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MULTIPHASE METER TO PROVIDE DATA FOR PRODUCTION MANAGEMENT

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Application No. 13/028553, filed on
February 16, 2011, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE DISCLOSURE
1. Field of the Disclosure

[0001] Thc present disclosure relates generally to 2 measurcment apparatus and
methods for estimating downhole fluid characteristics.
2 Description of the Related Art

[0002] In the oil and gas industry it has become increasingly important in recent years
to obtain measurements of the flow rate and phase ratio of multiphase fluids such as those
produced by drilling operations and the compositions of the downhole fluid.

[0003] In order to measure the flow rate and ratio properties of such multiphase fluids
accurately enough to satisfy the operator’s requirements it is currently known to use
techniques such as Nuclear Magnetic Measurement (NMR) and Electronic Spin Resonance
(ESR) analysis. However, currently available systems for measuring such propertics using
these techniques require 2 number of scparatc componcents which cmploy a varicty of
operational and analytical techniques and often involve a number of discrete devices each
adapted to measure a particular property of the fluid flow. For example a device for detecting
the fraction of onc phase may be supplied along with a device for detecting the fraction of
another phase and another device to measure the overall flow rate, Also, such techniques are

generally not utilized for compositional analysis of hydrocarbons in downhole fluids,

SUMMARY OF THE DISCLOSURE

[0004] In one aspect, the present disclosure provides a method of determining a
volume of a phase of a multiphase fluid flowing in a tubular, including: imparting 8 magnetic
ficld on the fluid to align nuclci of the multiphasc fluid along a dircction of the magnctic
field; transmitting a radio frequency signal into the multiphase fluid to excite the nuclei;
detecting a signal from the nuclei responsive to the transmitted radio frequency signal;
determining an amplitude of the detected signal; and determining the volume of the phase
flowing in the tubular using the determined amplitude and an amplitude of a calibration

signal,
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[0005] In another aspect, the present disclosure provides an apparatus for determining
& volume of a phase of a multiphase fluid flowing in a tubular, the apparatus including a
source configured to impart a primary magnetic field on the fluid to align nuclei of the
multiphase fluid along a direction of the primary magnetic field; a source configured to
transmit a radio frequency signal into the multiphase fluid to excite the nuclei; a detector for
detecting a signal from the nuclet responsive to the transmitted radio frequency signal;and a
processor configured to determine an amplitude of the detected signal and the volume of the
phase flowing in the tubular using the dctermincd amplitude of the detected signals and an
amplitude of a calibration signal.

[0006] In yet another aspect, the present disclosure provides a method of determining
stability of an emulsion flowing in a production string, the method including imparting a
primary magnetic field on the emulsion to align nuclei of the emulsion along a direction of
the primary magnetic field; transmitting a radio frequency signal into the emulsion flowing in
the production string; detecting a signal from the nuclei of the emulsion responsive to the
transmitted radio frequency signal; determining an amplitude of the detected signal;
determining a water cut of the emulsion using the obtained amplitude; determining a
relaxation rate of a signa! obtain from nuclei of the emulsion excited in response to the
transmitted radio frequency signal; obtaining a viscosity of the crmulsion from the determined
relaxation time; and determining the stability of the emulsion from the determined emulsion
viscosity and the watcr cut of the emulsion.

[0007] Examples of the more important features of the methods and apparatus for
analyzing the composition of a hydrocarbon have been summarized rather broadly in order
that the detailed description thereof that follows may be better understood and in order that
the contributions they represent to the art may be appreciated. There are, of course, additional
features of the methods and apparatus that are described hercinafter and which will form the

subject of any claims that may be made pursuant to this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For detailed understanding of the apparatus and methods for compositional
analysis of hydrocarbons in a downhole fluid, reference should be made to the following
dctailed description, taken in conjunction with the accompanying drawing, in which like
elements are generally designated by like numerals, and in which:

FIG. ! is a transverse side view of one embodiment of the apparatus according to the

present disclosure;
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FIG. 1a s a transverse side view of the apparatus of FIG. 1 showing magnetic
gradient coils which act in the dircction of the z-axis with respect to the reference axes
indicated on FIG. 1;

FIG. 2 is a transverse side view of the apparatus of FIG. 1 showing magnetic gradient
coils which act in the direction of the y-axis with respect to the reference axes indicated on
FIG. 1;

FIG. 3 is a cross sectional view of the apparatus of FIG. 1 showing the components of
thc magnctic gradicnt coils which act in the x, y and z dircctions with respect to the reference
axes indicated on FIG. 1;

FIG. 4 is a schematic vicw of the component of the gradient coils which act in the z-
axis direction with respect to the reference axes of FIG. 1, arranged around combined
transmission and reception coils in accordance with a particular embodiment of the
disclosure;

FIG. § is a schematic view of the gradient coils which act in the y-axis direction with
respect to the reference axes of FIG. 1, arranged around combined transmission and reception
coils in accordance with one embodiment of the present disclosure;

FIG. 6 is an illustration of a magnetic ficld orientation in order to produce the
homogencous magnet uscd in accordance with the present disclosure;

FIG. 7a is a schematic circuit diagram showing the interaction between the various
components of the receiving circuit of the combined receiving and transmission coils;

FIG. 7b is a schematic circuit diagram showing the interaction between the various
components of the transmitting circuit of the combined receiving and transmission coils;

FIG. 8 is a schematic cross sectional diagram of the primary magnet composition used
in accordance with the present disclosure;

FIG. 9 is a transverse side view of another embodiment of the apparatus according to
the present invention without the gradient and transmission coils shown;

FIG. 10 is a schematic perspective view of the magnct configuration used inthe
apparatus of FIG. 9;

FIG. 11 is a transverse side view of the apparatus of FIG. 9 showing the gradient and
transmission coils;

FIG. 12 is a schematic view of the component of the gradient coils of FIG. 10 which
act in the z-axis dircction;

FIG. 13 13 a schematic view of the component of the gradient coils of FIG. 10 which

act in the x and y-axis directions;
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FIG. 14 is a functional diagram of a circuit for performing compositional analysis of
hydrocarbons according to one embodiment of the disclosure;

FIG. 15 is a visual representation of the relationship between certain species of a
hydrocarbon and the frequency shift (also referred to as chemical shift) between an imparted
radio frequency signal on a fluid and a detected radiofrequency signal from the fluid;

FIG. 16 is a frequency shift spectrum of certain species of a hydrocarbon;

FIG. 17 shows an exemplary Nuclear Magnetic Resonance (NMR) flow meter device
for cstimating a volume of a fluid phasc using the cxcmplary methods of the present
disclosure; and

FIG. 18 shows an exemplary relation between emulsion viscosity and watercut or

volume fraction of water in the emulsion.

