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FLOW MONITORING USING DISTRIBUTED STRAIN MEASUREMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present document is based on and claims priority to U.S. Provisional
Application Serial No.: 61/954,952, filed March 18, 2014, which is incorporated herein

by reference in its entirety.

BACKGROUND

[0002] Hydrocarbon fluids such as oil and natural gas are obtained from a
subterranean geologic formation, referred to as a reservoir, by drilling a well that
penetrates the hydrocarbon-bearing formation. Once a wellbore is drilled, various forms
of well completion components may be installed to control and enhance the efficiency of
producing the various fluids from the reservoir. The well completion components may
comprise a variety of sensors and other equipment for monitoring parameters related to

the environment and/or production of well fluid.

SUMMARY

[0003] In general, a methodology and system are provided to facilitate monitoring
of flow conditions with respect to fluid flow through a tubing. A distributed sensor is
routed along an interior of the tubing to monitor flow conditions. For example, the
distributed sensor may be routed over a length of the tubing having a lateral opening.
Fluid is flowed along the distributed sensor and within the interior of the tubing. The
distributed sensor is operated to measure strain which results from the flow of fluid along
the distributed sensor. The strain may then be evaluated to determine a flow condition,

such as a flow condition related to the lateral opening.
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[0004] However, many modifications are possible without materially departing
from the teachings of this disclosure. Accordingly, such modifications are intended to be

included within the scope of this disclosure as defined in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Certain embodiments of the disclosure will hereafter be described with
reference to the accompanying drawings, wherein like reference numerals denote like
elements. It should be understood, however, that the accompanying figures illustrate the
various implementations described herein and are not meant to limit the scope of various

technologies described herein, and:

[0006] Figure 1 is a schematic illustration of a well system comprising a tubing
deployed in a wellbore and a distributed sensor deployed along an interior of the tubing,

according to an embodiment of the disclosure;

[0007] Figure 2 is an illustration of another example of a tubing system having a
distributed sensor deployed along an interior of the tubing, according to an embodiment

of the disclosure;

[0008] Figure 3 is a graphical illustration showing a Brillouin frequency shift
resulting from strain on the distributed sensor, according to an embodiment of the

disclosure; and

[0009] Figure 4 is an illustration of another example of a tubing system having a
distributed sensor deployed along an interior of the tubing, according to an embodiment

of the disclosure.
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DETAILED DESCRIPTION

[0010] In the following description, numerous details are set forth to provide an
understanding of some embodiments of the present disclosure. However, it will be
understood by those of ordinary skill in the art that the system and/or methodology may
be practiced without these details and that numerous variations or modifications from the

described embodiments may be possible.

[0011] The present disclosure generally relates to a methodology and system to
facilitate monitoring of flow conditions with respect to fluid flow through a tubing. By
way of example, the tubing may comprise a wellbore casing or a tubing string, e.g. a
downhole completion, deployed within the wellbore. A distributed sensor is routed along
an interior of the tubing to monitor flow conditions. The distributed sensor may comprise
an optical fiber or a plurality of optical fibers. In various applications, the optical fiber or

fibers is part of an optical fiber cable routed along the interior of the tubing.

[0012] In some embodiments, the tubing has at least one lateral opening and the
distributed sensor is routed along a length of the tubing which includes the lateral
opening. Fluid is flowed along the distributed sensor and within the interior of the
tubing. The distributed sensor is operated to measure strain which results from the flow
of fluid along the distributed sensor. The strain may then be evaluated to determine a
flow condition, such as a change in flow velocity related to the lateral opening. For
example, the strain may be evaluated to determine an outflow and/or inflow of fluid. In
some applications, however, the strain may be evaluated to measure flow rates along a

length of the tubing.

[0013] According to an embodiment, fluid flow is monitored with respect to flow

into and/or out of a wellbore. In some applications, the distributed sensor may be used to

identify regions of a reservoir accepting injected fluids or emitting production fluids. The
distributed sensor, ¢.g fiber optic cable, may be run downhole into the well and

interrogated from the surface so as to determine the flow rate/velocity of fluid flowing
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along the fiber optic cable past specific sections of the fiber optic cable or along the entire

fiber optic cable.

[0014] Referring generally to Figure 1, an example of a well system 20 used for
monitoring a flow condition in a well 22 is illustrated. In this example, a fluid 24, e.g. an
injection fluid, is injected from a surface location 26 and is flowed down into a wellbore
28. For example, the fluid may be a liquid flowed down through a tubing 30, e¢.g. an
internal tubing string 32 and/or a casing string 34, before exiting through a lateral
opening 36 in the tubing 30. In the illustrated example, the fluid 24 exits through a
plurality of lateral openings 36 and enters into corresponding reservoir zones 38 of a
surrounding formation 39. Depending on the application, the tubing 30 may be deployed

downhole in the form of a production tubing string and/or injection tubing string.

