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(57) Abstract: An apparatus for estimating a property of a downhole fluid, the apparatus includes: a carrier contigured to be con-
veyed through a borehole penetrating the Earth; a downhole fluid extraction device disposed at the carrier and configured to ex-
tract the downhole fluid; and a dielectric spectrometer disposed at the carrier and configured to transmit electromagnetic energy
into the extracted downhole fluid at a plurality of frequencies and to measure a plurality of responses to determine a permittivity
of the extracted downhole fluid as a function of frequency; wherein the permittivity is used to estimate the property.
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DIELECTRIC SPECTROSCOPY FOR DOWNHOLE FLUID ANALYSIS DURING
FORMATION TESTING

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of an earlier filing date from U.S.
Provisional Application Serial No. 61/323,582 filed April 13, 2010, the entire disclosure of

which is incorporated herein by reference.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] The present invention relates to apparatus and method for evaluating earth
formations traversed by a well borehole and in particular to formation sampling and testing.
2. Description of the Related Art

[0003] Exploration and production of hydrocarbons require accurate and precise
measurements of earth formations, which may contain reservoirs of the hydrocarbons.
Accurate and precise measurements are important to enable efficient use of exploration and
production resources.

[0004] Well logging is a technique used to perform measurements of an earth
formation from within a borehole penetrating the formation. In well logging, a logging
instrument or tool is conveyed through the borehole. The logging instrument performs the
measurements from within the borehole at various depths. The measurements are associated
with the depth at which the measurements were performed to create a log. In one
embodiment, a wireline is used to support the logging instrument and to transmit
measurements to the surface of the earth for processing and recording.

[0005] Many types of measurements can be made of the earth formation. In one type
of measurement, a formation tester extracts a sample of a fluid from the formation. The fluid
is then analyzed to determine a property of the fluid. In prior art tools, the fluid is illuminated
with light and light reflected from the sample or transmitted through the sample is measured
to determine the property. The light response is detected and converted to an electrical signal
using a photodetector. Unfortunately, the environment deep within the borehole can have
temperatures high enough to cause typical photodetectors, such as photodiodes, to respond

poorly or fail entirely.
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[0006] Therefore, what are needed are techniques to test a formation fluid and

provide an accurate response in the high temperatures of a borehole environment.

BRIEF SUMMARY OF THE INVENTION

[0007] Disclosed is an apparatus for estimating a property of a downhole fluid, the
apparatus includes: a carrier configured to be conveyed through a borehole penetrating the
Earth; a downhole fluid extraction device disposed at the carrier and configured to extract the
downhole fluid; and a dielectric spectrometer disposed at the carrier and configured to
transmit electromagnetic energy into the extracted downhole fluid at a plurality of
frequencies and to measure a plurality of responses to determine a permittivity of the
extracted downhole fluid as a function of frequency; wherein the permittivity is used to
estimate the property.

[0008] Also disclosed is a method for estimating a property of a downhole fluid, the
method includes: conveying a carrier through a borehole penetrating the Earth; extracting the
downhole fluid from within the Earth using a downhole fluid extraction device disposed at
the carrier; determining a permittivity of the extracted downhole fluid as a function of
frequency using a dielectric spectrometer disposed at the carrier and configured to transmit
electromagnetic energy into the extracted downhole fluid at a plurality of frequencies and to
measure a plurality of responses comprising electromagnetic energy due to the transmitting to
measure the permittivity; and using the permittivity to estimate the property.

[0009] Further disclosed is a computer-readable storage medium comprising
computer-executable instructions for estimating a property of a downhole fluid by
implementing a method includes: transmitting electromagnetic energy into the downhole
fluid at a plurality of frequencies; measuring a plurality of responses comprising
electromagnetic energy due to the transmitting to determine a permittivity of the fluid as a

function of frequency; and using the permittivity to estimate the property.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The subject matter, which is regarded as the invention, is particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing
and other features and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings, wherein like elements are

numbered alike, in which:
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[0011] FIG. 1 illustrates an exemplary embodiment of a logging tool disposed in a
borehole penetrating the earth;

[0012] FIG. 2 depicts aspects of a dielectric spectrometer disposed at the logging tool;

[0013] FIG. 3 depicts aspects of another dielectric spectrometer disposed at the
logging tool;

[0014] FIG. 4 illustrates an example of permittivity as a function of frequency for one
type of oil;

[0015] FIG. 5 illustrates an example of permittivity as a function of frequency for
water; and

[0016] FIG. 6 presents one example of a method for estimating a property of a fluid in

the earth formation.