DETAILED DESCRIPTION OF THE DISCLOSURE

[0009] Referring to FIG. 1 the apparatus 10 in accordance with the first embodiment
of the present invention comprises an outer housing 12 which surrounds a section of a fluid
flow pipe 14, such as production tubing, by locking thereto via a suitable locking mechanism.
Inside the housing 12 is located a primary permanent magnet 16 in an outermost recess 18
and a sccondary clectromagnct housing 20 locatcd in an inncrmost recess 22, The
clectromagnet housing 20 has located within it an electromagnet 21 which comprises
electromagnet coils Gx, Gy and (as shown in FIG. 1a) Gz. Combined transmission and
reception coils 24 are also provided within the inner diameter of the clectromagnet housing
20.

[0010] Outer housing 12 provides magnetic shiclding which substantially minimizes
leakage of magnetic field outside the apparatus 10, and provides safe handling of the tool.
This also improves the signal transmission and reception performance of the coils 24 by
minimizing interference from surrounding radio signals such as FM radio signals. Housing
12, in the present embodiment, comprises low permeability iron, (typically jur<1.00) which
provides the main outer body of the apparatus. The matcrial is typically around 10 mm thick
around the mid portion of the apparatus 10 and thicker toward the ends of the apparatus 10,
typically up to a thickness of around 60 mm. The skilled reader will realize that different
thickness and material may be used in the housing 12 in order to suit the particular
application.

[0011] Referring particularly to FIGS. 6 and 8, the primary permanent magnet 16
compriscs a number of concentrically arranged magnetic cells 26 which are stacked together.

ey
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Each magnetic cell 26 comprises a number of outer segments 28 (FIG. 8) arranged adjacent a
number of inner segments 30 such that a circumferential band of inner segments 30 are
arranged within a circumferential band of outer segments 28. Flat plates 32 are positioned
between the circumferential band of outer segments 28 and the circumferential band of inner
segments 30 such that a circumferential band of plates 32 is located between the outer
scgments 28 and the inner segments 30. The plates 32 are typically formed of an iron based
material having a permeability of greater than 1000,

[0012] Apcrturc 34 is provided in the centre of cach ccll 26 to allow the flow of fluid
therethrough as will be discussed subsequently. When the cells 28 are stacked together they
form a throughbore 36 (es shown in FIG. 6) along the length of the magnet 16. The iron
plates 32 ensure that the resultant magnetic field produced by inner segments 30 and outer
segments 28 is focused toward the center of the aperture 34 of each cell and hence along the
throughbore 36 of the apparatus 10.

[0013] The skilled reader will understand that the term permanent magnet in this
context is taken to mean a magnet which provides a constant magnetic field without
requiring, for example, an clectric current in order to create the magnetic field. In an
alternative embodiment, the permanent magnet may be an clectromagnet which provides a
continuous and substantially homogencous magnetic ficld.

[0014] The dircction of the magnetic field vectors (indicated by MF in FIG. 6) of
each outer 28 and inner 30 segment is carefully arranged during manufacture in order to
create a resultant magnetic field for the magnet 16 which is as close to being homogeneous as
possible throughout the throughbore of the magnet 16. This ensures that the magnetic field
present within the throughbore 36 of the magnet 16 remains consistent within the
throughbore 36 irrespective of the location within the throughbore 36 that the magnetic ficld
is experienced. Typically, the required homogeneity is in the region of around 1.0 ppm. This
ensures accurate measurements are possible using the apparatus 10 in conjunction with the
NMR techniques as will be discussed subsequently.

[0015] The sccondary clectromagnet housing 20 is provided with a combined
transmission and reception coil 24 which is capable of both transmitting a radio frequency
pulse and detecting the radio frequency emitted by nuclei excited by such a radio frequency
pulse. In the embodiment shown in the Figures, the coil 24 comprises a pair of circular loops
24a at the top and bottom of the coil 24 connectcd by circumferentially spaced connecting
coils 24b to form a "birdcage" configuration. This provides the apparatus 10 with the ability
to both transmit a radio frequency pulse evenly throughout the throughbore 36 and
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competently detect radio frequency signals emitted by nuclei at any location within the
throughbore 36 of the apparatus 10. Rather than a "birdcage” configuration the coils may
alternatively be arranged to provide a "saddle coil” configuration depending upon the
application.

[0016) Referring to FIG. 7a, the receiver circuit 40 of the combined transmission and
reception coils 24 comprises a reference signal input gencrator 42 and a 90° phase shifter 44
connected to a standard amplification and filtering system 46 in order to provide a real and
imaginary output signal as a rcsult of the signal rcceived from the coil 24. Referring to FIG.
T, the transmitter circuit 48 of the combined transmission and reception coils 24 comprises a
signal generator input module 50 and an oscillator 52 which are linked to an amp 54 and a
pulse programmer 56 in order to transmit the required radio frequency through coil 24.
Though illustrated separately in FIGS. 7a and 7b, it will bc understood that these circuits may
be combined or integrated in order to provide the required transmission and reception
capability of combined transmission and reception coils 24.

[0017). The secondary clectromagnet housing 20 provides the magnetic gradient using
coils Gx, Gy, and Gz which selectively (depending upon whether the electromagnet is on or
off) provide a graduated magnetic field within the throughbore 36 of the apparatus in the x, y,
and z dircctions respectively indicated by the reference axcs R in FIG. 1, This arrangement
provides the graduated magnetic field required by the flow rate calculation process described
subsequently.

[0018] The profile of both the primary permanent magnet 16 and the secondary
clectromagnet 20 are arranged in the present embodiment, such that they can be housed
within the outermost recess 18 and innermost recess 22 respectively in order to maintain a
consistent diameter of throughbore 36 through the apparatus [0 such that disturbance of the
fluid flowing from the pipe 14 through the apparatus 10 is minimized.