[0015] In the embodiment illustrated, a flow monitoring system 40 comprises a
distributed sensor 42 routed along an interior of the tubing 30. The distributed sensor 42
is operated to determine a flow condition of the fluid 24, e.g. a change in fluid flow
velocity. By way of example, the distributed sensor 42 may comprise at least one optical
fiber 44, such as an optical fiber disposed in an optical fiber cable 46. As the fluid 24
flows along the optical fiber cable 46 and optical fiber 44, the optical fiber 44 experiences
strain and this strain changes according to the flow condition, ¢.g. according to the fluid
flow rate/velocity. For example, the strain is reduced as flow velocity decreases along
the optical fiber cable 46 when the flow of fluid 24 exits tubing 30 through lateral

openings 36 and enters into the surrounding reservoir zones 38.

[0016] When the distributed sensor 42 comprises optical fiber 44, the optical fiber
may be coupled with a laser interrogation system 48 of monitoring system 40. In some
embodiments, distributed measurements, e.g. distribute strain measurements, may be
made by interrogating the optical fiber 44 using laser pulses generated by laser
interrogation system 48. An example of such an interrogation method comprises a
distributed strain measurement method in which the laser interrogation system 48 fires a

laser pulse into the optical fiber 44 from one end and monitors the Brillouin backscatter
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from the optical fiber 44. The frequency of this backscatter from each section of the
optical fiber 44 depends on, for example, both temperature and strain experienced by that
section of the optical fiber 44. The laser interrogation system 48 may comprise or work
in cooperation with a data processor 50, ¢.g. a microprocessor, which analyzes the strain
experienced by the optical fiber 44. An example of a laser interrogation system 48 is a
distributed strain and temperature sensor (DSTS) system, such as DSTS systems

available from Schlumberger Corporation.

[0017] Depending on the parameters of a given application, the laser interrogation
system 48 working in cooperation with optical fiber 44 of optical fiber cable 46 may be
used to monitor strain along specific lengths of the optical fiber 44 or along the entire
optical fiber 44. The data obtained from optical fiber 44 regarding strain can be
processed via data processor 50 to determine, for example, flow velocity along a given
section of the optical fiber cable 46. Additionally, the strain data may be used to
determine regions along the optical fiber cable 46 in which fluid flow is leaving or
entering the tubing 30, e.g. leaving or entering the wellbore 28. In the embodiment
illustrated in Figure 1, for example, fluid 24 is illustrated via arrows 52 as leaving tubing

30 and wellbore 28 and moving into the surrounding reservoir zones 38.

[0018] In some embodiments, the flow of fluid 24 along optical fiber cable 46
may create strain by at least two mechanisms. A first mechanism involves the drag along
optical fiber cable 46 which results from the flow of fluid 24 along cable 46. The drag
places the optical fiber cable 46 under tension, and the tension at selected points along the
cable 46 (or along the entire cable 46) may be determined. For example, the tension can
be determined by the total drag on a section of the cable 46 between a location of interest
and the next point at which the optical fiber cable 46 is anchored on a downstream side of
the location of interest. Assuming the properties of cable 46 are constant along its length,
there is a direct relationship between tension and strain. Consequently, a measurement of
strain provides a measurement of the drag experienced by the optical fiber cable 46 at the
location of interest. For example, the higher the flow velocity of fluid 24 along cable 46,

the greater the drag experienced by the cable 46. A relationship between the drag and the
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fluid flow velocity exists such that levels of drag may be mapped to corresponding
velocities/rates of fluid flow. Hence, a measurement of strain on cable 46 at a given
location can be converted to a measurement of flow velocity of fluid 24 at the given

location.

[0019] A second mechanism involves measuring strain on optical fiber cable 46
due to flow of fluid 24 as it leaves or enters tubing 30 through lateral openings 36. In
well applications, the optical fiber cable 46 may be used to measure strain as fluid 24
flows out of or into wellbore 28 through, for example, casing 34. When, for example, the
flow of fluid 24 moves radially out of tubing 30 and/or out of wellbore 28, the flow
pattern causes the optical fiber cable 46 to move towards the fluid flow exit. This force
causing the optical fiber cable 46 to move towards the fluid flow exit establishes tension
in the optical fiber 44 near the lateral opening 36 and compression in the optical fiber 44
immediately downstream. The tension and subsequent compression in optical fiber 44
also occurs at locations where fluid 24 flows into the tubing 30, ¢.g. into wellbore 28.
For example, this type of optical fiber deformation can be measured at openings through

which production well fluid flows into the wellbore 28 and/or into production tubing 30.

