseline radial profile of magnetic permeability of the
geological formation. The method includes injecting a fluid having magnetic
particles into the geological formation. The method includes measuring, via
the downhole tool, a post-injection radial profile of magnetic permeability of the
geological formation after injecting the fluid having magnetic particles. The
method includes comparing the baseline radial profile with the post-injection
radial profile to determine permeability of the geological formation.

[0011] Yet another aspect relates to a method including deploying a
downhole tool into a wellbore in a geological formation and injecting a fluid
having magnetic particles into the geological formation. The method includes
measuring, via the downhole tool, a post-injection radial profile of magnetic
permeability of the formation after injecting the fluid having the magnetic
particles. The method includes withdrawing a produced fluid having magnetic
particles from the geological formation. The method includes measuring, via
the downhole tool, a post-production radial profile of magnetic permeability of
the geological formation after withdrawing the produced fluid having magnetic
particles from the geological formation. The method includes correlating a
difference between the post-production radial profile and the post-injection
radial profile with permeability of the geological formation.

[0012] Yet another aspect relates to a method to determine permeability of
a geological formation. The method includes deploying a downhole tool
(having a transmitter coil) into a wellbore in the geological formation, the
downhole tool comprising electronics to measure the self-inductance of said
transmitter coil. The method includes injecting magnetic particles into the
geological formation and measuring, via the downhole tool, magnetic
permeability of the geological formation having the injected magnetic particles.
[0013] Yet another aspect relates to a method to determine permeability of
a geological formation. The method includes lowering a downhole tool (having
a transmitter and a receiver) into a wellbore in the formation. The method
includes injecting magnetic particles through the wellbore into the formation,
withdrawing the magnetic particles from the formation through the wellbore,

and measuring magnetic permeability of the formation via the downhole tool
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during injecting the magnetic particles and during withdrawing the magnetic
particles.

[0014] Yet another aspect relates to a downhole tool to determine
permeability of a geological formation. The downhole tool includes a
transmitter to emit a magnetic field into the geological formation. The
downhole tool includes a receiver to sense the magnetic field for the downhole
tool to measure magnetic permeability of the geological formation. The
downhole tool includes an electronics module having a processor and memory
storing code executable by the processor to facilitate operation of the
downhole tool and to provide data of the measured magnetic permeability for
determination of the permeability.

[0015] The details of one or more implementations are set forth in the
accompanying drawings and the description to be presented. Other features
and advantages will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0016] FIG. 1is a diagram of a well site including a system to measure
permeability of a geological formation.
[0017] FIG. 2 is a block flow diagram of a method of determining
permeability of a geological formation.
[0018] FIG. 3 is a block flow diagram of a method of determining

permeability of a geological formation.

DETAILED DESCRIPTION
[0019] The present application describes a method and apparatus for
determining the phase permeability of a rock formation along a borehole. A
fluid with elevated magnetic permeability is created by mixing particles of high
magnetic permeability into a water-based or oil-based fluid. The fluid is
injected into the formation around a borehole by applying a pressure in the

borehole which exceeds the formation pressure by an excess pressure AP for
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a time duration AT. This excess pressure AP acting over time AT drives the
injected fluid a distance AR into the formation, where AR depends on the
phase permeability k; of the formation to the injected phase, whether brine or
oil. If AR is found, then k; can be calculated. In one embodiment, AR is found
by measuring the mutual inductance between pairs of solenoid coils around
the axis of the tool and inverting for the value of AR which may best explain the
measured mutual inductances. In one embodiment, AR is found by measuring
the self-inductance of a solenoid coils around the axis of the tool and inverting
for the value of AR which may best explain the measured self-inductance.
[0020] Permeability is a property of porous medium such as a reservoir
rock which relates the flow rate through the rock to the pressure gradient that
drives the flow. This relationship is expressed by Darcy's Law:

q= =V

where q is the flow rate per unit area, for example in units of m/s, u is the
dynamic viscosity of the fluid, for example in units of Pa-s, Vp is the pressure
drop over a given distance of the material in units of Pa/m, and k is the
permeability of the material in units of m2. Permeability is difficult to measure
downhole. Such lack of measurement downhole can lead to inaccurate
estimations of the economic capacity of a petroleum reservoir. In-situ
downhole implementations of permeability measurements can be more reliable
for quantifying reservoir behavior than via ex-situ measurements of
permeability.
[0021] Permeability, which is also referred to as “absolute permeability” is a
property of a porous medium where the pore space is filled with a single fluid.
When the pore space is filled with more than one fluid, such as a mixture of oil
and brine, then the flow of one fluid (e.g., oil) when it is injected with a given
pressure drop can be different from the flow of another fluid (e.g., brine) when
it is injected with the same pressure drop. For the ith fluid phase,

ki

g = ——V
i 0 P
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where g; is the flow rate of the jth fluid phase per unit area, for example in units
of m/s, y; is the dynamic viscosity of the ith fluid phase, for example in units of
Pa's, Vp is the pressure drop over a given distance of the material in units of
Pa/m, and k; is called the “phase permeability” of the medium to the jth fluid
phase in units of m2. The ratio of the phase permeability to the absolute
permeability is the “relative permeability”. The relative permeability is defined

as,

The relative permeability has a value from 0 to 1 and describes the extent to
which the other fluids in the pore space impede the flow of the ith fluid phase
through the medium.

[0022] The permeability, absolute permeability, phase permeability, and
relative permeability all refer to factors which influence the flow of fluids
through a porous medium such as a reservoir rock. Embodiments of the
inventive method determine phase permeability by injecting and measuring the
penetration of a fluid which has magnetic permeability (e.g., an elevated
magnetic permeability). Magnetic permeability is an electromagnetic property
which describes the degree of magnetization produced in the material by the
application of a magnetic field. To prevent confusion, in this application we will
refer to “magnetic permeability” when we mean the electromagnetic property.
Otherwise “permeability” will mean a property of porous media related to fluid
flow.