[0019] A second embodiment of the present invention having a number of
modifications will now be described. Many components of the sccond embodiment are the
same as those described in rclation to the first embodiment. Such components will not be
described any further. In addition, 8 number of components in the second embodiment
correspond to similar components previously described in relation to the first embodiment,
and where this applies, similar reference numerals will be used.

[0020] Referring to FIGS. 9 to 13, the apparatus 100 in accordance with the second
cmbodiment of the present invention comprises an outer housing 120 surrounding & primary

magnet 160. Primary magnet 160 has an inner ring 160A and an outerring 160B. A
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sccondary electromagnet is provided in housing 215 as discussed subsequently.
Transmission/reception coil housing 205 is provided on the internal bore of the apparatus
100. The housing 205 may be made of a material such as Poly-Ether-Ether-Ketone (PEEK) or
a nickel alloy such as Inconel®. The required pressure rating using (PEEK) is generally
achieved using a housing 205 having a very thick wall (in the region of 20 mm). Such a wall
generally degrades the magnetic ficld strength at the center of the flow path since magnet
strength decreases with radial distance from the magnet. The thickness required using
InconclL.RTM. is much less (in the region of 7 mm). In addition, the usc of Inconcl® (which
has permeability comparable with free space (jur=I)), concentrates the magnetic field into the
flow path, thereby increasing the magnetic strength homogeneity.

[0021] The housing 20S in the present embodiment is provided with recessed tracks
(not shown) which are machined onto the outer surface of the housing 205 during
manufacture. Additional shapes may also be machined onto the outer surface in order to
accommodate components such as the transmission and reception coil capacitors used in the
transmission and reception circuit. Electrical insulation (not shown) such as adhesive insulant
is also provided between the transmission/reception coil and the housing 205.

[0022] In further contrast, with the first embodiment, the apparatus 100 has gradient
coils Gx, Gy, Gz mountcd in tubing 215 between the primary magnct portions 160A and
160B. This scparates the magnets 160A and 160B from one another which increases the
combined efficiency of thc magnets in producing a high strength homogeneous magnetic
field in the flow path. The tubing 215 also provides mechanical support to retain the primary
magnet and to provide support against the pressure exerted from the flow. In the present
embodiment, the tubing 215 is made from high permeability iron and is dodecagonal in shape
(as shown in FIG. 10). A pair of axial end members 215A are also provided in order to
provide a magnetically permeable path for the magnetic ficld.

[0023] As seen in FIG. 12, tubing 215 houses the axial gradient coil along the flow
path (Gz) on the inner surface and the orthogonal gradients (Gx and Gy) on the outer surface
(scc FIG. 13). Again, these coils arc provided in recessed tracks on the tubing 215 and are
insulated from the tubing itself using adhesive insulant. The gradient coils are capable of
imparting a variable magnetic ficld as discussed subsequently and in this regard can be
considercd as an ¢lectromagnet,

[0024] The tubing 215 is provided with a tubular inner diamcter in order to provide
minimal frictional losses to the fluid passing therethrough, and a dodecagonal outer surface
which allows the tubing to fit within the rings of magnets.
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[0025] In use, each embodiment of the apparatus 10 operates in an identical fashion
by utilizing Nuclear Magnetic Resonance (NMR) techniques in order to determine the
volume fraction of multiphase flow produced from a wellbore. In addition to determining the
fraction of each phase present in the flow, the invention may also be used to determine the
rate of fluid flowing from the wellbore. The embodiments described determine the phase
fraction of fluid containing oil, gas and water phases; however, it will be understood by the
skilled reader that further and/or different phases may be determined using the apparatus and
mcthod described.

[0026] For clarity the phase fraction analysis process will firstly be described
followed by a description of the flow measurement process; however, both of these processes
may bc effectively carried out simultaneously by configuring the control system of the
apparatus 10 to rapidly alternate between fraction analysis mode and flow measurement
mode. This alternation between modes is typically performed at a rate of approximately one
second for each mode i.e. the control system will allow the fraction analysis mode to operate
for one second and then allow the flow measurement mode to operate for one second before
switching back to the fraction analysis mode and so on as required. The skilled reader will
note that this time may be altered to suit the specific situation.

[0027] The method of using the first cmbodiment of the apparatus will be described
in the following description; however, the skilled reader will realize that either embodiment
may bc used.

[0028] In the embodiment shown, the apparatus 10 is installed in-line with a fluid
flow pipe 14. As produced fluids flow into the apparatus 10, they enter the substantially
homogeneous primary magnetic field generated by primary magnet 16. Atomic nuclei having
8 non-zero magnetic moment that are present in the fluids flowing through the apparatus |0
align themselves with the axis of the primary magnetic field. Fluids having a non-zero
magnetic moment include 'H, C, 'P and '*N. In this embodiment (and in many NMR
applications in general) 'H is the most commonly measured of these since it is naturally
present in hydrocarbons such as those produced from wellbores. The nuclci of flow within
the throughbore 36 of the apparatus 10 including water, oil and gas are now aligned with the
direction of the primary magnctic ficld.

[0029] A radio frequency (RF) pulse signal is now transmitted into the throughbore
36 using the transmission circuit 48 of the combined transmission and reception coils 24. The
frequency of the RF pulse will be transmitted at a frequency which is known to excite the
atomic nucleus of 'H (typically in the region of between 40-45 MHz for a 1 Tesla static
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magnetic field such that it resonates at its natural resonant frequency (this is known as the
Larmour frequency). This ensures that any 'H nuclei present in fluid flowing through the
throughbore 26 will resonate in response to the RF pulse signal. The frequency (V) required to

resonate the nuclei may be determined using the following equation:

B
v=2- Eq.(1)

where .gamma. is the gyromagnetic ratio of the nucleus and B is the magnetic field.

[0030] While resonating, the nuclei emits a radio signal at a frequency corresponding
to its resonating frequency.