[0020] Depending on the application, the lateral opening or openings 36 may be
constructed in a variety of forms. Examples of openings 36 comprise perforations 54. In
some applications, valves 56 may be combined with corresponding lateral openings 36.
If valve 56 is positioned to control flow through a corresponding lateral opening 36, then
a change in a flow condition, e.g. a change in flow rate, (as indicated by a change in
strain along optical fiber 44) may be used to determine when the valve 56 is actuated in

an opening or closing direction.

[0021] Referring generally to Figure 2, another example of tubing 30 is illustrated
in which optical fiber cable 46 extends along an interior of the tubing 30. Tubing 30 may
be in the form of a pipe, ¢.g. a downhole pipe or a surface pipe. In this example, liquid

enters the tubing 30 through an inlet feature 58 as indicated by arrows 60 and flows along

the interior of tubing 30 and along optical fiber cable 46. Some of the fluid 24 exits the
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tubing 30 through an outlet feature 62 as indicated by arrow 64 and some of the fluid 24
exits the tubing 30 through lateral opening 36 and into a tool structure 66, as indicated by
arrow 68. Whether fluid is flowing through the lateral opening 36 and the extent of the
flow can be measured by monitoring the strain data on optical fiber 44 of optical fiber

cable 46, as discussed above with respect to the previous embodiments.

[0022] In this example, the laser interrogation system 48 may similarly be used to
fire a laser pulse into the optical fiber 44 from one end and to monitor the Brillouin
backscatter from the optical fiber 44. The frequency of this backscatter from each section
of the optical fiber 44 depends on, for example, strain experienced by that section of the
optical fiber 44. The laser interrogation system 48, in cooperation with data processor
50, analyzes the strain experienced by the optical fiber 44 at the location of lateral
opening 36. In this example, the frequency shift measured by laser interrogation system
48 is proportional to the strain experienced by the optical fiber 44/optical fiber cable 46.
As illustrated graphically in Figure 3, the movement of fluid 24 through the lateral
opening 36 creates a Brillouin frequency shift due to strains in the optical fiber cable 46
proximate the lateral opening 36. The strains on cable 46 result from fluid exiting or

entering through lateral opening 36.

[0023] A positive frequency shift 70 in the strain data indicates tension in optical
fiber 44/optical fiber cable 46 while the subsequent negative frequency shift 72 indicates
compression in optical fiber 44/optical fiber cable 46. This allows the strain
measurements to be used in identifying the location of, for example, perforations 54 or
valves 56, through which inflows or outflows of fluid 24 occur. By calibrating this
effect, the proportion of fluid 24 flowing in and/or flowing out through a given lateral
opening 36 may be determined. For example, the flow through each perforation 54

and/or valve 56 may be determined based on the strain data.

[0024] In some embodiments, the spatial resolution of the distributed strain
measurement along optical fiber cable 46 may be in a certain range, ¢.g. approximately 2-

3 meters. However, the spatial resolution can vary substantially depending on the
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environment and equipment employed. An improved spatial resolution may be obtained
so as to monitor more closely spaced lateral openings 36 by, for example, using an
anchoring technique as described in greater detail below. Such techniques may be
employed to improve the resolution of the Brillouin distributed strain measurements
and/or for measuring strain with higher spatial resolution. These techniques are thus
useful in refining the measurements and for obtaining more specific data or information
on downhole conditions. In some applications, however, a lower resolution may be
acceptable for identifying, for example, clusters of lateral openings 36 rather than

individual lateral openings 36 experiencing inflows or outflows of fluid 24.

[0025] By way of example, the effects of tension and compression on optical
fiber cable 46 and optical fiber 44 may be enhanced by placing anchors 74 on opposite
sides of a given lateral opening or openings 36, as illustrated in Figure 4. The anchors 74
may be used to establish anchor points on opposite sides of, for example, a valve 56, a
perforation 54, and/or a cluster of perforations 54. The anchors 74 effectively establish a
specific region of the optical fiber 44 and optical fiber cable 46 for measuring the effects
of fluid flow with respect to a given lateral opening openings 36 (or for measuring other
effects of fluid flow). By using anchor points 74 an improved spatial resolution is
provided. In some applications, the anchors 74 also may be used for centralization of the
optical fiber cable 46 or to otherwise help locate the optical fiber cable 46 within tubing
30 and/or wellbore 28.