[0023] FIG. 1 shows a system for determining the phase permeabilities of a
subsurface geological formation 110 in proximity to a wellbore 111. The
formation 110 may include a solid matrix (for example, made of grains of silica
or calcite) and a pore space within the matrix which is full of hydrocarbons,
such as crude oil and natural gas, and/or brine. A system to determine
permeability of the geological formation 110 may include surface equipment
101,102,103,107 as well as a downhole tool 104. This surface equipment
includes equipment to mix particles with high magnetic permeability into a fluid
to form a fluid with elevated magnetic permeability. Fluid vessel 101 holds the

fluid. In various embodiments, the fluid may be brine extracted from the well,
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brine from a different source, an artificially formulated water-based fluid, oil
extracted from the well, oil extracted from a different source, and artificially-
formulated oil-based fluid. A brine or water-based fluid may be beneficial
when desired to measure the phase permeability to brine. An oil or oil-based
fluid may be beneficial when desired to measure the phase permeability to oil.
[0024] Particle vessel 103 holds magnetic particles (for example, ferrous
particles) with a high magnetic permeability which will be added and mixed into
the fluid in the fluid vessel 101. The vessel 103 may store magnetic particles,
such as magnetic nanoparticles, that are added to the fluid in the fluid vessel
101 to increase the magnetic permeability of the fluid. The magnetic particles
may optionally have a coating applied, such as described in U.S. Patent No.
10,273,399, U.S. Patent No. 10,308,865, U.S. Patent No. 10,487,259, and
U.S. Patent No. 10,501,682, which are incorporated by reference herein in
their entirety. In various embodiments, the mixing of the particles with the fluid
may occur at the surface as illustrated in FIG. 1 or may occur downhole within
the wireline tool or by a second tool deployed for this purpose, where the tank
for storing magnetic particles may be located within the tool rather than at the
surface.

[0025] FIG. 1is a well having a wellbore 111 in a geological formation 110
(subterranean formation). A pump 102 acts to develop a pressure in the
wellbore 111 which exceeds the pressure far from the wellbore in the formation
110 such that the fluid with elevated magnetic permeability from vessel 101 is
forced into the formation 110, causing a portion 112 of the formation 110 near
the wellbore to become saturated with the fluid such that this saturated portion
of the formation 110 has a higher magnetic permeability than portions that did
not become saturated with the fluid. The saturated region 112 extends further
from the wellbore in the radial direction in parts of the formation 110 with high
permeability 113, and does not extend as far in parts of the formation 110 with
low permeability 114. Casing pipe 120 of the wellbore 111 may prevent the
fluid from penetrating the formation 110 at certain depths.

[0026] The fluid along with the magnetic particles is injected into the

wellbore 111, as indicated by arrow 116. The injection may be via a motive
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device, such as a pump 102. The surface equipment may include the pump
102 to deliver the fluid (or a slurry of the fluid and magnetic particles) from the
fluid vessel 101 into the wellbore 111 and thus into the formation 110. The
pump 102 may be, for example, a centrifugal pump. The fluid or slurry
discharges from the pump 102 though a conduit 118, such as piping or tubing,
into the wellbore. The pumping of the fluid through the wellbore may provide
pressure (pump head) for penetration of the magnetic particles into the
formation 110. The surface equipment may include a return vessel 107 to
receive a return 119 of a slurry of fluid and magnetic particles from the
formation 110. The return vessel 107 may be a tank to receive the return 119
including fluid and magnetic particles. The return 119 may be produced from
the formation 110 through the wellbore to the return vessel 107. The surface
equipment may be a fluid or slurry system for injection and withdrawal of fluid
and magnetic particles. In various embodiments, the injection pump may be
located at the surface or may be located downhole such as within the wireline
tool or within a coiled tubing conveyed tool.

[0027] A downhole tool 104 may collect data which can be used to
determine the extent of the saturated region 112, and from this log the phase
permeability of the formation 110 along the wellbore 111. To do so, the
downhole tool 104 may have an electronics module or apparatus 109,
transmitter 106 antenna (antenna coil), and receiver 105 antenna (antenna
coil), and may measure the mutual inductance between the transmitter and
receiver coils. In the illustrated embodiment, the downhole tool 104 is depicted
disposed in a wellbore 111 within a formation 110. The downhole tool 104
may be lowered into the wellbore from the Earth surface via, for example, a
wireline cable 115.

[0028] The electronics module 109 may have a hardware processor and
memory storing code executed by the processor to operate the downhole tool
104. The memory may store collected data. The data may include
measurements of the mutual inductance between the transmitter 106 and
receiver 105 coils. The electronics module 109 may transmit data to the Earth

surface via a wireline cable 115, wireless communication, or another telemetry
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system. Alternatively, the electronics module 109 may store the data in its
internal memory to be downloaded after the tool is retrieved from the wellbore.
A computing system 117 may receive the data from the tool. The computing
system 117 may include a processor and memory storing code executed by
the processor to process the data. Such processing may include determining
the phase permeability of the formation 110 based on measured mutual
inductance or self-inductance or other property related to the magnetic
permeability of the formation.

[0029] The wellbore 111 may be open-hole or may have casing 120. For a
cased wellbore 111, the annulus between the casing and the formation may be
cemented. The casing and cement may have perforations to allow fluid and
particle flow through the cemented casing between the formation 110 and the
wellbore 111.

[0030] In various embodiments, the portion of the wellbore 11 where the
fluid is to be injected may be isolated from the remainder of the wellbore 111
using packers such that the injection pressure is only applied in the desired
portion of the wellbore 111. Fluid may be initially produced from a portion of
the wellbore to remove mudcake from the borehole wall. The fluid injection
may occur during a drill stem test, where the fluid is injected immediately
following or during the flow rate testing. In various embodiments, a formation
fluid sampling tool may attach to the borehole wall, produce fluid from the
formation to remove mudcake, and then perform the fluid injection.

[0031] During the injection 116 of the fluid having magnetic particles and
during the subsequent production of the return 119 having magnetic particles,
the downhole tool 104 may produce a magnetic field 122. The tool 104 may
produce the magnetic field 122 via the transmitter 106 antenna through the
formation 110 and detect the magnetic field 122 via the receiver 105 antenna.
Thus, the mutual inductance may be determined between the transmitter and
receiver coils. From the mutual inductance measurement, the extent of
invasion 112 of the fluid with elevated magnetic permeability may be
determined as the measured mutual inductance changes over time during the