[0031] The frequency at which the nuclci present in the fluid flow resonate after
having being excited by the RF pulse signal is detected by the receiver circuit 40 of the
combined transmitter and reccption coils 24. In a mixture of phases such as in the present
embodiment, the resonance described provides molecular information such as the bond type
and the environment surrounding the nuclei. From this, the ratio of the signal being received
from the resonating nuclei to the background frequency of the RF pulse may be calculated.
The skilled reader will understand that this value is known as Chemical Shift and is measured
in parts per million ("ppm").

[0032] The chemical shift (8) recorded by the apparatus may now be used to
determine the ratio of oil and gas (combined) to water using the following equation:

§ = Dmple ~ Prerence 1109 piom (Eq. (2)

Vevforence

[0033] In this regard, the scparation between the phases is increased by ensuring that
good magnetic field homogeneity is provided by the primary permanent magnet 16 in order
to produce a relaxation time graph pcak with a small bandwidth.

[0034] However, as stated previously it is desirable to measure the ratio of oil to gas
also in order to dctermine the ratios of oil, gas and watcr in the multiphasc fluid, without
assuming presence of other phases. In gencral, the chemical shift between oil and gas nuclei
is too small to mcasure accurately by using the chemical shift method. Thercfore, the present
invention determines the ratio of oil to gas by comparing the T, relaxation timcs (described
subsequently) of each hydrocarbon. This is possible since the T, relaxation times of gaseous
hydrocarbons are longer compared to the T, relaxation times of liquid hydrocarbons.

[0035] In addition to causing the nuclei of each phase to resonate, the energy supplied
by the RF pulse signal from the combined transmission and reception coil 24 causes the
nuclei of each phase to be knocked off their previous alignment with the primary magnetic
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field. After the RF signal has been pulsed, the spins (nuclei which have been subjected to a
magnetic field) will tend to relax back to their state of equilibrium in which they are re-
aligned along the primary magnetic field. The time taken for the spins to relax back to their
state of equilibrium after the RF signal has been pulsed off is known s the T) relaxation time
of the nuclei.

[0036] Tt is possible to measure the T) relaxation times of the oil and gas using the
apparatus 10 by monitoring the angle through which the nuclei of each phase of the flow is
tilted with respect to the primary magnetic ficld at any given time (which must be less than
the relaxation time) after the RF signal has been pulsed. This is done by measuring the time
taken for the magnitude of the radio frequency received from the nuclei to reach a maximum
value in the direction of the primary magnetic field and the time taken for a minimum value
in the direction orthogonal to the primary magnetic field direction, which may be performed
using the combined transmission and reception coils 24, This results in two distinct T,
relaxation times being detectable; one for the oil phase and one for the gas phase. The proton
density (PD) of each hydrocarbon phase is now calculated by integrating the arca under each
peak of the accumulated T) refaxation time density, The graph is derived by applying an
inverse algorithm to the T relaxation time measurement extracted using an inversion
recovery scquence. Using the proton density measurcment the volume fraction is now
calculated using the following equation:

MW, | PD

V=—2Zx—x
p, Av aR,

where MW, is the molecular weight, p, is the density of the sample, Av is the Avogadro

Eq.(3)

number, PD is the proton density, a is the natural abundance of 'H and R;y is the number of
'H for 1 molecule of the phase.

[0037] The sequence applied here is such that the required measurement time is less
than the transit time (t) of the flow. The method of determining the proton density is
performed using a |-dimensional hydrogen nuclei (1 D-1H) sequence in combination with an
inversion recovery sequence for Ty measurement and Carr-Purcell-Meiboom-Gill (CPMG)
scquence for T, measurement,

[0038] However, the above merely returns values for the volume of the relevant
phases and, as previously mentioned, not the phase fraction. In order to calculate the phase
fraction, the following cquation may be used:
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1"
M, PD,
4 —_ P Rum Eq. (4)
3, z(_ﬁ!ﬂﬂ]
i1 =\ P R

where n is the number of phases present in the sample.
[0039] It should be noted that in a sample containing just two phases (a and b), the
equation can be simplified to:

% 1
] - E .
V,+¥, 1, MW,xp,xPD,xRy, q.(5)
MW, x p, % PD, xR, 5

[0040] Each of the fractions of oil, gas, and water have therefore been calculated
using the apparatus 10 without (as in some previous systems) requiring to assume that once
the ratios of two phases in the flow have been calculated the third makes up the rest of the
fluid.

[0041] The method and apparatus for determining the flow rate of the fluid flow will
now be described.

[0042] Now that the ratio of cach phase has been calculated, the T, relaxation time of
cach phase is known. The embodiment shown is capable of employing two alternative
methods of calculating the flow rate of each phase through the apparatus 10. The first method
is based upon the Time of Flight (TOF) of the spins along the upparatus 10. In this method a
pulse signal is applied in a ‘slice’ at a first location along the throughbore 36 of the apparatus
10 in order to tilt the nuclei at that location. A detection area is then monitored downstream
from the location at which the pulse signal was applicd. The resultant NMR signal received
by the reception circuit 40 of the combined transmission and detection coils 24 will now be
increased by every fully tilted spin entering the detection area and will be decreased with
cvery fully tilted spin leaving the detection area, The overall net signal can therefore be
related back to the flow of phase through the apparatus, This allows the velocity of the flow
(v) to be calculated using the transit time (t) and the distance of the detection area (d) using
the following equation:

d
= Eq.(7)

[0043] The sccond alternative method of measuring the flow through the apparatus 10
uses the gradiated magnetic field provided by the secondary clectromagnet 20. A gradient
ccho scquence is imparted on the flow such that the nuclei of the flow rotate about their axes.
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In a stationary flow this results in no net accumulation of phase signals since the nuclei
experience the same balanced gradient with respect to time. However, in a dynamic flow the
magnetic field experienced by the nuclei will change as the nuclei flow along the throughbore
36 of the apparatus 10 due to the magnetic field gradient provided by electromagnet 20, This
variation of magnetic field, dependent upon the movement of the flow along the throughbore
36 of the apparatus 10, results in an accumulation of phase signal. This is dependent upon the
velocity of the flow through the apparatus 10 and the strength and duration of the magnetic
ficld gradient supplicd by the electromagnet 20, The accumulation in phase (¢ ) which may
be directly correlated to the velocity of the flow is given by:

¢ =18, dt +y [n(e)G, (1) Eq. (8)
where By is the magnetic field provided by the primary magnet, n represents the position of
the spins within the throughbore in either the x, y, or z axes (as shown in FIG. 1) and G, is
thc magnitudc of the magnctic ficld gradicnt being applicd by the clectromagnetic 20 in the
n-axis direction.