DETAILED DESCRIPTION OF THE INVENTION

[0017] Disclosed are exemplary embodiments of techniques for estimating a property
of a fluid in an earth formation. The techniques, which include apparatus and method, call
for conveying a logging tool in a borehole penetrating the earth formation. The logging tool
is used to extract a sample of the fluid through the borehole wall. Upon obtaining the sample,
the logging tool measures a permittivity (also referred to as a dielectric constant) of the fluid
as a function of frequency using a dielectric spectrometer. The permittivity as a function of
frequency is then used to estimate the property.

[0018] Permittivity is a measure of the ability of a material to polarize in response to
an electric field and, thereby, reduce the total electric field inside the material. In addition,
the permittivity of a material is a quantity used to describe the material’s dielectric properties
that influence reflection of electromagnetic waves at interfaces and the attenuation of wave
energy within the material. Hence, in a non-limiting embodiment, the permittivity of a
material can be determined by measuring the polarization of the material in response to an
applied electric field or, in another non-limiting embodiment, by measuring reflection of
electromagnetic waves by the material and wave energy dissipation in the material.

[0019] The permittivity, in the frequency domain, is generally a complex number and
can be measured in several ways. One way is to apply an alternating current or field (AC)
voltage to the sample using two electrodes that form a configuration similar to that of a
capacitor. The resulting electrical current flowing through the sample is measured. The

permittivity is then derived from the in-phase current and the out-of-phase current. The
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frequency of the applied voltage is generally in the radio-frequency range and, thus, it avoids
the need for a typical optical photodetector with its inherent disadvantages in a high-
temperature environment.

[0020] Another way to measure permittivity is to dispose the sample in a waveguide
and subject the sample to radio-frequency (RF) electromagnetic (EM) waves emitted from a
transducer or antenna. The resulting EM waves reflected by the sample and transmitted
through the sample are measured. From the reflected EM wave measurements and the
transmitted EM wave measurements, the permittivity of the sample can be derived.

[0021] A wide range of molecules and atoms can make up a formation fluid. These
molecules and atoms can have polar structures, which are affected by electric fields. In
general, the polar structures can have different masses and structures that are affected
uniquely by AC electromagnetic energy of a certain frequency transmitted into the formation
fluid. Examples of responses of the atoms and/or molecules include vibration, rotation,
displacement, and dipole inducement. The frequency dependence results from the formation
fluid not responding instantaneously to the applied electric field, but responding as a function
of time. Hence, the chemical composition of the formation fluid can be identified by
transmitting electromagnetic energy into the sample of the fluid at a plurality of frequencies
and measuring resulting responses. In particular, the magnitude and/or phase of a response
may be increased at a resonant frequency and the chemical composition can be identified by
determining the frequencies where the resonances occur.

[0022] Because a response includes detecting electric or electromagnetic energy
having a magnitude and phase with respect to the transmitted electromagnetic energy, the
permittivity is represented as a complex number having a real component (i.e., the dielectric
constant) and an imaginary component. In one embodiment, the real component relates to
energy stored within the formation fluid when the fluid is exposed to an electric field and the
imaginary component relates to the dissipation of energy (i.e., absorption and attenuation)
within the formation fluid. Equation (1) provides a mathematical representation of
permittivity “e” as a complex number where €’ represents the real component, €” represents
the imaginary component, and ® is the angular frequency.

e(0) =e’(0) +i () (D
Equation (1) may be rewritten as equation (2) where Dy is the magnitude of the electric
displacement field, Ey is the magnitude of the electric field, and J is the phase difference

between Dy and Ej.
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e(®) = (Do / Ep) (cosd + isind) 2)

[0023] Non-limiting embodiments of formation fluids of interest to petro-analysts
include oil, water, and natural gas. Natural gas is composed almost entirely of nonpolar
compounds (e.g., methane, ethane, propane, butane, etc.) and has few if any polar compounds
such as asphaltenes. In crude oils, here are many polar compounds, especially asphaltenes,
which lead to dielectric dispersions (i.e., changes in dielectric constant with frequency). For
crude oils, the magnitude of the peak of the imaginary component e’ of permittivity,
generally 1.8 to 2.0, over a frequency range of 1 MHz to 100MHz is an indication of the
amount of asphaltenes in the crude oil. Thus, by measuring the amount of asphaltenes in a
sample of crude oil, the quality of the sample can be classified as light, medium or heavy oil.
Use of higher frequencies such as 1 GHz can allow easy discrimination of oil (with a
dielectric constant of approximately 2) compared to water (with a dielectric constant of
approximately 80). By detecting changes in the chemical identity of the formation fluid with
depth, a location of a boundary between formation layers can be identified.