injection and withdrawal of fluid with magnetic particles. The downhole tool
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104 as an electrical apparatus may measure magnetic permeability (u) of the
geological formation 110 during fluid injection 116 and withdrawal 119. Before,
during, and after injection or withdrawal, multiple electromagnetic
measurements (images) can be made and captured by the downhole tool 104.
[0032] Thus, embodiments provide for a downhole tool 104 and associated
surface equipment to measure magnetic permeability in-situ. The sensor array
(transmitter 106 antenna and receiver 105 antenna with the electronics module
109) may make an initial measurement or logging run before injection of
magnetic particles. This initial measurement may serve as a baseline
measurement of local magnetic permeability. As discussed, magnetic particles
(e.g., magnetic nanoparticles) may then be injected into the wellbore 111 and
dispersed through the formation 110. The sensor array may measure (for
example, continually) the local magnetic permeability distribution. The
downhole tool 104 may record changes to this measured quantity of magnetic
permeability as the magnetic particles travel through the formation 110 and
affect the local magnetic permeability surrounding the sensor array. The
particle dispersion may then be reversed by producing from the formation 110.
The sensor array may continually measure the local magnetic permeability and
record changes to this measured quantity over time during the production of
particles from the formation 110. By measuring local magnetic permeability
during (1) the baseline, (2) the injection of magnetic nanoparticles, and (3) the
production of magnetic nanoparticles from the well, the tool sensor array may
obtain a set of radial profiles of particle distribution as a function of time. The
evolution of magnetic-permeability radial profiles can be a function of
permeability. Therefore, by comparing these radial profiles as a function of
time, the permeability may be obtained.

[0033] The induction transmitter(s) 105 and receiver(s) 106 may be
positioned along the tool 104 axis. The electronics module 109 via electrical
equipment of the tool 104 may generate an electrical voltage or current
waveform to be applied to the transmitter 105 coil. The transmitter 105 may
cause a magnetic field to travel through the formation 110, inducing a voltage

waveform in the receiver 106 antenna coils. The electronics module 109 may
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condition and process the signals from receiver 106 antenna coils. The
acquired data may be stored in the downhole tool 104 or sent to the Earth
surface via telemetry through the wireline cable 115 utilized to lower the tool
104 into the wellbore.

[0034] The waveform applied to the transmitting coil may be a sin-wave
(sine wave) at a single frequency, a combination of sin-waves at multiple
frequencies, or a square-wave with a continuum of frequency content. The
downhole tool 104 including its electronics module 109 may utilize single
frequency sin-wave, multiple-frequency sin wave, or square-wave
transmissions in order to interrogate the magnetic permeability of the
surrounding formation.

[0035] The downhole tool 104 can be of a transformer-type having at least
one receiver 106 antenna coil and at least one transmitter 105 antenna coil or
of an inductive type having a single coil (self-inductance), such as with a
transmitter 105 antenna but no receiver 106 antenna. A downhole tool 104 of
a transformer type has a separate transmitter 105 antenna and receiver 6
antenna as depicted in FIG. 1 and discussed earlier. In other words, the
measuring apparatus of the tool 4 may have at least one transmitter 5 antenna
and at least one receiver 6 antenna and may measure the mutual inductance
between the antennas. Mutual inductance may be the extent to which a time-
varying current in the transmitter antenna induces a voltage in the receiver
antenna, so it may be determined in one embodiment by applying a time-
varying current to the transmitter antenna and measuring the voltage induced
in the receiver antenna. The mutual inductance depends on the magnetic
permeability of the formation around the tool, such that injecting a fluid with
elevated magnetic permeability into the formation causes an increase in the
magnetic permeability of the formation where the fluid penetrates. This will
result in an increased mutual inductance measured between the transmitter
and receiver coils.

[0036] In operation, the electromagnetic transmitter 105 antenna radiates a
time-varying magnetic field into the formation and induces a time-varying

voltage in receiving coils (receiver 105 antenna) which is determined at least in
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part by the field which has passed through the formation 110. Induced voltage
at the receiver 105 antenna coils may depend on electrical and magnetic
properties of formation 110. For the transformer type, the downhole tool 104
may have one transmitter 105 antenna and one receiver 106 antenna or may
have one active transmitter antenna and multiple simultaneously active
receiver antennae, or may have multiple simultaneously active transmitter 105
antennae, for example operating at different frequencies, and one or multiple
simultaneously active receiver 106 antennae.

[0037] The mutual inductance between a pair of transmitter and receiver
coils is not equally sensitive to magnetic permeability changes at all depths or
at all radial distances from the axis of the tool. Rather, the sensitivity is
greatest near the depth of the coils. The sensitivity is a function of radial
distance into the formation that depends on the separation of the coils along
the axis of the tool. Thus, by measuring the mutual inductance between the
coils with different separation distances along the tool axis, the magnetic
permeability at different depths into the formation can be determined, thus the
magnetic permeability at different radial distances from the wellbore axis can
be measured. In one embodiment, there are multiple pairs of transmitter and
receiver coils with different separations between transmitter and receiver coils,
such that measuring the mutual inductance between these pairs of coils allows
the magnetic permeability to be determined as a function of radial distance
from the tool axis. In one embodiment, a coil can be configured by the
electronics inside the tool to function as a transmitter at one time and a
receiver at a different time to reduce or minimize the number of coils required
to achieve a desired set of coil separations.

[0038] In one embodiment, the downhole tool 104 may be of an inductive
type, where a single coil functions as both transmitter and receiver at the same
time. In this case, a time-varying voltage is applied to the coil and the time-
varying current produced through the same coil are measured to determine the
self-inductance of the coil. This self-inductance depends on the magnetic
permeability of the formation around the tool, such that injecting a fluid with

elevated magnetic permeability results in an increase in the self-inductance of
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the coil. The self-inductance of the coil is not equally sensitive to magnetic
permeability changes at all locations in the formation. Rather it is most
sensitive to magnetic permeability changes at the depth of the coil, and at
radial distances that depend on the length of the coil. A longer coil projects its
magnetic field further into the formation and is therefore sensitive to magnetic
permeability changes deeper in the formation. In one embodiment, the tool
contains multiple coils of different length to probe the magnetic permeability at
different distances into the formation. In another embodiment, the tool
contains a single long coil, where the electronics inside the transmitter may
connect to and energize longer or shorter segments of the same coil to
achieve different sensitivity depths without requiring multiple coils.

[0039] The receiver and transmitter coils of the transformer-type tool and
the single coil of the inductive-type tool may be solenoids with a constant
winding density or constant number of turns per unit length along the coil
length, or they may have varying densities of windings along their length, or
may be made up of smaller solenoid segments connected in series and
positioned at uniform or non-uniform spacing along the axis of the tool. These
different coil geometries can be selected to achieve the desired magnetic field
strength at different axial and radial distances from the center of the tool, which
will produce different sensitivities in the axial and radial direction to changes in
magnetic permeability, sensitivity being greater where the magnetic field is
stronger.