[0044] The method described previously allows both the flow rate and proportion of
each phase to be calculated using a single apparatus 10. Furthermore, the system and
apparatus described does not require users of the apparatus to be safeguarded from levels of
opcrational danger other than that normally expected in such oil and gas exploration
operations. Specifically, the apparatus and method described does not require the user to be
protected against ¢.g. radiation and biological hazards.

[0045] In other aspects, compoasitional analysis of hydrocarbons produced from the
wellbores may be provided using the imparted and detected radio frequency signals. FIG. 14
shows onc cmbodiment of an apparatus that may be utilized for cstimating specics of
hydrocarbons of downhole fluids. The apparatus of FIG. 14, in one aspect, may include a
processor, such as a microprocessor or a computer 1410 and a data storage device 1420,
which may bc any suitable device, including, but not limited to, a solid state memory,
compact disc, hard disc, and tape. One or morc programs, models and other data (collectively
referred to as "programs” and designated by numeral 1430) may be stored in the data storage
device 1420 or another suitable device accessible to the processor 1410 for executing
instructions contained in such programs, A display device 1440 may be provided for the
processor 1410 to display information relating to the compositional analysis, as described in
more detail below.




10

15

20

25

30

17024

13

[0046] In one aspect, the processor 1410 may compute the frequency difference or
frequency shift 1460 between the original imparted or perturbing signal 1402 and the
detected signal 1401, This phenomenon is also known as the chemical shift. In one aspect, the
processor 1410 may estimate or determine the composition (species of the produced
hydrocarbons) using the frequency or chemical shift.

[0047] FIG. 15 shows a relationship 1500 of the frequency or chemical shift and
various species of a hydrocarbon. For example, a chemical shift between -2 to -1.0 parts per
million (ppm) indicatcs thc presence of alkanc, a chemical shift between -7 to -5.5 ppm
indicates the presence of Alkene, and a chemical shift between -8.0 and -7.0 ppm indicates
the presence of aromatic compounds. Aromatic compounds are the compounds that have a
benzene ring structure, such as toluene, benzene and zylene. The data shown in FIG. 15 may
be stored in the data storage device 1420 for use by the processor 1410.

[0048] FIG. 16 shows a chemical shift curve or spectrum 1600 relating to the various
species of a hydrocarbon produced from the wellbores. In another aspect, the processor 1410
may estimate an amount of the species from the spectrum 1600. In one aspect, an area under
the chemical shift curve 1600 may be integrated to estimate the amount of the species in the
hydrocarbon. Therefore, the area under the curve section 1610 will provide the amount or
fraction of alkanc in the fluid sample, while the arca under scction 1620 will provide the
amount or fraction of aromatics in the fluid sample. Composition of the species may therefore
be estimated as a relative value or as an absolute value,

[0049] In another aspect, the programs 1430 may include instructions for the
processor to determine the relaxation times and provide therefrom a dctailed analysis of the
species, such as a breakdown of the types of alkanes. Relaxation time, as described
previously, is the time the signal emitted by the nuclei takes to decay. There is a direct
relationship between the density of the alkane (which is linked 1o the length of the carbon
chain) and the relaxation time. The higher the density of alkane, the longer the relaxation
time,

[0050] 1n another aspect, the compositional analysis o f hydrocarbon described hercin
may be utilized to provide information for a PVT analysis of the hydrocarbon. From the
estimated composition of the hydrocarbon, as described above, the overall PVT propertics of
the hydrocarbon may be dctermined.

[0051] In prior art techniques, the PVT analysis of the hydrocarbon is typically done
by tuking a sample of the downhole fluid at a known pressure and temperuture and various
tests are conducted to determine the propertics of the fluid, such as the bubble point and
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density and viscosity at various temperatures and pressures. The breakdown of the
hydrocarbon to its core components is then made. The PVT properties of the core
components are well known and may be reconstituted to provide an overall hydrocarbon PVT
property. A known reconstitution technique is used. For example, for gas hydrocarbons, gas
chromatography may be performed to break down the gas into its individual components and
based on this composition, an overall gas property may be recalculated.

[0052] The technique of compositional analysis described herein bypasses taking a
fluid samplc and rigorous tcsts typically performed to determinc the PVT propertics of the
hydrocarbon. Furthermore, in the present method, the measurements are done in real time (in-
situ) as opposcd to ‘sampling’ of the hydrocarbon.

[0053] The dimensions of the apparatus may be altered during the manufacturing
stage dependent upon the particular downhole or subsea conditions in which it is to be used.
In this regard, the space requirements of the components may be balanced bascd on the
accuracy of desired measurement, which may be relevant for the primary magnet 16 and the
clectromagnet 20. Additionally, the apparatus describcd above may be used in a wellbore or
in-line with any portion of the production tubing. Alternatively the apparatus may be used off
site as an off-site measurement and analysis tool.

[0054] In anothcr aspect, the present disclosurce provides a method of determining
volumes of liquid and gas phases of a multiphase fluid. Phase volume is determined for a
multiphase fluid in a constant mcasurement volume, such as in a volume of the NMR
apparatus of FIG. 17. FIG. 17 shows an exemplary Nuclear Magnetic Resonance (NMR)
flow meter device 1700 for estimating a volume of a fluid phase using the exemplary
methods of the present disclosure. In one embodiment, the fluid is a multiphase fluid. In
another embodiment, the fluid is a fluid flowing in a production system or a pipe for
transportation of hydrocarbons. The exemplary NMR flow meter 1700 includes a section
1710 for providing NMR excitation pulses to the fluid and obtaining NMR signals in
response to the NMR excitation pulscs from the fluid, and a testing unit 1726 for receiving
thc NMR rcsponsc signals from the dctection scction 1710 and performing calculations on
the reccived NMR responsc signals to obtain a phasc volume.