[0024] For convenience, certain definitions are now presented. The term “radio-
frequency” relates to frequencies below frequencies of light such that a photodetector is not
required for detection or quantification of a received signal in the frequency range of interest.
The term “dielectric spectrometer” relates to apparatus for measuring a dielectric constant of
a formation fluid by transmitting electromagnetic energy into the fluid at a plurality of
frequencies in order to determine the dielectric constant as a function of frequency. The
frequencies are in a range of frequencies that correlate to resonances of materials that may be
expected to be present in the fluid.

[0025] Reference may now be had to FIG. 1 illustrating an exemplary embodiment of
a logging tool 10 disposed in a borehole 2 penetrating the Earth 3. The Earth 3 includes an
earth formation 4 that includes layers 4A-4C, each layer having a property distinguishable
from the property of another layer. As used herein, the term “formation” includes any
subsurface materials of interest that may be analyzed to estimate a property thereof. The
logging tool 10 is supported and conveyed through the borehole 2 by an armored cable 5 in a
technique referred to as wireline logging. In addition to supporting the logging tool 10, the
wireline 5 can be used to communicate information between the logging tool 10 and
equipment at the surface of the Earth 3. In another technique referred to as logging-while-

drilling (LWD), the logging tool 10 is disposed at a drill string or coiled tubing and is
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conveyed through the borehole 2 while the borehole 2 is being drilled. In LWD, the logging
tool 10 performs a measurement during a temporary halt in drilling.

[0026] Still referring to FIG. 1, the logging tool 10 includes a formation fluid
extraction device 6. The formation fluid extraction device 6 is configured to extract a sample
of a fluid from the formation 4 through the wall of the borehole 2. The sample is then
provided to a dielectric spectrometer 7 coupled to the fluid extraction device 6. The dielectric
spectrometer 7 is configured to measure the dielectric constant or permittivity (i.e., real and
complex parts) of the sample as a function of frequency to determine the resonant frequencies
of the sample and, thus, the chemical identity of the materials in the sample. In one
embodiment, the dielectric spectrometer 7 performs measurements with electromagnetic
energy at a plurality of frequencies on one batch of a sample at a time. In another
embodiment, the dielectric spectrometer 7 performs measurements with electromagnetic
energy at a plurality of frequencies on a continuous flow of the extracted sample. When
dielectric constant measurements are performed on a continuous flow of the sample, the flow
rate is selected so that the composition of the sample is not expected to change significantly
during the time interval in which the electromagnetic energy is transmitted at the plurality of
frequencies.

[0027] Still referring to FIG. 1, the formation fluid extraction device 6 includes a
probe 12 configured to extend from the device 6 and form a seal to the wall of the borehole 2.
In order to keep the device 6 in place while the seal is being formed, the device 6 includes a
brace 13 configured to extend from the device 6 and contact the wall of the borehole 2
opposite of the location where the seal is being formed. After the seal is formed, pressure
within the probe 12 is reduced to extract the fluid from the formation 4 into the device 6 from
which it can be transferred to the dielectric spectrometer 7.

[0028] Still referring to FIG. 1, the logging tool 10 includes a downhole electronics
unit 8. The downhole electronics unit 8 can be configured to operate the logging tool 10
and/or communicate data 11 between the logging tool 10 and a surface-processing unit 9.

[0029] Reference may now be had to FIG. 2 depicting aspects of one embodiment of
the dielectric spectrometer 7. The dielectric spectrometer 7 includes a receiver 20 (also
referred to as a test cell) configured to receive the sample of the formation fluid from the
formation fluid extraction device 6. The receiver 20 includes a first electrode 21 and a
second electrode 22 coupled to a variable frequency voltage source 23 configured to apply a

voltage V() to the electrodes 21,22 at a plurality of radio-frequencies. A current analyzer
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24 measures the magnitude and phase of the current I (®) flowing through the sample with
respect to the applied voltage V().

[0030] In one embodiment, the plurality of frequencies at which electromagnetic
energy is transmitted into the sample includes a plurality of discrete frequencies. In another
embodiment, the plurality of frequencies at which electromagnetic energy is transmitted into
the sample is provided by a continuous sweep through a range of frequencies.