[0040] These solenoidal coils wound around the axis of the tool are equally
sensitive to permeability changes at all radial directions from the tool. The
receiver and transmitter coils may have turns around an axis perpendicular to
the axis of the tool to sense magnetic permeability selectively in one radial
direction.

[0041] The propagation of electromagnetic waves in any medium is
determined by the conductivity, permittivity, and magnetic permeability of the
medium. The inventors recognized that the injection of a fluid into a formation
will cause changes in the conductivity and permittivity of the formation by at

least two mechanisms: the injected fluid will partially replace the mixture of
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hydrocarbons and brine originally in the pore space and the displaced mixture
will push through the formation ahead of the injected fluids, changing the
water/oil saturation even beyond the reach of the injected fluids. The degree
to which the pore fluids are displaced and the alterations in saturation
produced by the displaced fluids ahead of the injected fluids are confounding
variables that would make it difficult to determine the penetration of an injected
fluid which differed from the pore fluids in its conductivity or permittivity. The
inventors recognized that the existing pore fluids are non-magnetic having a
magnetic permeability exactly equal to that of free space. Thus, any measured
change in the magnetic permeability of the formation can only indicate the
presence of injected fluid with enhanced magnetic permeability. Although the
change in magnetic permeability achievable by adding magnetic particles to
the injected fluid is small (roughly 1%), there is generally no other possible
cause for magnetic permeability change downhole other than the injected fluid.
Thus in embodiments, the injected fluid has an elevated magnetic
permeability.

[0042] The mutual inductance between transmitter and receiver coils or the
self-inductance of a single coil are influenced by the conductivity of the
medium due to the induction of eddy currents and by the magnetic
permeability of the medium. The inventors recognized that the effect of eddy
currents on the mutual inductance or self-inductance could be made negligibly
small by reducing the frequency of the measurement. For coil separations up
to several meters and typical conductivities of downhole rocks, a measurement
frequency below 1 kHz is essentially unaffected by conductivity changes that
might be caused by fluid injection. This ability to measure magnetic
permeability at a frequency where there was no confounding effect of
conductivity changes is another reason why injecting a fluid with elevated
magnetic permeability is implemented in embodiments.

[0043] In another embodiment, the assembly or tool 104 may measure
magnetic permeability and electrical conductivity by using measurement
frequencies that are high enough to sense both effects, or one higher

frequency which sees both effects and one lower frequency which sees only
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the effect of magnetic permeability. Conductivity may be measured in this way
to minimize or remove the effect of the formation fluid changes during
magnetic permeability measurement.

[0044] Once the mutual inductance between the coils is measured for at
least one frequency and coil separation or the self-inductance of a coil is
measured for at least one frequency and coil length, the magnetic permeability
of the formation can be found by solving an inverse problem. In one
embodiment, the region around the tool is divided into N smaller cells which
are assumed to have a constant permeability. In one embodiment, the region
is divided into cells by surfaces at various radii from the borehole, forming cells
which are cylindrical cells all having the same axis as the borehole, for
example, with each cell having the same thickness or cells having thicknesses
that increase exponentially or proportionally with their radii. The M mutual
inductances between all pairs of coils for a transformer type tool and/or the M
self-inductances of all coils for an induction type tool are computed in
numerical simulation for a background case where the magnetic permeability
in all cells equals the permeability of free space. If P frequencies are used in
the measurement, then the simulation is repeated for each frequency
producing M*P measurements. Then the magnetic permeability of each of the
N cells is increased slightly in turn, for example by dp = 0.001*uo where o is
the magnetic permeability of free space, and the M*P measurements are
recalculated and the measurements in the unincreased (baseline) case are
subtracted to provide M*P measurement differences. These M*P
measurement differences are divided by dp and placed in the rows of a M*P x
N matrix C, which relates a perturbation in the mutual inductance in any

combination of the N cells to the corresponding change in the measurements:

y=Cx

Where C is the change in magnetic permeability and y is the change in the

measured mutual inductances. When the difference between the measured

mutual inductances and the baseline mutual inductances are found in the field,
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an estimate X of the magnetic permeability variations (from the baseline or
free space permeability) in the cells around the borehole can be found in one

embodiment as the least squares inverse,
£=(CHc)1cHy

Where H indicates the Hermetian or complex conjugate transpose. This
allows the mutual inductance changes in C to be complex valued, allowing for
complex mutual inductances where the imaginary part would represent a
resistive component due to circuit or coil resistances or losses in the medium
due to eddy currents). Optionally, a N x N covariance matrix P can be added
inside the inverse to regularize the inverse, that is, to prevent it from being
unstable when C¥C is not full rank or has eigenvalues which vary by many
orders of magnitude. In one embodiment, P = I¢? where | is the identity
matrix, and o2 is a constant that may be determined experimentally or may be

the prior variance of the mutual inductance variations.
£=(CHC+P)icHy

[0045] If the magnetic permeability of the fluid is u; and the background
magnetic permeability of the formation before injection was pu, and magnetic
permeability as a function of radial distance is u(r), r, is the radius of the
wellbore, and r,,,, is a radius beyond which there is no significant change in
magnetic permeability, then the flow rate per unit depth of the ith phase can be
found as the total volume of injected fluid divided by the duration of the

injection AT,

q; 2w (maexp(r) — Mo

— dr
He —Hlo

h AT/,

w

[0046] To determine the phase permeability of the formation, a pressure
transducer 121 is provided in the wireline tool 4 preferably at the depth where

the injection will take place, for example, it could be placed between the coils 5
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and 6. The pressure transducer measures an injection pressure P; at the
injection depth in the wellbore during the injection and a formation pressure Py,
before or after the injection when there is no fluid moving in or out of the
reservoir. Using the inflow performance relationship for the well, preferably
for a transient flow where the pressure effect of the injection has not reached
the boundaries of the formation, we have the phase permeability for the ith

phase in millidarcies:

k 102 6044 ( it ) 3.23 + 0.87 ]qi

i = —————— |lo —3. 87s|—

CT TPy — P LB\ G h

Where p; is the viscosity of the ith phase in centipoise (cp), tis the time of the
injection in hours, ¢ is the volume fraction of injected fluid in the rock near the
wellbore, which can be taken as a volume-weighted average over those

distances r where the formation is substantially full of injected fluid:

And s is the skin factor, which indicates the extent to which there is a low

permeability skin on the face of the formation which prevents fluid flow.