[0055] The device 1700 includes a magnet 1714 which may be exterior to the
detection pipe section 1712 for providing a static magnetic field in a volume of the detection
pipe scction 1712, and a radio frequency (RF) coil 1716. As fluid passcs through the static
magnetic field of magnet 1714, nuclcar spins of atoms and molecules within the fluid align

along the direction of the static magnetic field. The RF coil 1716 encloses a volume within
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the detection pipe section and is arranged to provide one or more NMR excitation pulses to
the fluid in the device and to detect one or more NMR response signals from the fluid.
Testing unit 1726 includes various circuitry for obtaining one or more NMR response signals
from the fluid and estimating a parameter of interest of the fluid from the obtained NMR
response signals. Inone embodiment, the exemplary testing unit 1726 is coupled to the RF
coil 1716 via preamplifier 1720. The exemplary testing unit 1 726 includes a transmitter 1724
for providing an NMR excitation pulse to the RF coil 1716 via preamplifier 1720. Inone
cmbodimcent, the transmittcr 1724 provides multiple NMR cxcitation pulsc scquences, cach
NMR excitation pulse sequence tuned to a selected nuclear resonance frequency. The
exemplary testing unit 1726 also includes a receiver 1722 for receiving NMR response
signals detected at the RF coil 1716 via the preamplifier 1720. Testing unit 1726 also
includes an NMR a control unit 1728 for estimating one or more parameters of the fluid from
the received NMR response signals using exemplary methods of the present disclosure. In
one embodiment, the control unit 1728 may include a processor 1730, one or more computer
programs 1732 that are accessible to the processor 1730 for executing instructions contained
in such programs to obtain one or more fluid-related parameters such as a fluid phase volume,
viscosity, water cut, and an emulsion stability parameter, for example, and a storage device
1734, such as a solid-statc memory, tape or hard disc for storing the onc or morc paramcters
obtained at the processor 1730.

{0056) NMR signal amplitude measurcments in a constant volume measurement
device can be used to determine a liquid phase fluid volume fraction vs. gas phase volume
fraction. As shown with reference to FIG. 17, fluids flow into apparatus 1700 where they
enter the substantially homogeneous primary magnetic field generated by primary magnet
1714. The nuclei of the produced fluids thereby polarize along the direction of the primary
magnetic field. A radio frequency (RF) pulse signal is transmitted into the throughbore 1712
using the transmitter 1724 of the combined transmission and reception coils 1716. A signal
amplitude for the nuclei present in the fluid flow after having being excited by the RF pulse
signal is dctected by the recciver 1722 of the combined transmitter and reception coils 1716.

[0057] NMR signal strength for a phase is a function of phase volume and hydrogen
index for the phase. Hydrogen index is proportional to the proton density in the sensitive
volume of the measurement device. The hydrogen index of methane CHy, for example, is
proportional to the gas density:

Hl, = Ap, Eq.(9)
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with A=2.25, Gas density, in turn, is temperature and pressure dependent and can be
determined by equation of state (EOS) correlations such as those described by Londono et al
(SPE paper #75721 (2002)) and by Drumdruk et al “Calculation of z-factors for natural gases
using equations of states™ in J. of Canadian Petro., v.14, pp.24-26 (1975).

[0058] In order to determine liquid and gas phase volumes, a calibration signal is first
obtained. The calibration signal is used to scale NMR signal strength or signal amplitude. In
one aspect, calibration signal strength M is determined for a calibration signal using 100%
watcr, such as distillcd water (H1=1) flowing in the production tubular. A calibration
constant can be obtained using c=M/¥, where V is the sensitive volume and M is the strength
of the calibration signal at a given temperature. The value of the calibration constant may be
temperature-dependent and can therefore be determined either by using a theoretical
prediction or by obtaining values for calibration constants at a plurality of temperatures and
interpolating the values when necessary.

[0059] In a multiphase fluid having liquid and gas phases, NMR signal amplitude m is
described by

m=c(TWV o, + HI oo + Vigua * Hlypua ) Eq. (10)

where ¢(7) is the temperature-dependent calibration constant, Vg, is the volume of a gas
phase, Vyquu is the volume of a liquid phase, I, is the hydrogen index of the gas phase and
Hlyquia is the hydrogen index of the liquid phase. Most formation water has a hydrogen index
that is closc to unity. Salinity of water can affcct the hydrogen index, and the hydrogen index
can be determined when salinity is known or cstimated. The hydrogen index of liquid
hydrocarbon is also substantially close to one.
[0060] When Hlpguais | and Hi,,, is known for example from Eq. (9), then Eq. (10)
can be solved for gas volume to obtain:
_1- m/M
= " \-HI,,

% Eq. (11)

An equation similar to Eq. (11) can be derived for when Hljgu is a known value not equal to
1. Such an equation may be suitable for obtaining V;., in subsca or downhole locations.
[0061] In various aspects, phase volume may be obtained at a surface location,
wherein pressure is substantially close to 1 atm. At this (low) pressure, Hl,., is substantially
close to zcro and thus 1-H,,; is substantially closc to 1. For an cquation more suitable to
volumc phase estimation, Eq. (10) can be obtained for low pressure environments by noting

that V., - Hl ., <<Viyguis * Al yguiq - 1f Vitguia is substantially non-zero, then
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m % ¢(T \Vypaa - Hl ygua ) #nd the resultant NMR signal represents primarily the liquid
phase(s):

Vi

m
quid =~ H‘V ‘Hlyi Eq. (12)
IfHﬂqy[d = l. then

m
anuu ==

vV Eq. (13)
and
Veas =V =Vigua Eq. (14)

Alternatively, Vi and Vo, can be estimated using a first order Taylor expansion of Eq.
(10):

LomM G emM 1+HI,, Eq.(15)
| (O J {
1-HI,
and
Vigws =V =V Eq. (16)

[0062] Thus, liquid phase volume and gas phase volume can be determined for a
multiphase fluid flowing in a production tubing. Additionally, volumetric flow rates of each
phase may be obtained from the obtained phase volumes and flow velocities.