[0031] Reference may now be had to FIG. 3 depicting aspects of another embodiment
of the dielectric spectrometer 7. In this embodiment, the receiver 20 is a waveguide
configured to hold the sample while receiving electromagnetic energy at a plurality of radio-
frequencies from a first transducer 31. A second transducer 32 is configured to receive
electromagnetic energy passing through the sample. A third transducer or the first transducer
31 in a receiving mode can be configured to receive electromagnetic energy reflected by the
sample. Using magnitudes and phase relationships of the transmitted-to-sample, reflected-
from-sample, and transmitted-through-sample electromagnetic energy, the dielectric constant
as a function of frequency can be determined. Exemplary embodiments of the transducers 31
and 32 include antennas or coils.

[0032] Reference may now be had to FIG. 4 illustrating an example of permittivity as
a function of frequency of one grade of oil.

[0033] Reference may now be had to FIG. 5 illustrating an example of permittivity as
a function of frequency of water.

[0034] From a comparison of FIGS. 4 and 5, it is recognized that water can be
differentiated from oil by using measurements of permittivity as a function of frequency. In
addition, it is recognized that the permittivity versus frequency curves in FIGS. 4 and 5 have
features such as slopes and changes in slopes that can be characterized by a first derivative
and a second derivative. Hence, the first derivative and the second derivative of a
permittivity (real and/or imaginary components) versus frequency curve for a formation fluid
may be used to estimate a property of the formation fluid.

[0035] FIG. 6 presents a method 60 for estimating a property of a fluid in the earth
formation 4. The method 60 calls for (step 61) conveying the logging tool 10 through the
borehole 2 penetrating the earth formation 4. Further, the method 60 calls for (step 62)
extracting the fluid from the earth formation 4 using the formation fluid extraction device 6.
Further, the method 60 calls for (step 63) determining a permittivity of the extracted fluid as a

function of frequency using the dielectric spectrometer 7 configured to transmit radio-
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frequency electromagnetic energy into the extracted fluid at a plurality of frequencies and to
measure a plurality of responses having radio-frequency electromagnetic energy due to the
transmitting to determine the permittivity. Further, the method 60 calls for (step 64) using
the permittivity to estimate the property.

[0036] In support of the teachings herein, various analysis components may be used,
including a digital and/or an analog system. For example, the downhole electronics 8 or the
surface processing system 9 may include the analog or digital system. The system may have
components such as a processor, storage media, memory, input, output, communications link
(wired, wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors, capacitors,
inductors and others) to provide for operation and analyses of the apparatus and methods
disclosed herein in any of several manners well-appreciated in the art. It is considered that
these teachings may be, but need not be, implemented in conjunction with a set of computer
executable instructions stored on a computer readable medium, including memory (ROMs,
RAMs), optical (CD-ROMs), or magnetic (disks, hard drives), or any other type that when
executed causes a computer to implement the method of the present invention. These
instructions may provide for equipment operation, control, data collection and analysis and
other functions deemed relevant by a system designer, owner, user or other such personnel, in
addition to the functions described in this disclosure.

[0037] Further, various other components may be included and called upon for
providing for aspects of the teachings herein. For example, a sample line, sample pump,
power supply (e.g., at least one of a generator, a remote supply and a battery), cooling
component, heating component, magnet, electromagnet, sensor, electrode, transmitter,
receiver, transceiver, antenna, controller, optical unit, electrical unit or electromechanical unit
may be included in support of the various aspects discussed herein or in support of other
functions beyond this disclosure.

[0038] A “downhole fluid” as used herein includes any gas, liquid, flowable solid and
other materials having a fluid property. A downhole fluid may be natural or man-made and
may be transported downhole or may be recovered from a downhole location. Non-limiting
examples of downhole fluids include drilling fluids, return fluids, formation fluids,
production fluids containing one or more hydrocarbons, oils and solvents used in conjunction

with downhole tools, water, brine, and combinations thereof.
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[0039] The term “‘carrier” as used herein means any device, device component,
combination of devices, media and/or member that may be used to convey, house, support or
otherwise facilitate the use of another device, device component, combination of devices,
media and/or member. The logging tool 10 is one non-limiting example of a carrier. Other
exemplary non-limiting carriers include drill strings of the coiled tube type, of the jointed
pipe type and any combination or portion thereof. Other carrier examples include casing
pipes, wirelines, wireline sondes, slickline sondes, drop shots, bottom-hole-assemblies, drill
string inserts, modules, internal housings and substrate portions thereof.

[0040] Elements of the embodiments have been introduced with either the articles “a”

2

or “an.” The articles are intended to mean that there are one or more of the elements. The
terms “including” and “having” are intended to be inclusive such that there may be additional
elements other than the elements listed. The conjunction “or” when used with a list of at least
two terms is intended to mean any term or combination of terms. The terms “first” and
“second” are used to distinguish elements and are not used to denote a particular order.