[0047] FIG. 2 is a method 200 to determine the permeability (such as the
phase permeability or the absolute permeability) of a geological formation
(subterranean formation). The geological formation may be a formation in the
Earth crust. The formation may have hydrocarbons in the pore space and thus
be labeled as a hydrocarbon-bearing formation.

[0048] At block 202, the method includes deploying a downhole tool into a
wellbore in the geological formation. The downhole tool includes a transmitter
and a receiver. The downhole tool may include an electronics module to direct
operation of the downhole tool. The deploying of the downhole tool may
include lowering the downhole tool into the wellbore via a wireline. The
method may include calibrating the downhole tool in air outside of the wellbore

before lowering the downhole tool into the wellbore.
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[0049] At block 204, the method includes injecting magnetic particles
through the wellbore into the geological formation. The injecting may involve
pumping fluid having the magnetic particles from through Earth surface
through the wellbore into the geological formation. For an open-hole wellbore
with no casing at the depth of injection, the fluid having the magnetic particles
may flow through the wellbore directly into the geological formation. For a
wellbore with a casing or cemented casing, the fluid having the magnetic
particles may flow through the wellbore and through perforations in the casing
into the geological formation. In one embodiment, the magnetic particles may
be carried by an oil-based fluid to measure the phase permeability for oil. In
one embodiment, the particles may be carried by a water-based fluid to
measure the phase permeability for brine.

[0050] At block 206, the method includes measuring, via the downhole tool,
magnetic permeability of the geological formation having the injected magnetic
particles. The method may also include measuring, via the downhole tool,
magnetic permeability of the geological formation before injecting the magnetic
particles as a baseline or reference measurement. In some implementations,
such prior measuring may be a form of calibration of the downhole tool.

[00561] The method may include emitting a magnetic field into the geological
formation from the transmitter. This may be employed by the downhole tool in
measuring the magnetic permeability. Further, the measuring of magnetic
permeability may include sensing the magnetic field at the receiver of the
downhole tool. The downhole tool via the measuring (and the electronics
module) may obtain a set of radial profiles into the geological formation from
the tool as a function of time. In certain embodiments, the measuring of the
magnetic permeability includes reducing effect of electrical conductivity of the
geological formation on the measuring of the magnetic permeability. Such
may be implemented via the transmitter, the electronics module, and also a
computing system at the Earth surface (local or remote). To reduce effect of a
confounding parameter, such as conductivity, the method may specify the
frequency of the emitted electromagnetic radiation or specify timing of the

magnetic-permeability measurement, or both.
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[0052] At block 208, the method includes correlating, via a hardware
processor, the permeability with the magnetic permeability to determine the
permeability of the geological formation. The evolving radial profiles of
magnetic permeability may be a function of permeability. Therefore, the
permeability can be determined or calculated. For instance, by comparing the
radial profiles as a function of distance or time, the permeability may be
obtained. The processor may be in the electronics module or in a computing
system at the Earth surface (local or remote).

[00563] Anembodimentis a method to determine the permeability downhole
of a formation surrounding a borehole. The method includes deploying a
downhole tool into the borehole at a specific depth and injecting a fixed
amount of magnetic-permeability doped fluid into the formation around the
downhole tool. The method includes measuring, via the downhole tool, a post-
injection radial profile of magnetic permeability of the formation around the
downhole tool after injecting the fixed amount of magnetic-permeability doped
fluid. The method includes withdrawing fluid from the formation and
measuring, via the downhole tool, a post-production radial profile of magnetic
permeability of the formation around the downhole tool after withdrawing a
fixed amount of fluid from the formation. The method includes correlating a
difference between the post-production radial profile and the post-injection
radial profile with permeability of the formation around the downhole tool. The
method may include measuring, via the downhole tool, a radial profile of
magnetic permeability of the formation around the downhole tool during the
injecting of the fixed amount of magnetic-permeability doped fluid. Thus, the
downhole tool or remote computer may determine the permeability correlative
with a time rate of change of the radial profile of the magnetic permeability
during the injecting of the fixed amount of magnetic-permeability doped fluid.
The method may include measuring, via the downhole tool, a radial profile of
magnetic permeability of the formation around the downhole tool during the
withdrawal of the fixed amount of fluid from the formation. Thus, the downhole
tool or remote computing system may determine the permeability of the

formation around the downhole tool as correlative with a time rate of change of
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the radial profile of the magnetic permeability during the withdrawal. The
method may also determine the permeability correlative with a time rate of
change of the radial profile of the magnetic permeability over time during the
combination of the injecting and subsequent withdrawal.

[0054] FIG. 3 is a method 300 to determine permeability of a geological
formation in the Earth crust. At block 302, the method includes lowering a
downhole tool into a wellbore in the formation. The downhole tool has a
transmitter and a receiver. In some embodiments, the downhole tool has an
electronics module to facilitate managing operation of the downhole tool. The
downhole tool may be lowered into the wellbore via a wireline or coiled tubing.
[00565] At block 304, the method includes injecting magnetic particles
through the wellbore into the formation. The injecting may include pumping
fluid having the magnetic particles from the Earth surface through the wellbore
into the formation. The method may include holding or storing fluid and
magnetic particles in one or more vessels at the Earth surface.

[0056] At block 306, the method includes withdrawing the magnetic
particles from the formation through the wellbore. The withdrawing of the
magnetic particles may include receiving the magnetic particles from the
formation through the wellbore to a vessel at the Earth surface. In one
implementation, the withdrawing involves pumping fluid from the Earth surface
through the wellbore into the formation to wash or displace the magnetic
particles from the formation to a second wellbore. In another implementation,
the withdrawing involves relying on formation pressure to produce (withdraw)
the magnetic particles from the formation to the wellbore in which the
downhole tool is disposed.

[0057] At block 308, the method includes measuring magnetic permeability
of the formation via the downhole tool during injecting the magnetic particles
and during withdrawing the magnetic particles. The measuring may involve
emitting electromagnetic radiation waves from the transmitter, such as
transmitter coil or coils, into the formation. If so, the measuring may also
include receiving the electromagnetic radiation waves at the receiver such as

at a receiver coil(s). The method may include measuring magnetic
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permeability of the formation via the downhole tool prior to injecting the
magnetic particles. Also, the method may include calibrating the downhole
tool in-air prior to lowering the downhole tool into the wellbore.