[0063] In another aspect, the present disclosure provides a method of determining a
stability of an cmulsion (ic., multiphasc fluid) flowing in a production tubing. Enmulsion
stability can vary from very tight emulsions characterized by small and closely distributed
droplets to very loose emulsions characterized by large and widely distributed droplets.
Emulsion stability can be characterized by an emulsion stability parameter, the value of
which indicates the type of emulsion. For instance, an emulsion stability parameter of about
7.0 indicates a very tight emulsion and an emulsion stability parameter of about 3.0 indicates
a very loose emulsion,

[0064) As discussed below, the emulsion stability parameter is related to viscosity
and water cut of the emulsion. Viscosity measurements can be determined from relaxation
times of NMR signals obtaincd from the cmulsion. Reclaxation times of the cmulsion i.c. Ty
(spin-lattice relaxation constant) and T, (spin-spin relaxation constant), for example, can be
measured using the exemplary apparatus of FIG. 17. Anexemplary relation between T, T;
and the viscosity of a fluid is given below:
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Eq. (17)

where

2 = 5A 6
20\4r) r Eq. (18)

wherein € is the magnetic permeability of free space, h is Planck’s constant divided by 2=, ¥

o)

is the gyromagnetic ratio for an H proton, r is a distance between nearcst protons in a
molecule, p is the viscosity of the fluid, k is the Boltzmann constant, and T is the absolute
temperature.

[0065] FIG. 18 shows an excmplary relation between emulsion viscosity and watercut
(WC) or volume fraction of water in the emulsion. Water cut can be determined using the
exemplary methods disclosed herein or any other methods known in the art such as infrared
measurements. In various emulsions, the viscosity of the emulsion is typically greater than
the viscosity of either oil or water at a given temperature. For instance, FIG. 18 shows
various curves of viscosity vs. water cut at different temperatures (75°F (1801), 100°F
(1803), 125°F (1805), 150°F (1807)) for an cmulsion of watcr and oil. At water cut of 0%,
the emulsion is 100% oil and the emulsion has the viscosity of oil (). At water cut of
100%, the emulsion is 100% water and the emulsion has the viscosity of water (p). As the
water cut of the emulsion increases from 0%, the viscosity of the emulsion increases upto a
water cut inversion point. In this region between 0% water cut and the inversion point, the
emulsion is a water-in-oil emulsion. In the region between the inversion point and 100%
water cut, the emulsion is an oil-in-water emulsion. The inversion point in exemplary FIG.
17 occurs at approximately a water cut of 80% water.

[0066] The viscosity of an emulsion depends on several factors: the viscosities of oil
and water, the volume fraction of water (watercut), droplet size distribution, temperature,
shear ratc, amount of solids prescnt, for example. The viscosity of the emulsion can be
substantially higher than the viscosity of oil or water at a given temperature, The viscosity of
an emulsion is related to the viscosity of the virgin crudc oil at the same temperature by the
following equation for WC<WCi,:

u, = e N1 -3WC +a(WC)) Eq. (19)
where a is the cmulsification stability, po is oil viscosity, pw i3 watcr viscosity, WC is the

watcr cut and WCi,y is the water cut inversion point. In addition, the following relation holds
for WC>WCiny:
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u,. =(7fé')7 Eq. (20)

[0067] Eq. (19) can be used to determine emulsion stability parameter a for an
cmulsion flowing in a production tubing. The method includes obtaining a relaxation time of
an NMR signal of the emulsion, determining a viscosity of the emulsion from the obtained
rclaxation time, and determining emulsion stability using the determined viscosity and a
value of water cut for the emulsion.

[0068] In various aspects, information of fluid emulsification assists production
cngincers in pipcline modcling by providing information on the drag cxcrted by the fluid.
The prescnt invention further provides an ability to image a flow pattern in the pipeline, This
provides data for diagnosing plugs formations within the pipeline, thercby enhancing
production pipeline and wellbore models. Knowing fluid composition also enables fluid
analysis to obtaining fluid PVT propertics.

[0069] The NMR measurement apparatus provides real-time measurement data which
can be continuously updated. Updated compositional information can be fed back to a
production model to improve flow analysis. Multiple technologies such as but not limited to
infrared measurement (IR) can be used with the magnetic resonance measurements.

[0070] Therefore, in one aspect, the present disclosure provides a method of
dctermining a volume of a phasc of a multiphasc fluid flowing in a tubular, including:
imparting a magnetic ficld on the fluid to align nuclei of the multiphase fluid along a
direction of the magnetic field; transmitting a radio frequency signal into the multiphase fluid
to excite the nuclei; detecting a signal from the nuclei responsive to the transmitted radio
frequency signal; determining an amplitude of the detected signal; and determining the
volume of the phase flowing in the tubular using the determined amplitude and an amplitude
of a calibration signal. When the phase is a liquid phase, the method further includes
determining a relaxation time of the detected signal; and determining a viscosity of the
multiphase fluid using the determined relaxation time. In one embodiment, the method
includes determining a water cut of the liquid phase; and determining an emulsification
stability paramcter of the liquid phasc from the determined viscosity and the detcrmined
water cut. Determining water cut of the liquid phase may include determining a proton
density of the liquid phase from an accumulated relaxation time density. Also, the calibration
signal may be obtained from a flow of water. Determining the volume of the phase may
include determining a hydrogen index of a phase of the multiphase fluid. The method may
further include determining a flow velocity of the phase; and determining a flow rate of the
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phase using the determined volume of the phasc and the determined flow velocity of the
phase. In various embodiments, the amplitude of the calibration signal is a temperature-
corrected amplitude.

[0071] In another aspect, the present disclosure provides an apparutus for determining
a volume of a phase of a multiphase fluid flowing in a tubular, the apparatus including a
source configured to impart a primary magnetic ficld on the fluid to align nuclei of the
multiphase fluid along a direction of the primary magnetic field; a source configured to
transmit a radio frcquency signal into the multiphase fluid to cxcitc the nuclci; a dctector for
detecting a signal from the nuclei responsive to the transmitted radio frequency signal; and a
processor configured to determine an amplitude of the detected signal and the volume of the
phase flowing in the tubular using the determined amplitude of the detected signals and an
amplitude of a calibration signal. The processor may be configured to determine a relaxation
time of the detected signal; and determine a viscosity of the multiphase fluid using the
determined relaxation time. In one embodiment, the processor is configured to determine a
water cut of the liquid phasc; and determine an emulsification stability parameter of the liquid
phase from the dctermined viscosity and the determined water cut. The processor may be
further configured to determine water cut ofthe liquid phase by dctermining a proton density
of the liquid phasc from an accumulatcd rclaxation time density, The calibration signal may
be obtained from a flow of water. The processor may be configured to determine the volume
of the phase by determining a hydrogen index of a phase of the multiphase fluid. In various
embodiment, the processor is configured to determine a flow velocity of the phase and
determine a flow rate of the phasc using the determined volume of the phasc and the
determined flow velocity of the phase. The amplitude of the calibration signal is typically a
temperature-corrected amplitude.