[0041] It will be recognized that the various components or technologies may provide
certain necessary or beneficial functionality or features. Accordingly, these functions and
features as may be needed in support of the appended claims and variations thereof, are
recognized as being inherently included as a part of the teachings herein and a part of the
invention disclosed.

[0042] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and equivalents may
be substituted for elements thereof without departing from the scope of the invention. In
addition, many modifications will be appreciated to adapt a particular instrument, situation or
material to the teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular embodiment

disclosed as the best mode contemplated for carrying out this invention, but that the invention

will include all embodiments falling within the scope of the appended claims.
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CLAIMS:

1. An apparatus for estimating a property of a downhole fluid, the apparatus
comprising:

a carrier configured to be conveyed through a borehole penetrating the Earth;

a downhole fluid extraction device disposed at the carrier and configured to extract
the downhole fluid; and

a dielectric spectrometer disposed at the carrier and configured to transmit
electromagnetic energy into the extracted downhole fluid at a plurality of frequencies and to
measure a plurality of responses to determine a permittivity of the extracted downhole fluid
as a function of frequency;

wherein the permittivity is used to estimate the property.

2. The apparatus of claim 1, wherein the plurality of frequencies of the
transmitted electromagnetic energy is in a radio-frequency range.

3. The apparatus of claim 1, wherein the downhole fluid is extracted from an
earth formation.

4. The apparatus of claim 1, wherein the property is a chemical identity of the
fluid.

5. The apparatus of claim 4, wherein the chemical identity comprises at least one
selection from a group consisting of oil, water and gas.

6. The apparatus of claim 1, wherein the apparatus further estimates a location of
a boundary between layers of the earth formation.

7. The apparatus of claim 1, wherein the dielectric spectrometer comprises a test
cell configured to receive the extracted fluid and to perform the permittivity measurement.

8. The apparatus of claim 7, wherein the test cell comprises a first electrode and
a second electrode configured to contact the extracted fluid in the receiver, the first electrode
and the second electrode being further configured to apply a voltage at a frequency and to
measure the response.

9. The apparatus of claim 8§, wherein the response comprises at least one of in-
phase current and out-of-phase current with respect to the applied voltage.

10. The apparatus of claim 7, wherein the permittivity measurement is performed
on a batch of the extracted fluid in the test cell.

11. The apparatus of claim 7, wherein the permittivity measurement is performed

on a continuous flow of the extracted fluid through the receiver.

10
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12. The apparatus of claim 11, wherein a rate of the flow of the extracted fluid is
selected to prevent a value of the property estimated from changing to another value within a
selected interval of time.

13. The apparatus of claim 1, wherein the dielectric spectrometer comprises at
least one transducer configured to transmit radio waves into the extracted fluid at the plurality
of frequencies and/or to receive radio waves as the plurality of responses.

14. The apparatus of claim 13, wherein the at least one transducer comprises a
coil.

15. The apparatus of claim 1, wherein the plurality of frequencies comprises a
plurality of discrete frequencies.

16. The apparatus of claim 1, wherein the plurality of frequencies is provided by a
continuous sweep of frequencies.

17. The apparatus of claim 1, wherein the carrier is configured to be conveyed by
at least one selection from a group consisting of a wireline, a slickline, a drill string, and
coiled tubing.

18. A method for estimating a property of a downhole fluid, the method
comprising:

conveying a carrier through a borehole penetrating the Earth;

extracting the downhole fluid from within the Earth using a downhole fluid extraction
device disposed at the carrier;

determining a permittivity of the extracted downhole fluid as a function of frequency
using a dielectric spectrometer disposed at the carrier and configured to transmit
electromagnetic energy into the extracted downhole fluid at a plurality of frequencies and to
measure a plurality of responses comprising electromagnetic energy due to the transmitting to
measure the permittivity; and

using the permittivity to estimate the property.

19. The method of claim 18, wherein using comprises taking a first derivative of
the permittivity as a function of frequency to estimate the property.

20. The method of claim 16, wherein using comprises taking a second derivative
of the permittivity as a function of frequency to estimate the property.

21. The method of claim 16, wherein the property is a chemical identity of the
fluid.

11
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22. A computer-readable storage medium comprising computer-executable
instructions for estimating a property of a downhole fluid by implementing a method
comprising:

transmitting electromagnetic energy into the downhole fluid at a plurality of
frequencies;

measuring a plurality of responses comprising electromagnetic energy due to the
transmitting to determine a permittivity of the fluid as a function of frequency; and

using the permittivity to estimate the property.

12
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FIG. 6
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