[0058] At block 310, the method includes determining, via a hardware
processor, the permeability of the formation with respect to the measured
magnetic permeability. For instance, the method may determine the
permeability as a function of the magnetic permeability. The method may
determine, via the processor, the permeability correlative with a profile of the
magnetic permeability. The evolution of magnetic permeability radial profiles
can be a function of permeability. By mapping the radial distribution of
magnetic permeability and how the magnetic permeability changes during
injection and production (withdrawal) of magnetic particles (for example,
nanoparticles), the local-formation permeability can be obtained or measured
in-situ.

[0059] Thus, certain embodiments relate to determining formation
permeability around the wellbore by injecting fluid loaded with magnetic
particles (for example, ferroelectric particles) into the formation and measuring
the change in magnetic permeability radially surrounding the tool during
injection and withdrawal of the fluid. A downhole sensor array measures the
radial distribution of magnetic permeability by sensing changes in the response
of sensors such as a series of transmitter and receiver coils. By mapping the
radial distribution of magnetic permeability and how the magnetic permeability
changes during injection and production of magnetic nanoparticles, the local-
formation permeability can be obtained or measured in-situ.

[0060] To determine permeability downhole, the downhole-tool sensor array
(transmitter and receiver coils) may make a baseline measurement of
magnetic permeability of the geological formation before injection of magnetic
particles. During injection of magnetic particles into the wellbore and
dispersion through the formation, the sensor array may measure the magnetic
permeability distribution and record changes to this measured distribution as
the particles travel through the formation. The particle dispersion may then be

then reversed by producing from the formation. The sensor array measures
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(for example, continually) the local magnetic permeability and records changes
to this measured quantity over time. By measuring magnetic permeability
during the baseline, injection of magnetic particles, and production of magnetic
particles from the formation, the sensor array may obtain a set of radial profiles
as a function of time. The evolving radial profiles of magnetic permeability
may be a function of permeability and thus indicate permeability which
therefore can be determined or calculated.

[0061] An embodimentis a system to determine the permeability downhole
of a geological formation surrounding a borehole. The system includes a
downhole tool to be deployed at a specified depth in a wellbore to measure
magnetic permeability of the formation surrounding the downhole tool as a
function of radial depth. The radial depth may be the radial distance from a
longitudinal axis of the wellbore or from the longitudinal axis of the deployed
downhole tool. The system includes a magnetic-permeability doped fluid to
diffuse through the formation surrounding the downhole tool. The magnetic-
permeability doped fluid may also be labeled as a magnetic doped fluid. The
magnetic-permeability doped fluid may be fluid having magnetic particles. The
fluid (for example, water or hydrocarbon) may be include (doped with)
magnetic particles. The system to determine permeability includes a surface
system (for example, the aforementioned associated surface equipment)
having a pump to inject the magnetic-permeability doped fluid through the
wellbore into the formation. The surface system includes a vessel to withdraw
the magnetic-permeability doped fluid from the formation through the wellbore.
A surface system may inject magnetic-permeability doped fluid into the
formation surrounding the downhole tool through a different wellbore than the
wellbore where the downhole tool is deployed. A surface system may produce
the magnetic-permeability doped fluid from the formation through a different
wellbore than the wellbore where the downhole tool is deployed.

[0062] In implementations, the downhole tool includes a transmitter having
electronics and coils to transmit electromagnetic waveforms through the
formation in a radial direction from a longitudinal axis of the wellbore and the

downhole tool. The downhole tool includes a receiver having electronics and
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receiving coils to receive the electromagnetic waveforms through from the
transmitter the formation and to normalize the electromagnetic waveforms.
The downhole tool includes processor electronics to determine penetration
distance of the magnetic-permeability doped fluid in a radial direction from a
longitudinal axis of the wellbore and downhole tool as a function of time. The
process electronics may correlate a time rate of change of magnetic
permeability in the radial direction with permeability of the formation. The
electromagnetic waveform may have a sine shape, a square shape, or a multi-
waveform shape.

[0063] Some embodiments relate to permeability evaluation of a geological
formation (having hydrocarbon) in the Earth by measuring formation magnetic
permeability and/or electric conductivity via a downhole tool at various
frequencies and distances between receiver and transmitter coils of the
downhole tool. The changing of formation magnetic permeability and
conductivity is sensed via a magnetic field traveling through the formation and
induced responsive voltage in the receiver coils. Parameters that may affect
receiver voltage induced by the transmitter include: coil configuration, number
of turns, material of the tool, and transmitter output power. Certain
embodiments measure electromagnetic or magnetic permeability and
conductivity at various frequencies and distances between receiver and
transmitter coils.

[0064] An embodiment is a system to determine permeability of a
hydrocarbon formation in Earth. The system includes a downhole tool to be
lowered into the wellbore in the hydrocarbon formation to measure magnetic
permeability of the hydrocarbon formation. The downhole tool includes a
transmitter to emit electromagnetic waves into the hydrocarbon formation. The
system includes surface equipment at the Earth surface adjacent a wellbore to
inject magnetic particles through the wellbore into the hydrocarbon formation.
In certain implementations, the downhole tool has a receiver to sense the
electromagnetic waves to measure the magnetic permeability. The system
may have a hardware processor and memory storing code executable by the

hardware processor to correlate the permeability with the magnetic
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permeability. In some implementations, the downhole tool has an electronics
module having the hardware processor and the memory. The system may
also include a computing system having the hardware processor and the
memory.

[0065] Another embodiment is a system to determine permeability of a
geological formation. The system includes surface equipment at the Earth
surface adjacent a wellbore to inject fluid having magnetic particles through the
wellbore into the geological formation. The system includes a downhole tool to
be lowered into the wellbore in the geological formation to measure magnetic
permeability of the geological formation. The downhole tool has a transmitter
to emit electromagnetic radiation into the geologic formation and a receiver to
sense the electromagnetic radiation. The downhole tool may have an
electronics module to facilitate operation of the downhole tool. In
implementations, the surface equipment includes a pump to inject the fluid
having the magnetic particles.