[0072] In another aspect, the present disclosure provides a method of determining
stability of an emulsion flowing in a production string, the mcthod including imparting a
primary magnetic field on the emulsion to align nuclei of the emulsion along a direction of
the primary magnctic ficld; transmittiog a radio frequency signal into the cmulsion flowing in
the production string; dctecting a signal from the nuclei of the emulsion responsive to the
transmitted radio frcquency signal; determining an amplitude of the detected signal;
dctermining a water cut of the emulsion using the obtained amplitude; determining a
relaxation rate of a signal obtain from nuclei of the emulsion excited in response to the

transmitted radio frequency signal; obtaining a viscosity of the emulsion from the determined
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relaxation time; and determining the stability of the emulsion from the determined emulsion
viscosity and the water cut of the emulsion.

[0073] While the foregoing disclosure is directed to certain embodiments, various
modifications will be apparent to those skilled in the art. It is intended that all such
modifications fall within the scope and spirit of this disclosure and any claims that arc or may

be presented.
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CLAIMS
What is claimed is:

L. A method of determining a volume of a phase ofa multiphase fluid flowing in
a tubular, comprising:

imparting a magnetic field on the fluid to align nuclei of the multiphase fluid along a
direction of the magnetic field;

transmitting a radio frequency signal into the multiphase fluid to excite the nuclei;

dctecting a signal from the nuclei responsive to the transmitted radio frequency signal;

dctermining an amplitude of the detected signal; and

determining the volume of the phase flowing in the tubular using the determined
amplitude and an amplitude of a calibration signal.

2. The method of claim 1, whercin the phase is a liquid phase, the method further
comprising:

determining a relaxation time of the detected signal; and

determining a viscosity of the multiphase fluid using the determined relaxation time.

3. The method of claim 2 further comprising:

determining a water cut of the liquid phase; and

dctermining an cmulsification stability paramcter of the liquid phasc from the
determined viscosity and the dctermined water cut.

4, The method of claim 3, wherein determining water cut of the liquid phase
further comprises determining a proton density o f the liquid phase from an accumulated

rclaxation time density.
5. The method of claim 1, wherein the calibration signal is obtained from a flow
of water.

6. The method of claim 1, wherein determining the volume of the phase further
comprises determining a hydrogen index of a phase of the multiphase fluid.

1. The mcthod of claim 1, furthcr comprising;:

determining a flow velocity of the phasc; and

dctermining a flow rate of the phase using the determined volume of the phase and the
determined flow velocity of the phase.

8. The method of claim 1 wherein the amplitude of the calibration signal is a
temperature-cormrected amplitude.
9. An appuratus for determining a volume of a phase of a multiphase fluid

flowing in a tubular, comprising:
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a source configured to impart a magnetic ficld on the fluid to align nuclei of the
multiphase fluid along a direction of the magnetic field;

a source configured to transmit a radio frequency signal into the multiphase fluid to
excite the nuclei;

a detector for detecting a signal from the nuclei responsive to the transmitted radio
frequency signal; and

a processor configured to determine an amplitude of the detected signal and the
volume of the phasc flowing in the tubular using the detcrmincd amplitude of the detected
signals and an amplitude of a calibration signal.

10.  The apparatus of claim 9, wherein the processor is further configured to:

determine a relaxation time of the dctected signal; and

determine a viscosity of the multiphase fluid using the determined relaxation time.

11.  The apparatus of claim 10, wherein the processor is further configured to:

determine a water cut of the liquid phuse; and

determine an emulsification stability parameter of the liquid phase from the
determined viscosity and the determined water cut.

12.  The apparatus of claim 11, wherein the processor is further configured to
dctermine watcr cut of the liquid phasc by dctermining a proton density of the liquid phasc
from an accumulated relaxation time density.

13.  The apparatus of claim 9, wherein the calibration signal is obtained froma
flow of water.

14.  The apparatus of claim 9, wherein the processor is further configured to
determine the volume of the phase by determining a hydrogen index of a phase of the
multiphase fluid.

15.  The apparatus of claim 9, wherein the processor is further configured to:

determine a flow velocity of the phase; and

determine a flow rate of the phasc using the determined volume of the phase and the
dctermined flow velocity of the phasc.

16.  The apparatus of claim 9 wherein the amplitude of the calibration signal is a
temperature-corrected emplitude.

17. A method of dctermining stability of an emulsion flowing in a production
string, comprising:

imparting a magnetic field on the emulsion to align nuclei of the emulsion along a

dircction of the magnetic field;
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transmitting a radio frequency signal into the cmulsion flowing in the production
string;

detecting a signal from the nuclei of the emulsion responsive to the transmitted radio
frequency signal;

determining an amplitude of the detected signal;

determining a water cut of the emulsion using the obtained amplitude;

determining a relaxation rate of a signal obtain from nuclei of the emulsion excited in
response to the transmitted radio frequency signal;

obtaining a viscosity of the emulsion from the determined relaxation time; and

determining the stability of the emulsion from the determined emulsion viscosity and

the water cut of the emulsion.
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BSTRACT

A method and apparatus for determining a volume of a phase of a multiphase fluid flowing in a
production tubular is provided. A magnetic field is imparted on the fluid to align nuclei of the
multiphase fluid along a direction of the magnetic field. A radio frequency signal is transmitted
into the multiphase fluid to excite the nuclei, and a signal is detected from the nuclei responsive
to the transmitted radio frequency signal. An amplitude of the detected signal is determined and
the volume of the phase flowing in the production tubular is determined using the determined

amplitude and an amplitude of a calibration signal.