[0026] The well system 20 may be used in a variety of applications and
environments. Depending on the application and environment, the well system 20 may
comprise many types of tubing strings deployed in vertical and/or deviated e.g.
horizontal, wells. The well system 20 may comprise a variety of casings, well
completions, production components, injection components, and/or other components
deployed along the tubing string. Additionally, the tubing may comprise a variety of
lateral openings, including perforations and openings through which fluid inflow or
outflow is controlled by a flow control device. The flow control device may comprise a

variety of devices including valves, such as ball valves, sliding sleeves, or other valves.
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[0027] Furthermore, the configuration of components and the type of components
used in the strain measurement system may be selected according to the flow conditions
to be monitored. The strain measurement system may comprise various types of
distributed sensors and interrogation systems. With laser type interrogation systems, the
distributed sensor may comprise various types and numbers of optical fibers deployed in,
for example, various types of optical fiber cables suitable for a given downhole
application. Additionally, the interrogation system may comprise or be used in
combination with various processor-based systems for processing strain data obtained
from the distributed sensor system. The processor-based system may be a computer
system or other processing system able to obtain sensor data on strain and to process that
strain data into appropriate information related to fluid flow conditions, as described

herein.

[0028] Although a few embodiments of the disclosure have been described in
detail above, those of ordinary skill in the art will readily appreciate that many
modifications are possible without materially departing from the teachings of this
disclosure. Accordingly, such modifications are intended to be included within the scope

of this disclosure as defined in the claims.



WO 2015/142803 PCT/US2015/020899

CLAIMS

What 1s claimed is:

1. A method for monitoring flow, comprising:

deploying a tubing string in a wellbore;

routing an optical fiber along an interior of the tubing string;

flowing a fluid along the interior of the tubing string;

using a laser interrogation system, coupled with the optical fiber, to obtain
strain data from along the optical fiber; and

determining a change in a flow condition of the fluid based on the strain

data.

2. The method as recited in claim 1, wherein deploying the tubing string comprises

deploying a production tubing string.

3. The method as recited in claim 1, wherein deploying the tubing string comprises

deploying an injection tubing string.

4. The method as recited in claim 1, wherein routing comprises routing the optical

fiber in an optical fiber cable deployed along the interior of the tubing string.

5. The method as recited in claim 1, further comprising anchoring the optical fiber at

a plurality of locations along the tubing string.

6. The method as recited in claim 1, further comprising monitoring a flow rate at a

given location or locations along the interior of the tubing string.

7. The method as recited in claim 1, wherein determining comprises determining an

outflow of fluid through a lateral opening along the tubing string.

10
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10.

11.

12.

13.

The method as recited in claim 1, wherein determining comprises determining an

inflow of fluid through a lateral opening along the tubing string.

The method as recited in claim 1, wherein determining comprises determining an
outflow of fluid through a port in the tubing string via detection of a positive
Brillouin frequency shift and a subsequent negative Brillouin frequency shift

measured by the laser interrogation system.

A system, comprising;:

a tubing deployed along a wellbore, the tubing having a lateral opening;

an optical fiber cable deployed along an interior of the tubing past the
lateral opening; and

a laser interrogation system coupled to the optical fiber cable, the laser
interrogation system measuring strain in the cable, the laser interrogation system
evaluating the strain to determine a change in fluid flow along the interior due to

the lateral opening.

The system as recited in claim 10, wherein the laser interrogation system
determines an outflow of fluid through the lateral opening via detection of a
positive Brillouin frequency shift and a subsequent negative Brillouin frequency

shift measured by the laser interrogation system.

The system as recited in claim 10, further comprising a plurality of anchors
disposed along the optical fiber cable to anchor the optical fiber cable to the
tubing.

The system as recited in claim 12, wherein the plurality of anchors comprises an

anchor upstream of the lateral opening and an anchor downstream of the lateral

opening.

11
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14.

15.

16.

17.

18.

19.

20.

The system as recited in claim 10, wherein the lateral opening comprises a

plurality of perforations through the tubing.

The system as recited in claim 10, further comprising a valve disposed along the

tubing to control flow through the lateral opening.

A method, comprising:

routing a distributed sensor along an interior of a tubing over a length of
the tubing having a lateral opening;

flowing a fluid along the distributed sensor within the interior of the
tubing;

measuring strain in the distributed sensor as a result of the fluid flowing
along the distributed sensor; and

evaluating the strain to determine a change in a flow condition related to

the lateral opening.

The method as recited in claim 16, wherein routing the distributed sensor

comprises routing an optical fiber.

The method as recited in claim 17, further comprising coupling the optical fiber to

a laser interrogation system.

The method as recited in claim 18, wherein evaluating comprises determining an

outflow of fluid through the lateral opening.

The method as recited in claim 18, wherein evaluating comprises determining a

flow rate of the fluid in the tubing.

12
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