[0066] Yet another embodiment is a downhole tool to determine
permeability of a geological formation. The downhole tool has a coupling for
wireline to lower the downhole tool into a wellbore in the geological formation.
The coupling may include a loop, clamp, bolting, or connector. The downhole
tool has a transmitter (for example, with a coil or coils) to emit electromagnetic
radiation waves into the geological formation. The downhole tool has a
receiver (for example, with a coil or coils) to sense the electromagnetic
radiation waves for the downhole tool to measure magnetic permeability of the
geological formation. The downhole tool includes an electronics module to
facilitate operation of the downhole tool and to provide data of the measure
magnetic permeability for determination of the permeability. The electronics
module may have a processor and memory storing code executed by the
processor to implement features. In certain implementations, the electronics
module correlates the data with permeability to determine the permeability of
geological formation. In some implementations, the electronics module is
configured to provide the data to a computer at an Earth surface near the

wellbore or remote from the wellbore. In one implementation, the electronics
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module in operation directs the transmitter to emit the electromagnetic
radiation waves at a specified frequency to reduce effect of conductivity of the

geological formation on the measure of the magnetic permeability.
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WHAT IS CLAIMED IS:
1. A system to determine permeability of a downhole formation

surrounding a borehole, comprising:

a downhole tool to be deployed at a specified depth in a wellbore to
measure magnetic permeability in a region of a formation surrounding the
downhole tool;

magnetic-permeability doped fluid to push into the formation
surrounding the downhole tool; and

a pumping system comprising a pump to inject the magnetic-
permeability doped fluid into the formation; and

a pressure sensor to measure pressure in the wellbore while the

magnetic-permeability doped fluid is injected.

2. The system of claim 1, wherein the pumping system injects the
magnetic-permeability doped fluid into the formation surrounding the downhole
tool through a different wellbore than the wellbore where the downhole tool is

deployed.

3. The system of claim 1, wherein the pumping system produces the
magnetic-permeability doped fluid from the formation through a different

wellbore than the wellbore where the downhole tool is deployed.

4, The system of claim 1, wherein the downhole tool comprises:

a transmitter comprising electronics and coils to produce a time-varying
magnetic field extending into the formation in a radial direction from a
longitudinal axis of the wellbore and the downhole tool;

a receiver comprising electronics and receiving coils to measure the
time-varying magnetic field produced by the transmitter; and

processor electronics to determine penetration distance of the
magnetic-permeability doped fluid in a radial direction from a longitudinal axis

of the wellbore and downhole tool as a function of time and to relate time rate
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of change of magnetic permeability in the radial direction to the permeability of

the formation.

5. The system of claim 4, wherein an electrical waveform applied to a
transmitter coil of the transmitter has a sinusoidal shape, a square shape, or a

multi-waveform shape.

6. A method to determine permeability downhole of a geological formation
surrounding a borehole, comprising:

deploying a downhole tool into the borehole at a specific depth;

measuring, via the downhole tool, a baseline radial profile of magnetic
permeability of the geological formation around the downhole tool;

injecting a fixed amount of magnetic-permeability doped fluid into the
geological formation around the downhole tool;

measuring, via the downhole tool, a post-injection radial profile of
magnetic permeability of the geological formation around the downhole tool
after injecting the fixed amount of magnetic-permeability doped fluid;

comparing the baseline radial profile with the post-injection radial profile
to determine a difference between the post-injection radial profile and the
baseline radial profile; and

calculating the permeability of the geological formation around the
downhole tool utilizing the difference between the post-injection radial profile

and the baseline radial profile.

7. The method of claim 6, comprising measuring, via the downhole tool, a
radial profile of magnetic permeability of the geological formation around the
downhole tool after injecting of the fixed amount of magnetic-permeability
doped fluid.

8. A method to determine permeability downhole of a formation

surrounding a borehole, comprising:

deploying a downhole tool into the borehole at a specific depth;
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injecting a fixed amount of magnetic-permeability doped fluid into the
formation around the downhole tool;

measuring, via the downhole tool, a post-injection radial profile of
magnetic permeability of the formation around the downhole tool after injecting
the fixed amount of magnetic-permeability doped fluid;

withdrawing fluid from the formation;

measuring, via the downhole tool, a post-production radial profile of
magnetic permeability of the formation around the downhole tool after
withdrawing a fixed amount of fluid from the formation; and

correlating a difference between the post-production radial profile and
the post-injection radial profile with permeability of the formation around the

downhole tool.

9. The method of claim 8, comprising:

measuring, via the downhole tool, a radial profile of magnetic
permeability of the formation around the downhole tool during the injecting of
the fixed amount of magnetic-permeability doped fluid; and

determining the permeability correlative with a time rate of change of
the radial profile of the magnetic permeability during the injecting of the fixed

amount of magnetic-permeability doped fluid.

10.  The method of claim 8, comprising:

measuring, via the downhole tool, a radial profile of magnetic
permeability of the formation around the downhole tool during the withdrawing
of fluid from the formation; and

determining the permeability correlative with a time rate of change of

the radial profile of the magnetic permeability during the withdrawing.

11.  The method of claim 8, comprising:
measuring, via the downhole tool, a radial profile of magnetic
permeability of the formation around the downhole tool during the injecting of

the fixed amount of magnetic-permeability doped-fluid;
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measuring, via the downhole tool, the radial profile of magnetic
permeability of the formation around the downhole tool during the withdrawal
of the fixed amount of fluid from the formation; and

determining the permeability correlative with a time rate of change of
the radial profile of the magnetic permeability during the injecting and during

the withdrawal.

12. A method to determine permeability of a downhole formation
surrounding a borehole, comprising:

deploying a downhole tool into a borehole at a specific depth;

measuring, via the downhole tool, a baseline radial profile of magnetic
permeability of a formation around the downhole tool;

injecting a fixed amount of magnetic-permeability doped fluid into the
formation surrounding the downhole tool;

measuring, via the downhole tool, a post-injection radial profile of
magnetic permeability of the formation around the downhole tool after the
injection of the fixed amount of magnetic-permeability doped fluid;

withdrawing fluid from the formation; and

measuring, via the downhole tool, a post-withdrawal radial profile of
magnetic permeability of the formation around the downhole tool after

producing a fixed amount of fluid from the formation.

13. The method of claim 12, comprising:

comparing the post-injection radial profile with the post-withdrawal radial
profile in reference to the baseline radial profile to determine a difference
between the post-injection radial profile versus the post-withdrawal radial
profile; and

correlating the difference with the permeability of the formation around

the downhole tool.
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14. A system to determine permeability of a geological formation,
comprising:

a downhole tool to measure magnetic permeability of the geological
formation;

a pump to inject fluid having magnetic particles through a first wellbore
into the geological formation; and

a vessel to receive fluid having magnetic particles withdrawn from the

formation through a second wellbore.

15.  The system of claim 14, wherein the second wellbore is the first

wellbore.

16.  The system of claim 14, wherein the downhole tool comprises:

a transmitter comprising coils to emit electromagnetic waveforms into
the geological formation;

a receiver comprising coils to receive the electromagnetic waveforms
emitted from the transmitter into the geological formation; and

a processor to determine penetration distance of the magnetic particles
into the geological formation in a radial direction from a longitudinal axis of the

downhole tool as a function of time.

17.  The system of claim 16, wherein the processor to correlate a time rate
of change of magnetic permeability in the radial direction with permeability of

the geological formation.

18. A method comprising:
deploying a downhole tool into a wellbore in a geological formation;
measuring, via the downhole tool, a baseline radial profile of magnetic
permeability of the geological formation.
injecting a fluid having magnetic particles into the geological formation;
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measuring, via the downhole tool, a post-injection radial profile of
magnetic permeability of the geological formation after injecting the fluid
having magnetic particles; and

comparing the baseline radial profile with the post-injection radial profile

to determine permeability of the geological formation.

19.  The method of claim 18, comprising measuring, via the downhole tool, a
radial profile of magnetic permeability of the geological formation during the

injecting of the fluid having magnetic particles.

20. A method comprising:

deploying a downhole tool into a wellbore in a geological formation;

injecting a fluid having magnetic particles into the geological formation;

measuring, via the downhole tool, a post-injection radial profile of
magnetic permeability of the formation after injecting the fluid having the
magnetic particles;

withdrawing a produced fluid having magnetic particles from the
geological formation;

measuring, via the downhole tool, a post-production radial profile of
magnetic permeability of the geological formation after withdrawing the
produced fluid having magnetic particles from the geological formation; and

correlating a difference between the post-production radial profile and

the post-injection radial profile with permeability of the geological formation.

21.  The method of claim 20, comprising:

measuring, via the downhole tool, a radial profile of magnetic
permeability of the geological formation during the injecting of the fluid having
magnetic particles; and

determining the permeability of the geological formation correlative with
a time rate of change of the radial profile of the magnetic permeability during

the injecting of the fluid having magnetic particles.

32

PCT/US2020/045362



10

15

20

25

30

WO 2021/026432 PCT/US2020/045362

22.  The method of claim 20, comprising:

measuring, via the downhole tool, a radial profile of magnetic
permeability of the geological formation around the downhole tool during the
withdrawing of the produced fluid having magnetic particles; and

determining permeability of the geological formation correlative with a
time rate of change of the radial profile of the magnetic permeability during the

withdrawing of the produced fluid having magnetic particles.

23.  The method of claim 20, comprising:

measuring, via the downhole tool, a radial profile of magnetic
permeability of the geological formation during the injecting of the fluid having
magnetic particles;

measuring, via the downhole tool, the radial profile of magnetic
permeability of the geological formation during the withdrawing of the produced
fluid having magnetic particles; and

determining the permeability correlative with a time rate of change of

the radial profile during the injecting and during the withdrawing.

24. A method to determine permeability of a geological formation,
comprising:

deploying a downhole tool into a wellbore in the geological formation,
the downhole tool comprising a transmitter,

injecting magnetic particles into the geological formation; and

measuring, via the downhole tool, magnetic permeability of the

geological formation having the magnetic particles as injected.
25. The method of claim 24, wherein measuring the magnetic permeability

comprises emitting, via the transmitter, electromagnetic waves into the

geological formation.
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26. The method of claim 24, comprising correlating, via a processor, the
permeability with the magnetic permeability to determine the permeability of

the geological formation.

27. The method of claim 24, wherein measuring comprises reducing effect
of electrical conductivity of the geological formation on the measuring of the

magnetic permeability.

28. The method of claim 24, wherein measuring comprises, receiving at a
receiver of the downhole tool, electromagnetic waves emitted by the

transmitter into the geological formation.

29. The method of claim 24, wherein injecting comprises pumping fluid

having the magnetic particles into the geological formation.

30. The method of claim 24, comprising measuring, via the downhole tool,
the magnetic permeability of the geological formation prior to injecting the

magnetic particles into the geological formation.

31. A method to determine permeability of a formation in Earth crust,
comprising:

lowering a downhole tool into a wellbore in the formation, the downhole
tool comprising a transmitter and a receiver,;

injecting magnetic particles through the wellbore into the formation;

withdrawing the magnetic particles from the formation through the
wellbore; and

measuring magnetic permeability of the formation via the downhole tool
during injecting the magnetic particles and during withdrawing the magnetic

particles.

32. The method of claim 31, comprising measuring magnetic permeability of

the formation via the downhole tool prior to injecting the magnetic particles.
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33.  The method of claim 31, comprising calibrating the downhole tool in-air

prior to lowering the downhole tool into the wellbore.

34. The method of claim 31, wherein injecting comprises pumping fluid
having the magnetic particles from an Earth surface through the wellbore into

the formation.

35.  The method of claim 34, wherein withdrawing comprises receiving the
magnetic particles from the formation through the wellbore to a vessel at

surface adjacent the wellbore.

36. The method of claim 31, wherein withdrawing comprises allowing

produced fluid to displace the magnetic particles from the formation.

37. The method of claim 31, wherein measuring comprises:
emitting electromagnetic radiation waves from the transmitter into the
formation; and

receiving the electromagnetic radiation waves at the receiver.

38.  The method of claim 31, comprising determining, via a processor, the

permeability as a function of the magnetic permeability.

39.  The method of claim 31, comprising determining, via a processor, the

permeability correlative with a profile of the magnetic permeability.

40. A downhole tool to be disposed in a wellbore to determine permeability
of a geological formation, comprising:
a transmitter to emit electromagnetic radiation waves into the geological

formation;
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a receiver to sense the electromagnetic radiation waves for the
downhole tool to measure magnetic permeability of the geological formation;
and

an electronics module comprising a processor and memory storing code
executable by the processor to facilitate operation of the downhole tool and to
provide data of the measured magnetic permeability for determination of the

permeability.

41.  The downhole tool of claim 40, wherein the electronics module to direct
the transmitter to emit the electromagnetic radiation waves at a specified
frequency to reduce effect of electrical conductivity of the geological formation

on the measure of the magnetic permeability.

42.  The downhole tool of claim 40, wherein the electronics module to
provide the data to a computer at surface near the wellbore or remote from the

wellbore.
43.  The downhole tool of claim 40, wherein the electronics module to

correlate the data with the permeability to determine the permeability of the

geological formation.
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